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Abstract

Geopolymers are a class of cementitious alumiruaddi materials that are
receiving an increasing amount of attention duthéar potential applications in toxic
waste remediation and as construction materialey Bne composed of a network of
crosslinked silicate and aluminate tetrahedra withrge-balancing alkali cations and
are therefore similar in composition to alkali aloosilicate zeolites. They are,
however, x-ray amorphodd. They are formed by the dissolution of a solid
aluminosilicate in a solution of alkali hydroxider alkali silicate to form
aluminosilicate ions which subsequently polymerise.

The effects of adding magnesium to metakaolin gboper systems was
examined. Magnesium was added as soluble magnesalis) and as magnesium
oxide and hydroxide. When added as a soluble saltamorphous magnesium
(alumino)silicate with a lower degree of silicat@ymerisation than a geopolymer is
formed. When added as the oxide or hydroxide, hwtlrite is formed. In both cases,
the product is produced alongside a separate g@opol phase. A magnesium-
containing geopolymer phase was not found in eithévhen heated to 1200°C,
geopolymers with magnesium oxide added bloatedru fightweight foams.

Lithium analogues of conventional metakaolin gdpper systems with a
range of lithium, aluminium, silicon and water cemis were examined. Systems with
molar ratios similar to those of commonly studiedism and potassium metakaolin
geopolymers produce self-pelletised lithium zeslitEhe zeolite formed was Li-EDI,
the lithium analogue of zeolite F. This is the tfireported synthesis directly from
metakaolin. True lithium geopolymers are found todiorm in the systems examined.
The zeolite bodies react to forpreucryptite and3-spodumene at temperatures from
800 — 1350°C.

The use of aluminium hydroxide and amorphoud cailirather than
aluminosilicates as raw materials for the formatadnpotassium geopolymers was
found to produce geopolymers with embedded graihsurmeacted silica and

aluminium hydroxide.
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Chapter 1 Literature review

1.1 Geopolymer Literature Review

1.1.1 History and the state of the literature

Alkali aluminosilicate geopolymers were invented Dgvidovits" ° in 1979.
Davidovits coined the word ‘geopolymer’ to descriiie new mineral binders, as the
material was formed from natural (albeit thermaliseated) minerals by a
polymerisation reaction. The term was subsequeaflglied to similar products
formed from industrial waste minerals such as Hiastace slag and flyaghvarious
geopolymer products were patented, but geopolyrattracted comparatively little
academic interest until the 1990’s. Due to theiteptial in environmentally friendly
applications, particularly for replacement of oty Portland cement (OPC) as a
construction material and in toxic waste remedigtithey are now attracting
increasing research interdst?®

The literature, however, is still comparatively $ingad conflicting theories
and experimental results are comparatively comnibe. geopolymerisation process
contains several steps, many of which may occuulsameously and form complex
linked equilibria’*? It is considered to be proceed under ‘kinetic mahtthat is the
products formed are metastable and are formed becalifavourable kinetics of
reaction intermediates rather than a strong theymaaic preference for the product
phase. Furthermore, the species responsible faygbpolymer formation reaction are
difficult to study directly*> ** This has led to characterisation of the process by
describing reaction conditions and the relative cemtrations of species involved,
rather than a direct chemical description of themfation reaction. pH and the
reaction molar composition ratios Si@I,03, Al,03/M,0, H,O/M,0 and HO/SIO,

& ¥ where M is a

are the most commonly described reaction paranteter
charge-balancing alkali cation, most frequentlyigodor potassium. This review
focuses on studies that use metakaolin materials aagsaw material for

geopolymerisation as metakaolinite is a reactived acomparatively pure



aluminosilicate and geopolymers made from it aexdfore suitable model systems
for studying the geopolymerisation procéss.

Due to the complex and interlinked relationshipsygen these ratios, pH and
reaction conditions, conclusive results about tlumre and optimisation of the
process as a whole are difficult to make. The mwbis exacerbated by the frequent
use of mineral wastes as raw materials for thega®evhich have poor composition
reproducibility, and the difficulty inherent in slying the structure of x-ray
amorphous inorganic phases. However, consensuggsring to emerge on an
optimal composition range for metakaolin geopolysnén keeping with the literature,
this literature review uses the molar ratio congapframework. The composition
range 3.3 < SigdAl,03< 5, 0.6 < MO/AI,O3 < 1.4, 6 < HO/N&O < 16 is taken as
optimal for the production of strong and hard gegmpers* compositions outside
this SiQ/Al, O3 range are described as silicaceous or aluminows,campositions
outside this MO/AI,O3 range as high or low alkali as appropriate. Démmfrom the
water content described here is rare, as insuficiwater causes processing
difficulties, while high water content causes rapiwhporation leaving a porous and
weak material, unless SiAl,0;is very high. Water acts as a solvent and a reictan
in the reaction mixture, and 30 — 50% of water adde not present in the final
product. As a solvent, the water present influemegmrtant reaction parameters such
as pH and reactant concentrations, and the raio/N&gO is best considered a
processing parameter rather than a descriptiomefcomposition of a geopolymer

product.

1.1.2 The geopolymerisation reaction

A geopolymer is produced when an aluminosilicatedissolved in highly
alkaline solution at ambient temperature to prodaicgscous paste that hardens to
form a strong cementitious materialhe solid product continues to cure for hours to
days before developing full strength?® *°

The overall process is termed geopolymerisation aed complex,
incorporating dissolution of the aluminosilicateplymerisation of aluminate and
silicate species present in solution, gelationhef @aluminosilicate species, and drying

to produce the product material. This section death the observed features of
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reactions during geopolymerisation. More information the principles of aqueous
silicate chemistry is provided in section 1.2.

Reaction begins with dissolution of an aluminosiiee Silicon is speciated as
H,SiO or a range of anionic dimers and trim&4$’ Aluminium is present as
Al(OH),.*® Few silicate oligomers are present initially, las teaction solution has a
pH around or higher than 13.?° As [Si]/[Al] > 1 (so that Lowenstein's Rule is
obeyed), the comparatively acidic Al(OH)eacts quickly with one or several present
silicate species to form soluble aluminosilicdfe$! **These small aluminosilicate
units condense to form a solid mattfxThe underlying chemistry is discussed in
section 1.2.

Which, if any, silicate species undergo preferénteaction with the free
aluminate is unknowf?' 2 Aluminium exchange is facile in the small alumitioate
units’® 2 and it is possible that several silicate speies involved® 2 The
mechanism of condensation between the small alwsiticete units to form the larger
units during geopolymerisation has not yet beererdghed: *? The reaction
proceeds under kinetic control and the simultanedissolution of silicon and
aluminium from the raw aluminosilicate at the satimee as condensation and
polymerisation is highly complex. Dissolution ofi@n and aluminium occurs at
different rates that change over time. Furthermtre,concentration of silicate and
aluminate units may also vary with position, witlglter aluminate concentrations
nearer to dissolving aluminosilicate particés.

Within the gel, polymerisation continues, causiggesesis (the expulsion of
water from the gel) and hardening. A hard soliddpuiet is formed within minutes or
hours, depending on reaction temperature, solytib@and composition. At 40°C, the
setting time (as measured using a Vicat needlerlominous and high alkali
geopolymers has been reported to increase from B@Qites to 155 minutes for
geopolymers with normal alkali content as S&D,0; increased from 2.5 to 3.8.
Increasing NgO/Al,O3 to 1.2 caused a geopolymer with Ji&),0; = 3.76 to set in
58 minutes. The time needed for full strength dewedent increased from 4 hours to
more than 8 hours as SitBl,0zincreased from 3.0 to 3% Similar results have been
reported elsewhere for metakaolin and flyash gewpeis. These effects were
rationalised as being due to the decreased ratdissblution of aluminium from
metakaolin to form the soluble aluminosilicate sras the concentration of Okind

aluminium decreases with increasing silica contAht35°C, Rahiest al. found that
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potassium geopolymers with SiBAI1,0; = 2.8 and MO/AI,O3; = 1 set in 95 minutes
for M = Na and 205 minutes for M = K. Using potassias the cation, an increase in
temperature from 35 to 40°C caused a decreasettimgs¢ime from 205 to 121
minutes™* Davidovits and Sawyer reached similar conclusfons

With all other reaction parameters held constamtinarease in pH is thought
to increase setting tinf&. 2" However, in metakaolin systems, an increase in pH
implies either an increase in alkali content ore@rdase in water content, both of
which alter other reaction parameters. Lower watertent probably decreases setting
time but is accompanied by an increase in viscositgking the isolation of the pH
effect difficult. An increase in alkali contentgsnsistently shown to decrease setting
time, regardless of the effect on pk?> 23

In addition, pH is the dominant factor in determuonthe rates of dissolution of
silicon and aluminium. These rates sharply incresseH is raise’ The influence of
pH is therefore crucial but complex to study. A gkbater than 13 is necessary for

complete conversion of metakaolin into geopolyfher.

1.1.3 Geopolymer atomic structure

The structure of a normal geopolymer is x-ray arhogs. It is known from
Magic Angle Spinning-Nuclear Magnetic Resonance @MNMR) that silicon and
aluminium are present as silicate and aluminatatietirs’. Alkali cations balance the
anionic charge caused by the presence of alumieatghedra, and are situated in
pores surrounded by a hydration shell of water moés.

The exact structure of geopolymers has not yet berperimentally
determined. Three structures have been proposedd®eés proposed that a random
network exists, made up of polysialate, polysiaklexo and polysialate-disiloxo
units [Figure 1-1f° Water is coordinated to both alkali cations intbphases. In
potassium geopolymers with Si/Al > 3, the remaingilgcon is present as an alkali
polysilicate®® Small amounts of polysilicate phases have beeectst by SEM!
The polysilicate and aluminosilicate make up adssblution. An alternative proposed
structure is a completely amorphous network somewimailar to that of an alkali
aluminosilicate glass, but with distorted silicated aluminate tetrahedra and water

coordinated to alkali cations in material poféEhese two definitions would be very
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similar if the polymerisation of monomers in Dawits’ structure was defined to
mean polymerisation similar to that of silicategdn form amorphous silica [Section
1.2.9]. Unfortunately, Davidovits appears to cotglarganic polymerisation, silica
polymerisation and the formation of crystalline at®mnt networks, which are very
distinct mechanistically. Whether a separate sikcais phase exists at ratios
Si/Al > 3 has not been examined by other authocale it is outside the range of
ratios considered optimal by most authors. Thetemee of a separate polysilicate
phase would imply an upper limit to the amount odlicen that a single
aluminosilicate phase can contain, which would ¥iell with Davidovits’
nomenclature, favouring it.

A disordered random alkali aluminosilicate netwosould be similar to
amorphous silica with aluminate tetrahedra sulisiguor silicate tetrahedra. This is
consistent with the observed formation of aqueolsnimosilicates which have
similar chemistry to aqueous silicates. [Sectios7] 1.2.10]

Finally, a network of approximately 5 nm sized #eoprecursor crystallites
bound by an aluminosilicate gel has been proposedhe basis of Transmission
Electron Microscopy (TEM) evidente but this has been ruled out by three recent
TEM studies, in which selected area electron difftm (SAED) showed only

amorphous materidf->*
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Figure 1-1: Polysialate, polysialate(siloxo) and pysialate(disiloxo) units
After Davidovits®
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The degree of structural order depends stronglgamposition and reaction
conditions. A ratio Si@AI, O3 < 2 implies a breach of Lowenstein’s Rule and
predominantly crystalline aluminous phases are éathiFor 2 < MO/Al,O; < about
3 (M =K) or4 (M= Na), some zeolitic phases akelly to be present, particularly if
sodium is used as a cation. Similarly,®4Al,O; much larger than 1 favours zeolite
formation, especially where M = N&.3°

The main feature in the XRD pattern of normal ailidaseous geopolymers is
a very broad symmetric peak between 20 and 80du2 to amorphous materfaf*
However, sodium geopolymers have a significantlyranordered structure than
potassium geopolymers, displaying small crystalpeaks similar to zeolites in their
XRD patterns”

The difference in order between geopolymers comginsodium and
potassium has been attributed to the greater graferfor monomeric silicate units
rather than oligomers in sodium silicate solutiotign in potassium silicate
solutions®™' *® However, how this affects order has not been éxpia Furthermore,
the differences in the overall degree of polymeissabetween sodium and potassium
silicates appears too small to cause such an effsttion 1.2.5]. The greater
tendency of sodium to form zeolites than the otbmup 1 elements, including
lithium has also been citédOther cited reasons including the greater ion fitgluf
sodium than other group 1 elements due to smailtef sontradict known aqueous
ion mobilities, and cannot explain the strongerliisation effect of sodium than
lithium.

Upon heating to 500°C, the geopolymer structuredasbout 90% of its water
content' ** *’ |In a cesium geopolymel?*Cs MAS NMR showed that Cdecomes
dehydrated and is largely incorporated into the maus network’*Na MAS NMR
showed dehydration of Naand suggested some linkage betweeri Bad the

network, but less than for €&

1.1.4 Microstructure

Normal geopolymers tend to display a homogeneousor@mus
microstructure in SEM studiéd. ** TEM studies reveal a network of aggregated

spheres with diameters between 5 and 50 nm, wittedimited porosity”>* 3
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If Na,O/Al,O3 = 1, metakaolin geopolymers with Si@I,0; > 3.3 display a
completely homogeneous structure in the micron lange submicron range with a
range of pore sizes ranging from the micron rarmeéens of nanometrd&>%
Macropores probably result from water loss, as PCOwhile the micropores are
presumably those observed in TEM studies. As,iQ0; increases, pore size and
volume decrease. If SHAI,O; < 3.3, an increasingly heterogeneous, porous
microstructure is observed which becomes completdigterogeneous at
SIO,/AlLO3 = 2.8, with increasing amounts of aluminous chlis& phases formed. A
similar effect is observed with increasing sodiuamtent in compositions near the
homogeneous-heterogeneous transition point. Miercisiral change is probably
responsible for the rapid decrease in strengthishatbserved as compositions become
aluminous:* %

Unreacted metakaolin particles frequently remaiterafyeopolymerisation.
Their effect is currently not well understood. Siabsially incomplete reaction of the
metakaolin results in a weak material, but smalbants of unreacted particles have
also been cited to be microaggregate that can iepnoechanical properti€s and
water stability in the case of highly silicaceoengolymers® The use of aggregates
to produce concretes has resulted in diminidh&thnd improved “ ** 43 properties,
depending on the aggregate used. Other composteg fibrous materials display

enhanced ductility**°

1.1.5 Optimal composition

The optimal composition for producing hard geopatysn with maximum
compressive strength is contested in the literatwsing metakaolin as an
aluminosilicate source, cited optimal compositionslude SiQ/Al,O3 = 5.0 with
NaO/Al,03 = 1.37 SiO,/AlI,03 = 4.28 with NaO/Al,Oz = 0.7 SiOJ/AI,05 = 3.8
with NaO/Al,O; = 1.0}* and SiQ/Al,03= 4.0 — 4.2 with KO/AI,03 = 1.3 — 1.53°
Flyash geopolymers tend to be harder and strohgermetakaolin geopolymérdut
their composition optimisation is more complex.

