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Abstract

Variations between fly ashes can lead to significant diffeseircéhe geopolymers derived
from them, in both microstructural and mechanical properties. This studyesstessgffect of
physical, crystallographic and chemical characteristics of fly ash on lgetgrisation
performance and the strength of the resglbinders. Physical and glass chemistry factors are
combined to develop a comprehensive index to evaluate the suitability of fly fashbe
production of higkstrength geopolymers. An equation for this index is proposed, developed
usingfive typical low-calcium fly ashes and then validated against a further eight literature
datasets, showing a good relationship between the ranking order of thiatealindex and

the compressive strengths of geopolymer pastes produced with compatiablersand paste
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workability. This index can be used to screen the source materials, whicigisifaéant value

in moving alkali activated cements towards acceptance in practice.

Keywords: Alkali activated cement; Fly ash;-Ray Diffraction; CompressesStrength

1. Introduction

With demand driven by environmental protection and waste utilisation, -alitalated
aluminosilicate materials, also known as geopolymers, have been devedplty in the last

two decades and are increasingly regarded @®iping green alternatives to Portlaipased
cements [1]. Accordingly, geopolymers based on alkativation of fly ash have been
extensively studied. Fly adbased geopolymer technology is considered particularly attractive
for commercialisationn areasf the world where this precursor is available in large volumes
including Australia, China and the United States. Its lower activatppinement, compared to
metakaolin, which is another type of widely used raw material, means thashlyased

geopolyner can be produced at a low cost.

Some demonstration projects have been constructed using geopolymetesontade from
alkali activated fly ash blended with certain proportions of slag [2]. Howémeyescale
manufacture of fly ashased geopolymeritprogresses slowly and faces some technical and
regulatory obstacles [3]. Among these, the inconsistent properties ol f{petsveen sources,
and from time to time from a single source) may be the most critical technieahisglering
largescale dployment. Variations in the chemical compositions of coal sources, and the
details of the combustion processes applied in different facilities worldwedmilt in
significant differences in terms of the chemical and physical characteattlos resuling fly

ashes. These variations lead to varying properties and performance levelgeoghb/mers


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

produced, as has been demonstrated using fly ashes obtained from differestwotldweide

[4-6]. This hinders the acceptance of geopolymer concrete doycithl engineering and
construction industries, as the relationship between mix design parametersfamdgrere is

not as readily predictable as is the case for Portland cdmasat systems, which necessitates
extensive laboratory testing prior to the use of any particular geopolymedasign, and
means that ongoing quality control throughout a production run is essential. To solve this
problem, it is necessary to construct effective assessment methodsetmimnket the
performance of fly ashes in gempmer mixes and predict their likely strength development

based on readilgssessed material parameters.

In previous studies [#], it has been found that key factors affecting the compressive strength
development of fly ashased geopolymers includerpele size distribution, the content of
glassy phases and the content of glass network modifying species (al&allyand alkali
earth metals). The avoidance of excessive unburnt carbon content is alsamtngpibut the
regulatory loss on ignition limits which are imposed on fly ashes sold for blendimgemtent

and concrete are likely to be sufficient to ensure that this parameter is nenpetblin their

use in geopolymerisation. It may thus be expected that a fly ash wilhpsmile size high

glass content and high network modifier content would yield high compressivgtktcs the
derived geopolymer. However, a model built from a single parameter is rigiesufto
correlate with the mechanical performance of the resulting geopo[gn. For example, the
Class C fly ash ‘BY’ used by Diaz et al. [5] showed the fastest setting (fh)5immalkal-
activation among five ashes tested by those authors because of its high cond€h{22.@5%)

and the finest particles, but resultedhe formation of a geopolymer with the second highest
compressive strength; in comparison, the fly ash ‘ML’, which had the sdtghest amount

of CaO and the secoftdghest amount of glassy phases, exhibited the highest geopolymer

strength
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More fundamental understanding is expected to come from detailed analysisaritdre and
chemistry of the glassy phases in fly ashes, but this is complicatee bgterogeneity of the
glasses, within and between particles even in ash from a single sourcen@yusntitative
X-ray diffractometry(XRD), electron microscopy and selective dissolution techniques, it is
possible to determine the quantity and composition of the glassy phases ishg/ 8L 4]. The
network modifier content and Si/Al ratio in the glassy fraction are considetesttvo critical
factors that play important roles in determining the dissolution of fly ash ifil5
geopolymerisation, and these parameters have also been linked into a singioddisarugh
the introduction of ‘optical basicity’ as a proposed (but not yet widely used) medslyrash
chemistry [16]. Fe is another important element present in many fly ashesbaingst more
complexity for the understanding of geopolymerisation, as its role in thedjEsolution 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 cheinical
also physical properties of fly ash, to be able to effectively evaluatgitide’ of a fly ash in
tems of its suitability for geopolymer manufacture, where predictable and stemisi
performance is critical in the absence of any performandiering effect from a manufactured
Portland cement clinker component as is the case for blended ceimetits study, we
demonstrate one such indexing concept, enabling effective evaluation of thdigudaby
ashes for the manufacturing of high strength geopolymers. Physical, aheamd
crystallographic properties of five typical lesalcium Australian flyashes 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 andiergtof
glass chemistry which is available in the literaijua comprehensive index to correlate the

characteristics of fly ash with the strength of geopolymer productspsged for the first time,
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and validated against a broader set of literature data fecddsium fly ashes reacting to form

geopolymers.

