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Abstract

The early-stage reaction kinetics of metakaolin/sodium silicate/sodium hydroxide geopolymer system have been investigated. The setting and
early strength development characteristics, and associated mineral and microstructural phase development of mixtures containing varying SiO2/
Al2O3 ratios, cured at 40 °C for up to 72 h, were carefully studied. It was observed that setting time of the geopolymer systems was mainly
controlled by the alumina content. Essentially, the setting time increased with increasing SiO2/Al2O3 ratio of the initial mixture. Up to a certain
limit, the SiO2/Al2O3 ratio was also found to be responsible for observed high-strength gains at later stages. An increase in the Al2O3 content, i.e.
for low SiO2/Al2O3 ratio, led to products of low strength, accompanied by microstructures with increased amounts of Na–Al–Si-containing
“massive” phases (grains). EDAX analyses showed that the SiO2/Al2O3 ratios of geopolymer gel phases were quite similar to those of the starting
mixtures, but with an overall lower Na content. Most importantly, this study clearly demonstrates that the properties of resulting geopolymer
systems can be drastically affected by minor changes in the available Si and Al concentrations during synthesis.
Crown Copyright © 2007 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

During the last decade, considerable research efforts have
been directed towards the development of inorganic geopoly-
mers, due to the wide range of potential applications for these
materials. Several reports can be found in the literature on the
synthesis, properties and applications of geopolymers [1–4]. In
general, inorganic geopolymers can be synthesized by alkali
activation of materials rich in SiO2 and Al2O3. The mechanism
involves the dissolution of Al and Si in the alkali medium,
transportation (orientation) of dissolved species, followed by a
polycondensation, forming a 3D network of silico-aluminate
structures. According to Davidovits [5], these structures can be
of three types: poly(sialate) (–Si–O–Al–O–), poly(sialate–
siloxo) (Si–O–Al–O–Si–O) and poly(sialate–disiloxo) (Si–
O–Al–O–Si–O–Si–O). The setting (hardening) of geopolymer
is believed to be due to the polycondensation of hydrolysed
aluminate and silicate species. The typical geopolymer com-
position is generally expressed as nM2O·Al2O3·xSiO2·yH2O,
where M is an alkali metal.
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Dissolution, hydrolysis and condensation reactions of
metakaolin in alkaline conditions (with high and low Si/Al
ratios) have been discussed in detail by number of authors [6,7].
The dissolution and hydrolysis reactions can be written as:

Al2O3 þ 3H2O þ 2OH−→2½AlðOHÞ4�−

SiO2 þ H2O þ OH−→½SiOðOHÞ3�−

SiO2 þ 2OH−→½SiO2ðOHÞ2�2−

The presence of [SiO2(OH)2]
2− ions is preferred to [SiO

(OH)3]
− in very high alkaline conditions. Condensation can

occur between aluminate and silicate species or silicate species
themselves, depending on the concentration of Si in the system.
With mixtures with low Si/Al ratios (=1), condensation
predominantly occurs between aluminate and silicate species,
resulting in mainly poly(sialate) polymer structures. Likewise,
when the Si/Al ratio increases (N1), the silicate species formed
as a result of the hydrolysis of SiO2, tend to condense among
themselves to form oligomeric silicates. These oligomeric
silicates in turn condense with Al(OH)4

4−, forming a rigid 3D
td. All rights reserved.
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network of polymer structures [poly(sialate–siloxo) and poly
(sialate–disiloxo)]. The rate of condensation between silicate
species is believed to be slower than that between aluminate and
silicate species [6,8,9].

