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MILESTONESIN THE ANALYSISOF ALKALI-ACTIVATED
BINDERS

John L. ProvisW, Susan A. Bernal®

(1) Department of Materials Science and Engineering, University of Sheffield, Sheffield S1
3JD, United Kingdom- j.provis@sheffield.ac.uk

ABSTRACT

The use of alkali activation to achieve environmental savings in the production of
construction materials is currently an extremely active area of research and development.
There is now a diverse range of chemistries and applications that have been developed within
the broader theme of ‘alkali-activated materials’, including the subclass of lower-calcium
binders which are also known as ‘geopolymers’. Academic research and commercial
development have combined to bring these materials to a level of technological maturity
where larger-scale deployment is now taking place. This paper reviews some of the key
aspects of alkali-activation technology which have brought the field to this point, with a
particular view towards re-assessing key points and comments which have been raised in
several historical reviews and discussions of this class of materials. Conclusions are therefore
drawn regarding which among these key questions have been answered, and which remain
outstanding in an engineering or scientific sense.
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1 INTRODUCTION

Detailed reviews of the chemical, engineering or durability properties of alkali-activated
materials hae been presented in a number of recent publications incldding [1-5]. In this paper
a combination of historical and forward-looking perspectigassed to provide insight into
how these materials have been developed, analysed and used during the past decades, and
how this information can be used to support and enhance future developments in the area.

The first publication related to alkali-activated binders is a 1908 patent by the German
chemist Kiihl [[§], who described a process whereby a basic blast furnace slag can be
interground with lime and sodium sulfate or carbonate, and then mixed with water to produce
a useful binder from slags which would otherwise hydrate only very slowly. However, this
type of material was only really brought into practical application decades later, when Purdon
published a detailed study of the interaction of slags with different activators irﬂ]940 [7], and
later took these materials into commercial production under the name ‘Purdocenent’ (or ‘Le
Purdociment’ in French). Several structures produced using Purdocement in the 1950s are still
in existence, and have been surveyed in a recent publication by Buchwal et-owjéyer,
the production of Purdocement never reached full economic viability, and the company was
liquidated in 1957 [B]. For the next several decades, the main developments in this area were
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centred in Kiev, as the group initially led by Glukhovsgky [9], and later by Krivgnkp [10],
developed and produced alkali-activated mixes based on a very diverse range of precursor and
activator chemistries, including both low-calcium and high-calcium binder systems. These
materials were deployed in a wide range of applicatjonp [11], and have provided very good
performance in service over a period of several decadgs [12]. In the 1970s, Davidovits
developed a series of binders derived from the interaction between metakaolin and alkaline
solutions, which in 1979 he namégkopolymers’ [13]. This name has since been applied
much more widely to various alkali-aluminosilicate binder systems, and is now widely
recognised as a more or less generic term for alkali-activated binder systems. Research and
development activities in the field of alkali activation began to expand during the 1980s and
1990s, and it is now a highly active area including efforts in scientific investigation,
commercial deployment, and national and international standardigation [5].

From this basis, and more than 100 years after the initial developments in the area, it seems
timely to reassess some of the strengths and weaknesses of alkali activation technology which
have been identified in key publications during the past decades, and to provide commentary
regarding which areas are still in need of further attention to support deployment of these
materials in the widest possible range of applications.