2. Experimental programme

2.1 Materials

Five Australian fly ashes, obtained from Gladstone, Millmerran, Callideingrand Tarong
power stations, were used in this study, and are denoted as A, B, C, D and E for Bhgvity
ashes from these power stations, except for Millmerran, have been studied pyreniauwsk
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 eaiahsodium
silicate solition (NaO=14.7% (mass), S#329.4%, DGrade™, PQ Australia) with 12 M
NaOH solution to reacthedesired modulus (molar ratio Si®a0) of 1.0 and concentration

of 36.7 wt.% of (NaO + SiQ). This activator was allowed to equilibrate to rommperature

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

2.2 Fly ash characterisation

The key parameters of the fly ashes inclpdeticle size distribution, specific surface area
(SSA), particle density, particle packing densitylkb composition and mineralogical
composition. Rrticle size distributions of the five samples were determined using a laser
diffraction particle size analyser (PSA, Malvern Mastersizer 20(8A.\8as determined from

the PSA results assuming spherical ipbe$ (geometric surface area), and was also measured
by the BrunaueEmmettTeller (BET) method using nitrogen sorption on a Micromeritics

TriStar Il 3020 instrument (accessible surface area). Particle derestyletermined by the
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Archimedes method, ugiracetone and a volumetric flask. Particle packing density was simply
determined as the ratio of weight to volume of each ash in a graduated containendgollow
min of shaking by hand. Three replicate tests were conducted for ga@$hfto obtain an
average particle packing density. The mass loss which takes place upon haatdejevmined

by thermogravimetric analysis (TGA) using a TA Q500 instrument undereatrdir, heating

at 10°C/min from room temperature to 800°C. The content of carbonacetiakepgwhich

will include organics as well as carbonates) was defined as the mass lgseathan 450°C,
where the contribution to loss on ignition below this temperature is attributed to siaperfi

hydration.

Bulk fly ash composition was determined using ARL-9800 X+ay fluorescence (XRF)
instrument(Thermo Scientifiy, including loss on ignition analysis at 1000°C in air. The
mineralogical componentsncluding crystalline and glassy phases, in each fly vaste
identified by Xray diffraction (XRD) and quantified by Rietvetdfinement The XRD data
were collectedusing anARL 9900 Series Xay workstation Thermo Scientifig 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° 26. Each fy ash sample, without any classification or grinding, was mixed with 20%
corundum (0—Al203>99.99%, Aladdin), as aninternal standard. The error oiglguantitative
XRD technique is assessed by comparing the quantities of each phases determhiresd at
levels of internal standards (20%, 15% and 10%). The morphologies of fly ash samaples a
dried geopolymer samples, coated with gold, were analysegl ai3ifOL JCM6000 scanning
electron microscope (SEM) &igh vacuum, with 15 kV accelerating voltage. To better
understand the composition distribution (particularly for Fe and Ti) of glad<iystalline
phases, selected fly ash samples were also etatied 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 DaB®e(1). At this ratio the
mixtures based on ashes A and C exhibited favourable workability; however, becthese o
varying particle properties of the ashes, pastes B, D and E required smallsaof@dtitional

water during mixing to achieve similar workability, as measured by wsimgnislump test.

The addition of water has changed the concentrations of the dissolved activator component
but not the modulus of the activator or the dose of alkalis with respect to the masastf fly
(Table 1). The activator concentration is a parameter that can affect guwygeerisation rate

at early age, but will not necessarily change the total reaction extent, eateddby the
equivalence of the total heat released by systems with the sa@edigent at differing water
contents in calorimetric testing [21]. To supplement these tests and enabplgrisoms 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 mixédweiter to match the
diluted activator (actitar plus water) used for ash D, at liquid/solid ratios yielding comparable
workability for each ash (samples M. and &, Table 1). There are thus two sets of samples
available for direct comparison: samples A, B, C, D and E are formulatedstant aivator
(NaO+SiO) dose and modulus but with differing activator concentrations, while samples A

B, D and E 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, sealeé@nd cur
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 22°C, still kept sealed. The hardened specimens were demoulded at 28 days and

tested for compressive strength usaMTS universal mechanical testing machine laaling-
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head movement rate of 0.5 mm/min. To obtain parallel twefacek the top surface of each

cylindrical specimen was sanded flat and the bottom face was capped with subptaur m

