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Abstract

The development of new, sustainable, low-CO2 construction materials is
essential if the global construction industry is to reduce the environmental
footprint of its activities, which is incurred particularly through the produc-
tion of Portland cement. One type of non-Portland cement that is attracting
particular attention is based on alkali-aluminosilicate chemistry, including
the class of binders that have become known as geopolymers. These mater-
ials offer technical properties comparable to those of Portland cement, but
with a much lower CO2 footprint and with the potential for performance ad-
vantages over traditional cements in certain niche applications. This review
discusses the synthesis of alkali-activated binders from blast furnace slag,
calcined clay (metakaolin), and fly ash, including analysis of the chemical re-
action mechanisms and binder phase assemblages that control the early-age
and hardened properties of these materials, in particular initial setting and
long-term durability. Perspectives for future research developments are also
explored.
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Concrete:
a composite material
consisting of coarse
and fine mineral
particulates
(aggregates) bound
together with a
continuous binder
phase to form a
hardened product

Portland cement:
a hydraulic binder
produced by
calcination of
limestone and siliceous
matter; consists mainly
of calcium silicate
phases, with some
aluminate/ferrite
phases, interground
with gypsum

1. INTRODUCTION

Cement and concrete are central to modern civilization, with its reliance on the built environment
to provide a high quality of life. Concrete is the second-most-used commodity in the world behind
only water (1) and is produced in volumes exceeding 10 billion tonnes per year worldwide. The
binding phase that provides strength to a modern concrete is usually based on Portland cement (2).
Portland cement is regarded by society as a low-tech material but is in fact a complex combination
of multiple mineral phases that are manufactured to provide years of strength, impermeability,
durability, and passivation of embedded carbon steel reinforcement while being subjected to
thermal, mechanical, and chemical stresses. These properties are the result of many years of
both academic and industrial research and development by chemists, materials scientists, and
engineers.

Given its ubiquitous use in civil construction, the very high cement production volume required
to generate this enormous quantity of concrete introduces significant environmental issues; cement
production (Figure 1) contributes ∼8% of global CO2 emissions (3, 4). CO2 emissions from
cement manufacture are mainly due to the thermal decomposition of calcium carbonate to generate
the reactive calcium silicate and aluminate phases, the basis of Portland cement. The total emissions
footprint of approximately 0.8 tonnes of CO2 equivalent per tonne of Portland cement produced
is divided between emissions from the combustion of fossil fuels and the CO2 released through
the conversion of calcium carbonate to oxide form (5). As global society produces ever-increasing
quantities of concrete to meet the infrastructure needs of the developing world (6), there is an
urgent need for the development and commercialization of alternative cement-like binders, which
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Figure 1
Schematic depiction of the process of production of Portland cement concrete.
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Alkali-activated
material (AAM):
a material formed by
the reaction between
an aluminosilicate
precursor and an
alkaline activator, with
properties comparable
to those of a traditional
cement binder

Geopolymer: an
alkali-activated binder
material containing
little or no calcium;
often derived from a
metakaolin or a fly ash
precursor

Binder: the
continuous phase
(effectively an
inorganic glue) in a
mortar or concrete;
usually hydrated
Portland cement, an
alkali-activated
material, or various
other types of cement

Fly ash: the solid
by-product of
coal-fired electricity
generation; consists
mainly of glassy,
spherical
aluminosilicate
particles

Blast furnace slag
(BFS): calcium
silicate–based product
removed from the top
of molten iron during
its extraction from ore
in a blast furnace;
usually rapidly cooled
to a glassy state and
ground for use in
construction materials

will enable provision of housing and infrastructure to billions of people without excessive damage
to the Earth’s atmosphere and seas.

Alkali-activated materials (AAMs) (7), including those classified as geopolymers (8, 9), are a
high-profile example of the alternative binders now being discussed and developed with a view
toward obtaining environmental savings in the construction industry; others include calcium alu-
minates, sulfoaluminates, supersulfated slag cements, and magnesium-based binders (10). The
main binding phases are derived by the reaction of aluminosilicates sourced from calcined clays,
coal fly ash, and/or metallurgical slags, with an alkaline solution that accelerates the reaction pro-
cess and induces the formation of strong, insoluble binding phases (7). As such, the CO2 savings
achieved by the use of AAM binders are mainly due to the avoidance of carbonate precursors,
such as the limestone (CaCO3) shown in Figure 1, and the high-temperature processing of all the
cement constituents in a fossil fuel–fired kiln. This question is revisited in more detail in Section 6.

The main precursors used to produce AAMs are fly ash, blast furnace slag (BFS), and metakaolin.
Both fly ash and BFS are in high demand for use in blended Portland cements, which can offer
both performance and environmental advantages over a plain Portland cement in applications
such as civil infrastructure and general concreting works, and particularly where sulfate resistance
is required (13). The question therefore becomes whether it is more efficient to use BFS and fly
ash as precursors for AAM production or in blending with Portland cement. Strong arguments
for both sides of this discussion exist, and the answer probably lies in finding the optimal balance
of utilization: For cements with a relatively high volume of Portland cement, the addition of a
moderate amount of fly ash or BFS can be highly beneficial. However, when one is considering
very high volume blending (up to 95% replacement of Portland cement by ground BFS is allowed
under EN 197-1 for cements in the CEM III/C category), it may be more desirable to utilize a
purpose-designed alkaline activator rather than using Portland cement essentially to provide an
elevated pH environment to initiate the reaction of the BFS (or fly ash), when the simple provision
of alkalinity is not the main purpose for which Portland cement clinker is designed and produced.

Metallurgical slags, particularly BFS, have long been used as cementitious constituents in
concretes in Western Europe. Developments in the use of slags in cements date as far back as at least
the 1870s in France and Germany (14), and fly ash was first used in concrete in the United States in
the 1930s (15). The first modern use of the combination of an alkali with an aluminosilicate to form
a cementing binder dates to the early 1900s, when Kühl (16) reported and patented his studies on
mixtures of BFS and alkaline components. Purdon published the first extensive laboratory study on
cements consisting of slag and alkalis in 1940 (17) and commercialized these materials in Belgium
in the 1950s, including constructing several buildings that still stand more than 60 years later (18).

In the mid-1950s, in the context of demand for Portland cement alternatives in the former
Soviet Union, Glukhovsky (19) developed binders using low-calcium or calcium-free aluminosil-
icate precursors, activated by alkaline solutions containing alkali metals. He termed the binders
“soil cements” and the corresponding concretes “soil silicates.” These materials have been used in
infrastructure, commercial, and domestic construction, on the order of several millions of tonnes,
since that time (20). In Northern Europe, alkali-activated slag concretes known as F-concrete
were developed and commercialized during the 1980s (21). Cements and concretes produced by
alkaline activation of metallurgical slags have been marketed in China for many years (20, 22),
motivated by the ability to produce high-strength (>80-MPa) concretes from the high-volume
by-products of China’s metallurgical industries.

In the 1970s in France, Davidovits (23, 24) developed and began to commercialize alkali-
activated binders based on metakaolin. Because the products were sold as a fire-resistant, inor-
ganic resin, he coined the term geopolymer to emphasize some of the similarities in physical
properties between these materials and organic thermoset resins. Interest grew in the use of this
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Figure 2
Examples of civil construction projects in Australia that have been completed by using E-Crete (alkali-activated) concretes: (a) a
residential housing slab, (b) precast external panels, (c) a cast-in-place sidewalk, and (d ) a retaining wall surrounding a road bridge.
Copyright 2013, Zeobond Pty. Ltd., Docklands, Victoria, Australia (http://www.zeobond.com), and reproduced with permission.

