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Abstract

Variations between fly ashes can lead to significant differences in the geopolymers derived
from them, in both microstructural and mechanical properties. This study assesses the effect of
physical, crystallographic and chemical characteristics of fly ash on geopolymerisation
performance and the strength of the resulting binders. Physical and glass chemistry factors are
combined to develop a comprehensive index to evaluate the suitability of fly ashes for the
production of high-strength geopolymers. An equation for this index is proposed, developed
using five typical low-calcium fly ashes and then validated against a further eight literature
datasets, showing a good relationship between the ranking order of the calculated index and

the compressive strengths of geopolymer pastes produced with comparable activator and paste
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workability. This index can be used to screen the source materials, which is of significant value

in moving alkali activated cements towards acceptance in practice.

Keywords: Alkali activated cement; Fly ash; X-Ray Diffraction; Compressive Strength

1. Introduction

With demand driven by environmental protection and waste utilisation, alkali-activated
aluminosilicate materials, also known as geopolymers, have been developed rapidly in the last
two decades and are increasingly regarded as promising green alternatives to Portland-based
cements [1]. Accordingly, geopolymers based on alkali activation of fly ash have been
extensively studied. Fly ash-based geopolymer technology is considered particularly attractive
for commercialisation in areas of the world where this precursor is available in large volumes
including Australia, China and the United States. Its lower activator requirement, compared to
metakaolin, which is another type of widely used raw material, means that fly ash-based

geopolymer can be produced at a low cost.

Some demonstration projects have been constructed using geopolymer concretes made from
alkali activated fly ash blended with certain proportions of slag [2]. However, large-scale
manufacture of fly ash-based geopolymer still progresses slowly and faces some technical and
regulatory obstacles [3]. Among these, the inconsistent properties of fly ash (between sources,
and from time to time from a single source) may be the most critical technical issue hindering
large-scale deployment. Variations in the chemical compositions of coal sources, and the
details of the combustion processes applied in different facilities worldwide, result in
significant differences in terms of the chemical and physical characteristics of the resulting fly

ashes. These variations lead to varying properties and performance levels in the geopolymers
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produced, as has been demonstrated using fly ashes obtained from different sources worldwide
[4-6]. This hinders the acceptance of geopolymer concrete by the civil engineering and
construction industries, as the relationship between mix design parameters and performance is
not as readily predictable as is the case for Portland cement-based systems, which necessitates
extensive laboratory testing prior to the use of any particular geopolymer mix design, and
means that ongoing quality control throughout a production run is essential. To solve this
problem, it is necessary to construct effective assessment methods to determine the
performance of fly ashes in geopolymer mixes and predict their likely strength development

based on readily-assessed material parameters.

In previous studies [4-6], it has been found that key factors affecting the compressive strength
development of fly ash-based geopolymers include particle size distribution, the content of
glassy phases and the content of glass network modifying species (mainly alkali and alkali
earth metals). The avoidance of excessive unburnt carbon content is also important [7], but the
regulatory loss on ignition limits which are imposed on fly ashes sold for blending with cement
and concrete are likely to be sufficient to ensure that this parameter is not problematic in their
use in geopolymerisation. It may thus be expected that a fly ash with small particle size, high
glass content and high network modifier content would yield high compressive strength of the
derived geopolymer. However, a model built from a single parameter is not sufficient to
correlate with the mechanical performance of the resulting geopolymer [5, 8]. For example, the
Class C fly ash ‘BY’ used by Diaz et al. [S] showed the fastest setting (1.5 min) in alkali-
activation among five ashes tested by those authors because of its high content of CaO (22.45%)
and the finest particles, but resulted in the formation of a geopolymer with the second highest
compressive strength; in comparison, the fly ash ‘ML’, which had the second-highest amount
of CaO and the second-highest amount of glassy phases, exhibited the highest geopolymer

strength.
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More fundamental understanding is expected to come from detailed analysis of the content and
chemistry of the glassy phases in fly ashes, but this is complicated by the heterogeneity of the
glasses, within and between particles even in ash from a single source. By using quantitative
X-ray diffractometry (XRD), electron microscopy and selective dissolution techniques, it is
possible to determine the quantity and composition of the glassy phases in a fly ash [9-14]. The
network modifier content and Si/Al ratio in the glassy fraction are considered to be two critical
factors that play important roles in determining the dissolution of fly ash [15] in
geopolymerisation, and these parameters have also been linked into a single descriptor through
the introduction of ‘optical basicity’ as a proposed (but not yet widely used) measure of fly ash
chemistry [16]. Fe is another important element present in many fly ashes and it brings more
complexity for the understanding of geopolymerisation, as its role in the glass dissolution and

gel formation processes is yet to be fully defined [17-19].

There is thus an evident need for a comprehensive index, considering not only chemical but
also physical properties of fly ash, to be able to effectively evaluate the ‘grade’ of a fly ash in
terms of its suitability for geopolymer manufacture, where predictable and consistent
performance is critical in the absence of any performance-buffering effect from a manufactured
Portland cement clinker component as is the case for blended cements. In this study, we
demonstrate one such indexing concept, enabling effective evaluation of the suitability of fly
ashes for the manufacturing of high strength geopolymers. Physical, chemical and
crystallographic properties of five typical low-calcium Australian fly ashes are characterised
and used to develop a reactivity index from theoretical grounds, and the effects of these
parameters on geopolymer formation are examined. In combination with the understanding of
glass chemistry which is available in the literature, a comprehensive index to correlate the

characteristics of fly ash with the strength of geopolymer products is proposed for the first time,
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and validated against a broader set of literature data for low-calcium fly ashes reacting to form

geopolymers.

