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/ The study and development of new binders as alternatives to portland cement is a priority line of research the world over

that aims to minimise the pollutant gas emissions and substantially reduce the energy consumption inherent in cement
manufacture.

Cement manufacture has a heavy environmental footprint, for it exploits natural resources (quarries) and emits large
quantities of polluting gas (CO,, SO, NO,) into the air. World-wide, around 5 % to 7 % of CO, emissions can be attributed to the
cement industry. In addition, given the power consumed to heat kilns to the necessary temperatures and drive the mills that
grind the clinker, cement manufacture has a high energy price tag.

This review traces the history and development of alkaline activation, explaining the most characteristic features of the
chemistry involved and drawing a comparison between the economic and environmental data for these alternative materials and
for portland cement. The findings show that alkaline-activated cements and concretes perform better in both respects.
Nonetheless, alkaline cement chemistry cannot yet be said to be wholly eco-friendly, for large amounts of CO; are emitted in the
production of alkaline solutions such as sodium silicates, which is, moreover, a costly process. For those reasons research

@lld be ongoing on the valorisation of alternative materials with characteristics and properties similar to those oftj

commercial solutions used to date to prepare these systems.
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1. Introduction: need for alternative cements
and concretes

Portland cement is regarded as the
construction material par excellence, for no other
binder on the market today is so widely accepted.
Its popularity is due primarily to its high
performance, good price/quality ratio and the nearly
universal availability of its raw materials.
Nonetheless, the development of alternatives to
portland cement obtained with processes involving
lower polluting gas emissions and substantial
energy savings constitutes a priority line of
research and one of enormous interest world-wide.

Global cement consumption continues to rise.
In 2014 it amounted to 4.3 Gt, up from 2.83 Gt just
6 years earlier, in 2008. For that reason, the
cement industry is training its sights on reducing
CO2 emissions and complying with the
sustainability targets defined at international
conferences on the environment.

Today the notion that global warming is a real
environmental and economic menace to our way of
life is scanty challenged. According to studies by
Mahlia [1] and Zhang et al. [2], the greenhouse
gases generated by human activity are the primary
cause of global warming, which will have
catastrophic consequences if not controlled and
mitigated.
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The evidence supporting the plausibility of
such consequences has encouraged industries and
governments to study and implement promising
strategies to stem the accumulation of greenhouse
gas in the atmosphere. The 195 countries attending
the latest UN climate change conference held in
Paris (2015) adopted an agreement to halt global
warming, christened by President Francgois
Hollande as the first universal deal ‘in the history of
climate negotiations’. The agreement sets a ceiling
to greenhouse gas emissions and establishes a
funding system. In light of the failure of the
attempts to set individual country targets (the Kyoto
Protocol, which opted for that formula, only
managed to cover 11 % of worldwide emissions),
the process has been reversed. The deal sets only
one mandatory goal: to contain the mean
temperature rise on Earth through the end of the
century to ‘much lower’ than two degrees over pre-
industrial levels and even attempt to hold it at
1.5 °C. Each country must then table its voluntary
contributions to reduce national greenhouse gas
emissions accordingly.

The cement industry is regarded as one of
the major contributors to anthropogenic COso,
accounting for approximately 5% to 7 % of
worldwide emissions [3]. Depending on the type of
fuel used to produce clinker, 0.9t to 1.0t of CO2 is
released into the atmosphere per tonne of cement
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produced [4-7]. Even in plants using the latest
equipment and technology, Bosoaga et al. [8]
confirmed that from 0.65 to 0.92kg of CO: is
emitted per kilogramme of cement manufactured.

Most of the CO2 emitted by the cement
industry is directly attributable to fossil fuel
combustion and limestone calcination to calcium
oxide. The source of some of the CO2 computed is
indirect, i.e., associated with the electricity
generated to power the mills that grind the raw
materials used to manufacture cement [6,9].

Worldwide cement production rose by 54 %
between 2000 and 2006 (World Business Council
for Sustainable development 2009). Fuelled by
population growth and worldwide demand, from
2006 onward output is expected to grow by 0.8 %
to 1.2 % yearly, reaching from 3.7 Gt to 4.4 Gt by
2050. This significant rise will induce brisk CO:2
emissions growth. Whereas global CO2 cement
plant emissions amounted to 576 Mt in 1990 [11],
that value trebled to 1.88 Gt by 2006. If that
tendency continues uncurbed, the CO2 emitted to
the atmosphere by the cement industry alone
would amount to 2.34 Gt in 2050 (World Business
Council for Sustainable development 2009).

One technological and environmental target
is to reduce such emissions to just 1.55 Gt [10] by
2050 through the application of suitable strategies,
such as the implementation of energy efficiency
measures, the use of alternative fuels or the
replacement of clinker [12]. The trend in global CO2
emissions in the cement industry in 1990-2050 is
shown in Figure 1.