Metakaolin: the
crystallographically
disordered layered
product of
dehydroxylation of
kaolinite (an
aluminosilicate clay) at
a temperature of
∼450–800◦C, below
the temperature at
which the material
recrystallizes to form
mullite

type of chemistry as a route to the production of construction materials, and through the 1980s
and 1990s, a high-early-strength hybrid Portland/alkali-activated concrete termed Pyrament was
marketed in North America (8, 24). Wastiels et al. (25) first described the alkaline activation of
fly ash in the early 1990s, and an alkali-activated BFS–fly ash binder was patented and marketed
at approximately the same time in the Netherlands as an acid-resistant material for pipe produc-
tion (26). Ongoing commercialization work in the European Union has also led to commercial
production of alkali-activated construction products by companies in the United Kingdom, the
Netherlands, the Czech Republic, and increasingly across Europe. Alkali-activated BFS–fly ash
blends have been highlighted as a key commercial system in Australia. Such blends have been
marketed under the trademark E-Crete and utilized in major civil infrastructure and domestic
construction projects (Figure 2), including specific descriptions in official regulatory authority
specifications for concretes (7, 9).

When used in concrete production, AAMs can provide technical properties that meet almost all
performance requirements applied to regular Portland cement–based concretes. Applications can
range from nuclear waste immobilization to high-value composite manufacturing to high-volume
infrastructure construction (7), which obviously encompasses a highly diverse group of materials.
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These materials are grouped under the categories of alkali activated or geopolymeric, where the
latter term refers most often to the subset of low-calcium materials (7), as highlighted below.
Examples of beneficial properties ascribed to these materials include (27)

� flexural and compressive strength, both early and final;
� high-temperature resistance, including thermal insulating properties;
� stability under chemical (including acid) attack;
� dimensional stability in service;
� strong adhesion to metallic and nonmetallic surfaces;
� effective passivation of reinforcing steel;
� low permeability to fluids and chloride ions;
� low cost;
� beneficiation and/or valorization of industrial wastes; and
� low CO2 emissions footprint.

Each of these benefits is certainly achievable through tailoring of a binder system, and a well-
designed material with low water/binder ratio can probably achieve most of the above-listed
characteristics. However, a single formulation is unlikely to be optimized in all these areas, so the
material must be tailored to the desired application.

Given this high degree of commercial and academic interest in AAMs, it is timely to provide a
review of the fundamental aspects of chemistry and materials science that control the formation of
these alkali-activated binder systems. This review also provides insight into the pathways by which
such systems may be further optimized, developed, and utilized. This review discusses primarily
the materials science underpinning the chemistry, microstructure, and design of AAMs. For a
detailed discussion on AAM performance in particular applications, the reader is referred to the
recent State-of-the-Art Report of the RILEM Technical Committee 224-AAM (7).

2. ALKALINE-ACTIVATING SOLUTIONS

The most apparent difference between an alkali-activated binder and a traditional Portland cement
is that the hardening of Portland cement is induced simply by mixing with water, whereas alkali
activation requires the addition of an alkaline component in aqueous form. Thus, it is relevant to
introduce the characteristics of the alkaline solutions used in this application. The solutions to be
discussed are hydroxides and concentrated alkali metal silicates. There are applications in which
alkali metal carbonates or sulfates are also useful in alkaline activation (7), but these fall beyond
the scope of the current review.

2.1. Alkali Hydroxides

The hydroxide solution most commonly used as an alkali activator is sodium hydroxide; potassium
hydroxide sees some use in specialized applications, whereas lithium, rubidium, and cesium hy-
droxides are of limited large-scale application (28). Alkali hydroxides are generally produced elec-
trolytically from chloride salts, which introduces some energy usage and associated CO2 emissions
into the AAM production process, although the exact emissions accounting around this process
depends on whether the chlorine that is also generated in this process is considered to be a valuable
commodity or a by-product (29).

If an alkali hydroxide activator is used in an AAM mix design, its concentration will often exceed
5 molal, particularly when low-calcium aluminosilicates (metakaolin or low-calcium fly ash) are
used as solid precursors (7, 28). This high concentration can lead to significant occupational health
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Efflorescence: the
development of salt
deposits on the surface
of a porous building
material; often caused
by the reaction of
cations leached from
the pore solution with
atmospheric CO2

Gel: in a cementitious
binder, the hydrous
disordered silicate
material that fills space
and provides strength;
often composed of
nanoparticulate units
with partially ordered
local structure

and safety considerations in a large production facility, as such solutions are classified as corrosive
under workplace legislation in force in almost every country in the world (8). Hydroxide-activated
fly ash materials also generally require thermal curing [60◦C or higher, depending on the reactivity
of the fly ash (30)], which is acceptable in precast concrete production but causes difficulties for
on-site operations. Hydroxide-activated binders, whether based on fly ash or on BFS, also tend
to show higher permeability than their silicate-activated counterparts (31) and a tendency toward
efflorescence because the extent of reaction reached by the binder before hardening is often low,
which leads to an open microstructure with a mobile, alkali-rich pore solution. Efflorescence and
other visible effects of alkali mobility are obviously undesirable but can be overcome to some
extent by appropriate control of curing conditions or addition of secondary aluminum sources to
ensure that a sufficient extent of reaction is reached before the material is placed into service (32).

Despite the shortcomings listed above, there are circumstances in which a hydroxide activator
can provide benefits in certain aspects of technical performance. One such benefit is the outstand-
ing dimensional stability of a hydroxide-activated fly ash geopolymer to temperatures of ∼1,000◦C
(33), as shown in Figure 3. This stability is attributed to the very high degree of connectivity of
the silicate gels in these binders, in which the use of a silicate activator leads to a small but nonzero
content of silanol groups (partially depolymerized Si sites), which lose water upon heating and
cause the characteristic expansion of these underconnected gels (33). Hydroxide-activated mixes
can also show more favorable workability than silicate-activated binders because the viscosity
of concentrated alkali hydroxide solutions is much lower than that of alkali silicate solutions of
comparable concentration.

2.2. Alkali Silicates

As for the alkali hydroxide solutions discussed above, the silicate solutions of greatest interest
in alkaline activation are those containing sodium or potassium as the alkali cation (28). Alkali
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Figure 3
Dilatometric data showing the dimensional stability of alkali-activated fly ash as a function of temperature.
All samples are formulated with a constant alkali/ash ratio, with differences in the SiO2/Na2O molar ratio of
the activator as marked. Modulus 0 corresponds to a specimen activated by NaOH; all others are sodium
silicate activated. Specimens were cured for 3 days at 40◦C and then at room temperature for a further
4–7 days prior to testing. Data from Reference 33.
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Modulus: the molar
ratio SiO2/M2O of an
alkali silicate, where M
is an alkali metal

0

4

8

12

16

20

1

10

100

1,000

10,000

100,000

1,000,000

0
1

2

4

Viscosity
(mPa·s)

Modulus (molar ratio SiO2/Na2O)

Na2O concentration

(wt%)

3

Figure 4
Viscosity of sodium silicate solutions as a function of modulus and Na2O concentration, showing the dramatic increase in viscosity
beyond a threshold modulus and Na2O concentration, which causes the loss of workability of geopolymer pastes produced with high
activator concentration and modulus. Data from Reference 37.

silicates are generally produced from carbonate salts and silica via melting to form a glass. This
glass is then dissolved in warm water to form a viscous, sticky solution, also known as water
glass.