2. Experimental programme

2.1 Materials

Five Australian fly ashes, obtained from Gladstone, Millmerran, Callide, Eraring and Tarong
power stations, were used in this study, and are denoted as A, B, C, D and E for brevity. Fly
ashes from these power stations, except for Millmerran, have been studied previously in work
including [4, 14, 18, 20], and relevant information can be obtained from those studies for
comparison. An alkaline activating solution was formulated by blending a commercial sodium
silicate solution (Na20=14.7% (mass), Si02=29.4%, D-Grade ™, PQ Australia) with 12 M
NaOH solution to reach the desired modulus (molar ratio SiO2:Na>O) of 1.0 and concentration
of 36.7 wt.% of (Na2O + Si0»). This activator was allowed to equilibrate to room temperature

prior to use. Deionised water was used throughout all experiments.

2.2 Fly ash characterisation

The key parameters of the fly ashes include particle size distribution, specific surface area
(SSA), particle density, particle packing density, bulk composition and mineralogical
composition. Particle size distributions of the five samples were determined using a laser
diffraction particle size analyser (PSA, Malvern Mastersizer 2000). SSA was determined from
the PSA results assuming spherical particles (geometric surface area), and was also measured
by the Brunauer-Emmett-Teller (BET) method using nitrogen sorption on a Micromeritics

TriStar IT 3020 instrument (accessible surface area). Particle density was determined by the
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Archimedes method, using acetone and a volumetric flask. Particle packing density was simply
determined as the ratio of weight to volume of each ash in a graduated container following 1
min of shaking by hand. Three replicate tests were conducted for each fly ash to obtain an
average particle packing density. The mass loss which takes place upon heating was determined
by thermogravimetric analysis (TGA) using a TA Q500 instrument under ambient air, heating
at 10°C/min from room temperature to 800°C. The content of carbonaceous particles (which
will include organics as well as carbonates) was defined as the mass loss at higher than 450°C,
where the contribution to loss on ignition below this temperature is attributed to superficial

hydration.

Bulk fly ash composition was determined using an ARL-9800 X-ray fluorescence (XRF)
instrument (Thermo Scientific), including loss on ignition analysis at 1000°C in air. The
mineralogical components, including crystalline and glassy phases, in each fly ash were
identified by X-ray diffraction (XRD) and quantified by Rietveld refinement. The XRD data
were collected using an ARL 9900 Series X-ray workstation (Thermo Scientific) with Co Ka
radiation, operated at 40 kV and 40 mA, with a step size of 0.02° and count time 4 s/step from
8 to 80° 20. Each fly ash sample, without any classification or grinding, was mixed with 20%
corundum (0—Al203 > 99.99%, Aladdin), as an internal standard. The error of this quantitative
XRD technique is assessed by comparing the quantities of each phases determined at three
levels of internal standards (20%, 15% and 10%). The morphologies of fly ash samples and
dried geopolymer samples, coated with gold, were analysed using a JEOL JCM-6000 scanning
electron microscope (SEM) at high vacuum, with 15 kV accelerating voltage. To better
understand the composition distribution (particularly for Fe and Ti) of glass and crystalline
phases, selected fly ash samples were also etched with 1 M NaOH solution and analysed with

energy dispersive spectroscopy (EDS).
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2.3 Geopolymer synthesis and test procedure

Pastes were formulated initially at a target activator/ash ratio of 0.39 (Table 1). At this ratio the
mixtures based on ashes A and C exhibited favourable workability; however, because of the
varying particle properties of the ashes, pastes B, D and E required small amounts of additional
water during mixing to achieve similar workability, as measured by using a minislump test.
The addition of water has changed the concentrations of the dissolved activator components
but not the modulus of the activator or the dose of alkalis with respect to the mass of fly ash
(Table 1). The activator concentration is a parameter that can affect the geopolymerisation rate
at early age, but will not necessarily change the total reaction extent, as indicated by the
equivalence of the total heat released by systems with the same Na>O content at differing water
contents in calorimetric testing [21]. To supplement these tests and enable comparisons to be
conducted also on the basis of constant activator chemistry, a second set of pastes were
prepared by activation of fly ashes A, B and E with an activator mixed with water to match the
diluted activator (activator plus water) used for ash D, at liquid/solid ratios yielding comparable
workability for each ash (samples Ar, Br and Ei, Table 1). There are thus two sets of samples
available for direct comparison: samples A, B, C, D and E are formulated at constant activator
(Na2O+Si0») dose and modulus but with differing activator concentrations, while samples Ar,

B, D and EL are formulated at constant activator concentration but with different doses.

The paste specimens were cast in cylindrical moulds of ¢52.5 mm x 105 mm, sealed and cured
in an oven at 40°C for 1 day. After this time, they were taken out of the oven, allowed to cool,
and aged at 25+2°C, still kept sealed. The hardened specimens were demoulded at 28 days and

tested for compressive strength using a MTS universal mechanical testing machine at a loading-
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head movement rate of 0.5 mm/min. To obtain parallel two end-faces, the top surface of each

cylindrical specimen was sanded flat and the bottom face was capped with sulphur mortar.

3. Results and discussion

3.1 Physical properties

Fig.1 shows SEM images of the fly ashes, in which fly ashes A and C can be found to have
more spherical particles while the other three fly ashes have much larger but irregular particles.
Spherical shape is beneficial in the manufacture of geopolymers as it results in good
workability at low liquid/solid ratios [22], and this is consistent with the fact that A and C are
the two ashes from which geopolymers could be produced with no additional water required to
achieve acceptable workability (Table 1). Fly ashes B and E contain many irregular particles,
which may require a thicker liquid layer on the surface to overcome friction and enable particle
sliding. In fly ashes A and B there are many very fine (<5 um) spherical particles accumulated
on the surfaces of the relatively large particles. These very fine particles can contribute high

surface area and increase the initial dissolution rate of the fly ash.