Optimal compressive strengths of up to 80 MPa aee® ** *® although lack
of comparability between different compressivergjth tests makes identifying a true

value difficult.

15



Very silicaceous geopolymers with SiBI,0; > 24 are flexible and fail by
deformation rather than crushing. These geopolyrfeam due to the rapid loss of
water if heated to 300°€. These geopolymers have a very high alkali content
because of the amount of alkali needed to solébittee silica during reaction,
combined with the high SiAI,O3 ratio. The water stability of these geopolymers is
low, but the existence of unreacted raw aluminceaié particles around 500 nm in

diameter has been stated to solve this proBfem.

1.1.6 Stability and reactivity

Geopolymers display little reactivity towards otl@mpounds. Little or no
deterioration in their properties when exposedulfates, seawater or dilute sulfuric
acid was found. Sulfate attack causes negligiblgpaegion and statistically
insignificant decreases in strength only. Theirstasice to attack by 5% hydrochloric
acid and sulfuric acid solutions was found to beesior to that of OPC.

The thermal reactivity depends on the choice ofionat Potassium
geopolymers display remarkable thermal stabilitighwttle change in structure until
1000°CY 3 Sodium geopolymers react to form nepheline fron®°80— 900°C.
Sodium geopolymers display lower stability than gsstum geopolymers at
temperatures from 30°C to 90°C and high humiditydergoing reaction to form
zeolites?* 2

Despite their lack of chemical reactivity, dryingdawetting result in greatly
lowered compressive strength in metakaolin geopetgmCracking results, probably
due to water loss. The more porous matrix of flyakbws changes in water content

with less microstructural damage.

1.1.7 The effect of curing conditions

An increase in curing temperature acceleratesdtiang process, with setting
rate and temperature displaying an Arrhenius-tgiationship:* Generally, curing at
slightly elevated temperatures (40 — 90°C) prodacssonger material than curing at
ambient temperature, at least in the early stagesunng® However, prolonged
curing at elevated temperatures causes a lossefgsih in sodium geopolymets.

Zeolite formatioR® or drying damadecould be responsible. Curing at high relative
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humidity results in lower compressive strength tlzaning in dry air'®> In sodium
geopolymers, zeolite formation has been implicatedeing responsible. Potassium
geopolymers have not been reported to weaken duedlite formation under the
same conditions, and potassium has been found tanfevourable for zeolite

formation compared to sodium in zeolite synthéSes.

1.1.8 Structure determination

The structure of geopolymers is primarily studigdXRD and?’Al- and 2°Si
MAS NMR. XRD has limited usefulness because geapelg are x-ray amorphous,
but can be used to detect unreacted raw materatdite formation and impurity
phases. The geopolymerisation process is studigdy G%l- and ?°Si liquid-state
NMR spectroscop$. ** *° Unfortunately, resolution is currently too low to
differentiate between different solvated aluminoate species with similar

1

connectivity’? *’Al- and *°Si MAS NMR may be used to examine silicon and

aluminium connectivity in solidified geopolymerg: 1% >

Unfortunately, 2°Si MAS NMR is currently unable to determine the
connectivity of normal geopolymers. These geopohgr&how one broad peak at
around -90 ppm relative to TMS in their NMR speuirul he reason for the broadness
of the peak is probably the existence of silicont@s with a range of coordination
environments. Q2, Q3 and Q4 silicon centres (siliatoms with 2, 3 or 4 coordinated
bridging oxygens) can all potentially form netwaqrked the broad peak has been
attributed to the presence of all of these togethrabably with distorted bond angles.
A small shoulder or peak due to the presence cdaated metakaolin at -103 ppm is
often present, further complicating the identificatof different silicon coordination
environments? Deconvolution of the broad peak to identify difiet coordination
environments is currently inadvisable, contraryptblished claims, as the peak is
symmetric and featureless and thus can be equally fisted by many different
combinations of Gaussian pedks.

High alkali geopolymers show a range of narrow peasdsignable to Q1, Q2
and sometimes Q3 silicon centres after two daye Jpectra of very high sodium

samples (N2D/Al,O3 > 2) display these peaks as shoulders or smakspatier 2

17



weeks. Slightly lower alkali samples initially diap shoulders or small peaks
assignable to low connectivity silicon centres raftedays but these peaks collapse
into a single broad peak after 2 weéks.

The lower connectivity in geopolymers with excessisodium content is
indicative of less polymerisatidf probably contributing to the decreased mechanical
strength of high sodium sampl€sCarbonation of excess alkali has also been cied a
a reason for degraded mechanical stréfigtiut no experimental evidence has been
found for it. Zeolite formation and low connectiire probably the main reasons for
the weakness of these samples.

The ?’Al NMR spectrum of metakaolin shows peaks at arol®d28 and 58
ppm, arising from 6-, 5-, and 4 coordinate alumimitespectively? During reaction,
these peaks diminish and are replaced by a nareak fhat appears near 76 ppm and
moves to around 58 ppm as the geopolymer sets.r@bnehe position of the main
peak in the?’Al spectra of geopolymers of different compositiimes not vary, even

for poorly cured, weak products?

1.1.9 Impurity elements

The presence of impurity elements causes a rangeacfion behaviours and
material properties, and is expected to have imapbrteffects in commercial
geopolymer systems, where the mineral wastes useahamaterials contain a range
of impurities?

The addition of soluble boron and phosphorus da#ids to the inclusion of
tetrahedral boron and phosphorus into the alurlinat network’® Boron acts as a
setting retardant and has no degradative effechechanical strength until it makes
up 10 — 13.5 wt % of the netwotk.Gallium appears to readily substitute for
aluminium to form gallosilicate geopolymers, butrrganium does not appear to
substitute for silicon to any appreciable degfee.

The effect of calcium depends on what form it isvimen added to the reaction
mixture® The addition of calcium oxide or soluble calciumlts (e.g. calcium
chloride) results in rapid setting. Calcium carlternand calcium phosphate remain as
undissolved filler particles. Calcium hydroxide addas a suspension appears to be

incorporated into the network in small amoutits. a significant amount of calcium
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hydroxide is added, a calcium silicate hydrate (L&l is formed, as it is in OPC.
However, the CSH gel contains less calcium and reodéum or potassium than CSH
gels formed in OPC, and cation exchange betweerC8id gel and geopolymer is
hypothesised to occlir Cation exchange is proposed to occur betweenaatae
calcium mellilite glass particles and a geopolymetwork in one patented
geopolymer product The addition of calcium hydroxide appears to inwerghe
durability of geopolymers in moist environments dhdir mechanical strength. An
optimal addition level of 8 wt % has been propoedne syster’

Data on the behaviour of added iron compoundscignidusive. Iron added as
iron (1) oxide tends to be speciated as insolubd® oxyhydroxide phases.The
addition of 1 and 5 eq. wt % iron (lll) oxide asnr (lll) hydroxide to two samples
caused iron enrichment of the geopolymer matridetscted by EDS. The addition of
1 wt % eq. iron (lll) nitrate caused less iron ehment but significant sodium
depletion from a geopolymer matrix phase, alondpwie formation of an amorphous
iron silicate phase and a sodium-rich ph&sehe possibility that iron is incorporated
into the matrix in much the same way as calciurthesefore a distinct possibility.
Notably, Mossbauer spectroscopy shows that theigattahedrally coordinated in
all cases, thus implying that any iron in the gdpmer network is similarly
octahedraf?

Arsenic is a setting accelerator, and appears tmrbe associated with
iron-rich phases in flyash geopolymers. Howevedoiks not become associated with
phases formed as a result of the addition of itthdxide powder’® Lead in flyash
systems forms simple silicate ph&es becomes associated with polysilicate phases,
if present’! Zirconia was found to act as a filler, rather tlamactant’

Magnesium contained in flyash geopolymers was fousishg EDS not to
become distributed throughout the geopolymer matrikut to form
magnesium-enriched regions at the grain boundarfidbyash particles. XRD was
unable to confirm whether the product was a magnesilicate hydrate, hydrotalcite
or an unreacted magnesium-containing phase frorfiyidegh particle$® ®3

Hydrotalcite and hydrotalcite-like phases are fatrimemagnesium-containing
alkali activated cementé: ®® The particle size of the hydrotalcite phases rarfgeEm
about 0.5um to nanoparticulafé Hydrotalcite and hydrotalcite-like compounds are

discussed in more details are discussed in secti@s and 1.2.8.
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Fluorinated geopolymers are claimed to have beethsgised by the addition
of a sodium fluorosilicate to the reaction mixtuféey are claimed to have extremely

low thermal expansion and excellent thermal stigtfifi

1.2 Aqueous silicate chemistry

1.2.1 Introduction

The geopolymerisation reaction is complex with savehemical processes
occurring simultaneously. These processes (alunficete dissolution, dissolved
aluminosilicate equilibration, and geopolymer ppéeition and/or gelling are not
well understood) and so often little or no moleculasis for the effects of changes
reaction conditions on the final products is avd#daInstead, trends in the properties
of the solid products are ascribed to reaction tmm$ such as the reaction
component ratios. This approach is powerful andwal products with desired
characteristics to be obtained, but does not presi@at will occur if a discrete
variable such as the identity of the counterioohanged as in this project. To predict
or rationalise observations from the synthesisitbfum- and magnesium-containing

geopolymers, a knowledge of aqueous silicate chigmsgsvery useful.

1.2.2 Silicate solution equilibria

In aqueous solutions (pH > 8), solid silica existsequilibrium with silicic

acid according to reaction 1:

Reaction 1:
(|)H
O——=Si—o0 + 2 H,0 =  HO——Si—OH
OH

Si(OH), has a pKaof ~9.9 and pKa of ~12.5, so is deprotonated in aqueous

solutions of group 1 hydroxides to give an alkdicate solution (reaction 2).
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OH OH
c

HO——Si——OH + Na OH — Na O——Si——OH + H,O
OH C|)H

Silicate monomers are able to dimerise throughti@as:

3:
OH (l)H OH OH

HO——Si——OH  + 0 Ti OH ==~ HO sli 0 Si OH + OH
OH OH OH OH

Further condensation between monomers, dimers laadesultant species
produces a range of oligomeric species in solutidre larger silicate anions have
progressively more bridging oxygen atoms than hygrgroups, and so approach the
composition of silica (Sig). The consequence of these reactions is verydpglarent
solubility of SiG in strong aqueous bas¥s®®[Figure 1-2]

If a large amount of SiQis dissolved in base and then reaction conditions
changed to strongly favour polymerisation by lowgrpH (or removing water), solid
SiO, (or sodium silicate gels) may be produced. Kinetiontrol governs
polymerisation and the silica produced is alwaysiuinous, regardless of whether or
not the original silica was amorphous or crystalliand of the continuing presence of
amorphous or crystalline silica. The rate and degredissolution of Si@in base
depends strongly on the form of silica dissolvealéver, and the crystalline forms
of silica (as well as silica glasses such as fislerh) dissolve much less readily than
(metastable) amorphous silica. All solid silicaatissed in this section is assumed to

be amorphous.
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The reaction conditions under which $i® precipitated has profound effects
on the final product form, which may range from gqrgwders of microspherical
particles, porous gels made up of chains of narersgl particles or sols of dispersed
nanospherical particles. Aluminosilicate preciptatmay be similarly affected by
reaction conditions. Silica and aluminosilicategypéation is discussed in more detalil
in sections 1.2.9 and 1.2.10.

Silica is soluble in solutions of alkali hydroxides strong organic bases such
as tetraalkylammonium (TAA) hydroxides, choline andyuanidine®’
Tetramethylammonium (TMA) hydroxide is an importag@gent in zeolite synthesis.

TAA hydroxides are not examined in any detail iis tieport.
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Figure 1-2: Solubility of silica in water vs. pH.
After ller ©’

Circles: ionic strength = 0 M, triangles: ionic stength = 1 M, inverted triangles:
ionic strength = 3M.

As in silicate minerals the silicon in silicate wbns is tetrahedrally
coordinated to four oxygen atoms, which may eitiredge two silicon atoms, be part
of a hydroxyl group or carry a negative ch&fgén solution the angles between silica
tetrahedra are more variable than in the solicesaat a bewildering array of silicate
anions of different size, shape and charge areuseff. The anions are in dynamic
equilibrium with each other, undergoing reversilbigdrolysis and condensation,
resulting in a very complex kinetic systém.? The speed of hydrolysis and
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condensation reactions prohibits individual sikcapecies from being isolated from
solution. The relative amounts of the various atkcanions and colloidal particles
present has a complex dependence on the amoumdsaiivied silica and base, what
counterions, and the effect of other dissolved iggecThese factors are described
individually below. Aluminosilicate solutions haegen more complex speciation and
are discussed later.
The charge on the anionic species depends stramgtie size of the anions

and does not exceed -2 per silicon &tbriThe average charge per silicon atom
increases with decreasing anion size and pH, aadi#yree of protonation of the

hydroxyl groups on the anions increases with deongaconnectivity and size.