The use of portland cement not only adds to
CO2 emissions, however, but also has other
adverse effects. Firstly, it contributes to the
depletion of mineral reserves, particularly in small
European and East Asian countries where cement
consumption is high and natural resources limited.

A second concern around cement
production is associated with the hazardous
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substances emitted into the atmosphere from
cement kilns. Although recent developments have
improved the capture and recycling of cement Kiln
dust and other potential emissions [13], non-
negligible amounts of hazardous components may
be emitted by flue gas.

Public and private institutes engaging in
cement research, sensitised to these issues, have
been pursuing the development and commercial
scale application of systems with a minimum
clinker content to further the implementation of
environmental and safety policies in the industry.

Governments, in response to social
pressure, are regulating the extraction of prime
materials and waste stockpiling ever more strictly,
for environmental, health and aesthetic reasons.
Public and private institutes engaging in cement
research, sensitised to these issues, have been
pursuing the development and commercial scale
application of systems with a minimum clinker
content to further the implementation of
environmental and safety policies in the industry.
One such group of systems, alkali-activated
materials or hybrids, is a source of good binders.

2. What is alkaline activation?

Alkaline cements are binders resulting from
the chemical interaction between alkaline solutions
and aluminosilicates (with low or high calcium
contents). The latter may be sourced from natural
materials (clays) or industrial by-products (blast
furnace slag or fly ash) [14].

Since the 1990s, research on alkaline
activation has seen spectacular growth around the
world, with over 100 (academic and commercial)
research institutions actively engaging in the field
on all the inhabited continents. Many of the papers
published report on the development of materials
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with acceptable performance, based on locally
available raw materials. The literature includes
hosts of technical reports and books describing the
basic physical or microstructural properties of the
products generated when prime materials are
activated with alkalis [15 — 18].

Many names have been proposed for these
materials, including ‘alkaline cements’,
‘geocements’, ‘hydrocements’, ‘mineral polymers’,
‘inorganic polymers’, ‘vitreous inorganic polymers’
and ‘activated ash materials’, to name a few. All
these names allude to one and the same type of
material obtained from  similar chemical
procedures. The existence of such a proliferation of
names to describe essentially the same material is
an indication that researchers are still scanty
familiar with the field. The terms ‘alkali-activated
materials’ and ‘geopolymers’ are the ones used
hereunder to refer to this type of cements and
concretes.

o Alkali-activated material is the broadest
category, covering essentially any binder obtained
from the reaction between a (solid or dissolved)
alkaline metal and a solid silicate powder [19].
These solid aluminosilicates may be calcium-high,
such as blast furnace slag, or calcium-low, such as
fly ash. The sources of the alkalis used may be
alkaline hydroxides, silicates, carbonates, sulfates,
aluminates or oxides, i.e., nearly any soluble
substance that furnishes alkaline metals, raises the
pH of the reaction mix and accelerates the
dissolution of the solid precursor.

e The word geopolymer often refers to a
subset of alkali-activated materials. Fly ash with a
low calcium content and calcined clays (essentially
metakaolin [20]) are the precursors most
commonly used in geopolymer synthesis. The word
geopolymer is also used commercially and in
research much more broadly, however, particularly
in connection with commercialisation. The term
was coined in the nineteen seventies by French
scientist and engineer Joseph Davidovits
[18,21,22].

Over the last two decades, alkaline cements
and concretes have roused considerable interest in
the scientific community and the construction
industry both, for the reasons listed below [23].

a) They exhibit high early age mechanical
performance. Twenty-hour materials can develop
mechanical strength comparable to the strength
developed by portland cement in 28 days [24].

b) The carbon dioxide emissions and energy
consumed to produce these alkaline cements are
substantially lower than observed in portland
cement manufacture [25, 26].

c) The sole ‘raw material' (often) needed to
manufacture these cements is industrial waste
such as fly ash from coal-fired power plants
[ 27 — 29] or blast furnace slag [17, 30-33] which
would otherwise be stockpiled in landfills, adding to
environmental pollution.

d) These materials usually perform as well as
or better than ordinary portland cement. For
instance, they exhibit higher resistance to sulfates
[34-36] and acid [34, 37]; they pose fewer
‘aggregate-alkali’  reaction-induced  expansion
problems observed under certain conditions in
portland cement mortars and concretes [34,38,39];
recent studies have shown that these materials
retain their properties at high temperatures [40-42]
and are able to immobilise some types of toxic or
hazardous waste, including nuclear waste [43-45].