2 DISCUSSION - FOUR MILESTONE PAPERSREVISITED

2.1 Thework of Purdon revisited

The first detailed scientific publication in the field of alkali-activation is a paper published
by Purdon in 194d J7], who commented that the incorporation of sodium hydroxide into a
slag-based cement increases both initial and final strength compared to the use of lime,
anhydrite or Portland cement clinker, which at the time were all used to convert slags to
binders. He also noted that the addition of the NaOH at the time of concrete mixing, rather
than intergrinding of a solid activator, offered advantages in reducing problems due to the
hygroscopic nature of the solid alkaline compounds, and their tendency to carbonate; this was
seen as being particularly beneficial for precasting operations. He identified the low water
permeability, moderate shrinkage and low heat of hydration of alkali-activated slag as
particularly appealing technical qualities. A wide-ranging series of experiments on alternative
and mixed activators gave results for compressive and tensile strength which are summarised
in Figure 1, and led to the recommendation that the generation of Na€itt through the
reaction of Ca(Oh)with N&COs or NaSQs was in general the most effective among the
various binary activator combinations tested. The addition e§/8 was seen to enhance
the strengths of many mixes, but for reasons which may be related to the cost of this
compound, there seems to have been very little work on the use of this compound since the
work of Purdon. He also found that the strength development was similar whether the two
activator compounds were pre-mixed, with or without removal of Ga@@cipitates, or
mixed directly in concrete formulati[?], which was taken as evidence that the formation of
NaOH was the key mechanism by which the combined activator solutions were acting. It
should be noted that this work did not consider the possibility of alkali silicate activators; this
concept was introduced and developed later by Glukholsky [9], but has proven to be the basis
of much of the subsequent research in alkali-activation due to the faster strength development
achieved in these systems. Some later authors have actually considered@a(@ktarder
in silicate-activated slag binders when added directly into the activating son [14], but this

Page 2



is more likely to be because it introduces a reduction in the effectiveness of the activator
through precipitation of silicate gel in colloidal particles][15] rather than a true retardation
effect in the binder.
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Figure 1. Compressive strengths of alkali-activated slag concretes produced using various
combinations of activator compounds, dosed to give the equivalent of 6% NaOH in the mix
water assuming that all Na added is converted to NaOH. Datom [7].

Figure 2 shows an additional data set from the work of Pufdon [7], which relates 1-day
alkali-activated slag concrete strengths to the doses e€®aand Ca(OH) added as
activators. There is a clear optimum in activator dose, beyond which the strength decreases.
Based on developments since that time in alkali-activation chemistry, and calcium
(alumino)silicate hydrate chemistry in general, it has become evident that the combination of
changes in phase stability and binder micro/nanostructure which take place at very high
activator doses lead to the presence of this optimum. The fact that this optimum is distinct and
sharp, meaning that the performance of the material is quite sensitive to the formulation
conditions, led to a suggestion that these materials are probably less suitable for ‘small
undertakings in which the proportioning of the concrete is often done in a haphazard
fashiori, but that the materials would be ideally suited to precag [7]. This conclusion has
been reached by a number of independent investigators in the subsequent decades, particularly
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with regard to the sensitivity of the materials to curing conditipns [16-18] in addition to

variability in formulations and in precursor chemi, 20].
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Figure 2. Compressive strengths of concretes based on blast furnace slag with different
contents of NeCOs; and Ca(OH) as activators, at 400 kg?rbinder content. Legend shows
the colour-coding of strength data, which are taken ﬁm [7].

2.2 Issueshighlighted by Talling & Brandstetr in 1989

Talling and Brandstetr published a review covering predominantly eastern European work
in alkali-activation of slags, in an American Concrete Institute conference in Trondheim in
1989 [21], with an extensive list of bibliographical references up to that date. Although it is
not specifically a milestone paper in terms of presentation of technical results, it is notable for
presenting a lot of information in the English language for the first time, and also for
providing some forward-looking commentary, which is the reason for its inclusion in this
review. Their discussion highlighted various strengths and advantages of alkali-activation
technology, and concluded by raising a list of outstanding technical issues requiring further
attention. These are reproduced below in italics, followed in each instance by comments
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regarding how the state of the art has advanced in the 25 years since the publication of that
paper.

The possibility of altering the composition and properties of the slags
This possibility has not been followed through in much detail, although alkali-activated
products based on synthetic slags are now commercially deployed in western [Edfope [22].