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 muchbatgeegular particles.
Spherical shape is beneficial in tmeanufacture of geopolymers as it results in good
workability at low liquid/solid ratios [22], and this is consistent with the fact thand\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 maguarrparticles,

which may require a thicker liquid layer on the surface to overcome friction ane gatitie

sliding. In fly ashes A and B there are many very fine (<5 um) spherical padictumulated

on the surfaces of the relatively large particles. These very fine particles ¢abuterhigh

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

Fig. 2 plots the particle size distributions of the five fly ashestasrdmed by laser diffraction.
The ashes all have more than 75% (by volume) of particles smaller than 45 pndaedstienit

for fly ash used in cemeas perAustralian standardAS3582.1 [23] The median patrticle size
(Dso) of each of the fly ashes isvgin in Table 2. Fly ash A has the smallest particle size, with
a Dsoof 7.6 um. Fly ashes B and D are in the middle wihvalues of about 20 um, while fly
ashes C and E are the largest, at about 30 um. The geometric SSA of fly ashateddiarh

the particle size distribution data using the assumption that the particles eneakq.1),

and the results are listed Trable 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 AJevtly ash E has

8
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the lowest surface area. The geometric SSA values can also be comparedaodhent
accessile surface area, directly measured by the BET method. As expected, the geSBwtri
values are lower than the BET SSA because of the ability of nitrogen somppoybe internal
as well as external surface area, in addition to the underestimationninteetaser particle

analysis where irregular particles are assumed to be perfectly spherical.

Geometric SSA =—6/Pl321 (Eq.1)

Particle density

Besides the influencef particle shape, carbonaceous particles also affect the SSAs and liquid
requirements of the ashes. Unburnt coal particles have much higher SSA, bstvedign 20-
60m?/g [24], due to their internal porosity which is accessible to nitrogen in the Bffioch

For the purposes of this study, it is proposed that the geometric SSA caltylqtarticle size
distribution is a more representative value to use in the evaluation of the effgwtgarticle

size of fly ash on geopolymer properties, as it excludes the possible effembohaceous

particles.

In the geopolymer mixing process, the activator solution wets the flpasikles, forming a
layer of liquid on the surface, as illustrated in Fig. 3. The volume of this surfeergd@noted
SLV) is drectly related to the geometric SSA, if it is assumed that the thicknessasnuihir
all particles. The geometric SSA is thus an important property govemeragtivating liquid
requirement of fly ash, and is also an important physical propertytinaffebe dissolution of
fly ash in geopolymerisation, thus influencing the compressive strength ofethesdl
geopolymers [25]. Although it is likely that some of the very fine particles wiierd
significantly in reactivity from the bulk fly ash glassée.g. alkali sulfate particles), the
description used here is a first-order approximation assuming broadlyrsigaitivity across

all particles regardless of size. This is likely to be more realisticoimesashes than others,
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and should be revisiteth 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 expechede the fastest
dissolution and geopolymerisation. However, geopolymer A demonstrated the highest
strengths under the two activating conditions (Table 1), suggesting thatamtioes must play

key roles in determining the compressive strength. On this basis, we introdudditeonal
geometric parameter, the émparticle volume (denoted IPV), as a physical characteristic of
fly ash to be incorporated into the ash activity index calculation. As indigatéid.i 3, when
polydisperse particles are randomly packed, small particles fill in théyesppces between
large particles to increase the packing density [26]. However, there areapslibgtween
particles, forming the IPV. When a liquid activator is mixed with a dryallf powder, the

SLV contributes to wetting the fly ash particles, while at the same @dditional liquid is
required to fill the IPV, lubricating the system to provide necessary wditikdbithe paste by
enabling it to become a coherent fluid rather than a partialtgsive granular system. This
concept is somewhat similar to those apis of filling water and layer water in cement
systems [27]. The smaller the IPV, the less liquid is required to achievé&iihis this point

of view, the total liquid requirement for a geopolymer system is the sum of thar&LIPV.

More importantly, after geopolymerisation and hardening, some of the excesk Viijui
eventually evaporate once the sample is exposed to a relative humidity tidess00%
(including if selftdesiccation takes place), leaving a certain volume of space which becomes
poresthe 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 tludepastume
(mass/parti@d density) and the SLV from the total volume (mass/packing density),

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

10
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needs specific layer thicknesses for each fly agich means the shape factor of each fly ash
particles can affect the real thickness in mixi@gen the relatively spherical shape of fly ash
particles (shape factor close to 1), the thickness of the liquid layer is assub®uniform at
24.9 nm [27] andt is thus posdile to estimate the valaef SLV, and consequently the IPV
Fig. 4 shows the IPVs and geomet8LtVs of fly ashesand the corresponding compressive
strengths of the derived geopolymers. The evident correlations betweendhg &8ength
and other two physical characteristicggest that strength is generally proportional to SSA,
but decreases with increasing IPV, consistent with the suggestion thatrémeeper is linked

to the porosity of the hardened paste.