The chemistry of silicon is probably richer than that of any other element except carbon, but
this richness still remains relatively unexplored and poorly understood. In concentrated alkaline
solutions, silica polymerizes into a complex array of oligomeric species containing between 2 and
15 monomeric units each, in equilibrium with a population of isolated monomers (34, 35). In the
context of alkali activation, the relative reactivities of these species are a function of their size;
monomers are the most reactive and thus the most important in the context of geopolymerization
(36). Monomeric silica [Si(OH)4] is a polyprotic weak acid, buffering the pH in the range of 11–
13.5 for the solution compositions of interest in alkaline activation, but provides a much higher
level of available alkalinity than do hydroxide solutions of comparable pH due to this buffering
effect. This lower pH is a major benefit in industrial handling, in which some silicate-activated
binder systems can be classified as irritants rather than as corrosive and so are much more suitable
in a large-scale processing context (8).

The major drawback associated with the use of alkali silicate solutions in alkaline activation
is related to the often very high viscosity of these solutions. Figure 4 presents the viscosities of
sodium silicate solutions as a function of composition at room temperature. Viscosities are plotted
on a logarithmic scale and increase dramatically at higher silica content.

Potassium silicate solutions show a much lower viscosity than do sodium silicates of comparable
composition on a molar basis, by a factor of as much as 104 in the high concentration/high modulus
range of interest here (37). This difference may be conceptualized by considering the hydration
properties of the cations present in each of the solutions. Na+ is a moderately strongly hydrated
cation that tends to take on a coordination number of approximately 6 in its first hydration shell.
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However, in a sodium silicate solution of modulus 1.0 at 5 molal (19.2 wt%) Na2O, which is fairly
typical for production of a geopolymer from fly ash or metakaolin, there are approximately 5.5
molecules of water present per Na+. This quantity of water is not sufficient to fully hydrate all the
Na+ cations present, and although some ion pairing with silicate anions will certainly take place,
it is reasonable to suggest that the number of freely mobile water molecules in such a solution will
approach zero. Thus, the standard discussion of aqueous solution chemistry may begin to break
down in such cases because defining water as a solvent when its motion is so restricted is no longer
possible; the so-called solution may be closer to an ionic liquid on a nanostructural level, which
is in part responsible for the very high viscosities observed when large quantities of silica are also
present. Conversely, K+, a relatively weakly hydrated cation, does not restrict the motion of water
to the same extent as Na+, so a concentrated potassium silicate solution is able to flow with much
less restriction.

This behavior also holds for the fresh alkali-activated binder pastes; potassium silicate–activated
aluminosilicate binders show much more favorable rheological properties than do their sodium
silicate–activated counterparts. This difference in rheology is controlled from a fundamental chem-
ical level according to the availability of water in the binder systems. The silicon dissolving from
the solid precursor can also cause a dramatic increase in viscosity in the aqueous phase (Figure 4),
although this increase may be dominated by the influence of calcium and/or aluminum in inducing
gel formation, stiffening, and setting, as discussed in the following sections.

3. STRUCTURE AND CHEMISTRY OF HIGH-CALCIUM
ALKALI-ACTIVATED BINDERS

3.1. Gel Chemistry of High-Calcium Alkali-Activated Systems

In discussions of the chemistry of alkali-activated binders, it is essential to first classify these
systems according to the types of gel that dominates the structure. This distinction is drawn
mainly on the basis of the calcium content in the system, as shown in Figure 5, in which the
primary reaction product is either an alkali aluminosilicate–type gel or a calcium (alumino)silicate
hydrate (C-A-S-H1)–type gel. The first of these gel types (the right-hand pathway in Figure 5),
which is poor in calcium, is often represented as N-A-S-(H) but can also show substitution of
potassium (up to 100% replacement of sodium) or substitution of calcium for sodium, so a more
complete description may be N,K-(C)-A-S-(H). (Substitution limits for calcium are not yet well
known and are the subject of ongoing research.) In the right-hand pathway in Figure 5, the H is
shown in parentheses to indicate that the water is not a major structural component of this gel,
as it is in C-A-S-H-type gels (38). The C-A-S-H-type gels (the left-hand pathway in Figure 5)
almost always coexist with secondary products of the layered double-hydroxide group, which are
explored in more detail in Section 3.2.

For the purposes of discussing AAMs, a high-calcium binder system is defined as having a
Ca/(Si + Al) ratio of approximately 1; such materials are most commonly produced by the

1Cement chemists abbreviate chemical formulae in oxide units. Abbreviations used in this review are: S to represent SiO2,
A for Al2O3, C for CaO, N for Na2O, K for K2O, and H for H2O. Minor or optional components, potentially absent from
the gel structure, are shown in parentheses, and the hyphens between symbols indicate nonstoichiometric compounds. So,
for example, the hyphenated formula C-(A)-S-H represents a nonstoichiometric calcium silicate hydrate with possible partial
alumina substitution, whereas CH (with no hyphen) is a stoichiometrically correct representation of portlandite [Ca(OH)2].
The C-A-S-H-type gels discussed in this review are shown without parentheses to highlight the important role played by
aluminum in their structure, as distinct from the gels formed by Portland cement hydration, in which aluminum substitution
is generally a minor effect.

306 Provis · Bernal



MR44CH12-Provis ARI 9 June 2014 11:20

Dissolution of solid
aluminosilicate source

Rearrangement and
exchange among
dissolved species

Silicate species in
activating solution

Gel nucleation

Solidification, hardening, and
strength development

C-A-S-H gel

N-A-S-(H) gel
Layered double

hydroxides

Low calciumHigh calcium

Crystalline
zeolites

(Low
magnesium)

(Medium-high magnesium)

Figure 5
Process and reaction products of alkaline activation of a solid aluminosilicate precursor. High-calcium
systems react according to the left-hand (blue) pathway, with the nature of secondary products determined by
Mg content, whereas low-calcium systems react according to the right-hand ( green) pathway. For each type
of precursor, hydroxide activation tends to increase the ratio of crystalline to disordered products compared
with silicate activation.

interaction of BFS with alkaline solutions. BFS will very slowly react with water to form a hardened
binder (39), and so the key role of the alkaline activator is to accelerate this reaction, enabling the
material to harden and develop strength within hours to days. This process yields the early-age
engineering properties (strength and stiffness) that are essential in construction materials.

A number of reviews have discussed in detail the chemistry and basic engineering aspects of
alkali-activated BFS-based binders (e.g., 7, 10, 40–42). These are the most mature commercially
applied AAM materials systems worldwide (9), and the presence of calcium is now recognized to
enhance many aspects of AAM concrete durability due to its role in reducing permeability (43),
which is essential in extending concrete service life.
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Dreierketten: the
repeating unit of three
silicate
tetrahedra—two
paired sites and one
bridging site—that is
the dominant
structural motif in a
tobermorite-like
silicate phase or gel

The effect of the activator pH on the activation of BFS is both important and sometimes seem-
ingly counterintuitive. Calcium solubility is reduced at higher pH as supersaturation is reached with
respect to portlandite [Ca(OH)2], and thus hardened hydroxide-activated binders (initial activator
pH > 14) often show a much lower overall extent of reaction and lower mechanical strength than
do silicate-activated systems (initial activator pH ∼ 11–13.5) (44, 45). The silicate species supplied
by the activator react with the calcium and aluminum (and additional silicon) supplied by the dis-
solving BFS to form solid binder products. This gel formation process removes calcium from the
solution phase and so further drives BFS dissolution and enhances the overall extent of reaction.