The characteristics of different kinds of slags

The majority of work in the academic literature to date has been based around blast furnace
slag systems, but the influence of blast furnace slag chemistry on the properties of alkali-
activated binders is now much better understbod [23-25]. Work on non-blast furnace slags is
beginning to spread beyond the large volume of work which was historically published in the
Russian language, but the diversity and low production volumes of such slags appear to be
restricting efforts in this area.

Newly formed hydration compounds and their quantification

This was also described by Wang et Bl.|[14]1995 as subject to ‘considerable
confusion’, but is probably the area in which the most progress has been made during the past
25 years; the current state of knowledge is summaris¢d in [4], including descriptions of both
primary and secondary binder phases which form in alkali-activated binders of high and low
calcium content. However, there is certainly still further work needed related to the roles of
alkalis and aluminium in calcium silicate hydrate type gels, and also the factors controlling
gel coexistence in binders which contain both calcium aluminosilicate hydrate (C-A-S-H) and
sodium aluminosilicate hydrate (N-A-S-H) products.

Identification of minor components in the raw material which may have a deleterious effect

Work in this area has mainly focused on potentially hazardous elements contained in fly
ashes, for exampld2§| [27], while minor components which may influence strength
development or concrete durability (e.g. Zn, Cl) have received somewhat less attention. Blast
furnace slags appear to be low in potentially deleterious species, although the influence of
precursor chemistry on issues such as corrosion of embedded steel remains to be considered
in detail.

Simple and effective testing procedures; Standardisation and codes of practice

These points have been covered in some detail through the work of RILEM TC 224-AAM
[5), which surveyed the standards environment related to alkali-activated materials, and
RILEM TC 247-DTA (http://www.rilem.org/gene/main.php?base=8750&gp_id=290), which
is now assessing the questions around the application of standardised durability testing
methods to alkali-activated materials.

2.3 Pointsraised by Davidovits (1991)

In a seminal paper which has now attracted more than 500 citations, Davilo}its [28]
described many aspects of the chemistry and technology of geopolymers (defined specifically
in that work as low-calcium aluminosilicate binders). This paper highlighted the now-almost-
abandoned ‘poly-sialate’ nomenclature for the chemical units present in geopolymers. The
inability of this naming scheme to describe non-integer Si/Al ratios, and the inappropriateness
of describing the three-dimensional structure of the alkali aluminosilicate gel according to this
essentially chain-like terminology, mean that it is no longer used in a scientific context as the
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understanding of geopolymer materials has further advanced. However, the connections
between zeolite chemistry and geopolymer gel structure which were proposed in this paper
have since been advanced and now form the backbone of the modern chemical description of
alkali aluminosilicate binder gels [H9, [30]. The mechanism of reaction was proposed to take
place via “still hypothetical monomers, the orthosialate iof28]; these ions have since been
identified specifically as part of the array of small silicate and aluminosilicate species which
are present in concentrated aqueous alkaline solufiohf [B1, 32], Figure 3. The two species
depicted in this image are by no means the only aluminosilicate oligomers which form in
aqueous solution, but they are both the simplest, and the most predominant under the
conditions prevailing during most geopolymer synthesis processes.

Figure 3. Structures of aluminosilicate oligomers which represent the ‘hypothetical
monomers’ discussed by Davidovits . Structures were calculated by density functional
theory calculationg [33]; blue is Na, yellow is Si, purple is Al, red is O, and white is H. The
species on the left carries a single negative charge which is balanced, kiieNspecies on

the right carries two negative charges, balanced by twaatins, one of which is relatively
strongly hydrated. Dashed lines show intermolecular and intramolecular hydrogen bonds.

The 1991 paper of Davidovitg [P8] also introduced the use of solid-state NMR to the
analysis of geopolymers, and showed that the Al in the aluminosilicate gel is present in
tetrahedral coordination. There have since been numerous papers which have applied this
technique to various alkali-activated systems, and the results are in general in good agreement
with the data presented in that initial work.