It is also interesting to note that the trend in strength foAthd3,, D and kE samples (with
constant activator composition) follows relatively closely the trend in the,A) Bnd E
samples (with constant activator dose). Sampleh& a significantly lower strength than
sample B despite its lower liquid/ash ratimahigher activator dose, which may be related to
moulding/casting defects associated with the less favourable flow pespafrthis mix, while

the higher activator dose in Eompared to E was sufficient to yield a higher strength despite

the higher overall liquid content of LEThe main purpose of this comparison was to
demonstrate that the trends in strength between ash sources are maintairtdessegf the

mix design basis of the geopolymer formulations, and thus that the ash activiy inde
calculdions 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 Wy, ARof 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 acctvdihy1971 [30].
However, bulk composition is less effectiveaadirect link with the reactivity of fly ash, as
highlighted in previous studies [13, 14, 17]. The crystalline phases, usually mullite, ajudrt
magnetite, in fly ash particles remain relatively inert throughout the dadess of alkaline
dissolutionand geopolymerisation; only the glassy phases are dissolved and participate in the
reaction process during this time. From this point of view, the use of mtlzs based on bulk
chemical compositions, which is used in much of the academic literatugedpolymer mix
design, is actually giving very limited information in the case of fly gesbtpolymerisation.

The direct use of glassy phase compositions, rather than the ovératbmposition, to
formulate geopolymer binders is considered to give more appropriate descrgitibesgel

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 byldRrefugement of

XRD data.These calculated glassy contemizgy be considered as an upper bound because they
are based on a simple mass balance, assuming that all of the remaining conmgpmegntor

the crystalline phases detected by XRD are glassy. In reality, there masnbether minor
crystalline phases, such as calcium silicates, anhydrite, gypsum andatasbavhich are
present at concentrations or particle sizes below the detection limit of thectdiji@ms
obtained here, and these are considered negligible in the calculations. It is edsthatthe
ferrite spinel phases are quantified here as being pure iron oxides, whereitsabsti other
cations (particularly M§) into these phases is known to take place in both European and
Australian fly ashe$31, 33, 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 souftdaatins
70-80 wt.% amorphous phases [33], and that fly ashes from the same sources as C and E

contained 76 and 68 wt.% glassspectively [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 consistemttvase reported

values.

The quatification of crystalline and glassy phases in each of the fly ashes shatfly ash
E has the lowest amount of glassy phases. If it is assumed that gt@s®gs are the reactive
components in geopolymerisation, fly ash E will be expected to gerebateler with lower
gel volume and thus potentially a lower strength. However, the amounts of glassy phihe
other four fly ashes are not significantly different compared to the \ariagtween their
strengths. In fact, fly ash will only achieve a certain reaction extentglgeopolymerisation,
e.g. in the range 15 to 35% after 48 h curing aC6and 7 days ageg at 25C [35, 36],
although this may be increased to up to 60% by extending high temperatogetoufidays at
85°C [37]. The reaction extents of fly ashes in this study are also low, argedriction of
particles remained with only partial dissolution of the glassy parts (Fight implies that the
guantity of glassy phases is likely to be a secondary factor which infeidnteoes not
directly control geopolymerisation and consequent strength development, as tbagkss
fraction of the ash is sufficient to enable the reaction to actually take placsatsfactory

extent.

3.3 Chemical characteristics of glassy phases

The overall glass phase compositions in each of the fly ashes studiée cafculated by
subtracting the crystalline phases from the bulk compositions, and are sihdvable 5.
However, it must be noted that the glassy phases in fly ash are also éme¢enagy usually with
different localised compositions, depending on the original minerals presentguolvieesed
coal, and also on the phase segregation and {gugl immiscibility which is observed

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

13
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SEM-EDS analysis of selected fly ash particles after NaOH dissolutioanlbe seen that Si

and Al are the dominant elements in each of the glasses, along with Fe inAly ash

In aluminosilicate glasses, Bi almost exclusively present as a network former in-fola
coordination, i.el*lSi**. The role of Al is complex because of its varying coordination states,
i.e. BIAIS* MIAI3H BIAI3* andBIAIS*, Guillot and Sator [39%tudied natural silicate melts with
35-75 wt.% SiQ and 515 wt.% AbOs (the rest includes CaO, FeO and Tihe composition

is close to that of fly ash), and showed that Al mainly acts as a network foritte?,1w75%

of Al but also as a modifier with £22% offSIAl. In the glassy phases of fly ash, the relative
concentrations of network forming and modifying Al will change accgydo the local
composition, spinodal decomposition processes during cooling, the diffusion of aikali
alkali earth netals, and the thermal history. For example, in the CaO(Md&l)z-SiO, glasses,
the network formind*Al decreases from 100% to 60% as the MO/(MQ:€3) molar ratio
decreases from 0.5 to 0 [40]. This is because there are not sufficient chargenigagtions