Fig. 2 plots the particle size distributions of the five fly ashes as determined by laser diffraction.
The ashes all have more than 75% (by volume) of particles smaller than 45 um, a standard limit
for fly ash used in cement as per Australian standard AS3582.1 [23]. The median particle size
(Dso) of each of the fly ashes is given in Table 2. Fly ash A has the smallest particle size, with
a Dsop of 7.6 um. Fly ashes B and D are in the middle with Dso values of about 20 um, while fly
ashes C and E are the largest, at about 30 um. The geometric SSA of fly ash is calculated from
the particle size distribution data using the assumption that the particles are spherical (Eq.1),
and the results are listed in Table 2. Fly ash B has the highest geometric SSA due to its high

volume of ultrafine particles below 1 um (Fig. 2), followed by fly ash A, while fly ash E has

8


http://dx.doi.org/10.1016/j.cemconres.2016.04.007

Postprint of a paper published in Cement and Concrete Research, 85(2016):163-173. Version of
record is available at http://dx.doi.org/10.1016/j.cemconres.2016.04.007

the lowest surface area. The geometric SSA values can also be compared to the values of
accessible surface area, directly measured by the BET method. As expected, the geometric SSA
values are lower than the BET SSA because of the ability of nitrogen sorption to probe internal
as well as external surface area, in addition to the underestimation inherent to laser particle

analysis where irregular particles are assumed to be perfectly spherical.

0.60/D[3,2]
Particle density

Geometric SSA = (Eq.1)

Besides the influence of particle shape, carbonaceous particles also affect the SSAs and liquid
requirements of the ashes. Unburnt coal particles have much higher SSA, usually between 20-
60 m?/g [24], due to their internal porosity which is accessible to nitrogen in the BET method.
For the purposes of this study, it is proposed that the geometric SSA calculated by particle size
distribution is a more representative value to use in the evaluation of the effects of the particle
size of fly ash on geopolymer properties, as it excludes the possible effect of carbonaceous

particles.

In the geopolymer mixing process, the activator solution wets the fly ash particles, forming a
layer of liquid on the surface, as illustrated in Fig. 3. The volume of this surface layer (denoted
SLV) is directly related to the geometric SSA, if it is assumed that the thickness is uniform for
all particles. The geometric SSA is thus an important property governing the activating liquid
requirement of fly ash, and is also an important physical property affecting the dissolution of
fly ash in geopolymerisation, thus influencing the compressive strength of the derived
geopolymers [25]. Although it is likely that some of the very fine particles will differ
significantly in reactivity from the bulk fly ash glasses (e.g. alkali sulfate particles), the
description used here is a first-order approximation assuming broadly similar reactivity across

all particles regardless of size. This is likely to be more realistic for some ashes than others,
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and should be revisited in future extension of the model concept presented here, but is a

necessary simplifying assumption at this point.

According to Table 2, fly ash B, with the highest geometric SSA, is expected to have the fastest
dissolution and geopolymerisation. However, geopolymer A demonstrated the highest
strengths under the two activating conditions (Table 1), suggesting that other factors must play
key roles in determining the compressive strength. On this basis, we introduce an additional
geometric parameter, the inter-particle volume (denoted IPV), as a physical characteristic of
fly ash to be incorporated into the ash activity index calculation. As indicated in Fig. 3, when
polydisperse particles are randomly packed, small particles fill in the empty spaces between
large particles to increase the packing density [26]. However, there are still gaps between
particles, forming the IPV. When a liquid activator is mixed with a dry fly ash powder, the
SLV contributes to wetting the fly ash particles, while at the same time, additional liquid is
required to fill the IPV, lubricating the system to provide necessary workability to the paste by
enabling it to become a coherent fluid rather than a partially-cohesive granular system. This
concept is somewhat similar to those concepts of filling water and layer water in cement
systems [27]. The smaller the IPV, the less liquid is required to achieve this. From this point
of view, the total liquid requirement for a geopolymer system is the sum of the SLV and IPV.
More importantly, after geopolymerisation and hardening, some of the excess liquid will
eventually evaporate once the sample is exposed to a relative humidity of less than 100%
(including if self-desiccation takes place), leaving a certain volume of space which becomes
pores the in hardened binder. Therefore, a smaller IPV can generate a more compact binder

with a lower porosity, which usually means a higher strength [28].

For a given mass of fly ash, the IPV can be determined by subtracting the particle volume
(mass/particle density) and the SLV from the total volume (mass/packing density),

alternatively, by subtracting the SLV from the total liquid volume. The calculation of SLV

10
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needs specific layer thicknesses for each fly ash, which means the shape factor of each fly ash
particles can affect the real thickness in mixing. Given the relatively spherical shape of fly ash
particles (shape factor close to 1), the thickness of the liquid layer is assumed to be uniform at
24.9 nm [27] and it is thus possible to estimate the values of SLV, and consequently the IPV.
Fig. 4 shows the IPVs and geometric SLVs of fly ashes and the corresponding compressive
strengths of the derived geopolymers. The evident correlations between the 28-day strength
and other two physical characteristics suggest that strength is generally proportional to SSA,
but decreases with increasing IPV, consistent with the suggestion that this parameter is linked

to the porosity of the hardened paste.

It is also interesting to note that the trend in strength for the Ay, Br, D and Er samples (with
constant activator composition) follows relatively closely the trend in the A, B, D and E
samples (with constant activator dose). Sample Br has a significantly lower strength than
sample B despite its lower liquid/ash ratio and higher activator dose, which may be related to
moulding/casting defects associated with the less favourable flow properties of this mix, while
the higher activator dose in Er. compared to E was sufficient to yield a higher strength despite
the higher overall liquid content of Er. The main purpose of this comparison was to
demonstrate that the trends in strength between ash sources are maintained regardless of the
mix design basis of the geopolymer formulations, and thus that the ash activity index
calculations can be applied as comparisons between ashes whether constant activator dose or

constant activator composition are used in designing each mix.

