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Alkali activated binders (AAB) are gaining huge research attention in recent years, due to their potential
to totally be used in a zero-cement composite. Ordinary Portland cement (OPC) is characterized by high
energy usage and carbon emission from its production process, which thus shows the need for AAB devel-
opment. AAB are a sustainable replacement for OPC, as they can be produced from waste materials gen-
erated by various industrial processes. This paper explored the properties of different types of waste used
as a solitary and binary combination for AAB, alongside their effects on the resulting composites. A gen-
eral summary of the opportunities of AABs are also discussed. It was concluded that, with more research
and developments dedicated to the field of AAB, AAB can be practical replacement of OPC for large-scale
applications in the near future.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the First International
Conference on Recent Advances in Materials and Manufacturing 2019.
1. Introduction

The base building material used for our infrastructure is con-
crete, and it has been used since the ancient times, and will still
be in use for centuries to come. Over the decades, the composition
and properties of concrete have evolved, and more evolution is
anticipated in coming years. The recent awareness about the sus-
tainability of our environment has called for an action in all indus-
tries to make our environment safe, and the concrete industry is
not excluded [1,2]. The concrete industry has a huge role to play
in the world’s sustainability because ordinary Portland cement
(OPC) which is the main binder used in concrete is one of the major
contributors of the world’s anthropogenic carbon emission. For
every ton of OPC produced, an equivalent amount of carbon diox-
ide is emitted into the environment [3,4]. Therefore, in order to
keep our environment safe while meeting the rising demand for
concrete/cement, it is paramount to find alternative options that
can replace OPC in concrete. One of the most promising binder to
replace OPC is the alkali-activated binder. Duxson et al. [5] have
reported a reduction of carbon dioxide emission up to 80% with
the use of AAB compared to that of OPC. AAB are produced by acti-
vating an aluminosilicate precursor with an alkali medium. The
prospect of this material is high because it can totally replace
OPC in concrete, and the aluminosilicate precursors used are waste
materials obtained from different industrial processes. Most stud-
ies in the last century have focused on improving the properties of
OPC concrete, however, with increasing sustainability awareness,
this last decade has seen a shift in more research now dedicated
to alkali activated materials [6]. The sustainability advantage cou-
pled with its potential enhanced properties has contributed signif-
icantly to this paradigm. However, there’s still a huge limitation
with the use of AAB in terms of its fresh and hardened properties
which limits its commercial and large-scale production. In order
for AAB to be universally accepted and compete with the OPC
usage, these challenges have to be overcome. Compared to the
yet to be published article by the author [7] and other overviews
in the field of AAB, this article focused extensively on the alumi-
nosilicate precursors (i.e. fly ash, slag, metakaolin, etc.) used to
make the binders instead of the general problems of AABs. The
most common types of activator used for AAB are sodium silicate
and/or sodium hydroxide. And these activators possess a huge
threat on some of the properties of concrete. In addition, these
types of activators are not user or eco-friendly. However, to create
a uniform comparison, the AAB explored herein were activated
with sodium silicate and/or sodium hydroxide except where stated
otherwise. Though several contradictions still exist in the research
field about the difference between geopolymers and alkali
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activated materials. The author herein encompasses all types of
binders obtained by alkali activation as alkali activated binder. It
is hoped that this article will contribute to the knowledge of vari-
ous scientist working on improving AABs, and that possible solu-
tions to the challenges will be developed in the nearest future.
2. Alkali activated binders

The properties of AAB are strongly influenced by the type of alu-
minosilicate employed. AAB are classified herein as either solitary
or binary depending on whether the aluminosilicate precursor is
used individually or combined with other types. The resulting
properties of some of AAB made with the various type of alumi-
nosilicate and their major limitations are briefly discussed as
follows:

2.1. Solitary AAB

2.1.1. Flyash
Despite the high amount of fly ash generated from power sta-

tions all over the world, only a minute amount is being utilized
while the rest are dumped in landfill or left in open spaces where
they contaminate the environment. Type F fly ash is the most com-
mon type of fly ash used because of its low calcium content which
eliminates the disadvantage of rapid setting associated with high
calcium fly ash (i.e. type C) [8]. Also, type F is more readily avail-
able compared to type C [5]. However, one of the major issues
associated with the use of alkali activated fly ash as a binder is
its high curing temperature requirement. This high temperature
used for curing increases the overall embodied energy and carbon
of the resulting binder thereby eliminating is eco-advantage. The
high temperature is required to improve the strength of the AAB
by increasing the rate of dissolution of the ions which further
forms a gel and harden with time. Higher strength has been
reported for this type of AAB when cured at a temperature of about
85 �C [9]. In a study by Xie and Xi [10], a curing temperature line of
55 �C was recommended as the strength achieved below this tem-
perature is very low. However, even curing at 55 �C consume a
large amount of energy compared to curing at ambient conditions,
and this further leads to a consequential emission of carbon diox-
ide into the environment. Bakharev [11] also reported that AABs
made with fly ash have poor resistance to acid attack irrespective
of the type of activator he used. This poor resistance was ascribed
to depolymerization and dealumination [11].