3. Components in alkaline activation:
precursors and alkaline activators

Alkaline cements are primarily the result of
a chemical reaction between precursors and
alkaline activators. The former are normally
aluminosilicates derived from natural sources
(thermally activated clay or similar) or industrial by-
products (such as blast furnace slag and fly ash).
The latter are usually alkaline salts or solutions.
Glukhovsky classified activators into six major
groups on the grounds of their chemical
composition:

alkaline hydroxides: MOH

weakly acidic salts: M2C03;, M2SOs,
M3PQO4, MF

silicates: M20-nH20

aluminates: M20-nAl203

aluminosilicates: M20-Al203-(2-6)SiO2
strongly acidic salts: M2SO4

N —

L

Of all these chemical compounds, NaOH,
Na2C0s, Na20-nSiO2 and Na:SO4 are the ones
most widely available. Whilst some potassium
compounds have been used in laboratory studies,
their scant availability and high cost limit their
commercial application. Moreover, they afford no
particular advantage over sodium compounds.
Both can be used in liquid or solid form, although
the current tendency is to prepare cements
containing the precursor and a solid activator, with
water as the mixing liquid.

The characteristics and properties of these
alkaline cements are discussed below, divided into
two major groups, depending on whether their
precursors have high (vitreous blast furnace slag)
or low (type F fly ash) CaO contents.

3.1. High calcium content alkali-activated

materials: blast furnace slag

High calcium cementitious materials such
as blast furnace slag have been studied,
developed and assessed for over a century
[29,46]. The renewed interest in the microstructure
of these materials in recent years has induced a
need for scientific methods to optimise activation
conditions that ensure the strength and stability of
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these binders based on a given starting material
[19,46].

The basic chemistry of alkali-activated blast
furnace slag-based binders has been discussed in
detail in the literature [30, 47 — 56]. The structure of
the gels formed in slag activation and hence
strength development and durability depend
heavily on the chemical factors that govern the
reaction mechanism. These factors can be
classified in two categories: those associated with
the raw materials (precursors) and those
associated with the activator used.

3.1.1. Activation, reaction products and
microstructure

The structural development of alkali-
activated blast furnace slag systems depends on a
very heterogeneous reaction governed primarily by
four mechanisms: dissolution of the vitreous
precursor particles, nucleation and growth of the
initial solid phases, mechanical interactions and
bonds on the boundaries of the phases formed and
reactions involving chemical equilibrium and
diffusion of the reactive species through the
reaction products formed after long curing times
[57-59].

The main product of blast furnace slag
activation is a calcium aluminosilicate hydrate
(C-A-S-H) gel, similar to the gel generated in
ordinary portland cement hydration (C-S-H), but
with a lower Ca/Si ratio, which generally ranges
from 0.9 to 1.2[54,60-63]. Secondary reaction
products include hydrotalcite
(MgsAl2CO3(OH)16:4H20), identified in alkali-
activated slag systems with high MgO contents
[64-66] and zeolites such as gismondine, which
forms in blast furnace slag systems with high Al2O3
and low MgO (< 5 %) contents [59,67,68].

Reaction  kinetics in this type of
aluminosilicates depend heavily on the type of
activator used and the activation process. The
primary role of an alkaline activator in an alkali-
activated material is to hasten the reaction, which
is attained by raising the pH significantly. Alkaline
silicates and hydroxides are the compounds that
generate the highest pH, whereas carbonates and
sulfates generate mildly alkaline conditions and
free hydroxide for activation in reactions involving
the calcium in the slag.

The kinetics of the first part of the reaction
(first 24-48 hours) in systems activated with
silicates, carbonates or hydroxides have been
assessed using isothermal calorimetric techniques.
Five stages of structural behaviour have been
identified: induction, pre-induction, acceleration,
deceleration and finalisation, with a heat flow curve
that closely resembles the curve for conventional
portland cement [69]. That notwithstanding, the
duration and intensity of the heat released in the
early hours of slag alkaline activation have been
found to depend on the activator used [70].

The consensus reached by the many
authors who have researched the characteristics
of heat release in alkali-activated slag cements is
that slag characteristics and the nature and dose
(concentration) of the activators play a crucial role
in the heat curve for these materials [17,71].

Activator efficiency depends heavily on the
pH value, which governs the initial dissolution of
the precursor and subsequent condensation
reactions [72]. Slag solubility is low at pH = 3-11,
but rises significantly at very acid (pH<3) and very
basic (pH>11) values. In acid media, however, the
hydrates formed are very unstable, whereas in
basic media they are stable and compactly
structured. The effect of the pH also depends
heavily on the type of activator, since calcium
solubility declines at high pH, while silica and
alumina solubility rises. Although NaOH solutions
have a higher pH than sodium silicate solutions at
similar alkali concentrations, silicates sourced from
a comparable amount of slag develop greater
mechanical strength in the latter [31,73-75]. This is
because the additional silicate reacts with the Ca?*
cations dissolving out of the slag to form dense
reaction products (C-S-H gel) [61].

