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Alkali-activated binders: Early Age Nucleation Reactions, Chemical Phase Evolution
and Their Implications on System Properties

Kwesi SAGOE-CRENTSIL', Pre De SILVA?
(1. CSIRO Manufacturing Flagship, Victoria, Australia; 2. School of Science, Australian Catholic University, North Sydney, Australia)

Abstract: Formation of polymeric cementitious binders via alkaline activation of aluminosilicates has gained significant attention
within the manufacturing and building sectors in recent years. Given the diversity of aluminosilicate source materials employed in
these systems, such as fly ash, blast furnace slag, calcined kaolinite, efc., the chemistry of raw materials play a crucial role in both
kinetics and stability of solid phase evolution which govern chemical and physical properties of resultant products. This paper
analyses the effects on elemental composition of raw materials on the overall alkaline activation process; from dissolution to
end-product properties. A range of analytical techniques including X-ray synchrotron analysis has been used to characterise
amorphous and zeolitic domains from a range of raw materials. In particular, the tendency of aluminosilicate source materials with
defined amorphous SiO2/Al20:; ratios to nucleate sodium aluminosilicate zeolitic phases originating from NaxO—-Al203—Si0>—H-20 gel
assemblages is investigated, alongside the dominant influence of Ca ions and residual cationic species based on identifiable
compositional domains within ternary phase diagrams. Stable phase assemblages and optimal compositional ranges for different
systems are discussed with respect to phase development, microstructural changes and their relationship to long term strength
development and chemical resistance.

Key words: geopolymer; X-ray synchrotron; alumino-silicates; fly ash; metakaolin, zeolites

Originality: The need to gain clearer understanding of key factors governing fundamental reaction chemistry of Geopolymer systems
alongside the inter-play between feedstock materials and basic engineering parameters such as binder setting characteristic continues
to pose significant challenges to the development of practical and useable protocols for geopolymer concrete mix design. Accordingly,
the present study investigates relative dependencies of type, chemical composition and reactivity of raw materials and how these
factors alters the chemistry of the resulting geopolymers and, hence, end-product properties and durability. The range of anlytical
tools employed in the present study including high resolution Synchrotron XRD patterns, in agreement conventional XRD technique,
disclose presence of nano-crystalline particles embedded in the amorphous matrix with possible long-term durability implications.
The study further demonstrates that decreasing of SiO2/Al203 ratio (or increasing Al203) favour higher strengths reaching a
maximum ratio of Si02/A1203 ~3.50 and remains constant thereafter. There also exists optimum SiO2/AI203 ratio (3.20-3.70) which
yields mixes with longer setting time and higher strengths.
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1 Introduction

Alkali activated binder systems comprise of a group
of inorganic polymers obtained by low-temperature alkali
activation of alumina (Al>Os) and silica (SiO;) containing
materials. The binding mechanism involves the
dissolution of Al and Si in the alkali medium,
transportation (orientation) of dissolved species, followed
by a polycondensation process, forming a polymeric
network of silico-aluminate structures [, 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?-,
Depending on the Si/Al ratio (degree of polymerisation),
the chemical and physical properties of the geopolymers
can be varied. A low Si:Al ratio (e.g.1, 2 or 3) initiates a
3D-Network which is very rigid. However, the polymeric
character of geopolymers increases with increasing Si/Al
ratio. The type, chemical composition and reactivity of
the raw materials and the curing conditions play a major
part in controlling the chemistry of the resulting
geopolymers, and hence the properties.

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. The presence
of [SiO2(OH),]* ions is preferred to [SiIO(OH);]™ in very
high alkaline conditions. Likewise, when the Si/Al ratio
increases (>1), the silicate species formed as a result of
the hydrolysis of SiO,, tend to condense among
themselves to form oligomeric silicates (refer: Egs. 1 and
2). These oligomeric silicates in turn condense with
Al(OH),*> forming a rigid 3D network of polymer
structures [poly(sialate-siloxo) and poly(sialate-disilo-
x0) |.