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 aluminosittzdses,
the concentration of!Al slightly increases from 5% to 10% as the hepttamperature
increases from 800 to 1000°C (also varying with Ca content) because of thal thetrwation

of Al into BIAI [41]. Fly ash glasses usually form at higher temperatures {1400°C),
which means there is possibility of a certain amouh®Al existing. Solidstate magi@angle
spinning nuclear magnetic resonance (MAS NMR) analysis showed thahfg aontain a
small amount off!Al and a trace amount 8tAl (could be <5% according to the spectra shape),
in addition to the majoritilAl [42]. ThelSIAl represents the octahedral Al in crystalline phases,
such as mullite, or in glasses with local structures resembling thesesphasile BIA|
represents the network modifying Al in the glass. However, as indicated in¢hssio aboe,

the relative content df Al is usually much lower thaflAl, and in this study, the Al is broadly
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assumed to be a network former to simplify its incorporation into index cabmdatin

agreement with the NMR analysis of a typical Class F fly 43h [

Nevertheless, the presence of more Al in the glassy phases usually medrer adaictivity

of the fly ash because of the weaker bonding eDAlompared to SD [44]. The availability

of Al is critical to the properties of geopolymers [45, 46]:abh with large amounts of reactive
Al (low Si/Al ratio) can generate a high amount of geopolymer magtioducts, although its
dissolution rate may be low [47]. Brindle & McCarthy [10] found that for a large i
European coal ashes, high Al contantl high alkali content in the glassy phase were closely

correlated, but this does not appear to be the case for the Australian ashemieddsere.

Fly ashes B and C have high Al contents, which could be one of the reasons for the relatively
higherstrengths of the geopolymers derived from these ashes. Si and Allaetfe@smework
formers of geopolymer gels, and the ratio between the availabilities oftih@pe®nents, from

both the solid precursor and the activator, influences the mechanical properéepalmers

[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 moduloatinmglihat

Si/Al ratio of geopolymeric gels could be a seanydfactor that governing the mechanical
properties of a geopolymer. Other factors, including activator and solid poe@lremistry,

and dissolution rate effects and the porosity of hardened gels, must also be taken int

consideration.

Among the five i asheghe concentrations of alkali metals (mainly Na and K in fly ash,
denoted M) and alkali earth metals (mainly Ca and Mg, denoted Me) gmijicaintly. In
aluminosilicate glasses, these elements can act as network modifiensigferorbridging
oxygen sites [50] thus potentially reducing the degree of polymerisation ottheakilicate

glasses if present at high enough concentrations. Glasses with-bhkmgeed compositions
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of (M20+MeQ)/AlLOs = 1 still show the depolymerisation influence of alkali and alkali earth
metals [51], and a higher concentration of such elements usually means hagheityef the
glassy phase of fly ash, either in Portland cement systean [@]alkaltactivated gstem [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 presenaiteaisi high
concentrations in the glassy phases of the five fly ashes (Table 5). Thatcatmas of Fe

and Ti listed in Table 5 as being present in the glass phases which should be consigered to b
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 isfiyusually 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 consistermther studies

[18, 32].

In a fly ash, he Fe expressed as;Pe in the XRF analysis of the glassy part is actually a mix
of two oxidation states, i.e. divalent Fe {fend trivalent Fe (F&). The local environments

of FE€*and Fé*are complex in silicate glasses, which commonly incltige?*, BIFe?*, [1IFet,
andPIFe**. The real states of Fe and their relative concentrations depend on the theonal hist
of the coal combustion process, and the concentration of Fe and other elements in ebeh parti
In the FeGFe03-SIiO; glass system, ith 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, suahetisenaagl
tridymite, or hematite and tridymite at lower temperatures [52]. This means that if iie ato
tend to segregate into locally Hieh or crystalline phases and are in a&oérdinated
environment, for example when the fly ash is formed at a relatively low tempemtis
cooled less rapidly, Fe has limited capability to substitute for Si in the gitgsrk. However,

as evidenced by the SEEBS analysisj3] and the SEM-EDS analysis in this study (Fig. 6),
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Fe can be distributed in the amorphous aluminosilicate glass throughout thle figréicles.
This is either because of the high combustion temperatures or the flexitirtguced by M
and Me substitution, or both. As a result, fourfold coordinate#t/fF&* and fivefold

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

The distribution of Fe is heterogeneous in fly ash glass, but for the sakmpdiison between
ashes based on bulk properties here, only the overall concentrations are cbnSickref it

is assumed that the glassy part of 8 & homogeneous, the role of Fe in aluminosilicate glass
chemistry is still very complex. The glassy phase of fly ash amtartain amounts of Al, as
well as alkali and alkali earth cations. It is known that in aluminosilicate,dF&s cations are
mainly in the 5coordinated state, acting as network modifiers; Ean be Scoordinated to

act as a network modifier as well, but is also partially in Hteatdinated state and acting as
a network former, analogous to the role ot*4b4]. The relative concentrations of Fe acting
as network modifiers and formers will depends on a range of factors, such as thrati®l/S
the concentrations of alkalis and alkali metals, the availability of excesgmxitging coal
combustion and ash cooling, and othéris reported that in silicate glass melts, as the ratio of
(NaO+K20)/Al0z increases from 1.04 to 1.81, the’*Ffaction (among total P& + Fe™)
increases, and its role as network former increases in gebigraitie low (MeO+MO)/Al>O3

ratio in the ashes studied here is expected to yield a high concentratichiafthe fly ashes
according to the general trend proposed in [55]. Nevertheless, the high concenbfdtens
glass phases of fly ashes A and C are expected to yietph draction of fivefold coordinated
Fe* and Fé*, which decreases the polymerisation degree of glass and thus incleases t

reactivity of fly ash.