The structure and composition of the C-A-
S-H gel formed after slag activation is highly
dependent upon the nature of the activator used.
The product that forms when NaOH is the activator
has a higher Ca/Si ratio and a more orderly
structure than the C-A-S-H gel generated with
silicate activators [61,76] due to the greater
availability of silicate species in the pore solution in
the latter systems. Puertas et al. [62] found that
the structure of the C-A-S-H gels obtained in
sodium silicate activation resembled tobermorite-
11 nm (14 links) and tobermorite-14 nm (5 links)
(see Figure 2). A model developed by Myers et
al.[63] describes these gels based on the
limitations inherent in reticular and non-reticular
structures in different tobermorite units (see
Figure 3). It can be used to calculate chain length,
the Al/Si ratio and degree of reticulation for these
more complex structures that cannot be fully
described with the standard non-reticular C-S-H
gel models for similar tobermorites.

Fig. 2 - Structural models for: a) T11 (14), b) T14 (11) and
c) T14 (5) [62].
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Fig. 3 - Structural model for C-A-S-H gels [63].

Recent studies [73] have also shown that
some of the Ca?* ions chemically bonded to C-A-S-
H gel may be replaced by Na*, giving rise to a C-
(N)-A-S-H gel when activated with NaOH and
sodium silicate solutions. Such C-(N)-A-S-H gels
have also been observed in the interfacial
transition zone between siliceous aggregate and
alkali-activated slag with a low Ca/Si ratio [77].

3.2. Materials alkali-activated with Ca-low
materials: fly ash

Fly ash from coal-fuelled steam power
plants is the typical Ca-low precursor in alkaline
activation. The nature of fly ash and its chemical
and mineralogical composition affect the
performance of the geopolymers obtained,
however. Fly ash with CaO contents of under
5wt% (ASTM type F) is normally used in these
cements. As in alkali-activated slag systems, the
activator is a key variable.

3.2.1. Activation, reaction mechanisms and
microstructure

Glukhovsky [78] proposed a general
mechanism for the activation reactions in these
materials, consisting of three stages: a)
destruction-coagulation; b) coagulation-
condensation; and c¢) condensation-crystallisation.
The composition of the products depends on the
mineralogy and chemistry of the raw materials, the
alkaline activator used and the curing conditions.

Palomo et al. [79] proposed a model to
describe the process based on zeolite synthesis. In
that model the reaction takes place in two stages:
a) nucleation, with the dissolution of the aluminates
present in the ash and the formation, through
polymerisation, of complex ionic species (this stage
is highly dependent on thermodynamic and kinetic
parameters and encompasses Glukhovsky’s first
two steps); b) growth, when the nuclei reach a
critical size and the crystals begin to grow. This
stage is very slow due to experimental conditions.

The Palomo et al. [79] model was later
revised by several authors [29,79,80]. Further to
the revised model, N-A-S-H gel formation would
include a series of steps that can be summarised

as follows. When the solution reaches saturation
an aluminosilicate gel, N-A-S-H gel, precipitates.
This initially aluminium-high gel, called gel 1, is an
intermediate, metastable reaction product [29]. Its
formation can be explained by the high AI®* ion
content in the alkaline medium in the early stages
of the reaction, for reactive aluminium dissolves
more quickly than silicon because AI-O bonds are
weaker than Si-O bonds. As the reaction
progresses, more Si-O groups dissolve out of the
original source of aluminosilicates, raising the
concentration of silicon in the reaction medium and
its proportion in the N-A-S-H gel (gel 2) [29].

The main reaction product (N-A-S-H gel)
[81] contains silicon and aluminium tetrahedra
distributed at random across cross-linked
polymeric chains that form a three-dimensional
structure [24,27]. The cavities created by the
interlinking chains can accommodate alkaline
cations to compensate the charge imbalance
resulting from the replacement of a silicon (IV) by
an aluminium (lll). Terminal hydroxyl groups are
also found on the gel surface, although their
presence has little bearing on the structure of the
material.

The alkaline activator used plays an
important role in the formation of the main reaction
product. For instance, the silica from the sodium
silicate normally used as an alkaline activator is
highly soluble and therefore forms part of the N-A-
S-H gel. The degree of polymerisation of the
sodium silicate, which depends directly on its
SiO2/Na20 ratio, conditions the structure of the
gels precipitating in the various stages of N-A-S-H
gel formation [82]. Criado et al. studied the effect
of different degrees of activator polymerisation
(with SiO2/Na20 ratios of 0.17, 0.60 and 1.90) on
the intermediate reaction products of fly ash
activation. They found this parameter to be
instrumental in the Kkinetics, structure and
composition of the initial gel formed and noted that
the addition of soluble silica affected the
intermediate but not the final reaction products.
They reported that the Si/Al ratio did not rise
indefinitely in N-A-S-H gel and observed the
optimal values to be on the order of 2, toward
which the system tended irrespective of the initial
conditions, possibly for thermodynamic stability-
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related reasons. They also proposed that the effect
of a highly polymerised silica on N-A-S-H gel
formation could retard reaction kinetics and zeolite
crystallisation [77].