Dissolution of SiO; and AL,Os:

SiO; + Al,03 — Si02(OH),* or SiO(OH); ™'+ Al(OH)4

(D

Orientation and polycondensation of aluminate and
silicate species:

M*' + SiOy(OH)* or SiO(OH);'+ Al(OH)s —
(NASH) sodium aluminate silicate hydrate gel (M* -
alkali metal ion) 2)

Apart from some differences in synthetic conditions,
the basic process of geopolymer formation has many
similarities to that of zeolites, another group of
silico-aluminates. As the starting materials for the
synthesis are more or less similar, some classes of
geopolymers are often regarded as similar to zeolites in
chemical composition . The key difference between
zeolites and geopolymers is notionally linked to their
respective relative levels of matrix phase crystallinity.
The geopolymer phase is typically “X-ray amorphous” in

contrast to the well-developed crystalline structures of
zeolites. From thermodynamic viewpoint, geopolymer
phases are considered as metastable with respect to
zeolites. This makes the synthesis of geopolymers quite
challenging and, a thorough understanding of the
underlying chemistry of these systems is a necessity.
Defining the extent of crystallinity or the amorphous
nature of the geopolymer phase is rather challenging as
sometimes the crystalline morphologies can be present as
nano-crystalline particles embedded in the amorphous
matrix. Conventional XRD is a popular technique used to
analyse well developed crystalline materials, but, it has
some limitations in detecting initial crystal growths/
nano-crystalline particles. One of the advanced
techniques that can be considered in geopolymer phase
analysis & identification is the Synchrotron. High intense
radiation of Synchrotron light is found to have many
useful properties and is currently used in a wide range of
non-destructive, high-resolution, rapid, in-situ, real-time
imaging and analysis techniques.

More broadly, the mechanism of geopolymerisation
and the properties of resulting products are controlled by
several factors. One of these is the nature and
composition of the source materials. The variations of the
alkaline activators are usually limited as they are derived
from sodium/potassium silicates and/or hydroxides.
However, the chemical and physical characteristics of
aluminosilicate source material can vary widely because
of source origin (geological history), thermal processing,
particle size, total SiO, and Al,O; content and reactive
(amorphous) phase content. In addition, the presence of
other elemental oxides (oxides of calcium, magnesium
and iron efc.) as minor phases in the raw material also
can play a vital role as they can provide network
modifying cations to the geopolymerisation process!®*l.
Current common sources of aluminosilicate materials
investi- gated in geopolymer synthesis are metakaloin
(calcined kaolinite), fly ash (a by-product of coal
combustion process) and blast-furnace slag (a by-product
of iron manufacturing process) !!l. Metakaolin is
considered a pure aluminosilicate source material that
can be nearly 100% reactive in the alkaline medium
resulting pure M>O-AL0s—SiO>—H,0 geopolymer phase.
Conversely, the composition of fly ashes is generally
variable depending on the composition of original coal.
In general Class F fly ash also contains mainly alumina
and silica phases, most of which are reactive in alkaline
medium, and generally produce M>0O-Al,03—SiO,—H,O
geopolymers. However, Class C fly ash (derived from
lignite coal sources) and blast furnace slag contain, in
addition to alumina and silica phases, considerable
amounts CaQ. Calcium oxide gives fly ash and slag
pozzolanic properties and the presence of calcium in a
cement system can change its setting characteristics.
Therefore, when calcium is present in a
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M,0-Si0,-Al,03-H,O system, some changes in the
chemistry, especially with respect to setting and
hardening processes, are to be expected ['2. This paper
investigates the effects on elemental composition of raw
materials on the overall alkaline activation process
including dissolution and the formation of initial stage
gel and final product. Several techniques such as
conventional XRD, Synchrotron XRD, EDAX were used
to characterise microstructural development of phases.
Stable phase assemblages and optimal compositional
ranges for different systems are investigated and
discussed with respect to phase development,
microstructural changes and their relationship to long
term strength development.