3.2. Alkali Activation of Blast Furnace Slag: C-A-S-H and Secondary Products

In studies assessing the reaction products formed by alkaline activation of BFS, the consensus is
that the main reaction product is an aluminum-substituted C-A-S-H-type gel (40, 46–50) hav-
ing a disordered tobermorite-like structure (Figure 6). Independent of the activator used, the
C-A-S-H-type gel formed through the activation of BFS has a lower calcium content than a hy-
drated Portland cement system, whose Ca/Si ratio is usually between 1.5 and 2.0. The C-A-S-H
product formed in NaOH-activated BFS generally has a higher Ca/(Si + Al) ratio and a more or-
dered nanostructure [observable through somewhat sharper X-ray diffraction (XRD) reflections]
than in silicate-activated binders (46, 51), although the precise chemical composition depends on
the chemistry of the BFS; this topic is further explored below. The exact nature and degree of the
structural disorder in calcium silicate hydrate gels have been discussed recently, including argu-
ments that the apparently disordered nature of the C-S-H resulting from hydration of tricalcium
silicate (3CaO · SiO2) is actually largely due to the very small (<4-nm) fundamental crystallite
size, rather than being a chemical structural effect (52). In the case of gels in which calcium and
silicon are substituted partially by alkalis and aluminum, respectively, as in Figure 6, a significant
degree of nanostructural disorder is also highly likely, as determined by Puertas et al. (50) using
molecular dynamics. This nanostructural disorder is also consistent with the model calculations
of Myers et al. (48), which required a mixture of cross-linked and non-cross-linked tobermorite
phases to accurately capture the chemistry of these materials on a structural level.

As in Portland cement systems, the C-A-S-H gel includes layers of tetrahedrally coordinated
silicate chains with a dreierketten structure, each chain containing (3n − 1) tetrahedra for an
integer value of n, as depicted in Figure 6. The interlayer region contains Ca2+ cations, alkalis,
and the water of hydration that is chemically incorporated into the gel structure. Some alkali
cations also balance the net negative charge generated when Al3+ replaces Si4+ in the tetrahedral
chain sites.

Dreierketten silicate chains

Cross-linking, Al substitution,
vacancies in bridging sites

Interlayer region

Substitution of Ca2+, Na+,
H2O, H+, Al species

CaO layers

Layer buckling, vacancies?

Nanoscopic particle size

Figure 6
Tobermorite-like C-A-S-H gel structure. The triangles denote tetrahedral Si sites (the red triangle denotes
Al substitution into one bridging site), the green rectangles denote CaO layers, and the circles denote various
interlayer species. Mechanisms by which crystallographic disorder can be introduced into the gel structure
are listed in italics.
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AFm (alumino-
ferrite-mono) phase:
a family of layered
hydrated calcium
aluminate phases
similar to
hydrocalumite, with
anion substitution

Because of the chemical limitations imposed by the constraints of the tobermorite-like struc-
ture, the extent of uptake of aluminum and magnesium into the primary binding phase is lim-
ited. The incorporation of tetrahedral aluminum into C-A-S-H chains takes place predominantly
in the bridging tetrahedral sites shown in Figure 6 (48, 53–56), and some aluminum can also
be located in interlayer sites. This strong preference for substitution on specific sites places a
structural limitation on the total Al/Si ratio, which is constrained to a value of less than 0.20,
depending on the degree of cross-linking of the gel (lower in cross-linked than in non-cross-
linked gels) (48). Magnesium incorporation into C-A-S-H-type structures is also very limited
because the ionic radius of Mg2+ is not a good match for the Ca2+ sites in the tobermorite-type
structure.

Thus, the formation of C-A-S-H gels by alkaline activation of slags containing significant quan-
tities of aluminum and/or magnesium (which is almost always the case) results in the formation of
a C-A-S-H gel accompanied by secondary aluminum- and/or magnesium-rich reaction products,
as depicted in Figure 5. The commonly observed secondary products are AFm-group layered
hydrous calcium aluminates, hydrotalcite-like (Mg,Al)-layered double hydroxides, and/or zeolites
such as gismondine and garronite when the availability of MgO is low (7, 57–59), as depicted
in Figure 5. AFm phases are not always identifiable by XRD, but studies of elemental compo-
sition correlation charts obtained by elemental analysis in an electron microscope suggest that
AFm-like layers are intimately intermixed into the C-S-H structure on a nanometer length scale
(57, 60, 61).

Alkalis play a crucial role in determining AAM gel properties and structure (20) because of
the high concentration of alkalis in an AAM binder system, which can be as high as 5 mol/kg
binder in some cases (but is more often on the order of 1–2 mol/kg binder). The effect of alkali
oxides (particularly Na2O) on the composition and microstructure of calcium silicate hydrate gels
has been widely studied (62–66). However, there is still no real consensus on the most important
mechanism determining the interactions between these species in the pore solution and the solid
binder components at very high pH, particularly the influence of aluminum on the uptake of
alkalis by the binding gel. Conceptually, this uptake likely depends on both Ca/(Al + Si) and
Al/Si ratios within the gel, but further systematic work is required in the compositional region
of interest in alkali-activated systems to unravel both kinetic and equilibrium effects in these
systems.

The incorporation of alkalis into the C-A-S-H-type gel will commence from the very early
stages of reaction in an alkali silicate–activated BFS binder, that is, when the effective Ca/Si ratio in
the fluid phase is very low due to the low extent of dissolution of the solid precursor and when the
Na/Ca ratio is therefore high. The uptake of alkalis in those initially formed gels is thus expected
to be much higher than in the C-S-H gels formed in conventional Portland cement systems.
However, Hong & Glasser (63) also observed that alkali binding decreases with increasing Ca/Si
ratio in C-S-H gels, which may indicate that the ongoing provision of calcium from slowly reacting
BFS particles can lead to the rerelease of alkalis from C-A-S-H phases that were initially alkali
rich. This process may have important implications in terms of the long-term phase chemistry of
the binders formed; the tobermorite-like gel structure is stable for many hundreds of years in the
presence of aluminum, as evidenced by analysis of ancient Roman concretes (67), but the influence
of higher concentrations of alkalis on this stability remains under analysis. Microstructural analysis
of alkali-activated slag concretes aged for 8–30 years (68–70) has shown high stability, ongoing
increases in mechanical strength, and no evidence of any type of deleterious chemical reaction
processes involving C-A-S-H gel instability. However, further work in this area is warranted,
particularly with regard to the long-term evolution of mechanical properties such as creep under
applied load (7).
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Qn(mAl): notation to
describe the
coordination of a
tetrahedral silicon
atom, bonded via
oxygen to n other
tetrahedral atoms, m of
which are aluminum;
0 ≤ m ≤ n ≤ 4

3.3. The Influence of Slag Chemistry

The chemical composition of BFS is often described within the quaternary system CaO-MgO-
Al2O3-SiO2. Additional components, including manganese, sulfur, and titanium, are also present
in most slags, depending on the chemical composition of the iron ore used. Rapid cooling of
molten BFS leads to a glassy structure, which is necessary to yield a reactive material, as slow-
cooled slags tend to crystallize and are poorly reactive. In general, glassy BFS with CaO/SiO2

ratios near 1 and containing some (15–30% total) Al2O3 and MgO is amenable to alkali acti-
vation (71). Sulfur is usually present in reduced form, which leads to a negative redox potential
in the pore solution of slag-based binders. This negative redox potential can be very valuable
in some specialized applications involving immobilization of hazardous or radioactive transition
metals (72). The compositional differences among BFS produced in different parts of the world
have historically led to some limitations in developing a fully generic understanding of high-
calcium AAM binder structure because (a) the secondary phase assemblages formed from different
types of slags have not always been well described in the literature and (b) the chemistry of the
C-A-S-H-type gel has only recently been described in detail, as discussed in Section 3.1.