3.2 Crystallographic characteristics

Table 3 lists the compositions of the five fly ashes, determined by XRF; all of the ashes are

rich in Si and Al, and contain low concentrations of Ca and other components. All would be

11
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classified as Class F according to ASTM C618 [29], or as siliceous according to EN 197-1 [30].
However, bulk composition is less effective as a direct link with the reactivity of fly ash, as
highlighted in previous studies [13, 14, 17]. The crystalline phases, usually mullite, quartz and
magnetite, in fly ash particles remain relatively inert throughout the early stages of alkaline
dissolution and geopolymerisation; only the glassy phases are dissolved and participate in the
reaction process during this time. From this point of view, the use of molar ratios based on bulk
chemical compositions, which is used in much of the academic literature for geopolymer mix
design, is actually giving very limited information in the case of fly ash geopolymerisation.
The direct use of glassy phase compositions, rather than the overall ash composition, to
formulate geopolymer binders is considered to give more appropriate descriptions of the gel

chemistry, and this principle has recently been adopted in published studies [18, 20].

Table 4 shows the glass contents of the five fly ashes determined by Rietveld refinement of
XRD data. These calculated glassy contents may be considered as an upper bound because they
are based on a simple mass balance, assuming that all of the remaining components except for
the crystalline phases detected by XRD are glassy. In reality, there may be some other minor
crystalline phases, such as calcium silicates, anhydrite, gypsum and carbonates, which are
present at concentrations or particle sizes below the detection limit of the diffractograms
obtained here, and these are considered negligible in the calculations. It is also noted that the
ferrite spinel phases are quantified here as being pure iron oxides, where substitution of other
cations (particularly Mg?*) into these phases is known to take place in both European and
Australian fly ashes [31, 32], and will alter the Bragg peak intensities compared to the pure

compounds.

From the literature, it has been reported that a fly ash from the same source as ash A contains
70-80 wt.% amorphous phases [33], and that fly ashes from the same sources as C and E

contained 76 and 68 wt.% glass, respectively [34]; it has also been reported in a separate study

12
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that fly ashes from sources D and E contain 62.7 and 50.8 wt.% amorphous content,
respectively [18]. The current quantified results are broadly consistent with those reported

values.

The quantification of crystalline and glassy phases in each of the fly ashes shows that fly ash
E has the lowest amount of glassy phases. If it is assumed that glassy phases are the reactive
components in geopolymerisation, fly ash E will be expected to generate a binder with lower
gel volume and thus potentially a lower strength. However, the amounts of glassy phases in the
other four fly ashes are not significantly different compared to the variation between their
strengths. In fact, fly ash will only achieve a certain reaction extent during geopolymerisation,
e.g. in the range 15 to 35% after 48 h curing at 65°C and 7 days ageing at 25°C [35, 36],
although this may be increased to up to 60% by extending high temperature curing to 7 days at
85°C [37]. The reaction extents of fly ashes in this study are also low, and a large fraction of
particles remained with only partial dissolution of the glassy parts (Fig.5). This implies that the
quantity of glassy phases is likely to be a secondary factor which influences but does not
directly control geopolymerisation and consequent strength development, as long as the glass
fraction of the ash is sufficient to enable the reaction to actually take place to a satisfactory

extent.

3.3 Chemical characteristics of glassy phases

The overall glass phase compositions in each of the fly ashes studied can be calculated by
subtracting the crystalline phases from the bulk compositions, and are shown in Table 5.
However, it must be noted that the glassy phases in fly ash are also heterogeneous, usually with
different localised compositions, depending on the original minerals present in the pulverised
coal, and also on the phase segregation and liquid-liquid immiscibility which is observed

during cooling of the ash particles in the chimney of the boiler [9, 34, 38]. Fig. 6 shows the

13
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SEM-EDS analysis of selected fly ash particles after NaOH dissolution. It can be seen that Si

and Al are the dominant elements in each of the glasses, along with Fe in fly ash A.

In aluminosilicate glasses, Si is almost exclusively present as a network former in four-fold
coordination, i.e. “ISi**. The role of Al is complex because of its varying coordination states,
i.e. BIAP+ MAP+ BIAPB* and AL+, Guillot and Sator [39] studied natural silicate melts with
35-75 wt.% SiO2 and 5-15 wt.% Al>Os3 (the rest includes CaO, FeO and TiO», the composition
is close to that of fly ash), and showed that Al mainly acts as a network former, with 71-75%
of AL but also as a modifier with 12-22% of DAl In the glassy phases of fly ash, the relative
concentrations of network forming and modifying Al will change according to the local
composition, spinodal decomposition processes during cooling, the diffusion of alkali and
alkali earth metals, and the thermal history. For example, in the CaO(MgO)-Al>03-SiO> glasses,
the network forming [*/Al decreases from 100% to 60% as the MO/(MO+Al>,03) molar ratio
decreases from 0.5 to 0 [40]. This is because there are not sufficient charge balancing cations

and a proportion of the Al may thus be required in a network-modifying role.