The synthesis of geopolymers with predictable performance
is not straightforward, mainly because the type, composition
and reactivity of the raw materials play a major part in
controlling the chemistry of resulting geopolymers, and hence
the properties [3]. Metakaolin is a good source of Al2O3 and
SiO2, and is highly reactive with alkaline activators, and
therefore it can be used in understanding the fundamentals of
geopolymerization. The effects of initial SiO2/Al2O3 ratios on
the compressive strength and microstructure of alkali-activated
metakaolin systems have been reported by several authors [10–
13]. Typically, better strength properties are reported for
mixtures with SiO2/Al2O3 ratios in the range of 3.0–3.8 with
an Na2O/Al2O3 ratio of about 1. Changes in the SiO2/Al2O3

ratio beyond this range have been found to result in low-
strength systems [12,13]. These initial ratios can be expected to
change when materials other than metakaolin are used as the
Al2O3 and SiO2 source.

Investigations into the underlying chemistry of the
processes of setting, hardening and the pattern of strength
development of geopolymer mixtures at the very early stage
of geopolymerization, based on any kind of raw materials, is
however rare in the literature. Such understanding is indeed
important in the development of any kind of binder, especially
so for geopolymer formation, which can be extremely
sensitive to the type of raw materials used in its processing.
This study is aimed at achieving some fundamental under-
standing of the role of Al and Si on the reaction kinetics of
geopolymerization.

Previous work by Stevenson and Sagoe-Crenstil [12]
discussed the effect of various SiO2/Al2O3 ratios on the final
strength of alkali-activated metakaolin systems cured at 80 °C
for 2 h. This study extends the work of Stevenson and Sagoe-
Crenstil on heat-cured systems by determining early-age
properties of geopolymer mixtures cured at much lower
temperatures, to simulate processing at ambient conditions as
opposed to conventional heat-cured conditions, which has been
widely investigated [10–12]. The effect of SiO2/Al2O3 ratios on
setting, strength development, geopolymer gel phase composi-
tion and microstructure development will be looked at in detail.
Table 1
Mixture formulations

Sample Initial composition SiO2/Al2O3

(molar ratio)
Al2
(mo

Si38 Na2O.1.0Al2O3.3.8SiO2.13.6H2O 3.81 1.0
Si34 Na2O.1.0Al2O3.3.4SiO2.13.6H2O 3.41 1.0
Si30 Na2O.1.0Al2O3.3.0SiO2.13.6H2O 3.00 1.0
Si25 Na2O.1.0Al2O3.2.5SiO2.13.6H2O 2.50 1.0
Al06 Na2O.0.6Al2O3.3.0SiO2.13.6H2O 5.01 0.6
Al07 Na2O.0.7Al2O3.3.0SiO2.13.6H2O 4.28 0.7
Al08 Na2O.0.8Al2O3.3.0SiO2.13.6H2O 3.76 0.8
Al10 Na2O.1.0Al2O3.3.0SiO2.13.6H2O 3.00 1.0
Al12 Na2O.1.2Al2O3.3.0SiO2.13.6H2O 2.50 1.2
2. Materials and experimental procedure

Metakaolin was obtained by calcining kaolin (Commercial
Minerals, Australia, 47.3 wt.% SiO2, 35.7 wt.% Al2O3, 3.1 wt.
% other minerals). Laboratory-grade NaOH and sodium silicate
(8.9 wt.% Na2O, 28.7 wt.% SiO2, 62.5 wt.% H2O) were used as
alkaline activators.

Two series of mixture formulations with varying SiO2/Al2O3

ratios (changing either SiO2 or Al2O3 content) but with constant
H2O and Na2O contents, as given in Table 1, were prepared.
The H2O/Na2O ratio of the mixture formulations was kept at
13.6, which was slightly higher than that used by Stevenson and
Sagoe-Crenstil [12], which was 12. This was to provide good
workability (especially with low SiO2/Al2O3 ratios) and to
lower the rate of reaction, therefore making it easier to observe
early-stage development. Mixture compositions were chosen to
cover the best SiO2/Al2O3 ranges for metakaolin geopolymers
reported in the literature, and to represent step changes in molar
ratios. Further expansion of selected range was restricted by the
type of raw materials, especially sodium silicate, which itself
contained 62.5% water.