1.2.3 Notation

Q-notatiod®is used to describe the different silicate speciéth a superscript
denoting the number of bridging oxygen atoms arstitascript denoting total anion
size, e.g. & denotes a cubic octamer. If silicate tetrahedrhimione anion have
different connectivities, each connectivity typelenoted individually, e.g. Q% Q%
denotes the linear trimer 3A. Silicon atoms thatart of or attached to a 3-ring have
an additional subscript, e.g2Qdenotes the environment of the silicon atoms in the
cyclic trimer, while @, denotes the substituting* Gilicon centres of the various
substituted cyclic trimers.

The silicate anions may be conveniently dividea igtoups for describing
changes in speciation. The concentrations of mesnblea group tend to rise or fall
together as conditions are changed. The shiftp@tiss within a group are frequently
close to one anoth€r and in poorly resolved spectra cannot be difféaéed. The
groups are: monomers; dimers and cyclic trimergelaanionic species; colloidal
species. Some authors include linear trimers wiitheds and cyclic trimef§, others

do nof?> "
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Figure 1-3: Phase diagram for the system N&®-SiO,-H,0.
After Owusu’

1.2.4 Compositions of alkali silicate systems

A phase diagram for sodium silicate solutions isegi[Figure 1-3](Note that
the axes represent content percentages by mass,mo&r quantities.) The
composition of commercial sodium silicates lie withegion 9. They are produced by
agueous dissolution of the glasses in region 4deatated temperature and pressure.
Excess sodium leads to the formation of alkalinecymitates (3), while insufficient
water leads to useful soluble silicate powders (Blatively inert hydrated glasses
(5), unworkable semi-solids (7), or very viscougulds (8). For any combination of
base and water, the addition of excess silica tesulthe formation of silicaceous
precipitates or gelation and solidification of teelution (11}°. Kinetically stable
colloidal dispersions of silica in this compositioggion are commercially available
but require careful synthesis and storage to ptewgyregation and gellifig
Combinations of colloidal silica with sodium andt@&sium silicate solutions are
termed polysilicate solutions are also available are kinetically stabl&’

The composition of the solution is usually desatihesing oxide notation

(already mentioned). The molar ratio of total diged silica to alkali oxide is termed
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R. The concentration of dissolved silica (denoteiD}]) and R together describes the
composition of a silicate solution.

In practice, commercial sodium silicates typicallpave R= 2-4,
[SiO,] = ~7 - 8 moll* and [NaO] = 2.2 — 4.5 molL®. [H,O]= 28 - 38 molL[*. Solute
species make up 35 - 50% by mass. The viscositysanfium silicates rises
increasingly rapidly with [Sig), and acts as a practical limit on what solutians
produced®” "® Commercial potassium silicate solutions have lsintholar ratios but

are significantly less visco($.”®

1.2.5 The effect of component concentrations on speciation

All other conditions being equal, the identity betalkali cation M in alkali
silicates has relatively little effect on the edwium speciation of alkali silicates
unless it is LI.”* 7""|n dilute solutions ([Sig << 1molL") with R near zero, the
monomer is the dominant species, with a small amoldimers and trimers. At R~1,
the monomer is still the most common species, igmificant amounts of dimers and
trimers are now present. As [SiOncreases to the concentrations of commercial
silicate solutions, the minimum value of R requifed stable solution increases to
1-2. Solutions with R lower than 1 undergo preeipin of highly alkaline silicates.
Oligomeric species begin to be favoured in all lstablutions?> “*Colloidal particles
(Q% are present in both types of solution as R amres 3> 2

If the composition of an alkali silicate solutios perturbed so that colloidal
species are produced and then is returned to ritseiostate, reequilibration is slow,
taking many hour&’ In contrast, reequilibration amongst species whercolloidal
silica is present is facile, taking only minufe§* (except for lithium silicates, which
equilibrate slowly in both case%).”® &

No detailed study of the effect on speciation afyirey M* has been published
in the literature. However, the overall degree ofymerisation in solution can be
slightly affected by the counterion. Lithium siltea have increased overall degree of
polymerisation relative to other alkali silicaté&nrade observed an increase in the
amount of Gs at the cost of monomers and cyclic dimers/trimera lithium silicate
solution with [SiQ] = 0.9 molL! and L,O = 0.45 mol*?? The effect of other

25



counterions has been less extensively studied, aptgbbecause the differences
between the other alkali silicates are small umdest conditions’> ’® 7 82

Lithium silicates are more easily distinguishednfrthe other alkali silicates
than they are from each other under some conditionparticular, lithium silicates
with R close to 1 form a crystalline precipitateimgoluble LySiO;"® ® On the other
hand, lithium polysilicate solutions with SiQi,0 = 4 < x < 25 are
thermodynamically stable whereas the sodium or gsalan equivalents are not.
Lithium polysilicates may be synthesised directlgnfi LIOH and amorphous S3O
and contain both dissolved silicate species andoidal SiO, particles in
equilibrium®’ This is distinct from the sodium or potassium pdigates because in
those solutions equilibration between the colloigalkticles and ionic species is
merely strongly kinetically hindered, and equilifiva leads to precipitation and
gelling.

The kinetics of silica dissolution in lithium hykide are also somewhat
different to that in the other alkali hydroxid¥sThe reaction of silica with the other
alkali hydroxides is a simple dissolution reactirat increases with temperature.
Dissolution of silica by lithium hydroxide is lessan half as fast as for sodium or
potassium® During formation of lithium polysilicates, the stibn initially gels to
form a solid mass. At room temperature, the gelsemdves to yield a lithium
polysilicate solution, whereas it remains solide&vated temperature (e.g. 60°C).
This behaviour is not observed in other alkalicsiles.

The basis for the unusual behaviour of lithiumcsiles probably lies in the
high charge density and consequent negative enwbgyplvation of LT. Li* has a
very high charge to radius ratio, and as a resulvater of hydration is held so tightly
that Li" has a negative entropy of solution. All other tisinmping equal this results in
a decrease in solubility with temperature, and redéacy to complex with silicate

ions 82 84

1.2.6 Precipitated silicates

For the most part, soluble polyvalent metal iongsearapid precipitation of
amorphous metal silicate solids with varying stmahetry. It is notable that species

(aluminium and other elements discussed in secti@®) that can complex with
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silicates to form substituted silicates when adaedhe oxide or oxoanion form solid

precipitates if added as soluble salts in all lari\dilute solutions. These do not have
the characteristics of geopolymers. For instanbe, groduct of the addition of

aluminium nitrate to sodium silicate has hexacamatid aluminium. This is due to

the pH being insufficient for aluminate formatiomdathe high concentration of

sodium nitrate that would result from such a reac{Sections 1.2.7, 1.2.9]

Calcium and magnesium silicates are not observedhen liquid phase.

However, their solid silicate precipitates are imant in cements and are considered
here. The addition of calcium to a silicate solntmauses precipitation of insoluble
semicrystalline C-S-H gel. The structure of thid gas not been unambiguously
characterised but is usually considered to be aimtil either tobemorite (or jennita)
87 layered single chain silicates made up of smililase units (generally made of
two, or occasionally other small numbers of sikctdtrahedra) layered with calcium
oxide octahedra. The small silicate units haverengt predominance of low silicate
connectivities (Q1 and Q2) at ratios of Ca/Si ab&v@, with some higher order
connectivity (Q3 and Q4) at lower Ca/Si vaftfed\luminium tetrahedra are able to
link silicate units and are charged balanced bgriayer alkali or additional interlayer
calcium®9°

The action of magnesium has been less studied. H/iggls may possibly
form in preference tavig(OH), under alkaline conditions in rather silicaceous
systems. Their structure is thought to be a digediéayer structure, possibly similar
to sepiolite, chrysotile or taf:® In highly basic systems with significant
concentrations of aluminium, hydrotalcite may berfed [Section 1.2.8]

C-S-H and M-S-H gels are nearly completely immikgilpossibly due to
differences in their structur@8Their relationship to geopolymer paste is not knpw
having only been studied using XPS elemental mapairhigher magnifications than
would be required to distinguish the M-S-H and G $hases> C-S-H is known to
form as a separate phase to the geopolymeric mafnen sufficient calcium is

present”

1.2.7 Soluble aluminosilicates

In highly basic aqueous solutions (pH > 13), aluomm is speciated as

Al(OH),.* In silicate solutions aluminium is a good siliceravenger and vice versa.
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Soluble aluminosilicate species are formed withmahium substituted for silicon in
one or more tetrahedra. A wide range of speciepareably formed, although few
have been certainly assigned. Fof 8l but the most dilute solutions precipitate or
gel over time. BotHf’Al'% 23 961035 29gjt9. 23, 96, 1011034V R have been used to
detect and identify aluminosilicates Al NMR vyields very broad resonances due
to rapid chemical exchange and quadrupolar broad®flieven for very dilute
solutions under most conditions, $6Si NMR remains the primary tool for
identification of individual species. However, datecontrol of pH allows well
resolved’Al spectra to be obtained, and some tentative assigts madé&”

The precipitation of aluminosilicates from such umins has a complex
relationship to the concentration of the reactiamponents. In general, in dilute
solutions an increase in pH leads to an increasgeirtime, but for solutions with
higher dissolved Si© concentrations the opposite trend is obsefR%Ed°
Geopolymers display the latter behaviour, althotighr kinetics are complicated by
the simultaneous dissolution of metakaolin.

Compared to silica, comparatively little is knowmoat aluminosilicate
precipitation and gelling. The concentrations df sglecies in zeolite synthesis are
much lower than in geopolymer systems, and may lieusxpected to have different
precipitation behaviour. However, evidence is pnése in this review to suggest that
the silica and aluminosilicate systems may haveensanilar precipitation behaviour

than previously expected.

1.2.8 Hydrotalcite formation

In basic aqueous systems containing magnesium landréum, hydrotalcite
or hydrotalcite-like compounds may be fornm8t Hydrotalcite has the chemical
formula MgAIl,(OH);6C0s.4H20, and a structure based on aluminium-substituted
brucite layers and interlayer anions. The strgtirbrucite §1g(OH),) is made up
of layers of edge-sharing octahedra of hydroxidhes iaround central magnesium ions.
The structure of gibbsite (AI(OH)) is very similar but has cation vacancies to
maintain electrical neutrality. The replacement@ignesium by aluminium in brucite
results in positively charged layers, which areabeéd by carbonate ions. Water
occupies interlayer spaces. The carbonate is egeladte for other anions and the
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degree of aluminium substitution may vary from abblg:Al =2 — 4, resulting in
hydrotalcite-like compounds. Carbonate substitutien favoured under many
conditions, however there is practically no limatto the type of anion that may be
substituted, and the substitution of Okhd NQ is common. Hydrotalcite-like
compounds with anions other than carbonate mayobeeld either directly or by
ion-exchange of a pre-made hydrotalcite.

Silicate anions may be substituted into the inyemaspacings of hydrotalcite
and hydrotalcite-like compounds, either by ion exae or formation of hydrotalcite
in the presence of sodium silicaté.**It is thought that intralayer polymerisation of

the silicate anions occut®

1.2.9 Silica precipitation and gelling

If a silicate solution is acidified, solid Sids produced. This is the basis for
the commercial production of a wide range of silpaducts. It has been studied
extensively in the literature and can only be tdatery briefly here, following the
works of llef” and BergnH? closely.

If silicic acid is present in water at concentraicabove 100-200 ppm (i.e. if
pH of a silicate solution drops below ~10.5), tlsduson is saturated with Si(Okl)
and it is removed by polymerisation. Polymerisatfanours siloxane (Si-O-Si)
bridges rather than free silanol (Si-OH) groupsceondensed ring and cage oligomer
species are formed. These polymerise further tivdi are effectively small particles.
The largest particles present grow rapidly to saveanometres in diameter by
Ostwald ripening until no small particles are lefurther growth occurs by the
addition of silicic acid molecules onto the padgland is slower. If the pH is from ~7
—10.5 and no dissolved salts are present in soluthe surfaces of the particles are
negatively charged, preventing aggregation, andptréicles grown until no silicic
acid is left in solution for particle growth. Codagting agents such as surfactants or
salts (after particle growth is complete) cause reggtion and precipitation.
Otherwise a stable sol (suspension) of colloidatiglas is obtained. If salts are
present or the pH is below 6 during particle grqvgtrticles collide and bond to form
crosslinked chains of particles (gels). By changirgn one behaviour regime to
another, gels made up of particles of a desireel siay be obtained. [Figure 1-4] In
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practice gels are usually produced at very low pH.(2 using sulfuric acid), while
sols are produced by ion exchange 6ffét M™.

Dried solid alkali silicate solutions have not beeell studied. When dried,
their structure depends on pH. Highly alkalinecsile solutions set into a matrix of
alkali cations and small silicate anior$.The setting behaviour of less alkaline
sodium silicates is less well understood, settitig structures with &Si MAS NMR
spectrum very similar to geopolyméfs® Dried sodium silicate forms extremely

strong monolithic objects. They are soluble in wate
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Figure 1-4: Polymerisation of silica under differer conditions
After ller ©’

1.2.10 Aluminosilicate precipitation and gelling

Aluminosilicates display similar behaviour. Alumsilicate sols may readily
be produced from a reactive diluted sol of specparticle size and sodium
aluminate*? Aluminosilicate particles have composition MAI®SIO,, where M
denotes a counterion, Y is a stoichiometric cosdfitand the bulk of the aluminium
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is tetrahedrally coordinated as in geopolymers.eRutetrahedrally coordinated
aluminium occurs in samples with compositions ia ame range as geopolymers,
i.e. with SiQ/Al, O3 oxide ratios from 2:10. Notably, lithium may beedsas the
cation directly to produce these sols, while ammoniand TAA ions may
completely substitute for sodium through ion exgearH” may replace up to 50% of
the alkali cations without loss of tetrahedral abhoation. Alternatively, an
aluminosilicate ‘skin’” may be coated onto existicgjloidal particles, especially of

113 Aluminosilicate coated silica sols have been comsiaised by Du Pont

silica.
under the brand name Ludox AM. They have higheratieg surface charge than
silica and as a result both types of aluminoskicails may be used at pH = 6 with no
loss of stability, in contrast with silica sols. éyh are also more resistant to
coagulation by salt¥: ° This offers evidence for the possibility of usihg and
TMA™ as a cation in geopolymers.