The thermal history is also important to the role of Al. In the calcium aluminosilicate glasses,
the concentration of ISAI slightly increases from 5% to 10% as the heating temperature
increases from 800 to 1000°C (also varying with Ca content) because of the thermal activation
of YAl into BIAl [41]. Fly ash glasses usually form at higher temperatures (1400-1700°C),
which means there is possibility of a certain amounts of [>!Al existing. Solid-state magic-angle
spinning nuclear magnetic resonance (MAS NMR) analysis showed that fly ashes contain a
small amount of (%Al and a trace amount of [>JAl (could be <5% according to the spectra shape),
in addition to the majority YAl [42]. The [®!Al represents the octahedral Al in crystalline phases,
such as mullite, or in glasses with local structures resembling these phases, while [SAl
represents the network modifying Al in the glass. However, as indicated in the discussion above,

the relative content of PJAl is usually much lower than Al, and in this study, the Al is broadly
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assumed to be a network former to simplify its incorporation into index calculations, in

agreement with the NMR analysis of a typical Class F fly ash [43].

Nevertheless, the presence of more Al in the glassy phases usually means a higher reactivity
of the fly ash because of the weaker bonding of Al-O compared to Si-O [44]. The availability
of Al is critical to the properties of geopolymers [45, 46]; fly ash with large amounts of reactive
Al (low Si/Al ratio) can generate a high amount of geopolymer reaction products, although its
dissolution rate may be low [47]. Brindle & McCarthy [10] found that for a large suite of
European coal ashes, high Al content and high alkali content in the glassy phase were closely

correlated, but this does not appear to be the case for the Australian ashes investigated here.

Fly ashes B and C have high Al contents, which could be one of the reasons for the relatively
higher strengths of the geopolymers derived from these ashes. Si and Al act as the framework
formers of geopolymer gels, and the ratio between the availabilities of these components, from
both the solid precursor and the activator, influences the mechanical properties of geopolymers
[20, 45, 46, 48]. However, Némecek et al. [49] reported that there was no evident correlation
between chemical composition of geopolymeric gels and the elastic modulus, indicating that
Si/Al ratio of geopolymeric gels could be a secondary factor that governing the mechanical
properties of a geopolymer. Other factors, including activator and solid precursor chemistry,
and dissolution rate effects and the porosity of hardened gels, must also be taken into

consideration.

Among the five fly ashes the concentrations of alkali metals (mainly Na and K in fly ash,
denoted M) and alkali earth metals (mainly Ca and Mg, denoted Me) vary significantly. In
aluminosilicate glasses, these elements can act as network modifiers, forming non-bridging
oxygen sites [50] thus potentially reducing the degree of polymerisation of the aluminosilicate

glasses if present at high enough concentrations. Glasses with charge-balanced compositions
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of M20+MeO)/Al,03 =1 still show the depolymerisation influence of alkali and alkali earth
metals [51], and a higher concentration of such elements usually means higher reactivity of the
glassy phase of fly ash, either in Portland cement system [9] or in alkali-activated system [5].

Such a trend can be found in the five ashes investigated here.

In addition to Si, Al and the network modifiers, Fe and Ti are also present at relatively high
concentrations in the glassy phases of the five fly ashes (Table 5). The concentrations of Fe
and Ti listed in Table 5 as being present in the glass phases which should be considered to be
upper bounds, as the quantification is based on the assumption that the crystalline phases used
in the Rietveld refinement are pure. In fact, mullite grains present in fly ash usually include
substitution of Fe and Ti for several percent of the Al [31]. However, considering the low
substitution ratios, this simplification appears appropriate, and is consistent with other studies

[18, 32].

In a fly ash, the Fe expressed as Fe,Os in the XRF analysis of the glassy part is actually a mix
of two oxidation states, i.e. divalent Fe (Fe?*) and trivalent Fe (Fe**). The local environments
of Fe?* and Fe* are complex in silicate glasses, which commonly include #IFe?*, BIFe?+, [4IFe+,
and P'Fe®*. The real states of Fe and their relative concentrations depend on the thermal history
of the coal combustion process, and the concentration of Fe and other elements in each particle.
In the FeO-Fe>03-SiO; glass system, with a low concentration of Fe (Fe:Si < 1:5) and at 2000
K, Si and Fe tend to form cristobalite and a liquid phase which contains fourfold and fivefold
coordinated Fe, while at 1730 K, Si and Fe tend to form separate phases, such as magnetite and
tridymite, or hematite and tridymite at lower temperatures [52]. This means that if Fe atoms
tend to segregate into locally Fe-rich or crystalline phases and are in a 6-coordinated
environment, for example when the fly ash is formed at a relatively low temperature or is
cooled less rapidly, Fe has limited capability to substitute for Si in the glass network. However,

as evidenced by the SEM-EDS analysis [53] and the SEM-EDS analysis in this study (Fig. 6),
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Fe can be distributed in the amorphous aluminosilicate glass throughout the fly ash particles.
This is either because of the high combustion temperatures or the flexibility introduced by M
and Me substitution, or both. As a result, fourfold coordinated Fe**/Fe** and fivefold

coordinated Fe?*/Fe** should both be present in fly ash glass.

The distribution of Fe is heterogeneous in fly ash glass, but for the sake of comparison between
ashes based on bulk properties here, only the overall concentrations are considered. Even if it
is assumed that the glassy part of fly ash is homogeneous, the role of Fe in aluminosilicate glass
chemistry is still very complex. The glassy phase of fly ash contains certain amounts of Al, as
well as alkali and alkali earth cations. It is known that in aluminosilicate glass, Fe** cations are
mainly in the 5-coordinated state, acting as network modifiers; Fe** can be 5-coordinated to
act as a network modifier as well, but is also partially in the 4-coordinated state and acting as
a network former, analogous to the role of AI** [54]. The relative concentrations of Fe acting
as network modifiers and formers will depends on a range of factors, such as the Al/Si ratio,
the concentrations of alkalis and alkali metals, the availability of excess oxygen during coal
combustion and ash cooling, and others. It is reported that in silicate glass melts, as the ratio of
(Na20+K>0)/Al,03 increases from 1.04 to 1.81, the Fe** fraction (among total Fe>* + Fe**)
increases, and its role as network former increases in general [55]. The low (Me>O+MO)/Al>0O3
ratio in the ashes studied here is expected to yield a high concentration of Fe?* in the fly ashes
according to the general trend proposed in [55]. Nevertheless, the high concentrations of Fe in
glass phases of fly ashes A and C are expected to yield a high fraction of fivefold coordinated
Fe?* and Fe**, which decreases the polymerisation degree of glass and thus increases the

reactivity of fly ash.