Samples were identified according to the variable (Si or Al)
being tested and its molar ratio to Na2O, i.e. samples Si38, Si34,
Si30 and Si25 (the Si series) assessed the effect of Si at constant
concentrations of Na2O, Al2O3 and H2O. Similarly, samples
Al06, Al07, Al08, Al10 and Al12 (the Al series) assessed the
effect of Al at constant concentrations of Na2O, SiO2 and H2O.
With both series, as shown in Table 1, the SiO2/Al2O3 ratio was
changed by changing the amount of either Si or Al. These initial
mixture compositions are also marked in the Na2O–Al2O3–
SiO2–H2O phase equilibrium diagram shown in Fig. 1.
Compositions of metakaolin and class F fly ash (another common
raw material used in geopolymer synthesis) are also shown.

The total water in a system includes water from NaOH,
sodium silicate and extra added water. In the preparation of
mixtures, solid NaOH was first dissolved in sodium silicate
solution, followed by the addition of water if necessary. The
solution was cooled to room temperature before mixing with
metakaolin. Mixtures were cast in 30 mm diameter by 50 mm
high cylindrical containers that were sealed to prevent water
loss, which were subsequently cured at 40 °C at 95% RH. Care
was taken to minimize the time between sample preparation and
curing for all the mixtures. Samples were tested for compressive
O3/Na2O
lar ratio)

SiO2/Na2O
(molar ratio)

H2O/Na2O
(molar ratio)

Final setting time
(min)

3.8 13.6 155
3.4 13.6 70
3.0 13.6 46
2.5 13.6 30
3.0 13.6 220
3.0 13.6 180
3.0 13.6 58
3.0 13.6 46
3.0 13.6 30



Fig. 1. Na2O–Al2O3–SiO2–H2O phase equilibrium diagram showing initial mixture compositions.

Fig. 2. Compressive strength development of mixtures with different SiO2

contents (a) up to 8 h, (b) up to 72 h.
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strength at different curing times (0.5, 1, 2, 4, 8, 24 and 72 h).
The average value of three measurements was considered as the
reported strength of the compact. Portions of these samples
were kept in a freezer prior to solid phase analysis.

It is important to mention that a higher curing temperature of
60 °C was also tried with above mixture formulations, however
for most of the mixtures, no significant change in strength was
observed between about 1 and 24 h of curing. This was due to
the acceleration of the geopolymer reaction at this higher curing
temperature. Therefore, a lower curing temperature (40 °C), at
which measurable early-stage changes could be detected, was
adopted in this study.

The development of microstructure and geopolymer phases
was observed by scanning electron microscopy (SEM) and X-
ray diffractometry (XRD). Polished and fracture samples coated
with carbon were used in the SEM study, and compositional
analysis of phases was carried out using electron dispersive X-
ray analysis (EDAX).

Final setting times of the mixtures at 40 °C were measured
using a Vicat Needle C191-04 — the apparatus used for
determining the setting time of cement.

3. Results

3.1. Setting time and subsequent strength development

Table 1 also shows the setting times of both the Si and Al
series. It can be seen that for both series, final setting times
decreased with decreasing SiO2/Al2O3 molar ratio (increasing
Al content).

The compressive strength development of samples Si38,
Si34, Si30 and Si25, and samples Al06, Al08, Al10 and Al12 up
to 72 h are shown in Figs. 2 and 3, respectively. It is clear that
the initial composition (mainly SiO2/Al2O3) had a significant
effect on the setting times and strength development of the
systems. Considering the Si series (Fig. 2a), the mixture with
the lowest Si content (Si25) gained measurable strength within



Fig. 4. Final setting times and variation of 24-h compressive strength with
respect to SiO2/Al2O3 (molar ratio) at a constant H2O/Na2O ratio of 13.6.

Fig. 5. XRD patterns of samples with different Al2O3 contents after 24-h curing.