3.3. Alkali-activated cement and concrete

durability

As a rule, alkali-activated concretes exhibit
higher resistance to corrosion [83], acids and high
temperatures[37,84-86], as well as better freeze-
thaw performance [87,88], than portland cement.
They nevertheless have some drawbacks,
including more intensive  shrinkage and
microcracking (particularly in alkali-activated slag
systems) and greater efflorescence [89, 90].

At this time, a RILEM Technical Committee
(TC 247-DTA: Durability testing of alkali-activated
materials), under the leadership of Prof. John L.
Provis (Sheffield, United Kingdom), is conducting
an exhaustive study of the durability tests to which
these alkali-activated aluminosilicates can be
subjected to establish specific standards for these
materials. To date, the durability tests conducted
on alkali-activated slag and fly ash pastes, mortars
and concretes were the ones laid down in
standards written for portland cements. While
these alternative materials have performed better
in many of these tests than portland cement, not all
these standards are well suited for use in alkaline
materials, due primarily to the difference in
chemical composition between portland cements
and alkali-activated aluminosilicate systems.

Alkaline cement and concrete resistance to
chemical and physical aggressive agents is
reviewed below.

3.3.1. Sulfate and acid resistance

Alkali-slag cements and concretes are more
stable when exposed to aggressive sulfates than
the respective Portland cement. Bakharev et al.
[91] explored sulfate resistance in activated slag
and portland cement concrete specimens as per
ASTM standard C1012, in which the specimens
were soaked in a 5% MgSOs solution for
12 months and their performance compared. The
findings showed that while for the first 60 days the
two systems developed the same resistance, with
time, resistance declined more significantly in
portland than in the alkali-activated slag concrete.
Many authors [14,92,93] have concluded that
alkali-activated slag mortar resistance rises after
soaking in 1-2 % MgSO4 for one year, whereas
when the MgSO4 concentration is raised to 5 %,
mechanical strength increases in the first 3 months
but declines after 4 or 6 months.

Puertas et al. [36] reported that slag mortars
activated with waterglass were more stable and
resistant to sulfates and salt spray than those
activated with NaOH, due to gypsum and ettringite
formation in the latter.

Calcium-low (fly ash) systems also exhibit

good sulfate resistance, particularly when attacked
by Na2SO4 solutions. Palomo et al. [94] exposed
alkali-activated metakaolin pastes to a 44 %
Na2S0Os4  solution for 270 days, observing
fluctuations in early age mechanical strength and a
steady rise thereafter. Moreover, infrared
spectroscopy revealed no significant change in the
post-test structure. Fernandez-Jiménez et al. [95]
reported similar behaviour when samples of alkali-
activated fly ash mortar were tested for sulfate
resistance. Other authors have also explored the
effect of attacks with different sulfates (Na2SOa,
MgSO4 end even mixes of the two) on the
mechanical and microstructural properties of
aluminosilicates with a low calcium content [35,96].

Similarly, acid attack is an issue of growing
interest due to the damage that phenomena such
as acid rain wreak on concrete structures around
the world [97]. From the outset, alkali-activated
systems have been defined as acid solution-
resistant [98]. This high performance is largely
attributable to the lower calcium content in these
systems than in portland cement [98].

Bakharev et al. [84] proved that waterglass-
activated slag concretes exhibited higher acid
resistance than portland cement. That was due to
the lower Ca content in the C-A-S-H gel forming in
the former, which afforded them greater stability in
acid solutions [99].

Fernandez-Jiménez et al. [34,98] studied
the behaviour of alkali-activated fly ash mortar
specimens when exposed to 0.1N HCI
Mechanical strength declined by 23 % to 25 % in
these specimens, compared to 47 % in mortars
prepared with OPC. These same authors also
observed that the fly ash specimens appeared to
be essentially intact after soaking in HCI for
90 days and exhibited no significant weight loss.
Whether activated with NaOH or waterglass, the
samples were observed to retain a compact N-A-
S-H gel matrix in post-acid attack microscopic
examination. Nonetheless, chemical
characterisation showed that both the gel and the
zeolites in the samples exposed to the attack
contained less aluminium than the controls. Other
authors [37,94] have reported very similar results.