Titanium also plays a complex role in silicate glasses. In alkali metal bearing glasses, Ti* is

present in a 4-coordinated state at low concentration, but is predominantly in 5-coordinated at
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higher concentration, depending on the glass composition including the nature and types of
alkali metals present [56]. In addition to alkali and alkali earth metals, the glassy phase of fly
ash also involves Al and some Fe, making the structural role of Ti yet more complex. However,
as the TiOz content is relatively low in fly ash (usually <2 wt.%), Ti** is expected to act as a 4-
coordinated network former, particularly given the heterogeneous distribution of Ti and the
trend of alkali and alkali earth metal cations, and some of the Fe, acting as charge compensators

for Al and Fe tetrahedra.

3.4 The development of a reactivity index

For the commercial scale application of fly ash geopolymer technology, the industry desires a
set of standard methods to assess the suitability of locally available fly ashes. As discussed
above, the critical parameters which have been identified in this study include the SSA and
IPV of the particles, and the chemical properties of the glass. The relative weightings of these
parameters in terms of their influence on the final strength of geopolymers are different, and
require analysis by more systematic approaches. The eventual goal is to develop a single and
comprehensive index to evaluate the suitability of fly ashes for manufacturing high strength

geopolymer. From this concept, a general format for such an index can be sketched as:

1=ASSA)-AIPV)-AYa: Xi) (Eq.2)

in which f{SSA) and f(IPV) are the functions of specific surface area and inter-particle volume,
respectively; and (> a;Xi) refers to the effect of glass chemistry, where a; is the coefficient of
each elemental parameter X; in the glass fraction. These parameters include the concentrations
of glass network formers (Si, Al, Fe, Ti) and network modifiers (Na, K, Ca, Mg, Fe), as well

as parameters such as sulfate content and loss on ignition which are not considered explicitly
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in this study but may become significant for some ash sources. The relationships between each
factor and the strength of the resulting geopolymer can be assessed separately to determine the
a; values, although this would require substantial and systematic research on each factor with

the full control of the other factors, and this is not feasible in a laboratory or plant trial setting.

Although the detailed format of this equation is not able to be given at the current point in time,
a preliminary equation is proposed to simply link all of the factors examined in this study, for
ashes which are relatively low in calcium and thus rely on glasses rather than crystalline

calcium-containing phases to provide their reactivity:

I= SSA % Total charge of network modifers (cym)
Y Molar number of network fomers (nyr)

(Eq.3)

This simplification is based on the following considerations and assumptions: (1) a roughly
linear relationship between the SSA and compressive strength of geopolymers is found by
correlating the data of Kumar and Kumar [25]; (2) compressive strength is assumed to be
inversely related to the IPV; and (3) the dissolution of glassy phases is assumed to be
incomplete (this is in agreement with the real situation, Fig. 5) with an extent proportional to
the molar concentrations of network modifiers due to their depolymerisation influence, which

is further assumed to depend on the total charges of each modifier.

To calculate the value of this index, it is necessary to determine the concentrations of 5-
coodinated Fe ions, i.e. P/Fe?* and P!Fe*, which depend on a number of parameters of the glass,
such as the Si/Al ratio and the concentrations of M and Me [54, 57]. The concentrations of
these elements in glasses can be quantified using neutron diffraction and Empirical Potential
Structure Refinement (EPSR) modelling methods [58], although this has not yet been

undertaken for fly ashes. In this study, the fractions of P/Fe** and >'Fe?* are approximated by
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using the linear relationships between Fe*, total Fe, and the total charges on Ca**, Mg**, Na*

and K* obtained by fitting the results of Weigel et al. [58], with results as shown in Table 6.

Using the combination of the determined SSAs (Table 1), the calculated IPVs (Fig. 4) and the
total concentrations of network modifiers and formers in glassy phases, the index for the five
fly ashes can be calculated, and the results are given in Table 6. The index of fly ash A is the
highest, 1.29, followed by fly ash B, 0.70. A general trend that the index decreases from fly
ash A to E matches the ranking order of the strength of the derived geopolymers. However, the
index of fly ash E is 0.05, which is markedly lower than the others, whereas the strength of the
geopolymer is only slightly lower than for ash D. It seems likely that the relative contributions
of SSA, IPV and network modifiers are not simply linearly related, and this requires more study
to further refine the parameters of the proposed index equation. In particular, the relative
influences of different cations on the dissolution and geopolymerisation of the glassy part of
the ash is expected to differ from simple charge proportionality. This aspect is being

investigated and will be reported in the future.