Fig. 3. Compressive strength development of mixtures with different Al2O3

contents (a) up to 8 h, (b) up to 72 h.
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the first half an hour of curing. The times taken to attain
measurable strength increased with increasing Si in the initial
formulation, i.e. for systems Si30, Si34 and Si38, these times
were roughly 1, 2 and 4 h, respectively. These values reflect
well the measured setting times of these mixtures. When the Si/
Al in the initial composition was increased, longer setting and
hardening times were observed.

Once setting had occurred, strength continued to increase in
all the mixtures but at different rates. The rate of strength
development seemed to be highest for Si38 and lowest for Si25.
At 24 h, strength development was in the order of
Si38NSi34NSi30≫Si25 (Fig 2b). It should be noted that the
SiO2/Al2O3 ratio of these mixtures were 3.8, 3.4, 3.0 and 2.5,
respectively. Although it took the longest time to set, the
strength development of Si38 seemed to stabilize after 24 h of
curing.

A similar trend in strength development was observed with
the Al series, in which the Al content was changed at constant
SiO2, Na2O and H2O concentrations. As shown in Fig. 3a, the
time taken to gain measurable strength decreased with
increasing Al content in the mixtures. These times were
approximately 0.5, 1, 2 and 4 h for Al12, Al10, Al08 and
Al06, respectively, and these reflect the final setting times of
these mixtures. At 24 h, Al10 and Al08 had similar strength and
the highest values in the series, while Al12 had the lowest
(Fig 3b). It is interesting to note that Al06 did not have the
highest strength, even though it contained the highest SiO2/
Al2O3 ratio (5.01). It is apparent, therefore, that there is an
optimum SiO2/Al2O3 ratio that is favorable for producing high-
strength geopolymers.

Fig. 4 shows the variation in setting times and 24-h strengths
of both series of mixtures, with respect to SiO2/Al2O3 ratio.
Accordingly, the most favorable SiO2/Al2O3 molar ratio for
strength development in the geopolymer systems investigated
was in the range of 3.4–3.8. For this, the Al2O3/Na2O ratio was
in the range of 0.8–1.0, which is in good agreement with the
findings of previous studies [11–13]. However, it should be
noted that the final setting time of Al08 was much shorter than
that of Si38, even though they had similar SiO2/Al2O3 ratios
(3.76 and 3.81, respectively). Apart from that, they had different
Al2O3/Na2O and SiO2/Na2O3 ratios, which could be a reason
for the difference in the setting times of these mixtures but needs
further investigation.

The main inference from the above results is that, while Al
appears to play a major role in controlling the setting
characteristics of Na2O–Al2O3–SiO2–H2O geopolymer sys-
tems, the later-age strength characteristics depend more on the
Si content in a system.

3.2. Phase development by XRD

The phase and microstructure development of the geopoly-
mer mixtures were studied using XRD and SEM techniques.



Fig. 6. XRD patterns of samples with different SiO2 contents after 24-h curing.

516 P.D. Silva et al. / Cement and Concrete Research 37 (2007) 512–518
The XRD patterns of the Al and Si series at 24-h curing are
shown in Figs. 5 and 6, respectively. The XRD pattern of
metakaolin (MK), which is an amorphous material, consists of a
Fig. 7. SEMs of (a-3) polished sections and (f) fracture surface of samples (ar
broad peak centred around 22° 2θ. The presence of the sharp
peaks in the metakaolin trace was due to the presence of trace
quartz and TiO2 in the original clay. When reacted with sodium
silicate/NaOH, the position of the centre of the original broad
peak of metakaolin shifted from 22° to 28° 2θ, which is
characteristic of geopolymer systems [14]. This broad peak was
present for all mixtures and was fairly consistent, regardless of
the Al (Fig. 5) or Si (Fig. 6) content. However, it is interesting to
note (Fig. 5) that when the Al content in the initial composition
increased (decrease of Si), a few sharp peaks began to appear in
the XRD patterns, especially for Al12 (SiO2/Al2O3=2.5),
suggestive of a potential amorphous to crystalline transition
associated with changing SiO2/Al2O3 ratio. As the peaks were
not fully developed, the XRD identification of crystalline phase
(s) in Al12 was unsuccessful. However, according to chemical
analysis by EDAX, Al12 was found to consist mostly of Na–
Al–Si-containing “massive” phases (grains).
rows indicating Na–Al–Si grains) with different SiO2/Al2O3 molar ratios.
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The above pattern of phase development change was not
observed in the Si series (Fig. 6), however according to the
EDAX analysis, Si25 (SiO2/Al2O3=2.5) was also found to
consist mostly of Na–Al–Si-containing grains. These grains
(phases) were absent in mixtures of higher SiO2/Al2O3 ratios
(e.g. Si38). Clearly, at this stage of the study there is not
enough evidence to confirm a possible amorphous to crystalline
transition associated with decreasing SiO2/Al2O3 ratio, and this
is to be further investigated. However, it is apparent that low
SiO2/Al2O3 ratios favor Na–Al–Si-containing grains.