More recently, Vargas et al. [99] showed
that alkali-activated slag and fly ash pastes are
much more resistant to NH4sNO3-6H20 acid attack
than OPC. The main reaction products (C-A-S-H
and N-A-S-H gels) of the alkali-activated materials
decarbonated and leached much more slowly and
less aggressively into this medium than the C-S-H
gel in the portland cement system.

3.3.2. Resistance to chloride ion penetration

Torres-Carrasco et al. [88] and Douglas et
al. [100] used the procedure described in ASTM
standard C1202 to measure the charge passing
through different sodium silicate-activated slag
concretes, finding 28 day values of 1300 coulombs
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(C) to 2600 C and 91 day charges of 650 C to
1850 C. According to the standard, values under
2000 C denote ‘low’ and under 1000 C ‘very low’
chloride penetration. These indices were indicative
of the higher anti-corrosion performance of these
materials than found in portland cement. ASTM
standard C1202 is based on the chemistry of the
pore solution, for which reason the chloride ion
transport findings may sometimes be good and
sometimes  poor. In light thereof, the
aforementioned RILEM technical committee on
alkali-activated materials is presently drafting
standards to introduce methods for their study and
assessment more in keeping with their chemistry.
One of its aims is to develop a standard for
determining chloride penetration in these new
binders.Studies by Shi [101] and Bernal et al. [102]
showed no major fluctuations in chloride
penetration with curing time in most alkali-activated
slag systems.

3.3.3. Resistance to reinforcement corrosion

A number of studies have been conducted
on reinforcement corrosion in alkali-activated slag
mortars and concretes. Kukko and Mannonen [103]
observed that their blast furnace slag-based
materials protected the embedded reinforcing
steel: after soaking the materials for one year in
simulated seawater, they detected no visible signs
of the formation of corrosion products in the
samples. Deja et al. [104] and Malolepszy et al.
[105] explored steel corrosion in alkali-activated
slag mortars cured in water and in a 5 % MgSO4
solution, plotting polarisation curves and measuring
corrosion current and the loss of mass in the
reinforcement. The addition of MgSQ4 passivated
the reinforcement bars slightly, whilst the fresh
water had barely any impact. According to their
data, steel corroded at a faster rate in the alkali-
activated slag than in portland cement mortars,
although the current declined over time in both
systems.

Holloway and Sykes [106] conducted a
detailed electrochemical analysis of steel bars in
sodium silicate-activated slag mortars, using malic
acid as a retarding admixture and NaCl in the
water to accelerate corrosion. In their study, the
inclusion of higher concentrations of NaCl
appeared to reduce the initial corrosion current, a
finding they were unable to explain chemically.

These and other results that cannot be
straightforwardly explained by standard theory
denote the existence of a clear need for scientific
and analytical research to determine the
mechanisms involved in steel corrosion control in
alkali-activated slag systems. Based on the
chemistry of pore solutions and electrochemical
tests, Halloway and Sykes [106] suggested that the
sulfur present in the slag was the agent involved in
the electrochemical complexities of their samples,

affecting both corrosion kinetics and corrosion
current measurement [107].

Bastidas et al. [108] and Fernandez-
Jiménez et al. [109] studied steel bar corrosion in
sodium silicate- or sodium carbonate-activated fly
ash mortars with and without portland cement, to
which chlorides were added (CaClz2 = 2 wt% of the
paste). The samples were stored at ambient
temperature and the test consisted in exposing the
samples first to 95 % relative humidity for 90 days,
then to 30 % RH for 180 days, followed by 95 %
RH through the end of the 760-day test. Under
these conditions, the fly ash mortars successfully
maintained the passive layer over the steel despite
the high humidity.

3.3.4. Resistance to carbonation

Although the mechanism governing
carbonation in alkali-activated materials is not yet
fully understood, its chemistry has been shown to
consist in essentially two steps: 1) pore solution
carbonation, which induces a decline in the pH and
possibly the precipitation of sodium-high
carbonates; and 2) decalcification of the calcium-
high phases and carbonation of the secondary
reaction products present in the system [110,111].
Compared to portland cement-based products,
these materials normally perform poorly when
tested in accelerated carbonation conditions.
Nonetheless, carbonation rates as low as 1 mm
per year [17] have been observed in materials
exposed for many years. That is an indication that
the accelerated test methods applied to alkaline
materials do not accurately replicate what actually
occurs under natural carbonation conditions and
defines a need for a new methodology to study
these materials. Research in this connection is
presently being conducted and coordinated by
RILEM Technical Committee TC 247-DTA
(‘Durability tests in alkali-activated materials’).