The presence of higher levels of MgO in the BFS used to make an AAM can enhance the
strength of the binder (73, 74), which is linked to the formation of hydrotalcite-type products
(73). Magnesium also appears to increase resistance to carbonation (75). This increased resistance
is correlated with the presence of hydrotalcite-group phases, which are formed with MgO/Al2O3

ratios ranging from 4 to 6 [i.e., from quintinite to hydrotalcite in the preferred mineralogical
nomenclature (76)], depending on the relative magnesium and aluminum contents of the slag
(47, 49, 60, 75). These reports indicate that the formation of hydrotalcite—which is not itself
believed to be a particularly strength-giving binder phase—leads to an improvement in strength
that may be related to a reduced level of aluminum incorporation into the C-A-S-H gel. Increased
Al2O3 content in the BFS reduces the extent of reaction at early times of curing and consequently
decreases the compressive strength of activated BFS binders (77), although the specific effect of
aluminum incorporation on the mechanical properties of C-A-S-H-type gels is not yet clear. Re-
cent direct measurements of the bulk modulus of pure and aluminum-substituted C-S-H using a
diamond anvil cell and synchrotron radiation did not show any significant differences as a func-
tion of aluminum content (78). Thus, further investigation is required to determine in detail the
parameters that control the correlation between slag chemistry and the mechanical performance
of high-calcium AAMs.

4. STRUCTURE AND CHEMISTRY OF LOW-CALCIUM
ALKALI-ACTIVATED BINDERS

4.1. Gel Chemistry of Low-Calcium Binders

The fundamental binder in low-calcium alkali-activated systems is a structurally disordered, highly
cross-linked aluminosilicate gel (79): the N-A-S-(H) product described briefly above and depicted
in the right-hand pathway in Figure 5. Both silicon and aluminum are present in tetrahedral
coordination; silicon is predominantly in Q4(mAl)-type environments in which the distribution of
m values depends on the Si/Al ratio of the gel (80). The negative charge associated with substitution
of silicon by tetrahedral aluminum is balanced by the association of alkali cations with the gel
framework. There are similarities between this gel structure and the structure of zeolites (24,
81). Provis and colleagues (79) proposed that the chemical similarities between the process of
hydrothermal synthesis of aluminosilicate zeolites and the reaction of low-calcium AAMs mean
that the disordered gel is likely fundamentally zeolite like in a chemical sense but disordered on any
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length scale beyond several angstroms. X-ray and neutron pair distribution function analysis later
confirmed this possibility directly (82, 83). Such analysis showed that, on length scales of up to 5–
8 Å, the local structures of metakaolin-derived aluminosilicate binders are very similar to the local
structures of crystalline zeolitic (particularly analcime-group) structures with corresponding Si/Al
ratios.

This information then provides a useful structural model by which the nanostructurally deter-
mined properties of these materials, such as thermochemistry (84) and ion exchange (85), can be
understood and tailored (86). This approach is approximately analogous to the use of tobermorite
as a model structure for the understanding of the C-A-S-H gels discussed in Section 3. Most im-
portantly, this approach enables the design of material formulations that are suitable for desired
applications. The key applications for low-calcium AAM technology fall into two distinct fields:
(a) use as a cement-like binder (for example, in production of tiles, pavers, precast concrete, or
ready-mix concrete, in which mechanical and physicochemical durability properties are essential
for success) or (b) use as a low-cost alternative to fired (dense or porous) ceramics, such as mullite
or alumina, in which optimized thermal characteristics may become important (7, 27).

4.2. Alkali Activation of Metakaolin

Metakaolin is the disordered, partially dehydroxylated product of the thermal treatment of
kaolinitic clays at temperatures of ∼500–800◦C, which are below the temperature at which the ma-
terial recrystallizes to mullite, 3Al2O3 · 2SiO2 (87). Kaolin can be mined directly as a pure mineral
or sourced in less-pure form from mine tailings or paper industry wastes. These different sources
induce differences in particle size, purity, and crystallinity—properties that influence reactivity
(88). But the fact that alkaline activation offers a pathway to valorization of impure or low-grade
clays provides some scope for cost reduction compared with the cost of commercial metakaolins,
which are generally derived from high-purity clay deposits.

Although metakaolin is derived from a crystalline, layered clay mineral structure, it does not
show long-range crystalline order but rather has a disrupted residual layered structure (89), which
plays a large role in making it suitable as a geopolymer precursor. The reactivity of metakaolin
in an alkaline environment is provided by the crystallographically strained aluminum sites within
the formerly octahedrally coordinated layer of kaolinite (90). Kaolinite loses its ordering and
bound hydroxyl groups upon heating, resulting in the formation of energetic Al-O-Al bonds and
rendering the aluminum very readily available for reaction. The dissolution of the aluminum layers
from the layered particles also leaves the silicon sites accessible to the alkaline solution, which makes
metakaolin a highly reactive precursor under alkali activation conditions. Figure 7 illustrates the
pathways by which kaolinite is converted, via metakaolin as an intermediate, into either mullite (by
further thermal processing) or a geopolymer (by alkaline activation). The calcination of kaolinite at
temperatures between 500 and 750◦C induces a stepwise process of dehydroxylation and structural
disordering by buckling of the layered clay structure (91), which is responsible for the reactivity
of metakaolin under alkaline conditions, whereas either undercalcined or overcalcined products
would be unreactive in alkali activation.

The characterization of alkaline-activated, low-calcium aluminosilicate binders by nuclear
magnetic resonance has shown the predominance of Q4(nAl) sites, with n distributed between
1 and 4 but usually at the higher end of this range for hydroxide-activated systems (80, 92). The
concentration of bound hydroxyl groups (i.e., Q3 silicate sites) is low in well-cured binders with
hydroxide or low- or moderate-modulus silicate activators (93). A higher silicate concentration is
required before these sites are notable in well-cured materials, although they are certainly present
at early age at all Si/Al ratios. Thus, the water in a fully cured, metakaolin-derived binder is mainly
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Figure 7
Pathways for the conversion of kaolinite to economically valuable products: calcination at moderate
temperatures (500–750◦C) followed by alkaline activation to form a geopolymer, or calcination beyond
950◦C to form mullite. Metakaolin structural sketches are based on data in Reference 91.

either (a) physisorbed as molecular H2O on the gel surface or (b) free and mobile within open
pores, as shown by thermal analysis (94), nuclear magnetic resonance (NMR) spectroscopy (93),
and gas sorption coupled with positron annihilation lifetime spectroscopy (95).