2 Experimental

2.1 Raw Materials

A variety of materials such as metakaolin, obtained by
calcining kaolin (Commercial Minerals, Australia, 47.3%
(mass fraction, the same below) SiO,, 35.7 % ALOs,
3.1 % other minerals) and class C fly ash (Mae Moh
Power Station, Thailand) have been used as the main
aluminosilicate sources. N-grade sodium silicate (8.9 %
Nay0, 28.7 % SiO,, 62.5 % H,O — from PQ Australia)
and laboratory grade NaOH were used as the alkali
sources. Rice husk ash (RHA), nano silica and nano
alumina were also used as additional silica and alumina
sources to obtain required elemental oxide ratios in the
calcium based systems.

2.2 Process

2.2.1 Paste sample preparation for non-Ca systems:
characterisation of amorphous and zeolitic
domains

Seven mix formulations (numbered as 1-7), as shown
in Table 1, with changing SiO,, Al,O; and Na,O molar
ratios have been used in this study. Relatively low water
contents representative of geopolymer synthesis were
adopted. The water content in each system included the
total water content derived from NaOH, sodium silicate
and extra added water. A low temperature (40 C)
continuous curing was adopted. At low temperatures, the
reactions occur at a lower rate hence the development of
new phases. Slow rate phase development would help
gaining more information about the pattern of reactions.
The domain of the mix formulations and compositions of
Na-zeolites that are known to be stable at low
temperature (up to 100°C) shown in the Na,O-AlLOs—
Si0,—H>O phase compositional diagram in Fig. 1.

In preparing the 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
moisture loss. Specimens were subsequently cured at
40 C and 95% RH. Care was taken to minimize the time
between sample preparation and curing for all mixtures.
Specimens were removed from the moulds after 24 h and

Table 1 Mix Formulations for Non-Ca systems

Chemical composition/mol Molar ratio of SiO2 to Al2O;3
Sample No. Initial composition
SiO2 AlLO3 Na.0
1 1.0Na20.1.0A1,03.3.8Si02.13.6H-0 3.81 1.0 1.0 3.81
p 1.0Na20.1.0A1:03.3.4Si02.13.6H-0 3.40 1.0 1.0 3.40
2 1.0Na20.1.0A1,03.3.0Si02.13.6H-0 3.00 1.0 1.0 3.00
3 1.0Na20.1.0A1,03.2.5Si02.13.6H-0 2.50 1.0 1.0 2.50
4 1.0Na20.0.6A1,03.3.0Si02.13.6H-0 3.00 0.6 1.0 5.01
q 1.0Na20.0.7A1,03.3.0Si02.13.6H-0 3.00 0.7 1.0 4.28
r 1.0Na20.0.8A1205.3.0Si02.13.6H20 3.00 0.8 1.0 3.76
5 1.0Na20.1.2A1,03.3.0Si02.13.6H-0 3.00 1.2 1.0 2.50
6 0.7Na20.1.0A1203.3.0Si02.16.3H-0 3.00 1.0 0.7 3.00
7 1.4Na20.1.0A1:03.3.0Si02.13.6H-0 3.00 1.0 1.4 3.00
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Fig. 1 Na20-SiO2-Al203-H20 compositional diagram showing

mix formulations

placed in sealed polythene bags and continued to cure at
40 ‘C and 95% RH. Samples were tested for compressive
strength, at different curing times up to 210 days. The
average value of three measurements was considered as
the reported strength of the compact. Portions of these
samples were used in solid phase analysis. The
development of microstructure and geopolymer phases
was observed by scanning electron microscopy (SEM)
and conventional X-ray diffractometry (XRD). Ground,
powder samples were used in XRD analysis. Fracture

samples, (dried under vaccum) coated with gold was used
in the SEM study, and compositional analysis of phases
was carried out using energy dispersive X-ray analysis
(EDAX). A separate set of mixtures of the all mix
formulations shown in Table 1, including p, q, r
formulations, were prepared for setting time
measurements. Setting time trials were also performed at
40 °C, using standard Vicat needle apparatus. The details
of the procedures are available in Refs.[13-14].
2.2.2  X-ray synchrotron analysis