2.1.2. Slag
Slag is a waste product from the metal production industry, and

it contains a high percentage of calcium. Sodium silicate is the
most used activator for slag, and this is as a result of its higher
mechanical properties compared to other activators. However,
the use of sodium silicate is associated with the various detrimen-
tal effect on both the fresh and hardened properties of the alkali
activated slag. The major problems on the fresh and hardened
properties are short set times and high shrinkage respectively
[12,13]. The short set time creates a huge handling challenge as
this prevents it from most applications. Shi et al. [14] have
reported the shrinkage of AAB made from slag as a solitary binder
to be higher than that of OPC. Shrinkage of about four times that of
OPC was also reported by Palacios and Puertas [15] when slag was
activated with sodium silicate. In terms of durability; earlier study
by Gifford and Gillot [13] in Canada suggested that alkali activated
slag are more prone to alkali carbonate reaction, though the possi-
bility of alkali silica reaction to occur is lower. In another early stud
by Byfros et al. [16], AAB with slag as aluminosilicate precursor
undergoes rapid carbonation compared to that of OPC, though
the test methods employed has been challenged for its inaccuracy
for AAB. The use of slag above a certain optimum limit has also
been reported to result in higher carbonation due to self-
desiccation and formation of microcracks in the matrix [17,18].

2.1.3. Metakaolin
Metakaolin is obtained by heating kaolin at high temperatures

of about 750 �C for a certain duration. The product formed during
the alkali activation of metakaolin are typically affected by the
properties and type of the parent kaolin and activator used
[19,20]. Improved strength of alkali activated metakaolin is
observed when sodium silicate and sodium hydroxide is used to
activate it compared to when only sodium hydroxide was used
[19]. However, metakaolin based AAB are also attributed with
bad workability which poses a huge challenge to its mixing and
placing.

2.1.4. Red mud
Red mud is a high alkali waste generated from the alumina

refining and can be referred to as bauxite due to its parent ore
[21]. Some attempts have been made to use red mud as a solitary
AAB, however, in order to achieve enhanced strength, heat treat-
ment is required [22]. This heat treatment increases the energy
usage and carbon dioxide emission into the atmosphere, which
partly eliminates the sustainability advantage of AAB. Red mud
has strong alkaline property, which suggest that it can be utilized
as an activator for other AABs. Also, with the afo mentioned study
showing that, red mud has lower grain size (2.75 lm) than cement
particles (4–6 lm), it thus suggests that it can actively function as
a filler, improving packing effect on binder matrix and improving
overall strength development.

2.1.5. Palm oil fuel ash
Palm oil fuel ash (POFA) is a by-product of the agricultural

industry. High deterioration of alkali activated palm oil fuel ash
used as solitary AAB has been reported when it was exposed to a
sulphate environment [23]. This deterioration was also accompa-
nied by a significant reduction in compressive strength and mass.
However, POFA is rich in calcium, which is an indication that it
can be used to develop composite with higher strength properties.
Moreover, there are tendencies of higher strength AAB composite
to be developed, if POFA is dosed with other active AABs, such fly
ash, metakaolin and slag.

2.2. Binary AABs

2.2.1. Slag and metakaolin
Use of metakaolin alongside slag as AAB has been found to

result in lower strength compared to the solitary use of slag [24].
The reduction trend in the compressive strength also continued
with an increase in the metakaolin content. Also, the binary com-
bination of slag and metakaolin exhibited higher carbonation
which increases with increase in the metakaolin content. The for-
mation of both aluminosilicate gel and C-S-H phases has been
reported when slag and metakaolin are alkali activated and used
as a binary binder [25]. This observation of the coexistence of dif-
ferent phases was also confirmed in an extensively studied carried
out by Buchwald et al. [26]. And the presence of these phases has
been reported to result in enhanced strength of the resulting bin-
der [26]. In addition, the use of metakaolin with slag results in
lower heat generation and extended setting times of the binary
AAB [24].

2.2.2. Slag and silica fume
Silica fume is a waste product from the production of ferrosili-

con metals. Silica fume can be used to enhance the strength of the



Table 1
Properties of selected AABs and binary AAB blends.

AAB Effect in composite Source

Fly ash Mostly gives high mechanical strength [33]
Metakaolin Final product are made of a polymeric model

and high mechanical strength
[34]

Slag Higher mechanical strength of mortar, only
when activated with Na2SiO3�nH2O + NaOH

[35]

Red mud Higher composite strength [36]
POFA slow setting and low strength development of

composite
[37]

Slag – red mud high early and ultimate strength and good
resistance against chemical attacks

[38,39]

Fly ash – red mud developed materials could produce controlled
low strength materials.