It is also worth recalling that both Si25 and Al12, which had
SiO2/Al2O3 ratios of 2.5, showed the lowest 24-h strength.

3.3. Microstructure development

SEM images of polished samples of Al06, Si38, Si30, Si25
and Al12 with corresponding SiO2/Al2O3 molar ratios of 5.01,
3.8, 3.0, 2.5 and 2.5, respectively, are presented in Fig. 7. A
significant change in microstructure, especially homogeneity,
was associated with changing SiO2/Al2O3 ratio. As shown, the
microstructures of Al12 (Fig. 7d) and Si25 (Fig. 7e), which
exhibited the lowest strengths, were highly inhomogeneous and
the matrixes were full of loosely structured grains of different
sizes (5–15 μm). This was further evident in the microstructure
of the fracture surface of Al12 (Fig. 7f). EDAX analysis
revealed that most of these grains contained Na, Al and silicon,
and could possibly be responsible for the sharp peaks shown in
the XRD patterns. Very few unreacted metakaolin particles
could be identified.

The microstructures of mixtures with higher SiO2/Al2O3

ratios (Al06, Si38 and Si30) (Fig. 7a, b and c) were completely
different two those of Al12 and Si25 (Fig. 7d and e). In these, a
grainy structure was still apparent, but the matrixes were
evidently more dense and homogeneous. Improvement in
microstructural homogeneity is conventionally a strong indica-
tion of higher strength, as observed for Si38 and Si30. However,
there was no clear evidence in the microstructure of Al06 to
explain the lower strength values observed for this sample,
compared to Si38 and Si30, even though its microstructure
appeared very homogeneous.

EDAX spot analyses on the dense (geopolymer) areas of
Al06, Si38 and Si30 showed that they contained Na, Al and Si,
but at a different ratio to the original composition (Table 2). The
results presented are an average of 3–4 analyses. The SiO2/
Al2O3 ratio of the geopolymer phase was somewhat consistent
with that of the original, but both Al2O3/Na2O and SiO2/Na2O
ratios were much higher in the resulted geopolymer phase. In
other words, all the Na added at mixing was not necessarily
Table 2
Elemental compositions of geopolymer (GP) phases

Sample SiO2/Al2O3

(molar ratio)
Al2O3/Na2O
(molar ratio)

SiO2/Na2O
(molar ratio)

Al06 Original 5.01, GP 5.45 Original 0.6, GP 1.22 Original 3.0, GP 6.65
Si38 Original 3.81, GP 3.86 Original 1.0, GP 1.65 Original 3.8, GP 6.45
Si30 Original 3.0, GP 3.08 Original 1.0, GP 1.59 Original 3.0, GP 4.97
incorporated in the geopolymer phase. The values measured by
EDAX are generally indicative of the amount of Na
incorporated into the geopolymer network structure. The
presence of low concentrations of Na in the geopolymer (gel)
phase has also been noted in other studies [11,15].