Geopolymerisation occurs under different conditidnsthe formation of
aluminosilicate sols. In particular, no acidificati is carried out, and the
concentration of aluminosilicates is much higheanthfor the production of
aluminosilicate sols, so particle growth will presably be unrestricted. The higher
negative surface charge of any polymerising alusilimate species will favour gel
formation, while the extremely high concentratiasfsaluminosilicate will favour
particle growth®’

TEM studies on potassium and cesium geopolymersvels as sodium
geopolymers with salts added show a continuous ar&twith some morphological
structure on the 0 — 50 nm scale. This suggestspédicle growth produces large
particles at least after gel formation, if not brefoAreas of varying darkness on the
~1 nm size scale are similar to that observed pioreolite nucleatiot* The
possibility of a setting mechanism similar to tleftsodium silicate is suggested by
the 2Si MAS NMR of dried sodium silicates, which contairgeopolymer-like broad
peak!! Possibly aluminium acts as a crosslinker betweeallsr silicate ions in
geopolymers due to the thermodynamic drive focai&-aluminate interaction.

The possibility of altering the micro- and nanostmie of geopolymers in

ways analogous to silica may therefore be possible.
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1.3 Thermal treatment

The bulk composition of lithium geopolymers would éxpected to be similar
to that of lithium aluminosilicate glass-ceramicoemposed of a mixture of
B-eucryptite (LIAISIQ) and B-spodumene (LiIAISOg). These glass-ceramics are
notable for their extremely low coefficients of thel expansion, and have found a
range of applications as thermal shock-proof cerammost notably as ceramic
stovetops and cookware, but also in telescope mirfoirnace windows, and gas
turbine heat exchangéfs’ The low thermal expansion coefficients are a
consequence of the low expansion coefficientsp-gpodumene ang@-eucryptite
(averager = 0.9 x 10-6 for spodumene, -6.2 x10-6 for eudtgdtom 25-1000°C§*.

By controlling the relative amounts of these phgsesent in a ceramic body, the
overall thermal expansion of the body can be tadoto match its application.
Notably, an average value of zero can be obtaiegédd®en 25 and 1000°C.

Lithium aluminosilicate glass-ceramics are syntbesiby the production of a
glass of appropriate composition, followed by thartneatment at below 1000°C to
nucleate very fine crystallites from the gla¥6A nucleating agent such as BiOr
ZrO, may be added. The resulting ceramic bodies andyngareless, having between
90 and 99% conversion to crystalline phases. Thwe& and relatively defect-free
structure imparts produced bodies high flexuragregth, and if tailored correctly,
transparency'® The glass-ceramic process is costly due to thé hégnperature
(1600°C) needed to refine the glass.

Attempts to synthesise the materials at lower teatpees have had mixed
success. Sol-gel techniques may be used to yieiditms of B-spodumene suitable
for use in glass-ceramic capacitors or fibre-raicéad composite¥° Attempts to
synthesise the materials using conventional ceramé&hods may yield local
inhomogeneities due to the range of particle simethe green body, necessitating
long sintering time$?" *??|on-exchanging lithium for sodium in zeolites folted by
firing has been attempted, but tends to producadked bodies, and it is difficult to
remove all the sodiudf" '? Lithium geopolymers or zeolites synthesised in a
sodium-free system may be suitable precursorsthautn aluminosilicate ceramic

phases.
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A wide range of useful magnesium (alumino)silicatramics, including
forsterite (MgSiO,)*** enstatite (MgSig)**° and cordierite (MgAl4SisO15) exist?®.
The different ceramics have different properties inugeneral are quite refractory.
Cordierite has a low thermal expansion coefficemd is used in similar applications
to lithium aluminosilicate ceramics, and as a gatasupport for automotive catalytic
converters. The presence of alkali is generallgtéelous to the properties of these
ceramics?’ However, the formation of useful thermally treated
cordierite-geopolymer bodies is disclosed in thepaliteraturé?®®
Magnesium and alkali metals both act as fluxeslumano(silicate) ceramics, and
therefore promote bloating, which may be desiraldey. for the production of
lightweight ceramic foams), or undesirable (for laggiions demanding high
strength). This is examined in section 3.3.4.

1.4 Direction provided by the literature to the project design

The silicate chemistry of lithium and magnesium hrghly relevant to the
formation of lithium- and magnesium-containing gelgmers. It was anticipated that
because lithium has a similar silicate chemistrytite other alkali metals that
formation of lithium geopolymers would be possibléne slowness of dissolution of
solid silica (and by extrapolation, aluminosilicatays) and the composition region of
instability were anticipated to be the main bagi¢o the formation of lithium
geopolymers. The effect of lithium content on mathiysite dissolution was
examined and the action of silica added as difteferms also examined. Thermal
treatment of the resulting products were heated #al potential for lithium
aluminosilicate ceramic formation assessed.

As magnesium hydroxide and magnesium silicates imseluble, a direct
synthesis of a magnesium geopolymer by the samdatieas an alkali metal
geopolymer is impossible. Instead, magnesium comg®uwere considered as
additives.

The action of magnesium in geopolymers would beeetqa to induce large
changes in the reactivity of geopolymers if added ggeopolymer slurry in a reactive
form (e.g. as a soluble salt), due to the dissnitylaof magnesium and alkali silicate

chemistry. The effect addition of magnesium as exidnd hydroxides would depend
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on their degree of reactivity in the geopolymerteys and what the favoured
products  (e.g. brucite, hydrotalcite, magnesium icatié hydrate,
magnesium-substituted geopolymer) are. The addatfianagnesium in both inert and
reactive forms was examined, and the reaction mtsdexamined. Exploratory
thermal treatment of the resulting articles waggrared.

All syntheses were constrained by the range of comapt molar ratios that
produce well-set geopolymers. Examination of tresestraints led to the synthesis of
geopolymers directly from solid silica, aluminiumydnoxide and potassium

hydroxide, which was then examined in some detalil.
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Chapter 2 Materials and Methods

2.1 Synthesis methods

Potassium geopolymers were synthesised by mixingd K@d HO in plastic
containers, then adding K66 potassium silicatetsmiuThe dissolution of both KOH
and K66 in water is exothermic, and the solutionsrevcooled in ice before
metahalloysite addition. Cooling was necessarywtmdaflash setting which can occur
when the (exothermic) dissolution of metahalloysiteurs too rapidly, heating the
reaction mixture, causing dissolution to accelefatther, and so on. Dehydroxylated
halloysite was added and stirred thoroughly.

The viscosity of the slurry was highly sensitivetiie potassium hydroxide and water
content, and sometimes neither a paste nor fluichdd immediately. Instead, the
reaction mixture was dry and powdery. The powdeuld@radually dissolve over a
period of 10 - 20 minutes stirring with a spatuta dorm a thick paste.

The slurry was a light tan colour if potassiumcsite and dehydroxylated halloysite

were used.

The reaction mixtures of different geopolymer swysis may vary from dry
powders to very thin fluids. In this report thentefslurry’ is used as a generic term
for all the reaction mixtures, which are typicalljomposed of water and
metahalloysite particles as well as various alkabpecies. To describe the viscosity,
the following terms are used:

Dry paste: A very dry thick slurry that fractures stirring rather than deforming.
Thick paste: A thick slurry that has an uneven arefwhen broken, and typically
deforms only under strong vibration.

Medium paste: A slurry that does not deform untkeown weight.

Thin paste: A slurry that deforms under its owngiibut does not flow readily.
Medium fluid: A slurry that flows slowly, appears Ibe a viscous liquid.

Thin fluid: A slurry that flows quickly, like wateor slightly more viscous.
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A standard composition that was used with slightifr@ations throughout the
entire project used 20.0 g K66, 10 g KOH, 9.0 orand 30 g metahalloysite. This
composition had molar ratios SiBI,0;3 = 3.05, KO/AI,O3 = 0.94,
H,O/Al,O3 = 10.85, HO/K,0 = 11.59.

All heating reactions were performed in chamben#&ges. For work below
1000°C, furnaces at Victoria University (VUW) weused. For temperatures above
1000°C, the Industrial Research Limited (IRL) Anaaigs furnace was used. VUW
furnaces were calibrated using a Type R standagdmihcouple with cold junction
compensator. The standard error was the greate50€ or 0.25%. Samples fired to
temperatures above 900°C were fired in vitreousasttirucibles or on vitreous silica
plates. For lower temperature work glazed porcetaicibles were used.

2.2 Sample characterisation techniques

XRD, MAS NMR and SEM were the main characterisatechniques used for
this project. XRD was used to detect and analygstalline materials. To analyse
amorphous materials, MAS NMR was used. SEM with EDf¥nental mapping was
used to analyse the spatial distribution of thedpots detected by XRD and
MAS NMR. Quantitative XRD was performed using thietReld method in [3.2.3.3].
Qualitative tests on samples’ stability in waterd amechanical strength were

universally used.

2.2.1 Powder X-ray Diffraction (XRD)

For rapid analysis of products synthesised at VOARD was performed at
VUW. All other analysis was performed at IRL. Alumum sample holders were
used both at VUW and at IRL. Crystalline phasesewaatched using patterns from
the ICDD Powder Diffraction File (PDF) Version 4High quality powder patterns
(ICDD quality mark * or 1) were used wherever pddsi Scans were typically rotated
through an angular range of 10 — 70° 2 list of XRD pattern numbers is provided

below, along with a description of the common arhorgs phases detected by XRD.
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IRL:

All samples were run using a Philips PW1700 selBesyg-Brentano diffractometer

(IRL Diffractometer #1) with automatic divergendéssand graphite diffracted beam

monochromator, using CooKradiation. For Rietveld XRD, the fixed antiscatstits

were removed. Phases were assigned using BrukieadEVA©

VUW:

Samples were run using a Philips PW1730 stand atmreerator, PW3170 mpd
control and a PW1768/xx sample stage and a PW160BDmeter. Cu K radiation
was generated from a Pw2773 Cu LFF X-ray tube, ¥¥40=20mA. Phases were

assigned using Panalytical X'Pert Highscore.

The phases most commonly encountered in this galdpg with their PDF numbers

and quality marks) were:

Arcanite (K.SOy)
Bayerite

Corundum
Cristobalite
Doyleite

Forsterite

Gibbsite

Leucite

Lithium hydroxide hydrate
Lithium orthosilicate
Mullite
Nordstrandite
Periclase

Quartz

Spinel

Zeolite A (Na-A)
Zeolite ABW (Li)
Zeolite F (Li exchanged)
Zeolite X (LiNa-X)
B-Eucryptite
B-Spodumene

01-070-1488 (*)
00-020-0011 (1)
01-070-5679 (*)
00-039-1425 (*)
00-038-0376 (1)
01-071-1080 (*)
00-033-0018 (1)
00-038-1423 (¥)
00-025-0486 (C)
00-037-1472 (*)
01-074-4145 (*)
00-024-0006 (1)
01-071-1176 (*)
00-046-1045 (*) or 00-033-1161 (D)
01-070-6013 (*)
00-038-0241 (*)
00-027-1211 (1)
01-079-1893 (*)
00-038-0236 (*)
01-071-2058 (*)
00-035-0797 (*)
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2.2.2 Rietveld XRD

The Rietveld Method (‘Rietveld XRD’) is a techniquesed to extract
guantitative data on the concentrations of cryis&alphases (and particle sizes) from
powder XRD scans. Using the Rietveld method, a mpwRD pattern is calculated
from basic crystal structure data for each minefrase in the sample. The patterns
are summed and fitted by a least-squares refinerntersd sample pattern. Mass
percentages of the mineral phases are obtaineduliiplying the scale factors of the
peak heights by unit cell mass and volume and ohgidy the Brindley absorption
contrast factor to obtain mass percentages.

For all samples, long scans were used to provideb#st possible signal to
noise ratio. Scans were calibrated for the effdcvasiable slits. Background was
removed by picking points manually with automaticelr interpolation. Pattern
fitting was optimiseds¢ minimised and stable). Systematic errors (i.e smgs small
peaks altogether) were avoided wherever possible.

Rietveld quantitative phase analysis was performethg SIROQUANT
2.5° SIROQUANT is a x-ray powder diffractometry softwapackage for the
guantitative analysis of mineral phases. The aatiscslit was removed for Siroquant
scans. This led to bifurcated peaks from the sarhplder in many scans. These
peaks were excluded from the refinement processieSareferential orientation of
brucite in geopolymer samples occurred. This wisvald for in calculations but was

not prevented during sample preparation, i.e. XRi®s were not back-loaded.
2.2.3 Magic Angle Spinning Nuclear Magnetic Resonance (MAS
NMR)

To characterise amorphous materialSj and*’Al MAS NMR were used.

MAS NMR was performed using a Bruker Avance 500cBpeneter.
For 2’Al MAS NMR, a a 4 mm Doty MAS probe and &lSi rotor spun at 10-12
kHz with. The spectrometer frequency was 130.224&zMwith a 1 Is (p/10) pulse for

solution) and a 1 s delay, spectra referenced (id2®)s>".
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For?°Si-MAS NMR a 5 mm Doty MAS probe and a Zrétor spun at 3-4 kHz was
used. Theé“Si spectrometer frequency was 99.926 MHz, withs(§/10) pulse and a
30 s delay, spectra referenced to tetramethyls{[aNS).