The work of Davidovits was primarily focused on the production of low-cost, thermally
stable materials as castable refractories, and also in waste immobilisation applications. Since
that time, commercialisation in the area of alkali-activation has tended to focus more on
higher-volume applications in concrete production, driven by carbon dioxide emissions
savings (which was foreshadowed in this Davidovits pgpdr [28], long before sustainability
issues became a central and mainstream focus in the cement and concrete industry), although
there has continued to be a great deal of academic interest in these materials for both
refractory and immobilisation applications.

2.4 Revisiting the 2007 ‘State of the Art’
In 2007, as part of a Special Issue of Journal of Materials Science dedicated to geopolymer
technology, a collaboration between leading research teams in Australia and Spain led to the
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publication of a higlprofile ‘state of the art’ review paper on low-calcium alkali-activated
(geopolymer) material§ [34]. This paper has since accrued more than 450 citations in Scopus
(more than 600 in Google Scholar), and as such is the second-most cited paper in this research
field behind the 1991 paper of Davidovts [28]. As a review of the state of the art at the time,

it represents an important landmark, and also raised some issues which are worthy of
discussion in a retrospective sense:

Reaction path modelling

The Duxson et al. review papgr [34] presented an often-reproduced schematic illustration
of the process of geopolymer reaction, formation and hardening, based on an evolution of the
basic concepts originally proposed by GlukhovEKy [9]. This diagram has since been re-used in
many publications by various authors, discussing a wide range of alkali-activated binder
systems, while it was originally sketched specifically for the case of a calcium-free binder in
[34]. It does not describe the formation of secondary products which are essential to the
binder chemistry of Ca-rich alkali-activated systems, and specifically illustrates zeolite-like
molecular structures which are not the main binder phase in alkali-activated slag binders and
other similar high-calcium systenis [35]. It is therefore recommended that future authors
describing such systems should instead base their analysis on the more detailed conceptual
diagram presented iE[Eég], as this is relevant to both high- and low-calcium materials. The
schematic diagram i 4] is undoubtedly still relevant to low-calcium systems, but its use
beyond this scope is not accurate or representative of what is known about the chemistry of
alkali-activated materials.

The discussion around this diagram also comments that ‘the actual process of partidie-
gel conversion has never been confirmed in the highly alkaline and poorly solvated conditions
prevailing during geopolymer synthesif34]. This was the case in 2007, but in the
intervening period, advances in experimental and simulation methodologies have provided
direct confirmation of this conversion procdss [36-39], which is now well established in the
scientific literature.

Solid state magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy

Much of the analysis presented [in [34] is based around the interpretation and analysis of
295i MAS NMR spectra of metakaolin-based and fly ash-based binders. It is ngtefl in [34] that
it is essential to separate the contributions of reaction products and residual raw materials
whenever conducting quantitative analysis of such spectra. This comment has been reinforced
a number of times in the literature since that time, and the application of this technique to ever
more complex systems (in particular blended binders containing both fly ash and a secondary
source of either calcium or aluminiurh _[4@) has proven successful and powerful.
Nonetheless, there are still numerous publications released each year in which the
contributions of unreacted precursors are not taken into consideration, but the comment
remains that this should be considered an essential starting point for any spectral
deconvolution procedure.

Structural ordering in low-calcium geopolymers

It is also noted i@ﬂhat ‘the assertion that geopolymeric materialare indeed totally
amorphous appears to be bolder than prudence would commaed techniques and
methods... will be developed.This has in fact been the case, both with respect to the much
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more widespread use of MAS NMR as an analytical probe of short-range ordering in these
materials, and also with the rapid rise of the pair distribution function (PDF) analysis
technique as a key structural probe of alkali-activated binder systems. Pair distribution
function analysis is based on the use of high-resolution, high-energy X-ray or high-
momentum transfer neutron scattering data to directly define and determine interatomic
correlation distancef [43], and therefore has obvious relevance to the study of construction
materials based on calcium silicate or alkali aluminosilicate gels which are ordered only on a
very short length scalk [H4, 45]. This technique has been applied with significant success to
the analysis of geopolymer materidls ]{30][39, 4k-47], and has in fact demonstrated that the
fundamental binder phase is quite ordered on a length scale of up to approximately 8-10 A,
with the exact radius on which correlations are observed varying as a function of the binder
chemistry (alkali cation and Si/Al ratio).