A set of samples with the same compositions as in
Table 1 were prepared and cured at 80 C for 24 h.
Ground portions of these samples were analysed using
Synchrotron XRD technique.
2.3 Sample preparation for Ca based systems

A  mix formulation of NaO-1.17A1,03-4.80
Si0,-11.45H,0 with Si0,/AlO; ratio ~ 4 was used as the
control mix. Series of mixes with changing SiO,/Al,Os
ratios, as shown in Table 2, were prepared using
eithernano-silica, nano-alumina or RHA. Samples were
prepared as indicated in section 2.2.2 and cured at 60 ‘C
for 24 h. Analysis of samples was also carried out as
indicated in section 2.2.2. The detailed procedures are
available in Ref.[12]. A separate set of mixtures of the
same mix formulation were prepared for setting time
measurements. Setting time trials were performed at
room temperature, i.e., 22 ‘C, using standard Vicat needle
apparatus.

Table 2 Mix formulations of Ca based systems

Mix Design Added SiO: or Al203/mol Molar composition Mole ratio of SiOz to Al2O;3
1 Control mix Na20.1.17A1205.4.80 SiO2.11.45H.0 4.00
2 0.148i02 (nano-SiO2) Na20.1.17A1205.4.94 Si02.11.45H.0 4.22
3 0.18Si02 (nano-SiO2) Na20.1.17A1205.4.98 Si02.11.45H.0 4.26
4 0.258i02 (nano-SiO2) Na20.1.17A1205.5.05 SiO2.11.45H.0 4.32
5 0.14Si02 (RHA) Na20.1.17A1205.4.94 Si02.11.45H.0 4.22
6 0.18Si02 (RHA) Na20.1.17A1205.4.98 Si02.11.45H.0 4.26
7 0.258i0, (RHA) Na20.1.17A1205.5.05 SiO2.11.45H.0 4.32
8 0.50 SiO2 (RHA) Na20.1.17A1205.5.30 SiO2.11.45H.0 4.53
9 0.80 SiO2 (RHA) Na20.1.17A1205.5.60 SiO2.11.45H.0 4.79
10 0.20 ALO; Na20.1.37A1205.4.80 SiO2.11.45H.0 3.50
11 0.30 ALO; Na20.1.47A1205.4.80 SiO2.11.45H.0 3.27
12 0.33 ALO; Na20.1.50A1205.4.80 SiO2.11.45H.0 3.20
13 0.50 ALO; Na20.1.67A1205.4.80 SiO2.11.45H.0 2.87
14 0.70 ALO; Na20.1.87A1205.4.80 SiO2.11.45H.0 2.57

3 Results and discussion

3.1 Amorphous and zeolitic domains in non
calcium NaO-ALO3-SiO-H,O geopolymer
systems

XRD results obtained in this study for the metakaolin

based samples (Mixes 1 & 3) cured continuously at 40 ‘C
for different curing times are shown in Fig. 2 (Mixes 1
and 3 had same Na,O, H,O content but different SiO; and
Al,O3 contents with SiO»/Al,Os ratios of 3.8 and 2.5
respectively). At 3 days, the XRD patterns of these
samples look alike with both showing the presence of a
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broad peak around 26=28° corresponding to the Na,O—
ALLO3;-Si0,-H,O gel (geopolymer) phase. The XRD
pattern seemed to be stable throughout the cure duration
for the Mix 1. In contrast there is a considerable change
of the phase development with time in Mix 1. Crystalline
phases start to appear in Mix 3 with the curing time and,
at 210 days, the microstructure is dominated by the
presence of zeolitic phases such as zeolite A, zeolite P
and faujasite. From these results it is apparent that low
Si0,/Al,05 ratios (=2.5) tend to develop zeolitic phases
in these systems. The amorphous phase seems to be
stable throughout curing for higher SiO»/Al,Os ratios

(=4).