2.2.4 Scanning Electron Microscopy

To prepare samples from geopolymers for SEM, sasnplere cut using a
diamond saw into slices ~4 mm thick and soakecdhialeoholic solvent (1-propanol
or 1-butanol) for at least 24 hours to remove walbey were then soaked in acetone
to remove the alcoholic solvent. Samples were driealhot laboratory oven from 80
— 110°C to constant weight or overnight. They tmeounted on half-height stubs
approximately 10 mm in diameter and 5 mm high ushngldite 2 part adhesive.
Carbon tape was used to earth the samples. Carlabsilaer paint proved ineffective
for adhering the samples to the stub and eartl8agiples were coated with between
4 and 7nm of gold or platinum. Platinum coating wasferred over gold for sample
where high-magnification imaging was needed. Thaptes were desiccated in a
large desiccator evacuated by a rotary pump. Tésscdator is effective for powder
samples and is widely used in SCPS (School of Ctelrand Physical Sciences) but
this project’'s samples required further desiccatiorihe JEOL 5300 SEM sample
chamber which is evacuated by a diffusion pumplasla higher vacuum level.

Samples were generally not polished after cuttirith whe diamond saw.
Where they were, 10n SiC grit paper or 1dn diamond grits were used to polish the
surface. Comparison of polished and unpolished Esnghowed that unpolished
samples had much cleaner and smoother surfacpslisising caused particle pullout.

Imaging was performed on the VUW JEOL 6500F SEMhwaittached EDS (Energy

Dispersive X-ray Spectroscopy) detector. All imapgiwas performed under EDS

conditions (Accelerating voltage = 15.0 kV).
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2.2.5 Mechanical properties

Samples which failed to set were powder cakes whati no mechanical
strength. In contrast, samples that had undergeo@ajymerisation were rock-like
monoliths with brittle fracture behaviour. In order deduce what the optimal water
content of lithium geopolymers was in section 5.&3rude scratch and break test
was carried out by hand. Force was applied to déneptes by hand to flex (and thus
break) them. Break tests are recorded as Y or Myevil indicates a sample that did
not break and N indicates a sample that did. Thepkasurface was also scratched
with a fingernail. Whether a surface scratched @rwas reported as either N, Y or
Y!. N indicates no visible indentation in a sampléer the scratch test, Y indicates
indentation but without visible particle loss frahe sample, and Y! indicates a large
indentation with visible particle loss along thegedf the scratch. The breaking test
wasnot considered a scientific gauge of reactivity buaasmple indicator of whether
a change in composition improved or degraded thehar@cal properties of lithium

geopolymers. See section 5.3.3.

2.2.6 Water tests

Silicate bonded objects are extremely strong bussalve in water.
Distinguishing silicate bonded objects from geopwdys is often simple; silicate
bonding has several distinguishing features indgdhigh sample gloss and
translucency, extreme hardness, smooth fracturesfaand undergoing plastic
deformation or reagglomeration when ground in ataroend pestle. However,
silicate bonded objects with a high amount of filuch as metahalloysite have
appearance and mechanical properties similar &etbbd geopolymers. Without using
MAS NMR, the best way to distinguish silicate bodd&bjects from geopolymers
was to expose them to water. Samples were eitheeglin beakers of cold tap water
overnight or had a smooth face run under waterrahded with a gloved finger. In
the former case, silicate bonded objects spontaheodissolve releasing filler
particles, which are observed as a dust on thetotf the beaker the next morning.
In the latter case, silicate bonded objects rapmiyghen or even disintegrated.

Geopolymers do not exhibit these behaviours.
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2.3 Raw Materials

Metahalloysite preparation:

New Zealand China Clays (NZCC) Premium halloysi@swveighed into porcelain
crucibles and heated at 550°C overnight. This teduin a mass loss of ~15 %,
slightly higher than the suppliers stated loss gnition (LOI) figure. This was
probably due to adsorbed moisture from the airmfals amount of coarse particles
~1 mm across were removed by sieving through audd®rass mesh. These particles
were hard and brittle, and probably contained atijse impurities.

Materials:

Materials suppliers are listed. Where an purityagssas provided by the supplier it is
reproduced here. For some materials levels of itiesirother than hydrated species
are low and purity is best gauged by a water cartteloss on ignition. XRD and LOI

were used where stated used to check supplienefigu

K66 potassium silicate solution (Ineos Silicas)Ok= 11.4 wt %, Si@= 23.4 wt %

MgO (light): BDH LOI = 3%

MgO (heavy): BDH LOI = 3%

MgSQO,.7H,O: May and Baker (Aust) Assay = 99.5%
Magnesium carbonate (hydrated heavy): BDH LOI=@8%
Mg(OAc)2: BDH [OAc = Acetate] Assay = 99 %

Mg(ClO4)2: BDH Water content = 16%

AcrosMg(OH),: Acros Organics, 95%

Acros Al(OH): Acros Organics, “extra pure” - No assay given
Acidic Al,O3 Brockmann type 1: Amorphous activated aluminatigarsize =? LOI
(900°C 24 hrs = 3%): BDH

RDH Al(OH)s: assay as AD; = 65%

Halloysite: NZCC)Premium Halloysite: Typical comjtam:
50.4% SiQ, 35.5 ALOs;, 0.28% FeOs3, 0.08 TiQ, trace CaO, MgO, N®, K;O. LOI
13.8%.

Elkem 971-U silica fume: Worst case composition:

Si0O, 98%, C 0.7%, F£©3 0.1%, AbO3; 0.3% CaO 0.3%, MgO 0.2%,,Q 0.3%,
NaO 0.2%, BOs 0.1%, SQ 0.3%, Cl 0.1%, LOI 0.8% SA=15-30m"

SiO, is 98% min, all other values are max.

Average diameter 0.1om.
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SF98 Silica fume (Doral)
Si0O, 93%, ZrQ + HfO, 4.2%, FeO3 0.4%, AbO3 0.2%, BOs 0.25%, TiQ 0.02%,
Ca0 0.01%, N#D 0.01%, KO 0.01% LOI 1.0% SA=15 fg*

Microsilica 600:
SiO, 87.89, A:034.31, SQ0.13, FeO3 0.59, MnO 0.03, Ti®1.16, CaO 0.32, O
0.49, BOs 0.05, MgO < 0.02, N® 0.14, LOI 5.01%

Distilled water was used for all syntheses.

Particle sizes of raw materials in Chapters 3 anWete measured using laser
diffraction on a Malvern Mastersizer Hydro 2000 MParticles were dispersed in
distilled water. The manufacturers stated partstte range particle size range 0.02 —
2000um, but in practice little or no volume content ofyasample was found to have

particle size below ~0.4m.
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Chapter 3 Magnesium in geopolymer systems

3.1 Introduction

The effect of magnesium on the geopolymer systepoientially of enormous
importance. Magnesium is the eighth most abundantent in the Earth’s crif§tand
its silicate and carbonate minerals are cheap #&mtiful. Its presence in Portland
cement is undesirable due to the formation of oxfdericlase) during clinker
production and the tendency of the oxide to hydratiés hydroxide (brucite) with an
accompanying large volume expansich.Despite it being a common impurity
element in raw materials for geopolymerisationaidion in geopolymer systems has
not been systematically studied. In addition, cecambased on cordierite,
Mg-Al ,SisO15, have low thermal expansion coefficients and fivide application as
catalyst supports. It was hypothesised that thermakatment of
magnesium-containing geopolymers would produce msigm aluminosilicate
ceramics with useful properties.

It was discovered that the addition of soluble neium salts to geopolymer
systems can have deleterious effects on the seugisi mechanical properties. A
preliminary study was carried out to determine lihats of potassium geopolymer
composition that would yield well-setting produciBhis was then used to plan
experiments based on the addition of soluble magmesalts to geopolymers and
rationalise the results.

It was desired to know the effect of magnesium exaddition on geopolymers
and whether or not any reaction likely to changeptoduct properties occurs.

It was found that there were definite limits on howch of soluble magnesium salts
could be added to the system, while very high Eval magnesium oxide and
hydroxide (often inseparable, so both referredstonagnesium (hydr)oxide) could be
incorporated into well setting bodies. Thermal tmeent yielded foamed bodies rather

than dense ceramics.

43



3.2 Experimental

3.2.1 Constraints on syntheses: The effect of water and alkali
contents

In order to gauge the effects of varying theOKAI,O3; ratio of potassium
geopolymers, a series of samples with different KObhtents were prepared.
Compositions were chosen to keep $#D,03, H,O/Al,O; and ratios as similar as

possible while ensuring that samples with |[oyDKAI,O3 set.

Varying amounts of KOH were added to potassiuncai solutions and
geopolymer slurries made from the resulting sohgiasing the conventional method.
Samples Al — A5 had molar®/Al,O;3 ratios higher than 1, while samples A6 — A14
had molar ratios lower than 1.

The sample molar ratios are recorded in

Al2 3.05 8.35 0.27 30.5

Al13 3.05 8.59 0.24 36.24

Al4 3.05 9.42 0.2 47.07
Table 3-1.

A series of samples with alkali contents equahtuse of series A6 — A14 but
with higher water content (10 g added(Hfor all samples, pO/Al,O3 = 11.3) failed

to set (except sample F).

Sample S|QA|203 H20/A|203 KgO/Aleg HZO/KZO
Al 3.05 12.04 1.67 7.2
A2 3.05 11.89 1.52 7.8
A3 3.05 11.74 1.38 8.53
A4 3.05 11.6 1.23 9.43
A5 3.05 11.45 1.08 10.58
A6 3.05 11.3 0.94 12.08
A7 3.05 8.86 0.79 11.24
A8 3.05 8.95 0.64 13.95
A9 3.05 8.8 0.49 17.8
Al10 3.05 8.38 0.35 24.12
All 3.05 8.39 0.31 27.01
Al2 3.05 8.35 0.27 30.5
A13 3.05 8.59 0.24 3624
Al4 3.05 9.42 0.2 47.07

Table 3-1: Molar ratios of K,O/Al, O3 potassium geopolymers
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3.2.2 Preparation of magnesium-containing geopolymers by
addition of magnesium salts

3.2.2.1Raw materials

Magnesium salts used were Mg(OAdH,O, MgSQ.7H,O, Mg(CIlOy),.xH,O and

basic heavy magnesium carbonate, which are dedank3 .

3.2.2.2Synthesis method

The addition of magnesium salts to geopolymer Esrwas examined.
Potassium geopolymer slurries were prepared usiegconventional method and
solutions of magnesium sulfate, perchlorate, caab®n (in the form of
hydromagnesite) and acetate added. The effectsdding different salts were
compared and other studies carried out on the teffet potassium sulfate and
potassium perchlorate addition.

To compare the effects of the different salts, pgitan geopolymer slurries
were prepared using the conventional method. Thsekitions of different
concentrations of magnesium acetate, magnesiuratsuthagnesium perchlorate and
heavy basic magnesium carbonate were added asosslsuspension in the case of
magnesium carbonate) to a low-water content geopadyslurry. Quantities were
chosen so that compositions with nearly equal tattker content were produced. In
other experiments, similar levels of potassium lplrate addition were added and
attempts to purify the product made.

Solutions of Mg(OAc).4H,O, Mg(CIOy), (84%, 16% HO), MgSQ.7H,0
and basic heavy magnesium carbonate were prepAdxpected, magnesium
carbonate and water formed slurries, while othegmeaium salts dissolved, with
heating in the case of MgQOMgSQ, solutions were heated with cling film over the
beaker to prevent evaporation until complete digsmh occurred.
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Sample Magnesium | SiG./Al,Os H,O/Al,O4 SiG,/ MgO/Al,O4 H,O/ K,O/ H,O/ (KO-
salt (Al,04 K,O Al,O4 (KO- 2MgO)/
+ MgO) 2MgO) Al,O;
B-Control None 3.07 9.40 3.07 0.00 9.84 0.9¢ 9.84 .960
B-OAcl Mg(OAc) 3.05 11.51 291 0.05 12.31 0.93 13.73 0.84
B-OAc2 Mg(OAc) 3.05 11.73 2.78 0.10 12.53 0.94 15.83 0.74
B-OAc3 Mg(OAc) 3.05 12.09 2.56 0.19 12.93 0.94 21.93 0.55
B-CO3-1 MgCQ 3.05 11.24 2.73 0.12 12.11 0.93 16.10 0.70
B-CO3-2 MgCQ 3.05 11.31 2.49 0.23 12.08 0.94 23.39 0.48
B-CO3-3 MgCQ 3.05 11.33 2.11 0.45 12.11 0.94 294.77 0.04
B-ClO4-1 Mg(CIQ). 3.05 11.38 2.93 0.04 12.16 0.94 13.30 0.86
B-ClO4-2 Mg(CIQ). 3.05 11.43 2.83 0.08 12.24 0.93 14.64 0.78
B-ClO4-3 Mg(CIQ). 3.05 11.61 2.63 0.16 12.41 0.94 18.84 0.62
B-ClO4-4 Mg(CIQ). 3.05 10.97 2.60 0.17 11.72 0.94 18.72 0.59
B-ClO4-5 Mg(CIQ). 3.05 11.31 2.27 0.35 12.07 0.94 46.31 0.24
BSO-1 MgSQ 3.05 11.64 2.93 0.04 12.43 0.94 13.61 0.86
BSQO,-2 MgSQ 3.05 15.69 2.77 0.10 16.73 0.94 21.32 0.74
BSO,-3 MgSQ 3.05 10.98 2.53 0.20 11.81 0.93 21.08 0.52
BSO-4 MgSQ 3.05 18.20 2.39 0.28 19.40 0.94 47.39 0.38
BSO-5 MgSQ 3.05 11.36 2.29 0.33 12.13 0.94 42.61 0.27
BSO,-6 MgSQ 3.05 11.37 2.08 0.47 12.19 0.93 -2240 -0.01

Table 3-2: Molar ratios of geopolymers containing dded magnesium salts




Geopolymer slurries were prepared using the conwealt method.
Magnesium salt solutions were added using a plasigteur pipettes and stirred
rapidly by hand. Two large batches of geopolymerrglwere prepared and portioned
for magnesium salt addition. The resulting samptdamratios of the samples are
noted in Table 3-2.

When the magnesium sulfate and perchlorate sohluticontacted the
geopolymer slurries, a thin white coating immedia@ppeared on the surface and
were mixed into the slurries. For both £0 and ClOZcontaining samples, the
slurries then thickened and formed lumps upon msigme solution addition. After
setting all samples chipped easily when chisellgtiar than fracturing down the
centre of the sample as for normal potassium ggopeis. Samples B-OAc-3, B-
SO-5, B-SQ-6, and CQ@3 set into powder cakes. All other samples set int
monoliths.