3.5 Application of the reactivity index

Applying the developed reactivity index to evaluate the fly ashes in selected literature studies
of geopolymer manufacture [8, 20, 42] can show the powerful capability of this approach. In
Table 7 eight fly ashes were re-examined in terms of their SSA, IPV and glass chemistry. The
Gladstone, Eraring and Tarong fly ashes were sourced from the same power stations as the
three used in this study but all had different chemical and physical properties due to having
been sampled at different times. According to the compositions of the glassy phases and the
particle geometric parameters it is possible to calculate the reactivity index 7 of each of the fly

ashes. The order of / values matches perfectly with the ranking of compressive strengths of the
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derived geopolymers in each of the manufacturing conditions. From reference [18], it is known
that the compressive strengths of geopolymers changed significantly as the Si/Al ratio was
manipulated using dissolved silica fume and sodium aluminate solutions. However, at a given
ratio, the order of the compressive strengths always follows the order of the reactivity index.
However, it must be noted that the sets of compressive strength data obtained from different
studies cannot be compared directly although the reactivity index of each of the eight fly ashes
is basically dependent on its nature. This is because that the activator and curing conditions
varied in each study examined. To develop an approach to predict the strength development,
the match of activator based on the feedstock characteristics and the optimisation of curing
must be considered to achieve a high reaction extent (complete reaction of glassy phases seems
unachievable at this stage). The index concept proposed in this study can only approach the
problem from the feedstock perspective, and must be coupled with developments in other areas

to provide a holistic prediction of geopolymer characteristics.

The result shown in Table 7 suggests that in geopolymer manufacture we can firstly screen the
source of fly ashes by reactivity index and then design the composition accordingly. The index
concept developed and presented here appears to have significant scope for predictive power
in characterising the reactivity of different fly ashes in geopolymer synthesis, in terms of easily-
measured parameters: particle size distribution and bulk glass chemistry. Although it is clear
that further refinement of the index formulation is needed, and validation using a broader range
of ash sources and activator compositions will be desirable in this regard, these results present
important steps towards the ability to screen and control the performance of fly ashes for

industrial-scale geopolymer synthesis.

4. Conclusions
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The development of commercial scale fly ash-based geopolymer cement is still at a very early
stage. To enable this new binder material to be fully adopted by industryi, it is essential to more
fully understand the heterogeneous nature of fly ash, and thus the influences of various physical,
chemical and crystallographic factors on geopolymer formation and its properties. Five typical
Australian fly ashes were the primary materials selected for development of a reactivity index
in this study. In particular, their specific surface areas, inter-particle volumes and glassy
components were shown to have significant impacts on the strength of the hardened
geopolymers prepared by combining each ash with a sodium metasilicate activating solution.
Based on these results and the data available in the literature, it was found that the
concentrations of alkali and alkali earth metals, and Fe in reactive coordination environments,
determine the reactivity of fly ash to a significant extent. In order to effectively evaluate the
suitability of fly ashes for the manufacture of geopolymer binders, this study proposes a
concept for combining these parameters into a single index. A preliminary form of this index
has been developed, and is effective in ranking the strengths of the geopolymers derived from
the five ashes studied, as well as the strengths of a further set of eight geopolymer mixes
obtained from previously published literature. However, to further refine the index equation,
more efforts are necessary to specify the relative contribution of each parameter. It is
reasonable to believe that such a comprehensive index can prove to be a powerful tool in

evaluating and grading the suitability of fly ashes for geopolymer formulation.
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Table 1. Compositions of geopolymer mixes and the calculated concentrations of Si and Na* of the
activating solution based on the mass and ratio of 12 M NaOH solution, liquid sodium silicate and
additional water. The 28-day compressive strengths are reported as the mean and standard deviation
of 4 to 5 replicate tests.

Mix Flyash/ Activator/ H,O/ Liquid/ash/g/ [Sil/ [Na*]/ Compressive strength
g g g g mol/L mol/L (28 d)
A 1000 390 0 0.39 4.3 8.8 52.8+1.6
B 1000 390 160 0.55 3.1 6.6 43.7+0.7
C 1000 390 0 0.39 4.3 8.8 35115
D 1000 390 100 0.49 34 7.0 16.5+£1.0
E 1000 390 230 0.62 2.7 5.5 128 +£1.2
AL 1000 280 70 0.35 34 7.0 325+1.8
BL 1000 360 90 0.45 34 7.0 248+1.5
EL 1000 480 120 0.60 34 7.0 145+20

Table 2. Physical characteristics of fly ashes.

Fly Dso, Geometric SSA Accessible SSA Carbonaceous, Particle Packing
ash pm by PSA, m?%g by BET, m%/g mass% density, density,
g/cm? g/cm’
A 7.63 0.88 1.94 0.61 2.33 1.44
B 18.00 1.21 2.53 0.47 1.96 1.16
C 31.86 0.45 1.16 0.86 2.09 1.38
D 21.16 0.50 1.07 0.90 2.02 1.28
E 28.24 0.36 0.80 0.71 1.79 0.94

Table 3. Chemical compositions (wt.%) of fly ash as measured by XRF. LOI is loss on ignition at
1000°C:; this is recorded for some ashes as being lower than the carbonaceous content measured by
TGA due to the mass gain associated with oxidation of Fe** compounds between 850-1000°C.

Ash SiO, ALO; CaO MgO KO NaxO FeO3 P,Os SO; TiO, LOI
A 475 273 425 148 054 074 143 091 029 147 053
B 533 325 690 090 059 027 310 010 030 1.60 0.50
C 544 321 106 075 022 014 749 0.09 0.04 214 0.5
D
E

673 225 1.00 053 211 050 374 0.09 0.07 090 0.90
712 247 0.08 0.12 053 001 1.16 0.04 0.02 142 043

27


http://dx.doi.org/10.1016/j.cemconres.2016.04.007

Postprint of a paper published in Cement and Concrete Research, 85(2016):163-173. Version of
record is available at http://dx.doi.org/10.1016/j.cemconres.2016.04.007

Table 4. The mineral compositions (mass %) of fly ashes as determined by Rietveld quantitative XRD
method with 20 wt.% corundum as internal reference material.