800
600
400 + 210d
200
3d
0

0 10 20 30 40 50 60 70
20/(°)

(a) Si02/AL20;3 ratio = 3.8, Mix 1

1400 -
1200
1000

800
600 -

400 |
200 34

0 10 20 30 40 50 60 70
20/(°)
(b) SiO2/A205 ratio = 2.5, Mix 3
(A = zeolite A, P = zeolite P)
Fig. 2 Phase development with curing, by conventional XRD
techniques, of alkali activated metakaolin mixtures 4!

The presence of nanocrystalline particles, which have
been identified as zeolitic structures, embedded in the
geopolymer gel has been reported U1 Considering the
similarities in chemistry and synthesis routes of
geopolymers and zeolites, these findings are not totally
surprising. However, for a geopolymer product, the
establishment of synthesis conditions that can lead to
crystal formation is important for assessing the potential

impact on the final properties (both chemical and physical).

In hydrated CaO-AlLOs-SiO, systems (Portland and

pozzolanic cements), for example, the formation of zeolitic
phases from corresponding gel phases has been shown to
have significantly altered the immobilization potential of
these cements towards various waste metals '®17), Similar
changes may also be expected to occur in hydrated
Na,O-Al,0s—SiO; systems.

It has been postulated that the degree of crystallization
in geopolymer systems is largely related to the system
formulation and conditions of synthesis [%. In
geopolymer or zeolite formation, a number of factors
seem to control the chemistry and nature of the final
product. For instance, higher temperatures (>100°C) and
pressures are generally considered prerequisites of zeolite
formation. Nevertheless, some zeolite types can be
synthesized at lower temperatures, or even under ambient
conditions (1120 The concentration and type of alkaline
activators, water content, and SiO, and Al,Os contents of
the source materials, and exposure environments, are also
reported to have an influence on the formation of
crystalline zeolitic phases in hydrated Na,O-Al,03—Si0,
systems 21241 The role of Si0,/Al,O5 content on zeolitic
phase development, especially the type and form of
zeolitic phase, in geopolymer systems is reported
elsewhere [1423],

3.2 Synchrotron X-ray analysis

Figure 3 shows the Synchrotron XRD patterns for
mixes 1, 2 and 3. The pattern of mix 3 is in agreement
with that of obtained using conventional XRD and shows
a number of crystalline phase developments. However,
the pattern of mix 1 does not depict a total amorphous
look as was shown with conventional XRD. Instead mix
3 pattern contains some crystalline peaks, perhaps the
nano-cryatlline phases embedded in the gel, which were
not detectable by conventional XRD. This is an important
finding as it demonstrates that commonly used
geopolymer composition with SiO,/AlLO; ratio as 4 are
may not likely be entirely 100% amorphous. This in turn
begs the question about long term stability of such
geopolymer phases and its subsequent structural
implications. A detailed analysis of synchrotron XRD
results of the samples investigated in this paper will be
available in a separate publication.

3.3 Strength and microstructure development:
non-calcium Na;O-ALO3-Si0;-H;0 systems

Figure 4 shows the typical pattern of obsetved
somewhat linear relationship between SiO»/Al,Os ratio
and setting time for investigated alkali activated
metakaolin systems. The influence of several factors,
especially SiO»/Al,O; ratio, on the setting and hardening
characteristics of ordinary geopolymer systems (systems
without calcium) has been well reported !""'314, The
changes in setting characteristics have been explained in
terms of available SiO, and ALLO; content in the original
compositions. Setting is typically associated with the
sodium aluminate silicate hydrate gel (NASH) formation.
When the system is high in SiO, more silicate species are
available for condensation and reaction between silicate
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species, resulting oligomeric silicates, becomes dominant.