Samples B-S@3, B-SQ-2, and B-S@4 were analysed usirfdAl- and ?°Si
MAS NMR. Samples Cl®4 and B-SQ@-5 were analysed using SEM. [Prep methods
in section2.2.4

3.2.2.3Boiled samples

The geopolymers from the previous section were fremtlby heating them in
water to remove precipitated potassium salts aratiyme magnesium-containing
geopolymers suitable for thermal treatment. Patassyeopolymers were heated in
magnesium sulfate to attempt to ion-exchange magmef®r potassium.

Two 0.5 g pieces of B-S£B were cut off the main sample. The first sample
was powdered. Both samples were heated in 30 qigoalater for %2 an hour. They
were removed from water, filtered on a Buchner &inin the case of the powdered

sample and dried at 80°C overnight. The samples weded C1 and C2 respectively.

A standard potassium geopolymer with molar ratio®,&l,0; = 3.06,
H,O/Al,O3 = 10.90, KO/AI,O3 = 0.94, and KO/K,O = 11.63 was made. An 0.8 g
powdered sample and an 0.7 g sample piece of tiasgom geopolymer were added

to the two solutions and heated to 80 — 90°C. Tdwedered sample was stirred with a



stir bar. The samples were coded C3 and C4 respcti Samples were dried in a

lab oven at 80°C overnight.

All four samples were examined using XRD.

3.2.3 Preparation of magnesium-containing geopolymers by
addition of magnesium oxide and hydroxide

Samples containing magnesium oxide and hydroxidenaghesium
(hydr)oxide’) were made by adding magnesium (hyxide to potassium geopolymer
slurries. Potassium geopolymers had standard catigroSection 1.1.5] but several
different types of magnesium (hydr)oxide additiasdifferent concentration levels

were added. Sample were analysed using Rietveld XRDSEM.

3.2.3.1Raw materials

Three commercial raw materials were used. These WO (light), MgO
(heavy) and Acros Organid¢dg(OH), and are described in section 2.3 and below. A
synthesised Mg(OH) was prepared by refluxing MgO (light) in water &
round-bottom flask for 2 days. A secohth(OH), material was synthesised by the
hydration of MgO (light).

MgO was prepared from MgO (light) by heating to 450for 24 hours
[referred to as ‘heated MgO (light)’]. A second Mg®@aterial was prepared from
Acros Mg(OH), by heating at 550°C for 4 hours [referred to asated Mg(OH)
(Acros)'.

The magnesium raw materials had XRD patterns tateviUW. They were
later analysed quantitatively by Rietveld XRD ahdit particle size measured using
the Mastersizer. Unfortunately, by the time the naaterials were analysed, MgO
(light) andMg(OH), (synthesised) had carbonated to form hydromagnesit

Their composition as calculated by Rietveld XRDrasorded in Table 3-3,

and their mean particle sizes in Table 3-4.
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3.2.3.2Synthesis method

Two series of samples were made from conventioeapglymer slurries with added

magnesium (hydr)oxide. The molar ratios of the dampre described in Table 3-6.

All samples were analysed using Rietveld XRD anMSE

Percentages by mass of total
Raw Material % Periclase % Brucite % Other crystall % Amorphous

MgO (light) 64.3 14.7 18.1 (hydromagnesite) 2.9
MgO (heavy) 79.9 20.1 0.0 0.0
Mg(OH), (Acros) 0.0 100.0 0.0 0.0

Mg(OH), (synthesised) 0.0 76.3 22.5 (hydromagnesite), 0.0
1.1 (calcite)

Heated MgO (light) 65.9 0.0 0.9 (calcite) 33.2

Heated Mg(OH) (Acros) 82.8 2.2 0.0 15

Table 3-3: Rietveld analysis of magnesium (hydr)oge raw materials.
Note that hydromagnesite = Mg(C0Os3)4(OH),.4H,0, Calcite = CaCQ,.

Volume
. Surface
weighted .
. X weighted mean
Raw material mean particle icle si
size B?:l’;tlg]e( S|z)e
, m
D[4,3] (um) :
MgO (light) 13.643 6.190
MgO (heavy) 70.912 20.842
Mg(OH), (Acros) 16.930 2.316
Mg(OH), (synthesised) 93.230 9.357
Heated MgO (light) 66.816 8.837
Heated Mg(OH) (Acros) 65.490 18.201

Table 3-4: Particle sizes of magnesium (hydr)oxidew materials
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Sample Additive SIQA' 503 HzO/A' 203 SIOzl MgO/A| -0 MgO/KZO Hzo/Kzo KzO/ HzO/KzO
(Al,03+MgO) 3 Al ;O3 (Mg water
excluded)
D1 Mg(OH), 3.05 13.28 1.02 1.98 2.12 14.2 0.94 12.08
(synthesised
D2 Mg(OH), 3.05 16.87 0.62 3.96 4.23 18.03 0.94 13.8
(synthesised
D3 MgO (light) 3.05 12.4 1.23 1.49 1.59 13.25 0.94 12.08
D4 MgO (light) 3.03 12.8 1 2.05 2.17 13.59 0.94 287.
D5 MgO (light) 3.05 18.3 0.77 2.98 3.18 19.56 0.94 11.89
D6 Heated 3.02 11.08 0.8 2.76 2.98 11.99 0.92 11.9¢
Mg(OH).
D7 Heated MgO 3.02 11.06 0.81 2.72 2.95 11.99 0.92 11.99
D8 MgO (heavy) 3.02 10.98 0.82 2.68 2.93 11.99 0.92 11.99

Table 3-5: Molar ratios of magnesium (hydr)oxide cataining geopolymers.

Ratios were calculated using the ratios of brucitand periclase provided by Rietveld analysis for Mg{light). MgO (heavy), heated MgO (light) and heate Acros
Mg(OH), are calculated as pure periclase. Synthesised Mgk}, is calculated as pure brucite. It was assumed thathen the samples were synthesised that no
carbonation had occurred.
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3.2.3.3Rietveld analysis

After sample synthesis, Rietveld XRD was performedsamples and raw materials.
Pieces of set samples were ground, weighed anddnvixién a known quantity of standard
crystalline AbO3 (85% crystalline). Two control samples were mageghinding a normal
potassium geopolymer and dry mixing with heavy Mg adding a weighed amount of
standard crystalline ADs;. All samples were analysed with XRD at IRL and plilases
indexed, then long (10 hr) scans performed. Pat®ynthesis was performed using
SIROQUANT as described in section 2.2.2. Minor @sasere excluded from the pattern

refinement process in some samples.

3.2.4 Thermal treatment

3.2.4.1Synthesis of geopolymers

Two magnesium (hydr)oxide-containing geopolymeresewere made by adding magnesium
hydr(oxide) to geopolymer slurry during mixing.

MgO (light) and acidic AlO; were added in varying amounts to portions of dag\s
resulting in samples E1 - E8. Similar compositi(lg8 — E16) using MgO (heavy) and 8k
(calcined) were made.

The molar ratios of the samples are recorded ifeTaib. Samples E1-E8 were fired
using three different firing profiles and sample%EL6 fired using one firing profile [Table
3-7].
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Composition SIQAI,O; H,O/Al,O4 Siod MgO/Al,O4 MgO/K,O K,O/Al,O;
(Al,05+MgO)
El 3.05 8.42 3.05 0.00 0.00 0.35
E2 3.05 8.71 2.20 0.39 1.11 0.35
E3 3.05 8.99 1.72 0.77 2.22 0.35
E4 3.05 9.27 1.42 1.16 3.33 0.35
E5 2.47 6.82 2.47 0.00 0.00 0.28
E6 2.50 7.19 1.82 0.38 1.33 0.28
E7 2.47 7.37 141 0.75 2.66 0.28
ES8 2.50 7.75 1.17 1.14 4.00 0.28
E9 3.05 8.50 3.05 0.00 0.00 1.00
E10 3.05 8.50 2.02 0.51 1.22 0.42
E1ll 3.05 8.50 1.51 1.02 2.43 0.42
E12 3.05 8.50 1.20 1.54 3.65 0.42
E13 2.50 6.97 2.50 0.00 0.00 0.35
El4 2.50 6.97 1.67 0.50 1.46 0.35
E15 2.50 6.97 1.25 1.01 2.92 0.35
E16 2.50 6.97 1.00 151 4.38 0.35

Table 3-6: Molar ratios of magnesium hydro(oxide)-ontaining geopolymers for thermal treatment

3.2.4.2Thermal treatment

Firing was performed in the IRL Amalgams furnacel@matmospheric pressure on vitreous

silica plates.

The firing profiles of the different sample serge recorded in Table 3-7.

Sample Series

Firing profile

Firing 1 50/00,1300/130,1300/240, 50/3.00
Firing 2 50/00,1300/500,1300/480, 50/3.0d
Firing 3 50/00,1250/510, 1250/480, 50/2.00
Firing 4 50/00,1300/130,1300/240, 50/3.00

Table 3-7: Firing profiles used for thermal treatment.
xxlyy denotes temperature xx°C at the end of eachep,
and yy denotes the duration of the step in minutes

Samples from Firing 1 and Firing 4 were analysedguXRD.
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3.3 Results and discussion

3.3.1 Constraints on syntheses: The effect of water and alkali contents

Sample molar ratios are recorded in Table 3-1.

3.3.1.1Results
After 1-3 days setting, samples A1 — A12 set intinpoliths. Samples A13 and Al4 set into

powder cakes.

The ?’Al NMR spectra of samples Al — Al1l indicate subs#meopolymerisation.
The spectra contain one main peak around 60 ppnresponding to geopolymeric
(tetrahedral) aluminium. Little or no unreacted ak@lin remains, as indicated by the lack of
characteristic metakaolin peaks at 3, 28 and 55 .pfamples A1l — All contain
predominantly geopolymeric aluminium, although amcréasing amount of unreacted
metakaolin is present as alkali content decreas®a tample A8 — All. The amount of
unreacted metakaolin increases markedly from sampleto sample Al12, indicating that a
minimum alkali content for geopolymerisation hasetereached and corresponds to a
K2O/Al>,O3 value of approximately 0.3. Samples A12 - A14 aonpredominantly unreacted

metakaolin.
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Figure 3-1: /Al MAS NMR spectra of low K,O/Al,O; geopolymers
K,O/Al,O3 ratios decrease up the page
X axis scale is chemical shift relative to Al(bD)g>*
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Figure 3-2: 2Al MAS NMR spectra of minimum K ,O/Al ,O; geopolymers
K,0/Al,O3 ratios decrease up the page
X axis scale is chemical shift relative to Al(k0)s*"



3.3.1.2Discussion

The effect of decreasing the®/Al,O3 ratio significantly below 1 is to greatly lower
the mechanical strength of the set sample, as ls$tadh in the literature. However, it is
notable that there appears to be a well-definedmum K,O/Al,Os; value, below which
geopolymerisation ceases altogether. Metakaolirsotlison under these conditions is
irreversible so from the continuing presence ofahalioysite it is clear that its dissolution
does not occur to a significant degree below aagextalue of KO/AI,Og, in this case around
0.3. The existence of a sudden fall in the degfeeaction when MO/AI,O3 = 0.3 is also
observed in the analogous Li experiment. [Sectidh2p Presumably the pH of the alkali
silicate solution is too low to dissolve metahafiitg in both systems.

The failure of the series with higher water contenset (KO/Al,O3) is probably an
effect of concentration (e.g. of silicate speciether than pH, as the difference in water
content is only 30% which would be expected to hegenall effect on pH.

The upper limit water content acts as an importamistraint on what molar ratios are
achievable. In conjunction with a lower limit onetramount of alkali necessary, the
workability of the reaction slurry, and the usereéctants with a significant water content
(e.g. K66 solution), the range of ratios that carabhieved within a conventional geopolymer
system is limited. The sensitivity of the systenextra water appears to decline g®KAl,O3

increases to a value of 1 or higher.

3.3.2 Preparation of magnesium-containing geopolymers by addition of
magnesium salts

3.3.2.1Results

The XRD patterns of each of the set samples sholar®ad amorphous peak due to
geopolymer, unreacted quartz and cristobalite. #itea(K,SQOy) is present in all samples
containing S@, [Figure 3-3]. Potassium perchlorate is presenalinsamples containing
ClO4. No magnesium sulfate phase (in any state of higidaor magnesium perchlorate
phase was detected in the patterns. The XRD patteneated sample B-Cl&t (examined
using SEM) shows a geopolymeric broad peak andspota chloride.
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Figure 3-3: XRD patterns of geopolymers treated wh water and MgSQ, solution
C=cristobalite, Q=quartz, A=arcanite, * = Al sampleholder, P= perspex sample holder

The XRD patterns of C1 and C2 show the successfubval of arcanite from the
geopolymer in both powder and lump form. Both patieshow the characteristic XRD
patterns of a geopolymer with no crystalline impeas other than unreacted quartz and
cristobalite. [Figure 3-3] The patterns of C3 and €how no difference from a normal

geopolymer, indicating little or no formation oftanite.
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Figure 3-4: Al MAS NMR spectra of sample B-SQ-3
X axis scale is chemical shift relative to Al(bD)e>*

T L) ) T 1 T T T T ] T L) T T 1 T T T T T T T T T

0 - 50 -100 -150 [Ppm]

Figure 3-5:°Si MAS NMR spectra of sample B-S@3
X axis scale is chemical shift relative to TMS

The ?’Al MAS NMR spectra of samples B-$Q, B-SQ-3, and B-S@4 showed
overwhelmingly geopolymeric aluminium. TA&i MAS NMR spectra of samples B-$2,
B-SO,-3 and B-S@-4 contained one main peak centred at 87 ppm whahasymmetric and

narrow compared to a normal geopolymer peak.

SEM was used to examine B-$® and B-CIQ-4 (heated to remove potassium
perchlorate).