The crystallites formed in NaOH-activated metakaolins (with overall Si/Al ratios close to 1.0)
are predominantly sodalite-type feldspathoids with either OH− or H2O as the intracage species.
Some zeolitic phases, particularly NaA and/or NaX [classified as the LTA and FAU framework
types (96)], are also observed either as transient phases that convert to hydrosodalite at more
extended curing durations or as final reaction products (Figure 5) (97, 98).

The binder gel nanostructure formed by silicate activation of metakaolin is rather similar to that
of the hydroxide-activated gels, although generally favoring lower values of n in the distribution of
Q4(nAl) sites (80). Because the increased pH of lower-silicon systems accelerates crystallization
of the gel, and because most of the favored zeolite products in these binders have Si/Al ratios of
between 1 and 2, gels with higher Si/Al ratios are more resistant to crystallization. The microstruc-
ture of a silicate-activated metakaolin binder system tends to be more homogeneous than that of a
hydroxide-activated binder on a length scale of micrometers or more (99, 100), as the lower-silica
gels tend to form into discrete particulate units rather than generating a continuous gel network.
The presence of silicate in the activator also yields a much higher compressive strength and elastic
modulus and a lower porosity in silicate-activated binder systems (99, 101, 102) when the activator
modulus is between 1 and 2. Beyond this optimum, which depends on the nature and chemistry
of the aluminosilicate precursor, the extent of reaction decreases as the pH of the fresh geopoly-
mer paste is reduced by the high SiO2 content, and the increased viscosity (Figure 4) hinders
diffusional transport of species to and from the particle surfaces. A binder gel with an Na/Al ratio
of close to 1 also seems to give the best combination of strength and resistance to efflorescence,
consistent with the role of aluminum in balancing the gel framework charge (79, 98).

Metakaolin has also been identified as a key component of several useful precursor blends. For
example, combinations with fly ashes and various slags supply additional aluminum to the reaction
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process (103), thus tailoring reaction rates and thermal properties (104, 105). This blending path-
way may also address the workability issues discussed above and provides a good deal of scope for
future developments in the area.

Kaolinite is not the only clay mineral that has been successfully utilized in alkaline activation.
A research program in Portugal used thermally treated muscovite-rich waste obtained from a
tungsten mine in the production of binders, concretes, and specialized systems for concrete repair
applications (106), yielding high-strength binders from a relatively wide range of formulations.
Illite-smectite clays have also proven to be amenable to alkali activation; the high Si/Al ratio of these
clays favors the use of a low-silica activating solution to give optimal binder performance (107).
Pyrophyllite clays have not been able to be thermally treated to provide a suitable source material
for alkaline activation (108), possibly because, unlike the case of kaolinite, the dehydroxylation
product of pyrophyllite has a relatively well ordered structure (109). Mechanochemical processing
has generated the necessary reactivity for both pyrophyllite (108) and halloysite (110) to produce
good strength development rates under alkaline activation.

4.3. Alkali Activation of Fly Ash

Fly ash is a by-product of coal-fired electricity generation. It is the incombustible mineral associated
with the coal, comprising predominantly aluminosilicate remnants of minerals associated with
the coal deposit. Fly ash passes through the boiler furnace and is collected in the chimneys by
electrostatic precipitators. Fly ash particles are often vitreous, close to spherical, and sufficiently
reactive to be of value in alkali activation.

Fly ash is almost always activated by alkali hydroxide or silicate solutions. The gel binder
structures formed by alkali activation of low-calcium fly ash are similar to those of the metakaolin-
based geopolymer gels (111), with highly cross-linked, tetrahedral N-A-S-(H)-type gel structures,
as discussed in Section 4.1 (97). The gel binder structure is closely related to that of the precur-
sor gels observed as intermediates during the hydrothermal synthesis of zeolites from the same
aluminosilicate solids (79). Analyzing the gel connectivity of fly ash–based AAMs using NMR
spectroscopy is difficult because of the nonzero levels of iron within almost all fly ashes (57, 112,
113). However, the results show that the fly ash–derived binder gel is predominantly Q4 in nature,
with a distribution of Q4(1Al) site environments, depending on the Si/Al ratio of the reactive
component of the fly ash and on the amount of silicon supplied by the activator.

Crystalline zeolites and related phases also develop in these materials over a more extended
curing time (Figure 5), with higher temperatures and higher water contents favoring the develop-
ment of more crystallinity. Thermal or steam curing is usually applied to alkali hydroxide–activated
fly ash binders, as strength development is slow at room temperature in these systems (30, 92).
Thermally cured NaOH-activated fly ash binders tend to form chabazite-Na (also known as her-
schelite), faujasite, sodalite-group, and cancrinite-group secondary phases identifiable by XRD
within the disordered bulk gel binder (101, 114, 115).

Despite the highly heterogeneous and structurally disordered nature of fly ash–containing
alkali-activated binders (Figure 8), the understanding of the binder structure and chemistry of
fly ash–based AAMs has recently been advanced by the application of Fourier transform infrared
(FTIR) spectroscopy in both bulk and surface-sensitive analysis modes (115–120). The study of
simplified model binder systems (116) has provided useful insight into the structure and formation
of the N-A-S-(H) gel products as they grow on the surfaces of fly ash particles.

Using FTIR to study the reaction mechanism of fly ash geopolymer formation, Fernández-
Jiménez & Palomo (117) proposed two stages of gel evolution: gel 1, which was relatively enriched
in aluminum, and gel 2, which showed greater incorporation of silicon. However, if one considers
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Figure 8
Scanning electron microscopy image of a polished section of a fly ash geopolymer that is activated by
Na2SiO3 solution. The interparticle and intraparticle heterogeneity of the fly ash precursor is evident, and
the binder gel adheres closely to the surfaces of residual partially reacted particles. Some of the initially
hollow particles have become filled with binder gel during the reaction process, whereas others still contain
voids. Image courtesy of I. Ismail, University of Melbourne/University of Malaysia Sarawak.

the fact that FTIR measures bond vibrations rather than atomic nuclei, the distinction between
aluminum-rich gels and silicon-rich gels should be revisited. The gel 1 stage involves a high degree
of formation of Si-O-Al bonds relative to the overall Si/Al ratio of the binder system because cross-
linking involving aluminum atoms is preferred over the formation of Si-O-Si bonds (118); i.e.,
the presence of nonbridging oxygen sites on silicon atoms is preferred over their presence on
aluminum atoms. The result is a gel that may or may not be chemically enriched in aluminum
but that does have a relatively high concentration of Si-O-Al bonds as observed by FTIR. Later
gel structural evolution leads to further cross-linking via condensation reactions between Si-OH
groups, resulting in an apparent increase in the Si/Al ratio of the gel as measured by FTIR, because
Si is now participating to a fuller extent in the Q4-dominated gel. This preference for Si-O-Al
bonding also explains why the gel formed in a system with a solid aluminosilicate precursor and a
silicate activator—with an initially high Si/Al ratio in the solution phase—can still appear relatively
aluminum rich at early age (36), when bulk chemical considerations would indicate that the Si/Al
ratio should decrease monotonically as aluminum is progressively released from the solid precursor
particles.