4. Discussion

The results presented in this study provide an insight into the
early reaction kinetics of geopolymer formation. Given that
geopolymer formation is basically dissolution and hydrolysis,
followed by a condensation process that takes place in an
Na2O–Al2O3–SiO2–H2O system, the concentrations of Na and
Si determine the type of hydrolysed ion and the path of the
condensation process, and hence the chemistry and properties of
the resulting geopolymer. In a system with a high Si
concentration, condensation starts with the formation of
oligomeric silicates, leading to [poly(sialate–siloxo) and poly
(sialate–disiloxo)] 3D rigid polymeric structures. Low Si
concentration results poly(sialate) polymer structures [6].

The SiO2/Al2O3 ratios considered in this study ranged from
2.5 to 5.01. Considering the fact that the Al component of
metakaolin tends to dissolve more easily than the silicon
component [6], and the relatively lower Si present in the SiO2/
Al2O3=2.5 system, it is possible that more Al(OH)4

4− species
were available for condensation in this system. Therefore, in
this system condensation is likely to have occurred between
aluminate and silicate species, producing poly(sialate) polymer
structures. With increasing Si content, more silicate species are
available for condensation and reaction between silicate species,
resulting in oligomeric silicates, becomes dominant [6]. Further
condensation between oligomeric silicates and aluminates
results in a rigid 3D network of poly(sialate–siloxo) and poly
(sialate–disiloxo) 3D rigid polymeric structures. However, as
the rate of condensation between silicate species is slower than
that between aluminate and silicate species, setting occurs later
with increasing Si content. The geopolymers of poly(sialate–
siloxo) and poly(sialate–disiloxo) structures are 3D networks,
which are more rigid and stable than poly(sialate) structures and
produce higher strengths. Therefore, even though Al plays a
major role in regulating the setting time of geopolymer
formation, the amount of Si present is responsible for higher
later strength development of these systems.

While high SiO2/Al2O3 mixtures in this study resulted in
amorphous Na–Al–Si-containing polymer phases (geopoly-
mer), the low SiO2/Al2O3 mixtures tended to produce Na–Al–
Si-containing grains. The low SiO2/Al2O3 mixtures were also
accompanied with low strengths. There was not enough
evidence in this study to confirm any amorphous to crystalline
transition associated with the initial SiO2/Al2O3 ratio. However,
an increased crystalline nature of products with increasing Al
content on the initial mixtures (SiO2/Al2O3b2), in alkali-
activated metakaolin systems, has been noted previously [10]. It
is also known that poly(sialate) geopolymer units are the
backbone of products like bricks and ceramics [5,15]. There-
fore, it is conceivable that the high Al compositions considered
in this study may be more suitable in the development of
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ceramic-type materials rather than cement binder-based geopo-
lymer products.

Metakaolin is highly reactive in an alkaline medium and
near-100% reactivity was assumed in this study. The results
presented clearly demonstrate how the properties of geopoly-
mers can be drastically affected by a minor change in the
amount of Si and Al available for the reaction. Depending on
the composition and especially the reactivity of raw materials,
the amount of Si and Al available for geopolymer formation can
be very different. Therefore, a thorough understanding of the
reactivity of raw materials in an alkaline medium is important
when deciding the initial compositions in the synthesis of
geopolymers to achieve the desired properties.

5. Conclusions

The following conclusions can be drawn from this study.

• The amount of Al available for geopolymer reaction during
synthesis appears to have a dominant effect in controlling
setting time; accordingly, increasing the SiO2/Al2O3 ratio
leads to longer setting times.

• Increasing SiO2/Al2O3 molar ratios up to 3.4–3.8 is largely
responsible for the high-strength gains observed at later
stages.

• A corresponding increase in Al (low SiO2/Al2O3) leads to
products of low strengths, accompanied by microstructures
with increased Na–Al–Si grains rather than amorphous Na–
Al–Si-containing geopolymers.

• EDAX measurements revealed that the SiO2/Al2O3 ratios of
geopolymer phases are quite similar to those of starting
mixtures, but they have a much lower Na content.

• The properties of a geopolymer can be significantly altered
by relatively minor changes in Si and Al concentrations
during synthesis.
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