The carbonation mechanism in alkali-
activated materials is highly dependent upon the
type of material used (slag or ash) [102], as well as
on the nature and composition of the activator
[112]. The compositional and structural differences
in the C-A-S-H gels formed, which depend on the
type of alkaline activator used, affect carbonation
[113]. In these alkaline systems CO:2 interacts
directly with the C-A-S-H gel, inducing its
carbonation [112]. The higher C/S ratio in the C-A-
S-H gel, along with the shorter silicate chain
observed in the slag pastes activated with NaOH,
might favour the formation and precipitation of a
larger amount of carbonates to fill the pores than in
the products of sodium silicate-activated slag
products. And that would affect CO2 diffusion
through the material. More recent studies have
shown that the MgO content in slag has a bearing
on the extent of carbonation and the mechanism
involved in alkali-activated slag pastes, whereby
an increase in the MgO content in the slag induces
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a significant decline in carbonation[114]. Pursuant
to these studies, the presence of hydrotalcite as a
secondary product has a beneficial effect on CO:2
fixation, lowering decarbonation in C-A-S-H gels.

Carbonation has been less extensively
studied in fly ash than in blast furnace slag,
although a few papers are worthy of note
[111,115]. Criado et al. [115] identified sodium
bicarbonate formation in samples cured under
atmospheric conditions, which was associated with
carbonation of the alkalis present in the pores.
Their findings were later corroborated by Bernal et
al. [111], who observed early age sample
carbonation, an indication that carbonation induces
a COzconcentration gradient in these systems.

3.3.5. Resistance to freeze-thaw cycles

Studies covering a wide spectrum of alkali-
activated materials have shown their good
performance in freeze-thaw cycles and higher
resistance to frost than portland cement-based
materials [17,18,88,116]. Kukko and Mannonen
[103] and Bin and Pu[117] also observed high frost
resistance in alkali-activated slag and explained
this finding on the grounds of its low total porosity
and small pore radius. In the Kukko and Mannonen
tests, after 100 (+20 °C/-20 °C) freeze-thaw cycles,
alkaline concrete exhibited higher bending strength
than the control [118], although other authors [119]
showed that exposure of these materials to
700 freeze-thaw cycles lowered their strength.

Douglas et al. [100] found a similar decline
in bending strength (residual strength ~60 %) after
500 freeze-thaw cycles in most of the mixes tested.
These authors observed no change in the dynamic
modulus of elasticity, however. The fact that
bending strength declined by 40 % while the
modulus of elasticity remained constant is
indicative of the need to explore the relationship
between these parameters in alkali-activated
concretes more thoroughly. Gifford and Gilliot [87]
found that freeze-thaw resistance in sodium
silicate-activated slag concretes depended
primarily on their air content and distribution of air
bubbles, attributing the low performance of some of
their specimens to those variables. They
nonetheless concluded after testing OPC
concretes with similar characteristics that freeze-
thaw resistance in the alkali-activated concretes
was ‘at least as good’ as in OPC concretes.

Alkali-activated fly ash concretes exhibit
acceptable freeze-thaw resistance, although
performance is lower than in alkali-activated slag
concretes. Their mechanical strength has been
reported to remain 70 % intact after 150 freeze-
thaw cycles [120]. Husbands et al. [121] also found
high freeze-thaw resistance (as tested to ASTM
C666 and C672) in hybrid alkali-activated
concretes.

3.3.6. Resistance to high temperatures

Alkali-activated slag concretes maintain
their structural performance at up to 500 °C -
700 °C, whereas their portland cement
counterparts fail to perform at temperatures lower
than 500 °C. The use of refractory minerals or
blast furnace slag to partially replace aggregate
can improve the high temperature behaviour of
alkali-activated slag concretes. Adding 6 % of
fibreglass in conjunction with ferrochrome-bearing
slag, for instance, raises the temperatures resisted
by such concretes to 800 °C - 1000 °C [122].

Some authors [123] have reported that
alkali-activated slag mortars exhibit residual
mechanical strength higher than observed in
portland cement mortars at temperatures of up to
500 °C. Those same authors concluded that at
700 °C residual mechanical strength in NaOH-
activated slag mortars was similar to the values
found for portland cement, and slightly higher than
observed when the activator was a sodium silicate
hydrate. Lastly, they observed that at 1000 °C
alkali-activated slag mortars had higher residual
strength than portland cement mortars [124].

A number of studies [41,86,125] have also
been conducted on the behaviour of alkali-
activated fly ash at high temperatures. Fernandez-
Jiménez and Palomo [98] obtained results
whereby bending strength in fly ash pastes
remained constant after heating to 400 °C,
although at higher temperatures the residual
strength declined to one-third of the initial value.
Nonetheless, that performance was far better than
observed in conventional portland cement under
the same test conditions. Compressive strength, in
turn, was found to remain practically constant and
even to rise slightly when the material was
exposed to temperatures of 800 °C to 1000 °C.

4. Future challenges: new precursors and
alternative activators

The foregoing clearly illustrates an obvious
future challenge: the need for a more thorough
understanding of durability-related factors in
alkaline cement and concrete systems.