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

present ira 4coordinated state at low concentration, but is predominanticooEdinated at
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higher concentration, depending on the glass composition including the nature anaf types
alkali metals present [56]. In addition to alkali and alkali earth metalglélssy phase of fly
ash also involves Al and some Fe, making the structural role of Ti yet mopéecoitdowever,

as the TiQcontent is relatively low in fly ash (usually <2 wt.%)#Tis expected to act as a 4
coordinated network former, particularly given the heterogeneous distnboitiTi and the
trend of alkali and alkali earth metal cations, and some of the Fe, acting@es obr@apensators

for Al and Fe tetrahedra.

3.4 The devel opment of a reactivity index

For the commercial scale application of fly ash geopolymer technologydtistiy desires a
set of standard methods to assess the suitability of locally avdikalashes. As discussed
above, the critical parameters which have been identified in this study includéAhang

IPV of the patrticles, and the chemical properties of the glass. The relaiigietings of these
parameters in terms of their influence on the final strength of geopolyredifferent, and
require analysis by more systematic approaches. The eventual godéigetop a single and
comprehensive index to evaluate the suitability of fly ashes for manufertugh strength

geopolymer. From this concept, a general format for such an index can leedlatc

| = f(SSA)f(IPV)-f(Ta Xi) (Eq.2)

in whichf(SSA) and(IPV) are the functions of specific surface areaiatel-particlevolume,
respectively; and(} aiXi) refers to the effect aflass chemistry, wheigis the coefficient of

each elemental parameteriXthe glass fraction. These parameters include the concentrations
of glass network formers (Si, Al, Fe, Ti) and network modifiers fNaCa, Mg, Fe), as well

as parameters such aulfate 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 rélgasopstween each
factor and the strength of the resulting geopolymer can be assessatebepmadetenine the
a values, although this would require substantial and systematic research oactactvith

the full control of the other factors, and this is not feasible in a laborat@igmtrtrial setting.

Although the detailed format of this equatismpt able to be given at the current point in time,
a preliminary equation is proposed to simply link all of the factors examinedisttidy, for
ashes which are relatively low in calcium and thus rely on glasses rather tstailingy

calciumcontainng phases to provide their reactivity:

_ SSA _ Total charge of network modifers (cnp)

| (Eq.3)

TPy Molar number of network fomers (nyr)

This simplification is based on the following considerations and assumptions: qaytay
linear relationship between the SSA and compressive strength of geomolignieund by
correlating the data of Kumar and Kumar [25]; (2) compressive strength ises$arbe
inversely related to the IPV; and (3) the dissolution of glassy phases is dssurbhe
incomplete (this is in agreement with the real situation, Fig. 5) with an extgrdrpomal to
the molar concentrations of network modifiers due to their depolymerisatiaenc#, 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 concestaits
coodinated Fe ions, i.8IFe* and®!Fe**, whichdepend 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 ancc&@raitential
Structure Refinement @SR) modelling methods [58], although this has not yet been

undertaken for fly ashes. In this study, the fraction8l6é€* andP®!Fe?* are approximated by
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using the linear relationships betweegt*, total Feand the total charges @&*, Mg?*, Na*

and K* obtained by fitting the results of Weigel et al. [58], with results as shownbie ta

Using the combination of the determined SSAs (Table 1), the calculateqHRRjV4) andthe
total concentrations of network modifiers and formers in glassy phaesasd#éx for the five

fly ashes can be calculated, and the results are given in @abhe index of fly ash A is the
highest, 1.29, followed by fly ash B, 0.78.general trend that the index decreases from fly
ash A to E matches the ranking ordethe strength of the derived geopolymers. However, the
index of fly ash E is 0.05, which is markedly lower than the others, whereas théhstriethg
geopolymer is only slightly lower than for ash D. It seems likely that taewe contributions

of SSA, IPV and network modifiers are not simply linearly related, and this reguioee study

to further refine the parameters of the proposed index equation. In particular, thve relat
influences of different cations on the dissolution and geopolymerisaitithe glassy part of
the ash is expected to differ from simple charge proportionality. This aspdmting