Backscatter images of B-@8 at 1000x magnification showed the presence of
crystals 1 — 10um long embedded in a matrix. EDS imaging confirntedt they were
potassium sulfate crystals. [Figure 3-7] Magnesiarhomogeneously dispersed throughout
the matrix at magnifications below 10000x with asioaal regions with very high
magnesium content approximately 1 — 2@ in diameter [Figure 3-6]. In contrast to the
magnesium-containing sample made using the hydeoxidthod [Section 4.3.3], the greatly
magnesium-enriched areas in BxS%also contained significant quantities of siliqtit not
aluminium). Overall, the spatial correlation of magium with silicon was slightly positive,

and with aluminium was slightly negative.
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SEI images of B-CI@4 at 200x shows a homogeneous smooth sample. Howev
under backscatter, there are fissures of size 6 gnbwith rough material inside them. EDS
mapping shows the presence of areas very high taspiom and chlorine, indicating
potassium chloride in the fissures. Magnesium afgpabe homogeneously distributed at
magnifications of up to 10000x magnification excémt occasional very magnesium-rich
areas 5 — 5um in diameter. The presence of magnesium has noeable effect on the
concentration of aluminium, silicon and potassiuxaept in the most magnesium-enriched

areas, which are depleted of the other elements.

p——t—t 10 pm . IMG1———— 10 pm Mg K

—t+— 10 pm Si Kr——+—— 10 pm

Figure 3-6: EDS maps of sample B-Sgb showing homogeneously distributed and
particulate magnesium in the geopolymer matrix.
Magnification = 3000x. In overlay, red = Si, blue =Mg, purple = Si + Mg
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Figure 3-7: EDS maps of sample B-Sg5 showing K;SO, grains in the geopolymer matrix.
Magnification = 3000x. In overlay, yellow = K + S, blue = Si

3.3.2.2Discussion

The detection of arcanite and potassium perchloratXRD, combined with the
observed white product formation at the geopolysterry surface suggests that the reaction
of Mg®* to displace K begins immediately and is rapid upon magnesiurnasaition to the
geopolymer system. A double decomposition readtgeroduce magnesium silicate, e.g.

Mg(ClOq), (aq) + KSiO; agq)> MgSiOs(s) + 2KCIG, (aq)

iIs probable. The analogous formation of some magmesluminosilicate is also possible,
however the concentration of aluminosilicate ioreauld be expected to be much lower than
that of silicates. Another plausible reaction is tformation of magnesium hydroxide
followed by subsequent reaction to enter the masimilar to the reaction discussed in
sections 3.3.3 and 4.2.4. SEM studies show homagsnmagnesium distribution in these
samples down to iim or below,indicating that any particulate silicate or alunsiicate
products are small.

2%Si MAS NMR reveals a lower degree of silicate potyimation than in typical
geopolymers, reflected in the shift of the geopdynpeak to lower connectivity
Q-environments?’Al MAS NMR shows that aluminium incorporation intbe geopolymer

network is still substantially complete.

59



Which samples with magnesium salts added formeg@agmers can be explained in
terms of the double decomposition reaction. Theirool (K:O-2MgO)/AlL,O3 in Table 3-2
shows an adjustedmount of free alkali, remaining assuming complptecipitation of
magnesium silicate. Sample B-$®has a normal overall alkali to aluminium ratiat la very
low adjusted value, so after the double decompmusiteaction little alkali is available for
metakaolin dissolution. The setting of sample B-£8into a viable geopolymer is not
unexpected as the adjusted alkali content being toghe minimum required for metakaolin
dissolution. In addition, some dissolved silicaresnoved from the system by the double
decomposition reaction, thus raising the expecté¢aipall alkali concentrations.

The solubilities of the different salts of magnesiand potassium are displayed in
Table 3-8 Potassium perchlorate and potassium sulfate arée dosoluble and their
precipitation unsurprising. The absence of crystalilnagnesium and potassium acetate in the
set samples probably indicates the continued exdsteof one or both species in a
non-crystalline form (e.g. dissolved in pore watdifle apparent absence of hydromagnesite
in the XRD patterns of samples containing addedyeasic MgCQ is probably simply due
to being obscured by noise. The transformationyofdémagnesite into magnesium hydroxide
is highly thermodynamically unfavourabfé> **No reaction to form magnesium hydroxide
or magnesium silicate in the reaction mixture wolbtl expected. It is also possible that a
reaction occurs similar to that in magnesium (hgxiide-containing samples (Section 3.3.3.1)
to form hydrotalcite.

The removal of potassium perchlorate in hot watemfthe powdered sample C1 is
what would be expected, but in the case of thedqoéce C2 reveals a fairly high degree of
water diffusion through the sample. XRD on the si@sheated in solutions of magnesium
perchlorate shows no change, suggesting a low itgffiof the geopolymer matrix for

magnesium ions after setting.
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Solubilities | g/100gH-0, 25 deg C
Anion Cation
K Mg
OAC 269 65.6
SO# 12 35.7
Clo, 2.08 100
CO” 111 0.18

Table 3-8: Solubilities of potassium and magnesiumsalts.
From CRC Handbook of Chemistry and Physics, 88 ed ®

3.3.3 Preparation of magnesium-containing geopolymers by addition of
magnesium oxide and hydroxide

Molar ratios of magnesium (hydr)oxide-containinghgdes are recorded in Table 3-3.

3.3.3.1Results
All samples set into monoliths.

The XRD patterns of all samples contaifedad amorphous peaks due to geopolymer
as well as peaks from periclase (MgO) and bruditg(OH),). The relative peak heights of
brucite and periclase in samples with the same typeVig additive were roughly in
proportion to the amount of additive present.

Samples that contained light MgO (heated or unki@ate heavy MgO as additives
also contained small amounts of hydrotalcite asl welunreacted cristobalite and quartz
[Figure 3-8]. There was an additional pattern phasetatively assigned as eitelite
(NaxMgCO3) though no unequivocal assignment could béema

The XRD patterns calculated using the Rietveld wmettvere able to replicate the
experimental patterns. [Figure 3-9] The amountpesfclase and brucite and total amount of
magnesium in crystalline phases found by RietveRDXcompared to the expected amounts
in the samples is presented in Table 3-10. Sanghesved apparent degrees of reaction
between -15 and 70%. The apparent degree of reagpipeared to be bimodal, with many
samples having degrees of reaction close to zebbet@reen 60 and 75%.

Experimental uncertainty arises from carbonatiothefraw magnesium hydr(oxides)
and the unknown water content of the geopolyméhénXRD samples. A significant amount
of MgO and synthesisedVig(OH), underwent carbonation to form hydromagnesite.
Carbonation prevents accurate estimates of theatnant of brucite and periclase in the raw

materials. Calculation shows that for all samplas tincertainty is equivalent to a degree of
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reaction of approximately 10%. Uncertainty over Wegter content of the geopolymer phase
in the XRD samples combines with this to give alffimancertainty in the degree of reaction of
35%.

The Rietveld method provides strong evidence factien in samples D3, D5, D6 and
D8, which all have calculated degrees of reactignificantly higher than the experimental
uncertainty. Samples D6 and D8 in particular haed fitted simulated patterns, one major
phase (periclase) and. D8 shows signs of a sigmfi@mount of hydrotalcite formation,
indicating that the magnesium (hydr)oxide speciesraactive under these conditions. The

control samples have reaction degrees that arenathiim the experimental uncertainty.
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Figure 3-8: XRD pattern of sample D4
Ht= hydrotalcite, B = brucite C = cristobalite, A = corundum, Q = quartz, E = eitelite, * =sample holdr
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Expected Expected Observed Observed
mass of P Observed mass % mass % @ Calculated
. Expected Expected total Observed Observed . ;
" crystalline total moles brucite / periclase/ overall
Sample Additive type . mass % mass %  moles mass % mass % .
magnesiu . . : ; ) crystalline Expected Expected degree of
brucite  periclase crystallin  brucite periclase 2+ )
m phases 2+ Mg mass %  mass % reaction
eMg : )
(%) brucite periclase
D1 Mg(OH.)2 15.7 15.7 0 0.3 15.2 0 0.3 1 N/A 3.8
(synthesised)
D2 Mg(OH.)2 26.9 26.9 0 0.5 26.3 0 0.5 1 N/A 2.2
(synthesised)
D3 MgO (light) 10.7 8.2 1.8 0.2 3.8 0 0.1 0.5 0 66.2
D4 MgO (light) 13.9 10.7 2.4 0.2 6.6 15 0.2 0.6 0.7 25.6
D5 MgO (light) 18.9 14.5 3.2 0.3 6.9 0 0.1 0.5 0 57.6
Heated
D6 15 0.4 14.6 0.4 0 2.8 0.1 0 0.2 73.7
Mg(CH),
D7 He%gﬂt?"go 12.7 0 125 0.3 0 8.7 0.2 N/A 0.7 30.4
D8 MgO (heavy) 16.1 3.8 12.3 0.4 15 4.5 0.1 0.4 0.4 60.4
Controll | MgO (heavy) 22.8 5.4 17.4 0.5 2.6 18.8 0.5 0.5 11 2.6
Control2 | MgO (heavy) 10.8 2.5 8.3 0.2 3.5 9.1 0.3 14 11 -15

Table 3-9: Rietveld analysis results from geopolynme containing added magnesium (hydr)oxide.
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Figure 3-9: Complete Rietveld pattern synthesis fosample D8
Red = calculated pattern, yellow = experimental pgern, bottom graph = difference plot. X axis is ® Co Ka. Blue regions are excluded from refinement because
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The #’Al and #°Si MAS NMR spectra [Figure 3-10 and Figure 3-11F samples
containing synthesised Mg(OHvere typical geopolymeric spectra with a tetrabhedxl
peak at 60 ppm and a bro&$i peak at -90 ppm. In contrast, tHAl MAS NMR spectrum
of sample D5 also had an asymmetric peak at 9.1 aminthe’*Si MAS NMR spectrum had
a shoulder on the main peak at -106 ppm. The peathe Al spectrum corresponds to
aluminium in a gibbsite-like coordination, in tfdase hydrotalcite [Section 1.2.8], as gibbsite
was not detected by XRD in any metakaolin geopotymaile hydrotalcite was.

The shoulder in the silicon spectrum is notable@dree silica was observed in any
other potassium geopolymers synthesised using theveational method. It could be

attributed to free silica or silicate-substitutaditotalcite*®®

When examined using SEM, samples appeared homagermod smooth using
secondary electron imaging (SEI) at magnificatibakbw 1000x, after which roughness was
visible in most (but not all areas) of the sampl€sgure 3-14] Backscatter (backscatter)
imaging showed light coloured grains up to 108 wide in a slightly darker matrix. At
magnifications higher than 10000x spheres ~50 nosacdue to gold coating obscured the
surface of the samples.

EDS mapping showed that the grains observed usacfsoatter were regions of a
potassium aluminosilicate phase embedded in a msagneontaining potassium
aluminosilicate phase, as well as regions smdtlen 50um that had very high magnesium
content and were assumed to be embedded magndsrdnoikide particles. [Figure 3-13]

The magnesium-containing and magnesium-free alwsilicate regions were
indistinguishable using SEI and did not appearipaete in samples at magnifications of up
to 15000 — 20000x for samples D3 and D7. The magmesontaining areas in sample D8
appeared mainly particulate at all magnificatiommwe 1000x. In all three samples, the
magnesium-rich areas were surrounded by diffusgargmtly non-particulate regions around
2 um thick, mapped at 10000 - 20000x. [Figure 3-1guFe 3-15].
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Figure 3-10:%’Al MAS NMR spectrum of sample D5
X axis is chemical shift relative to Al(HO)s>* in ppm
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Figure 3-11:2°Si MAS NMR spectrum of sample D5
X axis is chemical shift relative to TMS in ppm
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Figure 3-12: SEI Image of sample D8, 1000x magnifition
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Figure 3-13: EDS maps of sample D8, 1000x magnifitan
In overlay, red =Mg, blue = Si, purple = Mg + Si
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Figure 3-14: SEIl image of sample D7, 15000x magraétion
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Figure 3-15: EDS maps of sample D7, 15000x magnéiton
Maps of the apparent transition from Mg rich area to aluminosilicate matrix.
In overlay, red = Mg, green = Si, dark blue = Al
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3.3.3.2Discussion

Rietveld analysis and MAS NMR suggests a substaméigree of reaction of
magnesium (hydr)oxide in the geopolymer slurry @aonf hydrotalcite and/or some
other amorphous material. SEM evidence is congistéh this conclusion.

Hydrotalcite formation [section 1.2.8}as observed by XRD and MAS NMR
in samples containing hydromagnesite-containingntlignagnesium oxide or its
derivative materials. In samples where there i ltr no carbonate present (e.g. Q4)
either carbonation from atmospheric £@ccurs or a hydroxide or silicate
anion-substituted hydrotalcite may have formed.

The formation of an amorphous magnesium (alumifica$eé or magnesium-
containing geopolymer phase may also be presentcofpletely amorphous
magnesium alumino(silicate) phase or a magnesiurorporation into the
geopolymer structure (1.3.6vould explain the apparent high degree of readion
sample D6 where there is no obvious XRD evidenaehfglrotalcite formation.
However, the best explanation remains the formatérpoorly crystalline (and
weakly x-ray diffracting) hydrotalcite with G, OH, or silicate anions as the charge
balancing anion.

The mechanism of reaction cannot be the simpleoldissn of Mg(OH), in
water followed by reaction, as its dissolution ratmsidering surface area would be
expected to be in the order of fOmolm?s™® or lower under the highly alkaline
conditions used herg® Magnesium silicate and magnesium aluminate areubte
in water®® Any reaction that occurs probably does so at titfase of the magnesium
(hydr)oxide particles.

The observed degrees of reaction due not correlaliewith the particle size
of the magnesium (hydr)oxide sources. The surfee@ af magnesium oxide particles
calcined from brucite is frequently determined kayrtigle porosity, which increases
with water loss when calcined at temperatures upO@’C. Many factors, including
metallic** and anionic impurities and heating fate influence the surface area
developed by magnesium oxide when calcined, anguhface areas of the different
magnesium hydr(oxides) would have to be determiagoerimentally to correlate
them with degree of reaction.