Another lies in the pursuit of new
precursors and alkaline activators as replacements
for those presently used.

The declining availability of traditional
precursors (vitreous slag and fly ash) in some
countries poses problems for the future
manufacture of these materials. New,
technologically viable precursors must be found,
preferably among industrial waste and by-
products, to produce new construction materials.

The sodium silicate-based alkaline activators
that have proven to deliver the highest mechanical
strength and resistance, in turn, have a high
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economic and environmental cost. Here also, eco-
friendlier and technologically feasible alternatives
are needed.

Some of these alternative precursors and
activators are described below.

4.1. Alternative precursors

The possible use of other aluminosilicate
materials as a solution to possible metakaolin or fly
ash shortages is an area of particular interest.
Once their suitability for alkaline activation is
determined, studies could even be conducted on
their use as compositional correctors or
supplements for fly ash, metakaolin or slag.

Common clays and feldspars are a possible
and scanty researched source of these
compounds. The work conducted to date shows
that common clays could be used as starting
materials in alkaline activation. Buchwald et al.
[126] conducted several studies on the
susceptibility of smectite- and smectite/illite-type
clays to alkaline activation. They concluded that
after proper thermal activation these materials
dissolve partially in a basic medium (6-M NaOH),
yielding a material that hardens with moderate
heating (60 °C). Xu and van Deventer [127], in
turn, examined the possible use of 16 natural
aluminosilicate minerals with different structures
and compositions (illite, sillimanite, andalusite and
others) as potential sources of silicon and
aluminium in alkaline activation. They observed
that all dissolved to a greater or lesser degree in a
basic medium (more effectively in NaOH than KOH
as a rule). After curing at 35 °C for 72 hours, they
developed mechanical strength ranging from
approximately 2.5 MPa to 19 MPa, depending on
factors such as the composition and structure of
the mineral, its solubility in basic media and the
alkaline cation in the activator.

Compositionally ~ speaking, glass is
comparable to crystalline materials with one
exception: due to the abrupt cooling to which the
molten material is subjected, it has a disorderly
structure which might, a priori, be compatible with
its use in alkaline cement production. Studies have
initially focused on using this material as a partial
clinker replacement in portland cement concretes
[128,129] or as a starting material for alkaline
cements [130].

Cyr et al. [130,131] proposed reusing glass
rejects, consisting mostly of silicon and calcium, as
the sole starting material to prepare alkaline
mortars. They assessed the effect of synthesis
parameters such as curing time and temperature
and activating solution pH on the development of
mechanical strength in mortars made from glass.
They found that under optimal experimental
conditions ([MOH] = 5M (M = Na*, K*), T =40 °C),
these mortars exhibited mechanical strength
values comparable to those observed in fly ash
mortars.
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Other studies have tested precursors of
differing composition and origin, including
construction and demolition waste (C&DW) [132],
spent fluid cracking catalysts (FCC waste)
[133-135], cullet glass and red mud [136],

4.2. Alternative activators

A number of avenues are presently being
explored to reuse different types of waste as
potential replacements for commercial sodium
silicates, the production of which carries a high
economic and environmental cost.

Research into the use of vitreous urban and
industrial waste for aluminosilicate activation is
being pioneered by a group headed by Prof.
Francisca Puertas at the Eduardo Torroja Institute
for Construction Science [88, 137-140]. Based
primarily on its chemical constituents (SiO2, Naz0,
AlOs and CaO), it is regarded as a possible
source of alternatives able to partially or wholly
replace traditional compounds such as commercial
sodium silicate. This would also enhance the
efficiency of glass recycling, for waste unfit for use
in new glass packaging and could be valorised,
minimising the likelihood of its deposit in landfills.

Environmental and economic advantage
may also be drawn from other alternative
activators such as silica fume chemically combined
with NaOH [18]. Rice husk ash [141, 142] and
nanosilica [143] have likewise been assessed as
possible sources of silica in these alternative
activators.

5. Final comments

The development of alternatives to Portland
cement to lower polluting gas emissions and
generate substantial energy savings constitutes a
priority line of research and one of enormous
interest worldwide. Despite the progress made and
ongoing research on these new alternative
materials, much has still to be done to obtain a full
understanding of their behaviour. Whilst that will
involve overcoming additional problems that hinder
their full use, geopolymers have already proven to
be suitable for many of today’s high technology
applications. Further study is required, however,
on their promising chemistry and physical
properties to develop materials with higher
mechanical strength and greater durability.

In a nutshell, these new geopolymers have a
brilliant future. Rather than as materials aiming to
compete with portland cement, the construction
material par excellence for so many decades, they
should be regarded as alternative approaches with
benefits worth considering.
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