And further condensation between oligomeric silicates
and aluminates result in a rigid 3D net works. The rate of
condensation between silicate species is slow and, this
normally leads to longer setting times. Correspondingly,
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when the system has excess Al,Os, increased aluminate
(AI(OH)47) species become available for the reaction
leading to a faster rate of condensation between Al(OH)4
and silicate species and shorter setting times 131,

= SiO,

* AI(OH),

& Kyp4SipAlpOg
* NayAly;SiysOg6
* Na,Al;Si,0,,Cl

M Na3 16A13 7ZSi8 28024(H20)9 68

g = Mix3

Mix 2
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Fig. 3 Synchrotron XRD analysis of alkali activated metakaolin mixtures

Increasing SiO»/ALOs3 ratio also increases the strength
but only up to about SiO»/Al,Os3 = 4 and strength
decreases thereafter. SiO,/Al,O; ratios around 3.50 — 4.00
has been accepted as the most suitable for optimal
strength characteristics for calcium free geopolymer
systems. Strength decrease, especially for the systems
with Si0,/Al,O; ratio < 3, has been attributed to the
development of crystalline zeolitic phases in high Al,Os
systems. Figure 5 shows the scanning electron micro-
graphs of mix | and 3. The system of SiO,/Al>O; ratio ~
4 (Mix 1, Fig.5(a)) is characterised by a dense
homogeneous phase which accounted for its high
strengths. Compared to this, the system with lower
Si0,/AL 05 ratio, 2.5 (Mix 3, Fig .5(b)) seemed to have
porous microstructures, which possibly explains the
observed low strengths in these samples. By EDAX analysis
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Fig. 4 Final setting times and compressive strength with
respect to SiO2/Al2Os; ratio of alkali activated

metakaolin system [13]
it has been confirmed the crystalline grains present are as
partially developed chabazite-like crystals (14,

r 5, ; % P e

(b) SiO/AlL20;3 ratio = 2.5
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Fig. 5 SEM micrographs of fracture surfaces of alkali alkaline activator.

activated metakaolin systems ['*l The key difference in high calcium based systems is

3.4 Solid phase evolution: calcium based the availability of Ca?* ions arising from dissolution of

(CaO)Na:0-ALO5-Si0-H:0 geopolymer  (CaSO, and CaO phases. Hence, during the setting

systems process, and considering the NaxO-SiO,—Al,O3—

The role of SiO./Al,O; ratio on the setting and
hardening properties of geopolymers, of the mix
compositions provided in Table 2, made with high
calcium fly ash has been previously published [!2]. It has
been found that the two systems, with and without
calcium, appear to act differently in many ways.
Combined final setting times and compressive strength
with respect to SiO»/Al,O3; molar ratio of alkali activated
high calcium fly ash based systems are shown in Fig. 6.
It is evident that setting time characteristics and strength
development do not follow the same trend. Decreasing of
the Si0,/ALOs ratio (or increasing Al,Os) favours higher
strengths reaching a maximum at around SiO,/Al,O; ratio
3.50 and remains constant thereafter. There is an
optimum SiO,/Al,O3 ratio (3.20-3.70) which leads to
products with longest setting time with reasonably high
strengths.

120 70
100 | > —60%
'580— —5050
3 60 192
= 130 ¢
=40t 7
= 120 8
20 t {10 &
o]

0 o

N QD AN DR A A AL A0 DD
qu q,oo n)q’ n)q’ n,;) b‘.Q b:)’ b:} b:) b:)’ b::’ b::’ b:? b:'\
Si0,/AlL,O; molar ratio
« Strength

mmm Finsl set — Poly strength

Fig. 6 Final setting times and compressive strength with
respect to SiO2/Al20s ratio of alkali activated high

calcium fly ash system[1]

The main concern with calcium containing system is
its rapid setting property and hence low workability.
Calcium sources are generally used to accelerate the
setting of low calcium fly ash-based geopolymers 2! and
metakaolin based geopolymer systems 2”281, The setting
is believed to be due to the formation of CSH phase. The
coexistence of CSH phase with the geopolymeric gel has
been shown to improve the mechanical properties of the
final product 12, The role of calcium sources such as
Ground granulated blast furnace slag (GGBFS), cement,
wollastonite (CaSiO3;) and Ca(OH), on mechanical
properties of metakaolin geopolymer is reported
elsewhere!?®]. Specifically, the effects of different calcium
silicate sources on geopolymerisation seems to be highly
dependent on the crystallinity and thermal history of the
calcium silicate sources, as well as the alkalinity of the

CaO-H,O system as a whole, the dissolution-
precipitation reactions and hence the stable equilibrium
phase assemblages involving these oxides have been
shown to mainly depend on the pH of the medium and
oxide concentration™!. The initial reaction pathway is
typically governed by the CSH, CASH or NASH gel
formation process. It has been shown that at high pH
(>12) and with certain amount of CaO, Al,O; and SiO,
the presence of calcium degrades NASH in favour of
CASH or (NC)ASH formation.