Engineering properties and applications

The key conclusion of3] was that geopolymer concretes based on fly ash appeared to be
offering high potential for commercial deployment, but that further work was needed in
validating the chemical properties of the binder in the long term, and that the compatibility
between calcium-rich and alkali-aluminosilicate gels seemed to offer the key to the future of
these materials. Since that time, there have been a number of studies of the engineering
properties of concrete specimens (reinforced or unreinforced) based on solely fly ash-derived
binders, includind [4%3). However, studies of durability-related properties such af§ [34, 55]
have highlighted the likely importance of inclusion of a calcium source in the mix designs as
a way to control porosity and pore structure, and these more calcium-rich mixes currently
appear to be the more likely way forward for applications in reinforced congrgtes [1].

2.5 Next stepsand theway forward
Recent review paperls [3-4] and the RILEM State of the Art Rdpprt [5] have highlighted
key steps which need to be addressed for the future development of alkali-activated materials,
some of which are summarised as follows:
- Availability of admixtures to control properties in the fresh state
- Quality control and supply of precursors in sufficient quantities for full-scale concrete
production. Supply volume is likely to become problematic for blast furnace slag,
which is almost fully utilised in most parts of the world, but less so for fly ash (which
is still largely considered a waste material), or for metakaolin which can be produced
inexpensively from abundant natural resources. Quality control is much more of an
issue for fly ashes than for the other materials considered, particularly with regard to
unburnt carbon content.
- Durability testing (method development and validation), particularly with regard to the
initiation, propagation and effects of steel corrosion
- Long-term engineering properties such as creep and shrinkage
- Nanoscale materials characterisation in heterogeneous binder systems, and gel stability
relationships
- Life-cycle inventory data and case studies
- Standardisation
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This is not a complete listing of the open questions in this area, and it is certain that some
of these issues will turn out, in the coming years, to be more critical than others. None of
these is in itself a reason why alkali-activated binders should not be deployed in senvice
fact, commercial development and deployment of these materials is now proceeding rapidly,
in many countries, while many of these questions remain to some extent open. Nonetheless,
these are all areas in which further scientific developments will be able to influence and
enhance commercialisation efforts, and aid in bringing alkali-activated materials into
mainstream utilisation.

3 CONCLUDING REMARKS

This paper has provided a brief look back at some of the important papers which have been
published through the history of alkali-activation technology, with a view towards assessing
some of the technical points raised in those papers, and reassessing the progress that has been
made in specific areas of this field of technology in recent years. It is evident that some areas
of the technology of alkali-activation have developed greatly, while others have been less
emphasised than was anticipated in past studies. In terms of the scientific and engineering
development of these materials, one aspect which was not considered in detail in historical
studies is the issue of organic admixtures; this is an aspect of Portland cement concrete
technology which has advanced enormously in the past two decades, and is currently a critical
topic for the deployment of alkali-activated materials. Most of the historical research in alkali-
activation also comments on very low shrinkage, and high impermeability, in these materials.
These claims have since been validated for laboratory specimens, and for materials cured
under controlled conditions. However, the performance in these areas of alkali-activated
materials cured under uncontrolled or inappropriate conditions still requires attention and
optimisation. Issues such as quality control of waste-derived raw materials, and analysis of
durability performance (particularly related to protection of embedded steel), certainly offer
scope for future research investigation, and the potential for further value-added
developments in alkali-activation technology.
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