The identification of two sequential stages in the gel formation process, approximately con-
sistent with the shift from a Q3-type gel to a Q4-type gel, has also been supported by mathe-
matical modeling of the reaction process (36) and by the combination of in situ attenuated total
reflectance FTIR with ex situ bulk and spatially resolved FTIR analysis, to demonstrate the chem-
ical mechanisms involved in the evolution from the initial to final gel structures (115, 119, 120).
By using the analogies between the gels formed in fly ash–based and metakaolin-based binders,
in situ energy-dispersive synchrotron XRD analysis of reacting pastes (121), rheological studies
(122), and neutron pair distribution function analysis (123) of metakaolin-based samples have
also provided nanostructural information regarding the nature of the gel 1/gel 2 transition in
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N-A-S-(H)-based binders, which appears to take place in a similar manner in these low-calcium
systems regardless of the nature of the precursor.

4.4. The Influence of Fly Ash Chemistry

Fly ashes sourced from different electricity-generating stations worldwide can differ very widely in
bulk major element (Si/Al/Fe/Ca) composition, glass phase fraction, unburnt carbon content, alkali
content, and particle size distribution, and there is also variation with time in the ash from a specific
generating station as the blend of coal sources used in its furnaces is varied. Each of these parameters
is vitally important to the reactivity and reaction process of a fly ash undergoing alkali activation
and thus in determining the properties of the hardened binder resulting from this process.

The scientific literature contains lengthy discussions of the role of calcium supplied by fly ash in
an alkaline activation process (102, 114, 124–127). Along with aluminum, calcium plays an essential
role in determining the nature of the gels formed through alkaline activation. However, the factors
controlling the glass reactivity that in turn determines the extent of gel formation possible in each
binder system are much more complex. All alkali metal and alkali earth cations can act as network
modifiers in aluminosilicate glasses, and thus their presence leads to a higher likelihood of forming
a reactive glassy phase within the fly ash, rather than unreactive quartz or mullite. On the basis of
this principle, Duxson & Provis (126) developed a simplified pseudoternary classification for fly
ashes, as depicted in Figure 9, in which the chemistries are classified according to the strengths
of the geopolymer binders formed (using data collated in Reference 126 for paste and mortar
samples and reported in Reference 127 for concretes). The compositions of BFS from several

High strength

Medium strength

Low strength

BFS

½Al2O3 2M2+O + ½M+
2O

SiO2

Figure 9
Representation of fly ash compositions in a pseudoternary system showing silica, alumina, and network-
modifier [scaled alkali metal plus alkali earth (126)] oxide contents. The strength classification of geopolymer
binders synthesized from each of the ashes is indicated in the legend. BFS denotes blast furnace slag. Data
taken from the literature survey in Reference 126 for paste and mortar samples and from Reference 127 for
concrete samples.
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sources (taken from Reference 20) are also presented for comparison. The fly ash compositions
are taken from bulk X-ray fluorescence data, not corrected for the presence of crystalline phases or
of any other elements beyond those noted. Thus, this representation of the detailed chemistry of
the system is necessarily oversimplified, particularly in the context of interparticle and intraparticle
heterogeneity indicating that the bulk composition of the fly ash is very unlikely to be matched
exactly by the glass chemistry of any single particle within the ash. Nonetheless, the simplicity
of this approach to classification of fly ash chemistry provides interesting scope for use as a bulk
prescreening method for ashes from different sources.

To this end, Figure 9 shows that fly ashes containing low levels of aluminum and/or network
modifiers will in general not result in satisfactory strength development when used as the sole
precursors for alkali-activated binders; such ashes are generally poorly reactive (117, 128). Both
aluminum and network modifiers are needed for high strength development, but even when these
species are present, high strength development is also more likely when the unburnt carbon content
is low and the particle size distribution is sufficiently broad to enable dense particle packing and to
reduce water demand. Various authors reported that iron content has both positive and negative
effects on reaction processes and strength; this area requires further attention from researchers.
Possibly even more fundamentally, the ability to characterize (or even to define) the degree of
reaction of fly ash is an area of ongoing research activity that is essential for a full understanding
of alkali activation processes, as it is with fly ash–blended Portland cement binders (129).

5. BLENDED BINDER SYSTEMS AND GEL COEXISTENCE

Given that N-A-S-(H)-type gels offer the opportunity for production of binders with excellent
chemical and thermal resistance (57, 104), whereas C-A-S-H-type gels provide chemical binding
of water that reduces permeability (43), there is interest in synthesizing binders in which these
two types of gel can coexist and each can contribute to the performance of the material (57,
130–132). The N-A-S-(H) gel may also offer some scope for anion-binding mechanisms that
retard chloride ingress, thus increasing the service life of a reinforced concrete by prolonging the
time taken to initiate corrosion of embedded steel (133). Gel coexistence requires a pH that is not
high enough to cause the calcium to precipitate as portlandite (134, 135), which means that the
use of moderate-pH activators such as alkali sulfates can be of value (136, 137). The combination
of less reactive aluminosilicates with a smaller quantity of a more reactive calcium source such
as BFS or Portland cement, with the addition of alkalis to accelerate the reaction process, also
opens scope for the valorization of wastes or by-products that are insufficiently reactive to provide
good strength development when either activated alone or blended with Portland cement in the
absence of an additional alkali source.

The simplest model systems that can lead to this type of gel coexistence are those involving
metakaolin, calcium hydroxide, and a moderate concentration of NaOH (135, 138), in which
excessive alkalinity destabilizes the C-A-S-H-type gel and leads instead to the formation of
N-A-S-(H) and portlandite. Similar gel coexistence trends have also been identified in BFS-
metakaolin blended binders (139), and the distinct signatures of the two gel types are identifiable
by the presence of two distinct mass loss peaks in thermogravimetric analysis (104). The dissolution
of BFS is enhanced by the initial formation of C-A-S-H-type gels, which removes calcium from the
solution phase and thus provides a driving force for continued reaction. The mechanical strength
of these binders, and that of similar systems containing fly ash, appears to be enhanced when C-S-H
and N-A-S-H gels coexist (134, 140, 141). The addition of a secondary source of calcium to a
blended binder also tends to increase the Na+ concentration of the pore solution, consistent with
the fact that this ion is less strongly bound in C-A-S-H-type gels than in N-A-S-(H)-type gels (125).
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The combination of fly ash, BFS, and an alkaline activator has long been considered to be
a promising route to the production of high-performance alkali-activated binders (142). Such
systems can show excellent mechanical strength, reaching 100 MPa after 28 days of sealed curing at
23◦C and continuing to increase in strength beyond this time when the precursors are appropriately
selected and blended and the activator content and modulus are selected to match the precursor
chemistry (143). However, BFS is much more expensive than fly ash in most parts of the world.
Therefore, in many studies, it is added at a fairly small volume fraction into an otherwise fly ash–
based binder system. For example, Li & Liu (144) found that 4% BFS enhanced the measured
compressive strength of a 9:1 fly ash:metakaolin blend by more than 40%. The addition of a
small amount of Portland cement into an alkali-activated binder system is also sometimes used to
generate more rapid initial strength development.