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 stldetature studies

of geopolymer manufacture [8, 20, 42] can show the powerful capability of this approach. In
Table 7 eight fly ashes were-ezamined in terms of their SSA, IRAd glass chemistry. The
Gladstone, Eraring and Tarong fly ashes were sourced from the samespatvoms as the
three used in this study but all had different chemical and physical properties liasrtg

been sampled at different times. According to the compositions of the glas®s @@m the
particle geometric parameters it is possible to calculate the reactivityliofleach of the fly

ashes. The order blvalues matches perfectly with the ranking of compressive strengths of the
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derived geopolyers in each of the manufacturing conditions. From reference [18], itwgkno

that the compressive strengths of geopolymers changed significantly 88Aheatio was
manipulated using dissolved silica fume and sodium aluminate solutions. Howeagiyeat

ratio, the order of the compressive strengths always follows the @irtlee reactivity index.
However, it must be noted that the sets of compressive strength data obtammeliffierent

studies cannot be compared directly although the reactivity index of etiehesght fly ashes

is basically dependent on its nature. This is because that the activator agdconditions

varied in each study examined. To develop an approach to predict the strength development
the match of activator based oretfeedstock characteristics and the optimisation of curing
must be considered to achieve a high reaction extent (complete reaction opgkssyseems
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 ameztbe

to provide a holistic prediction of geopolymer characteristics.

The result shown in Table 7 suggests that in geopolymer manufacture we basdiesn the
source of flyashes by reactivity index and then design the composition accordingly. The inde
concept developed and presented here appears to have significant scope foreppenietr
in characterising the reactivity of different fly ashes in geopolynrghsgis, inerms of easily
measured parameters: particle size distribution and bulk glass clyeilgiough it is clear
that further refinement of the index formulation is needed, and validation usinglabraage
of ash sources and activator compositions will be desirable in this regard, tlhdtsepresent
important steps towards the ability to screen and control the performange ashé#s for

industrialscale geopolymer synthesis.

4. Conclusions
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The development of commercial scale fly-dstsed geopolymer cement is still at a very early
stage. To enable this new binder material to be fully adopted by industry, gmtigist®o more

fully understand the heterogeneous nature of fly ash, and thus the influences of varimas phys
chemical and crystallographic factors on geopolymer formation and its pespé&ive typical
Australian fly ashes were the primary materials selected for developmanéactivity index

in this study. In particular,heir specific surface areas, igrticle 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 metasiliceddiragsolution.

Based on these ressiland the data available in the literature, it was found that the
concentrations of alkali and alkali earth metals, and Fe in reactive coardieatrironments,
determine the reactivity of fly ash to a significant extent. In orderfextefely evaluatehe
suitability of fly ashes for the manufacture of geopolymer binders, this fttaposes a
concept for combining these parameters into a single index. A prelinforanyof this index

has been developed, and is effective in ranking the strengthsgddpelymers derived from

the five ashes studied, as well as the strengths of a further set of eightygenpuolixes
obtained from previously published literature. However, to further refine the indexaguati
more efforts are necessary to specify thiatiee 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 geopolymerndiation.
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Table 1. Compositions of geopolymer mixes and the calculated concentaodtRirsndNa’ of the
activating solution based on the mass and ratio of 12 M NaOH solution, liquid ssilaate and
additional water. The 28ay compressive strengta® reported ashe mean and standard deviation
of 4 to 5 reficatetests.

Mix Flyash/ Activator/ H)O/ Liquid/ash/g/ [Si]/ [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 35.1+1.5
D 1000 390 100 0.49 3.4 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 3.4 7.0 325+1.8
BL 1000 360 90 0.45 3.4 7.0 248+ 15
EL 1000 480 120 0.60 3.4 7.0 145+2.0

Table 2. Physical characteristics of fly ashes.

Fly Dso, Geometric SSA  Accessible SSA  Carbonaceous, Particle Packing
ash  pm by PSA, ni/g by BET, m?/g mass% density, density,
glcn? glcn?
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 lagsitoon at
1000°GC this is recorded for some ashes as being lower than the carbonaceous cessentaby
TGA due to the masgain associated with oxidation ofFeompounds between 88@00°C.

Ash SiO, A0z CaO MgO KO NaO FeO: P.Os SO TiO2 LOI

475 273 425 148 054 074 143 091 0.29 147 0.583
533 325 6.90 090 059 027 310 0.10 0.30 1.60 0.50
544 321 106 075 0.22 014 7.49 0.09 0.04 214 0.85
67.3 225 100 053 211 050 374 0.09 0.07 090 0.90
712 247 008 0.12 053 001 116 0.04 0.02 142 0.43

mooOw>»
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Table 4. The mineral compositions (mass %) of fly ashes as determifeetbgid quantitativeRD
method with 20 wt.% corundum agernal reference material.