Components (ICSD no.) A B C D E
Glassy phase 742 81.7 758 784 628
Crystalline phases
Mullite: Als75511250963 (66448) 18.7 157 24.1
Mullite: A11,83Si1‘0804,85 (43289) 13.6 15.3
Quartz: SiO; (89280) 31 26 65 50 131
Magnetite: Fe3O4 (43001) 25 13 24 09
Hematite: Fe,03 (15840) 1.5 08
Wre, % 30 60 39 33 50

Table 5. Chemical compositions in the glassy phases of fly ashes as calculated from the bulk
compositions and mineral compositions. ‘Others’ includes P>,Os, SOs3, trace components and LOI,
mass%.

Flyash SiO, ALOs; CaO MgO K;O NaO FeO;3 TiO; Others
540 175 5.7 20 07 0.9 13.8 2.0 34
56.5 287 84 1.1 0.7 04 1.2 2.0 1.0
55.0 305 15 1.1 0.3 0.1 6.6 2.8 22
748 134 13 06 27 0.6 34 1.1 1.9
833 10.0 0.2 02 08 0.0 1.9 22 1.4

mo Qw >

Table 6. Concentrations of network modifiers P'Fe?* and P'Fe** (molar mass) in glassy phases of the

five fly ashes and the calculated index. Units have been normalised.

Fly ash BlFe?* BlFe¥  cyy  npyr I Compressive strength
28-day (MPa)

A 0.022 0.047 0.492 0977 1.29 52.8+1.6

B 0.006 0.002 0.294 1.196 0.70 43.7+£0.7

C 0.010 0.004 0.266 1.129 0.31 35115

D 0.006 0.009 0.177 1.182 0.18 16.5+£1.0

E 0.002 0.000 0.063 1.005 0.05 128+1.2
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Fig. 1. SEM images of fly ash particles: a - e represent fly ashes A — E respectively.
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Fig. 2. Particle size distributions of fly ashes as determined by laser PSA.

Fly ash particle Surface layer Inter-particle volume

Fig. 3. A sketch of fly ash particles mixed with liquid activating solution showing the surface
layer and interparticle volumes.
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Fig. 4. The relationship between fly ash specific surface area (SSA), interparticle volume ratio (IPV)
and compressive strengths of geopolymers obtained from each of the ashes studied. Lines are drawn as
a guide to the eye only. Where error bars are not shown on strength measurements, the standard
deviations are smaller than the symbols on the plot.
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Fig. 5. SEM images of the cross sections of fractured geopolymers, showing the residual particles and

the protruding crystalline phases after partial reaction: (a) to (e) geopolymers A to E respectively.

(d) Atom number percentages by

EDS analysis, %. The remaining
includes C and O atoms while Au
has been excluded in calculation.

32


http://dx.doi.org/10.1016/j.cemconres.2016.04.007

Postprint of a paper published in Cement and Concrete Research, 85(2016):163-173. Version of
record is available at http://dx.doi.org/10.1016/j.cemconres.2016.04.007

Al Si K Ca | Fe | Ti
1138 | 11.7 | - - - -
2|77 12.9 | - 1.7 | 13
3113|142 | - 23 | 14
41149 | 136 | - - -

5193 16.4 | 0.6 0.3

6 | 9.6 17.3 | 0.7 0.2

7 110.0 | 30.1 | 0.2 - -

8 | 6.3 17.3 | - - 0.1
91386 |20.7] - - 0.2

Fig. 6. SEM-EDS analysis of NaOH-dissolved fly ash particles: (a) fly ash A; (b) fly ash B;
(c) fly ash E and (d) compositions of the detected points in (a)-(c).
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Table 7. Re-examination of the fly ashes used in geopolymer synthesis and the relationship between reactivity index / and 28-day compressive strength (fc)

Fly ash source Particle SSA  IPV  Glassy BlFe** BlFe*  ¢cyy  npyp 1 28-day f. Notes
AeSIY (g PRASE (1l (mol)  (mol)  (mol) (MPa)
(g/lem?)
(%)

Collie (West 2.40 0.66 0470 5242 0.015 0.062 0.356 0.687 0.79 53+10 Ref. [18]
Australian) f. was determined on the system with Si:Al = 2.5 and
Eraring (New 2.02 046 0434 607 0006 0.007 0.185 0920 021 3348 iﬁﬁb?elﬁif{ gg;bglﬁéi;a;saﬂ ;ﬁ?ﬁiiﬁﬁf
South Wales) Samples were cured at 70°Cx24 h following by

ambient temperature. Varying Si:Al and H:Si ratios in
Tarong 2.00 0.50 0431 49.77 0.001 0.005 0.041 0.796 0.06 26 £4 certain ranges show the same strength trend for the
(Queensland) three fly ashes.
Gladstone 2.20 1.00 0471 76.87 0.013 0.032 0.378 1.152 0.70 19+2 Ref. [20]
(Queensland) Density, SSA and IPV are calculated based on the
Amek (New 200 050 0416 67.50 0005 0012 0325 1007 039 75405  compositionand particle size information provided by
South Wales) the authors of [54]. The composition of geopolymers

ou ales were designed to be constant at

Na,O- Al,03-3.8S10,- 13.6H,0 by considering glass
Tarong 1.60 038 0391 6736 0002 0010 0053 L3 005  45&1 oottt dditonal A{(OH)& ) n;gplges Y
(Queensland) were cured at 45°Cx24 h, followed by sealed storage.
FA1 (South 2.00 0.80 0.484 7140 0.007 0.023 0.229 1.10 0.34 8.7+22 Ref. [53]
Korea) Density, SSA and IPV are estimated based on the
FA2 (South 225 110 0508 8080 0016 0 0676 106 123 41612 ;z’glvi‘zf)‘ruv‘;zsag‘liv}hgfg‘g‘;f dshzszgljttrégﬁ;‘;i’t The
Korea)

solution/solid ratio of 0.6. Samples were at 60°C and
RH =99%.
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