[40]
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resulting AAB when used in combination with slag up to 15%
replacement level after which there is a decrease in strength of
the AAB [27]. However, there is a significant lower workability
associated with AAB made with a slag and silica fume as alumi-
nosilicate precursors [28]. This detrimental effect will prevent
the ease of mixing and placing the concrete for different applica-
tions. In addition, despite the enhancement of compressive
strength to a certain level, a decrease in flexural strength was
reported starting from 10% inclusion of silica fume [27]. Also, in
terms of fire resistance, the study [27] also concluded that the
use of a solitary blend of slag is more fire resistance compared to
the binary blend of silica fume and slag. The lower fire resistance
of slag-silica fume blend has been attributed to its volume instabil-
ity which increases with the increase in the quantity of silica fume
[27]. A similar observation was also made for resistance against
thermal shock.

2.2.3. Fly ash and slag
This binary combination of fly ash and slag is the most studied

in the open literature. Depending on the proportion of fly ash and
slag used as binary, fly ash can be used to extend the setting time
and improve the workability of the mixture [29], and slag to
enhance the setting and early age development. However, the
strength of this type of binary AAB is found to be lower to that of
using only slag as solitary AAB. CSH gel is the main product of
the alkali activation of the binary combination of fly ash and slag
as a binder [15]. Other products formed from the alkali activation
are calcite, hydrotalcite and pirssonite. The binary combination
of slag with fly ash also improves the reactivity of the fly ash
[30]. However, increasing the content of fly ash in this binary bin-
der has been reported to increase the porosity of the resulting
matrix [31]. Severe deterioration of fly ash -slag combination as
AAB was observed when they are exposed to a sulphate solution
[30], and this deterioration has been attributed to the formation
of gypsum and decomposition of the C-S-H phase.

2.2.4. Red mud and slag
Ye et al. [32] were able to produce a binary blend AAB using red

mud and slag, and activator employed was sodium silicate. How-
ever, similar to its solitary use, calcination at temperatures
between 200 �C and 1000 �C for 3 h of the red mud was required,
before further heat treatments. Compressive strength as high as
49.2 MPa was achieved and this can be duly attributed to the type
and concentration of activator used (i.e. sodium silicate).

2.2.5. Red mud and rice husk
In an extensive study done by He et al. [21], they were able to

activate the binary combination of red mud and rice husk with
sodium hydroxide to produce AAB. Rice husk ash (RHA) is an agri-
cultural waste obtained from the combustion of rice husk. Though
compressive strength as high as 21 MPa was achieved, extended
curing time is required to achieve this higher strength. Also,
despite the high mechanical properties, the ductility of the AAB
reduced with the curing time. The curing requirement and possible
diminishing of properties possess a huge challenge on the
large-scale application of this binary blend of AAB [21]. In addition,
similar to when red mud was used as a solitary AAB, thermal
treatment is required to achieve higher strength which leads to
an overall increase in the embodied energy and carbon of the AAB.

2.2.6. Red mud and metakaolin
Compressive strength up to 20 MPa alongside high resistance to

fire was achieved by alkali activation of red mud and metakaolin
[32]. Despite the high compressive strength achieved, the flexural
strength of the AAB was very low. In addition, AAB produced with
red mud and metakaolin showed bad resistance to freeze and thaw
cycles which indicates it cannot be used for certain applications
[32]. These detrimental properties of the AAB have been attributed
to the weakly connected layers which are possibly caused as a
result of low aluminate content in the matrix [32].
3. Alkali activated binders’ opportunities

Despite the various challenges plaguing AABs, several opportu-
nities still exist which can be improved on with time and, and more
research and development. The major opportunities that can be
achieved through the use of AABs in constructions are briefly dis-
cussed as follows;

1) Sustainable construction: The use of AAB creates an avenue
to reduce significantly the carbon emissions and energy
usage from the production of OPC.

2) Waste management: Most of the aluminosilicate precursors
used are waste materials, their use as a binder gives the
waste a useful life and prevents possible contamination of
the environment that might have resulted from their impro-
per disposal.

3) Economical concrete: As mentioned earlier, the aluminosili-
cate materials are usually classified as waste before use as
AAB, and they have zero value. With their use as a binder
in concrete, they will be able to replace the most expensive
component in conventional concrete which is OPC.

4) Meeting future building materials demand: Research has
shown that the current natural deposit of rawmaterials used
for OPC is been over consumed. Therefore, the use of AAB as
the alternative binder will conserve these natural deposits of
raw materials while meeting the high demand of binder for
construction purposes

Finally, in order to highlight the impact of various AABs or their
blends on a composite, the resulting mechanical characteristics of
products have been identified in Table 1. Overall, it is clear that
AABs enhanced strength development in the composites.
4. Conclusions

This study explores the challenges and opportunities in the use
of alkali activated binders. The study concludes that:

Alkali activated binders have huge potential to replace the con-
vention OPC, due to their eco-friendlier properties and enhanced
properties. However, there are associated challenges in the use of
AAB, which thus limit its usage. Based on the open literature
explored; most challenges faced by AABs can be reduced or elimi-
nated with the use of alternative activators that are more a more
sustainable approach. Each type of aluminosilicate precursor is
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unique in its resulting properties when used as a solitary blend or
in combination with other types of precursors. Therefore, it is
essential to understand how each type behaves. In addition, with
more research and developments dedicated to this area of study,
AAB can be developed to a potential substitute for OPC in construc-
tion applications.
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