The precise details of the gels formed in blended BFS–fly ash AAMs are strongly dependent
on the blending ratio, composition, and relative reactivities of the solid precursors as well as on
the selection of the activator. The reaction process continues well beyond the normal 28-day
period of laboratory studies, with significant changes in gel and crystalline phase formation noted
in these systems at up to 180 days (132). Hybrid C-N-A-S-H gels have been observed via elemen-
tal composition analysis by scanning electron microscopy–energy-dispersive X-ray spectroscopy
(SEM-EDS) analysis (Figure 10). Such gels may result either from calcium substitution into
N-A-S-(H)-type gels (with Q4 framework silicate structures) or from sodium sorption or substi-
tution in chain silicate C-A-S-H-type gels (132, 145).
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Figure 10
Elemental compositions measured for gel regions in a 1:1 fly ash:blast furnace slag binder activated by
Na2SiO3 solution, at ages of 28 days (blue), 90 days ( green), and 180 days ( yellow). The C-A-S-H-type gel
(red dashed oval ) appears to become more homogeneous with longer-term curing, whereas the
N-A-S-(H)-type gel (blue dashed oval ) remains more constant in composition. Data from Reference 132.
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This discussion highlights the need for further detailed investigation of both synthetic and
real gels within the CaO-Na2O-SiO2-Al2O3-H2O system, at compositions and water/solid ratios
relevant to the understanding of alkali-activated binders, so as to provide more detailed insight
into the parameters that control gel formation kinetics and equilibrium composition, chemical
and dimensional stability (including resistance to drying processes), and mechanical and trans-
port properties. A more fundamental question underpinning many of these issues concerns the
basic definition of different phases within a multiple-gel system, in which these materials may be
intermixed so intimately that they are difficult to distinguish on a microstructural or bulk compo-
sitional level, necessitating the analytical application of high-resolution spectroscopic techniques.
Moreover, there is also the question of what really constitutes a phase in a complex, disordered,
hydrous material system. This type of discussion and analysis is essential for the prediction of the
long-term stability and performance of alkali-activated binder systems. Such prediction is critical
if these systems are to provide a viable alternative to Portland cement in large-scale construc-
tion applications and to contribute to the reduction of the environmental footprint of the global
construction industry. Any material to be used in such essential applications must be well un-
derstood in terms of nanostructure and durability. Although the scientific and technical advances
summarized in this review have provided a very good foundation for the initial deployment of this
technology, much further analysis is required to fully describe AAMs and thus to optimize their
performance in the service of humanity.

6. ENVIRONMENTAL ASSESSMENT

Discussions around the life-cycle analysis of alkali-activated binders have provided results that
vary dramatically between mix designs and binder types (11, 12). The estimated CO2 savings
(comparing AAMs with Portland cement) range from 9% to 97%, depending on the choice of
alkali-activated binder mix design, the curing conditions specified, the nature of the Portland
cement system selected as the reference, and the geographical parameters surrounding materials
supply and transport. The details of these calculations are highly dependent on the location, mix
design, and application selected for the material (11), so it is impossible to provide a single number
that accurately represents the achievable emissions savings for AAMs compared with Portland
cement concrete in a generic sense. The value of location-specific and application-specific case
studies of environmental footprinting is therefore evident; only by comparing a particular alkali-
activated mix design directly with a Portland cement–based material that it will replace directly in
a specified application can a meaningful comparison be made. Emissions in noncarbon categories
are also an important issue that requires further study (12), as is the need to improve and update
the databases that underpin all such life-cycle calculations.

An important issue influencing the environmental assessment of alkali activation technology
relates to the supply of raw materials, particularly the activator. As discussed in Section 1, some
environmental impact is incurred through the production of the activators, particularly sodium sil-
icate, which is most commonly produced from sodium carbonate and silica in a high-temperature
process involving a glass intermediate. This high-temperature processing does bring associated
energy consumption and CO2 emissions (146) that must be attributed to the silicate activator in
any environmental assessment of an AAM. However, because the activator usually accounts for
<10% by mass of an AAM binder, the CO2 emissions per tonne of binder are still much lower
than the process CO2 emissions associated with Portland cement production according to the
process shown in Figure 1 (5, 11, 12). There are also significant differences in emissions de-
pending on the source of the alkali carbonates used and the corresponding chemical or mining
route employed. These differences can result in as much as a tenfold difference in emissions in
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alkali-activated binders formulated in different ways, which can introduce some major geographical
specificity into AAM emissions calculations. Such differences are currently not well described in the
life-cycle inventory databases generally used to assess construction materials, and this area requires
significant further attention in the coming years as the degree of global focus on environmen-
tal assessment of materials and processes continues to grow. A well-formulated alkali-activated
concrete can often provide highly significant environmental benefits compared with a Portland
cement concrete of comparable mechanical performance, which provides a strong driver for the
further development and adoption of alkali activation technology on a global scale.

7. CONCLUSIONS

Alkali-activated binder systems, including the subclass of materials known as geopolymers, offer
a high-volume, affordable, low-CO2 alternative to Portland cement in a wide range of important
infrastructure applications. The availability of a broader range of cementing binders is essential in
enabling future society to meet its infrastructure needs while minimizing the adverse impact of such
progress on the global environment. There is an imminent need to move away from a one-size-fits-
all solution based on Portland cement as the binder in almost all concretes to a situation in which
fit-for-purpose materials are selected on the basis of technical and environmental performance to
suit each application. Alkali-activated binders will not be the only solution to this problem but will
certainly form a key component of a solution toolkit, whereby a wide range of binder chemistries
will be utilized in the most appropriate applications to provide the continued development of the
built environment that is needed in both developed and developing nations worldwide.

In studies of any cementing binder system, and particularly of alkali-activated binders, further
detailed scientific and chemical insight is needed before these materials can be fully understood
from the atomic scale up to the macroscale. These materials are heterogeneous on every length
scale from nanometers to centimeters, are crystallographically disordered, are multiphase, and are
formed from precursors that are themselves often difficult to characterize (for example, fly ash).
Many physicochemical details of these challenging and intriguing materials systems require further
elucidation through the application of both top-down (macroscale and mesoscale characterization)
and bottom-up (computational materials design) approaches. Thus, there is scope for significant
scientific advances to be made in this field, offering the potential for a real impact on societal
infrastructure development in parallel with environmental sustainability.

FUTURE ISSUES

The scientific and engineering advances described in this review have brought alkali acti-
vation technology to the point at which successful commercial-scale deployment is taking
place in many parts of the world, and research activity in this field is both widespread and
intensive in the academic and commercial spheres. Nonetheless, a number of key issues
require further attention from the scientific and engineering community.

1. Can we accurately describe the gel chemistry relationships in blended high-calcium/low-
calcium alkali-activated gel binder systems? How can we achieve the necessary level of
chemical and nanostructural characterization of these materials, using existing or new
laboratory and beamline tools?

2. How can we develop the admixtures needed to control the rheology and reaction kinetics
of AAMs at an early age, particularly given the chemically challenging environments (high
pH, high ionic concentrations) within which these admixtures must act?
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3. How can quality control be ensured in large-scale production of a material that is derived
from intrinsically variable wastes or by-products? Can we relate some of this variability to
the content of elements such as iron, sulfur, and magnesium that have often been assumed
to be of secondary importance when compared with the main gel-forming species, but
that seem to play a significant role in determining the phase assemblages present in
hardened alkali-activated binders?

4. How can we obtain an accurate and representative measure of the degree of reaction in an
alkali-activated binder containing fly ash and/or metakaolin? More fundamentally, what
is a meaningful way to define the extent of reaction of a highly heterogeneous material
such as fly ash?

5. How can we validate the life-cycle inventory databases used to assess the environmental
footprint of construction materials, with a view toward enabling region-specific or site-
specific life-cycle-impact calculations?

6. What are the expected service life and durability performance of an alkali-activated
concrete, and how can these best be assessed and predicted on the basis of laboratory
testing when most of the tests used have been designed and validated specifically for
Portland cement concretes?

7. How can such a diverse group of binders be covered appropriately by regulatory standards
to protect both producers and end users?
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