Fast dissolution of highly active AlLOs; and SiO;
sources in high pH medium provides high initial
concentrations of silicate (SiO(OH),?>" or SiO(OH); ™)
and aluminate (AI(OH)s!) to react with Ca*" forming
CASH phase resulting shorter setting times. Therefore,
increase in both SiO, and ALO; tend to decrease the
setting time giving an optimum SiO»/ALO; ratio for the
longest setting time. The reaction between Ca?" and
aluminate, silicate species continues until all the available
Ca?" ions are exhausted and, with time, concentration of
Ca?" becomes the limiting factor for this reaction. The pH
of the system also decreases with time, due to the
consumption of OH™ during hydrolysis to further form
silicate and aluminate species. The low pH and limited
Ca?" environment facilitate the polymerization reaction
between silicate and aluminate species producing NASH
gel.

Possible dissolution-precipitation reactions occurring
during setting and hardening processes of high calcium
based systems are proposed as follows;

1) Dissolution of SiO,, Al,Os and calcium sources
(CaS04 & Ca0).

SiOr+ALO; L Si0(OH)2 or SiO(OH)s + Al(OH)s
H20
CaS04, CaO — Ca? + SO4>+ OH"
2) Precipitation reactions

Ca?* + SiO2(OH)2> or SiO(OH)s + Al(OH)s — CASH gel
(M

Na® + SiO2(OH):? or SiO(OH)s + AI(OH)s — NASH gel
2

As CASH gel is stable at high pH (>12) environments

and reaction 1 is dominant in the setting process whereas

reaction 2 becomes feasible at lower pH (9—12) where

NASH is stable. Therefore reaction 2 becomes secondary

in these systems with mainly responsible for strength

development.
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4  Conclusions

1) XRD traces reveal initiation of crystalline phases at
210 days with the microstructure dominated by the
presence of zeolitic phases such as zeolite A, zeolite P
and faujasite. It is apparent that low SiO./Al>O; ratios
(=2.5) tend to develop zeolitic phases

2) Synchrotron XRD patterns, in agreement
conventional XRD, reveal a number of crystalline phase
developments. Most importantly, Synchrotron XRD
analysis was able to detect nano-crstalline phases
embedded in the gel that were not dectable by
conventional XRD analysis.

3) In calcium based systems, at high pH (>12) and
with limited amounts of CaO, ALO; and SiO,, the
presence of calcium degrades NASH in favour of CASH
or (NC)ASH formation. The reaction is characterised by
dissolution of highly active Al,O3 and SiO, sources
providing high initial concentrations of silicate
(Si02(OH),* or SiO(OH);7) and aluminate (AI(OH)4) to
react with Ca*? forming CASH phase resulting shorter
setting times. Therefore, increase in both SiO; and Al,O;3
tend to decrease the setting time giving an optimum
Si0,/Al,0s ratio for the longest setting time.

4) In both, non — calcium and calcium based, systems
the strength development is linked to the formation of
NASH phase.

5) For non-calcium systems, decreasing of the
Si0,/Al,0Os ratio (or increasing AlOs3) favours higher
strengths reaching a maximum at around SiO,/Al,O; ratio
3.50 and remains constant thereafter. There is an
optimum SiO,/Al,O3 ratio (3.20-3.70) which leads to
products with longest setting time with reasonably high
strengths. A similar SiO,/Al>Oj3 appears to be giving best
performanced systems for calcium based systems.

6) The general acceptance of the amorphous nature,
hence the long term stability, of the geopolymer phases
associated with optimum SiO,/Al,Os ratios needs further
investigation.
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