Components (ICSD no.) A B C D E
Glassy phase 742 81.7 758 78.4 62.8
Crystalline phases
Mullite: Al4.75Si1.2509.63 (66448) 18.7 15.7 24.1
Mullite: Al1.g3Si1.0604.85 (43289) 13.6 15.3
Quartz SiC, (89280) 31 26 65 50 131
Magnetite FesO4 (43001) 25 13 24 09
Hematite FeO3 (15840) 15 0.8
Wke, % 30 60 39 33 50

Table 5. Chemical compositions in the glassy phases of fly ashes as calculatég fioork t
compositions and mineral compositions. ‘Others’ includ€¥,FSQ;, trace components and LOI,

mass%.

Fly ash SiO, Al;0Os

CaO MgO KO

Others

moow>»

540 175 57
565 287 84
550 305 15
748 134 13
83.3 100 0.2

2.0
11
11
0.6
0.2

0.7
0.7
0.3
2.7
0.8

0.9
0.4
0.1
0.6

NaO FeOs; TiO:
138 20
1.2 2.0
6.6 2.8
3.4 11
1.9 2.2

0.0

3.4
1.0
2.2
1.9
14

Table6. Concentrationsf network modifierd’Fe?* and®!/Fe** (molar mas$ in glassy phasesf the

five fly ashesand the calculated indelnits have beenormalised

BIFe™

Fly ash BlFe* cvm Myr | Compressive strengt
28-day (MPa)

A 0.02 0.047 0.492 0977 1.29 52.8+1.6

B 0.006 0.0@® 0.294 1.196 0.70 43.7 £ 0.7

C 0.010 0.004 0.266 1.129 0.31 35.1+£15

D 0.006 0.009 0.177 1.182 0.18 165+1.0

E 0.0®2 0.000 0.063 1.005 0.05 12.8+1.2
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Fig. L SEM images of fly ash particles-&represent fly assA — Erespectively
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Fig. 2. Patrticle size distributions of fly ashes as determined by laser PSA
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Fig. 3. A sketch of fly ash particles mixed with liquid activating solusibbowing the surface
layer and interparticle volumes
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Fig. 4. The relationship betwedly ash specific surface ard8SA) interparticle volumeatio (IPV)

and compressive strengtbf geopolymer®btained from each of the ashes studied. Lines are drawn as
a guide to the eye only. Where error bars are not shown on strength meatsrémeestandard
deviations are smaller than the symbols on the plot.
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— 5 m

Fig. 5. SEM images of the cross sections of fractured geopolymers, showirgsithgal particles and

the protruding crystalline phases after pargagction (a) to (e) geopolymsA to E respectively

(d) Atom number percentages by

EDS analysis, %. The remaining
includes C and O atoms while Au
has been excluded in calculation.
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Al Si K Ca | Fe |Ti

11138117 | - - -

2|77 129 | - 1.7 ] 13
3113|142 | - 23|14
41149 | 136 | - - -

5193 164 | 0.6 | - 0.3

6 | 9.6 173 |1 0.7 | - 0.2
71100 ]301]0.2]- - -

8 |63 17.3 | - - - 0.1
9136 20.7 | - - - 0.2

Fig. 6. SEMEDS analysis oNaOH-dissolved fly ash particles: (a) fly ash A; (b) fly ash B;
(c) fly ash E and (d) compositions of the detected points ifc)a)-
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Table 7. Reexamination of the fly ashes used in geopolymer synthesis and the relatioeistden reactivity indexand28-daycompressive strengf(ft)

Fly ash source  Particle  SSA IPV  Glassy PIFe* BIFe* ¢y nar [ 28-dayf. Notes
densit hase
) n%y (m?/g) P (mol) (mol) (mol) (mol) (MPa)
(g/c) 0
(%)

Collie (West 2.40 0.66 0.470 52.42 0.015 0.062 0.356 0.687 0.79 53+ 10 Ref. [18]

Australian) fc was determined on the system with Si:Al = 2.5 and

Eraring (New 202 046 0434 60.7 0006 0007 0185 0920 021 3348 :\‘;"aﬁ;; el'saSr'tIrgang"’l‘ésss';gﬂ a’;'e“:l"r’]:je;izf/gt‘g r

South Wales) Samples were cured at°T@x24 h following by
ambient temperature. Varying Si:Al and H:Si ratios in

Tarong 200 050 0431 49.77 0001 0.005 0.041 0796 006  26+4 oo rangeps <how the cate atrength 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 0.325 1.007 039 7.5+05 Compositionand particle size information provided by

South Wales) the authors of [54]. The composition of geopolymers
were designed to be constant at

Tarong 160 038 0391 67.36 0.002 0010 0.053 1.113 0.05 4.5+1 yﬁggéA:gf\'lgﬁﬁféﬁ%‘igoﬂ&t’%fgﬂ;"gﬁgl':sssy

(Queensland) were cured at 45°%24 h, followed by sealed storage.

FA1 (South 2.00 0.80 0.484 71.40 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 80.80 0016 O 0676 106 123 41612 _otroonon Sagdlvlﬂ:\lea%a}gf(:euz'ezg gt'sctggls‘tt;’nr; The

Korea)

solution/solid ratio of 0.6. Samples were@fC and
RH = 99%.
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