EDS mapping does not provide strong evidence fgriadividual reaction

product. There is some evidence for magnesium sidfu into the matrix, but the
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presence of very fine particulate hydrotalcite aagmesium (hydr)oxide cannot be
ruled out. In samples containing hydrotalcite, EDsS unable to distinguish

hydrotalcite from the other phases (i.e. therererereas with very high Mg and Al
concentrations). The overall correlation betweegmesium and silicon/aluminium in
EDS maps is weakly negative, providing no evidefmeMSH or a magnesium-

substituted geopolymer.

The simplest conclusion is that magnesium (hyddexiand/or magnesium
carbonate) react in geopolymeric systems to formdrdtglcite with hydroxide or
silicate (or carbonate) anions as the intralaydgorem The formation either of a
distinct amorphous phase such as an amorphous siagn@lumino(silicate) or a

magnesium-containing geopolymer phase is also lplessi

3.3.4 Thermal treatment
The molar ratios of the set geopolymers prior timdj are recorded in Table 3-6.

3.3.4.1Results

Unexpectedly, all magnesium-containing sampleslifabove 1200°C bloated
to form either misshapen solid forms or roundetitiigeight ceramic foams [Figure
3-16]. Samples not containing magnesium sinteréa ard dense partially vitrified
cylinders. Samples fired at 975°C did not bloate&isamples E3 (firing 2), and E2
(firing 3) floated in ethanol, implying a bulk détysof less than 0.8 gcth that of

ethanol.

Figure 3-16: Fired sample E3
(firing 3) cut open.
Porosity consists of many
closed pores.

Figure 3-17: Fired and unfired samples
From left: Fired sample E3 (firing 3), unfired
sample E2, fired sample E1 (firing 1)
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The XRD patterns of the fired objects showed a eaofycrystalline product
phases. A very broad amorphous peak centred ar@@me from a glassy phase was
present in all patterns.

All magnesium-containing samples contained spimelny as the major phase.
Many of the samples E9 — E16 contain corundum wgite, while few of the samples
from E1 — E8 do. The crystalline phases formedhia fired samples are listed in
Table 3-10.

Samole name Major Minor Sample name Major Minor
P phase (s). phase(s) b phase (s) phase(s)
El Mullite E9 Mullite
. . . Mullite,
E2 Spinel Mullite E10 Spinel Corundum
. , Leucite,
E3 Spinel E1l1l Spinel Forsterite
E4 Spinel Forsterite E12 Spmgl, Forsterite
Leucite
. Mullite, :
ES Mullite E13 Corundum Leucite
. Mullite, , Leucite,
E6 Spinel Corundum E14 Spinel Corundum
Leucite,
E7 Spinel Corundum E15 Spinel  Corundum,
Forsterite
. . , Leucite,
ES8 Spinel Forsterite E16 Spinel Eorsterite

Table 3-10: Crystalline phases detected by XRD inegppolymers containing added magnesium
(hydr)oxide after firing.

3.3.4.2Discussion

The formation of spinel is favoured in compositiamtaining magnesium.

The presence of corundum in many of the F samplasicularly in the presence of

forsterite, indicates incomplete reaction of theuoodlum. This is not unexpected as

corundum is highly stable and is frequently incoetglly reacted in ceramics.

The foaming of geopolymer bodies has been obsebeéore in potassium

geopolymers with SigdAl,O3 ratios higher than 4 at temperatures above 12083¢Q,
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is associated with a mass loss. The formation amf® in geopolymers containing
magnesium occurs at lower Si@I,03 contents.

Bloating is observed in many clays as well as te®land other minerals. It
occurs when there is a reaction that produces gdsaaiquid present at the same
temperature with a viscosity high enough to entapbles*® **' The potassium
geopolymers used for thermal treatment are suffiiefar away enough in
composition form the relevant eutectics that re&i little liquid would be formed at
1200°C. [Figure 3-1]8 However the addition of magnesium oxide would kgeeted
to greatly increase the amount of liquid presentha material. The viscosity of the
liquid in the system evidently remains high desphe high MgO content. The
identity of the foaming gas is unknown. 1200°C vebhé expected to be too high for
water loss. C®loss from magnesium carbonate phases is a maly blkernative.

The formation of lightweight aggregates from zeolitock is an area of
increasing interest® The formation of bloated materials from sodium afli
geopolymers may be an economic way to producewigight aggregates for a range
of applications including hydroponic plant growthedma and cement aggregates.

Magnesium may act as a useful bloating agent.
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Figure 3-18: Phase diagram of system 0-Al,05-SiO..
The red circle denotes geopolymer compositions witho extra added AbOs (e.g. E1 — E4, E9 —
E12), the blue circle geopolymer composition withyéra Al ,O5; added (e.g. E5 — E8, E13 — E16).
From Kingery **° after Osborn and Muan.

3.4 Conclusions and future work on magnesium-containing
geopolymers.

The successful synthesis of potassium metakaolopggmers is known to
require an alkali content sufficiently high to dikse most or all of the metahalloysite
present [Section 1.1.2]. High water content is kndw hinder the formation of the
geopolymer phase.

It was shown here that there is a well defined mum alkali level for

geopolymerisation, below which metahalloysite digson does not occur.
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Geopolymers with low alkali contents were shownbt particularly sensitive to
excess water content.

The effects of adding magnesium as soluble salts (Aydr)oxide particles
were found to have very different effects on thepgdymerisation reaction.. Adding
soluble magnesium salts causes an immediate reaptiobably forming magnesium
silicate or magnesium aluminosilicate by direct ctemn between dissolved
magnesium and (alumino)silicate ions.

The amount of magnesium that can be incorporatedangeopolymer body
through the addition of soluble salts is limited twe removal of alkali cations by
precipitation of insoluble potassium salts. Evanited amounts of magnesium salt
addition results in geopolymers with poor mechdmcaperties.

The addition of magnesium (hydr)oxide has a comalilg less deleterious
effect on the setting behaviour of geopolymers. fidimation of hydrotalcite and/or
hydroxide- and silicate-substituted hydrotalcitecws. The formation of a
magnesium-containing  geopolymer  matrix or  amorphoumagnesium
(alumino)silicates are neither supported or comttad by the experimental evidence.
Very high magnesium contents can be achieved iirsedting bodies.

The addition of magnesium promotes bloating on ihgabf potassium
geopolymers with moderate SiBI,0; ratios to form foamed bodies. The addition of
magnesium containing minerals to sodium flyash ggopers may provide a basis
for the production of commercially viable lightwigaggregate materials.

The possibility of reaction between magnesium (Juxide and geopolymer
slurries should be investigated using techniques directly characterise the product
materials.”Mg MAS NMR, XPS or similar techniques would be tm®st obvious
choice. Rietveld XRD experiments can provide a wisefethod of determining the
degree of reaction but will only be quantitativenéll-characterised raw magnesium
sources are used, and sample preparation carrietb aminimise ground samples
exposure to atmospheric moisture and carbon diodfter grinding. Reactive

magnesium (hydr)oxide with high surface area shbeldsed to ensure reaction.
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Chapter 4 Synthesis of geopolymers from
hydroxides

4.1 Introduction

Solutions of sodium silicate and sodium aluminatay be used as raw
materials for geopolymerisatidfi’ Aluminium hydroxide reacts with alkali hydroxide
to form an alkali aluminate solution, while silit@ms alkali silicate under the same
conditions. Therefore it was thought that aluminibyaroxide, silica and potassium
hydroxide may react to generate all the speciesssacy for geopolymer formation
situ. This led to the development of the method, dulthedhydroxide method'.

A range of different aluminium hydroxides andclisources were used, and

a range of compositions examined.

4.2 Experimental

4.2.1 Raw materials

The raw silica sources used were two types ofasilicne (DORAL SF98 and
Elkem SF-971U), and a naturally occurring micrasiliMicrosilica New Zealand
Microsil 600). Aerosil (98.3%) and extra light precipitated silica (99%gengk)
formed pastes that were too viscous to mix immediatipon KOH addition and
could not be used. The raw aluminium sources usee wvo types of crystalline
aluminium hydroxide (Riedel-de-Hahn (RDH) aluminidipdroxide 99% and Acros
aluminium hydroxide), and a precipitated aluminibydroxide gel (National Dairy
Association of New Zealand (NDANZ)).
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Volume
weighted
Raw material: mean
particle size
D[4,3] (um)
Acros Al(OH) 62.031
RDH Al(OH); 13.764
NDANZ Al(OH)3 54.751
SF98 silica fume 57.706
Elkem 971-U silica fume 48.094

Table 4-1: Mean patrticle sizes of Al(OH) and SiO, raw materials

The multimodal particle size distributions of NDANZAI(OH); SF98,
Microsilica 600 and Elkem 971-U indicate particlggbbmeration; after sonication
their volume-weighted means decreased by an appat&ifactor of 10, to 7.458h
(SF98, 10 minutes sonication), 13.9p&h (Elkem 971-U, 5 minutes sonication),
6.951 (Microsilica 600, 5 minutes sonication) ané9%um (NDANZ, 5 minutes
sonication). Acros Al(OH)showed no noticeable change in particle sizeidigion
after 5 minutes sonication. Other aluminium soumeee not sonicated.

The bimodal size distribution of NDANZ Al(ORl)indicated a significant
number of particles of a size less thanu®@ in contrast with Acros Al(OH)despite
their similar volume-weighted means. SF98 retairedbimodal particle size
distribution after 10 minutes sonication centreethiand 1Qum. Some agglomeration
of SF98 was probably still present. The manufacirstated mean particle size is
1.5um, which matches the smaller particle mode sizé. wel

XRD analysis showed that Acros and RDH aluminiundrbyide were both
highly crystalline gibbsite. Strong preferred otegion effects were observed for the
RDH material. NDANZ AI(OH) was found to be a mixture of gibbsite, bayerite,
doyleite (all Al(OH}) and boehmite (AIOOH). SF98, Microsil 600 and Ek871-U

were observed to be completely x-ray amorphous.

1



4.2.2 Initial synthesis and the effect of varying the H,O/Al,O5 ratio

Al(OH); (Riedel de Hahn) was added to a solution of KOIld allowed to
stand for approximately 1 minute, producing an aaghite suspension. Silica fume
(SF98) was added and the resulting slurry wasestioy hand. All samples were thick
pastes. Samples were pressed into greased madedph a closed container and left
overnight at 40°C. Compositions and molar rati@sracorded in Table 4-2.

All samples were analysed using XRD. Samples 12amgre analysed using
2’Al- and #°Si MAS NMR. Samples 2, 3 and 4 were examined uSiBN.

The samples set into monoliths with some hairlireeks on their surfaces. All
samples shattered during cutting with a bandsaw emwuld not be used for
compressive strength testing, in contrast with géopers synthesised by the

conventional method which can be cut with a bandsaw

Sio,
] Aluminium | Type of
Sample . SiOJ/ H,0/ K,O/ H,O/ source N Type Al
H,0 KOH source silica
name Al,O4 Al,04 Al,0O4 K,0 mass used
mass (g) used
9)
F1 3.22 10.05 1.16 8.68 4 5 8 6 SF98 RDH
F2 3.22 11.50 1.16 9.92 5 5 8 6 SF98 RDH
F3 3.22 12.94 1.16 11.17 6 5 8 6 SF93 RDH
F4 3.22 15.83 1.16 13.66 8 5 8 6 SF93 RDH

Table 4-2: Initial samples compositions and molaratios

4.2.3 The effect of varying the K,O/Al,O3 and SiO,/Al,O5 ratios

Hydroxide-derived geopolymers were made using tlehod described in
section 4.2.2. Microsilica 600 was used as themilisource rather than SF98 because
the latter was unavailable. NDANZ Al(Okyvas used as the aluminium source. The
sample compositions are described in Table 4-3.sAlhples contained the same
amount of alkali; G1 — G4 comprise a series witbreéasing alumina content but
constant alkali content, while G5 — G8 comprisei@es with increasing alumina and
alkali content.

All resulting slurries were very thick pastes thagre difficult to stir. G5 was
particularly dry and resembled a wet powder cakeertizan a true paste.
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Silica o
) Aluminium o
Sio/ H,0O/ K,O/ i H,O/ source - Aluminium
Sample H,O | KOH source Silica source
Al,0O4 AlL,O; @ AlLO; i KO mass source
Code mass (g)
@)
Gl 4.04 12.46 1.38 9.01 4 4.5 8 4 Microsil RDH
G2 2.80 9.56 0.96 9.97 4 4.5 8 Microsil RDH
G3 2.14 8.02 0.73 10.93 4 4.5 8 8 Microsil RDH
G4 1.74 7.53 0.59 12.67 4.56 4.5 8 10 Microsil RDH
G5 4.04 9.45 0.92 10.26 2.67 3 8 4 Microsi RDH
G6 2.80 9.56 0.96 9.97 4 4.5 8 6 Microsil RDH
G7 2.14 9.59 0.98 9.8C 5.3 6 8 8 Microsil RDH
G8 1.74 9.69 0.99 9.78 6.7 7.5 8 10 Microsi RDH

Table 4-3: Molar ratios of samples with varying KO/Al, O3 and SiO,)/Al O3 ratios

4.2.4 Preparation of a hydroxide-derived magnesium-containing
geopolymer

Magnesium hydroxide nitrate was prepared by addiastpichiometric amount

of KOH to a solution of Mg(OH)to produce magnesium hydroxide. Instead of

magnesium

hydroxide,

the

product

[Mg2(OH)3(NOs)], as determined by XRD.
2.5 g HO, 2.5 g KOH, 4 g SiQ[SF98] and 3 g Al(OH)[RDH] were mixed

to create a hydroxide-derived geopolymer slurrglescribed in section 4.2.2. 0.68 g

was

magnesium oy

nitrate

Mg2(OH)3(NO3) was mixed into the slurry. The sample was presstexia greased

mold and left at 40°C overnight. The sample moktios were Si@AIl,03=3.47,
H,O/AI,O3 = 11.99, MgO/KO = 0.52 and KO/AI,O; = 1.16. The sample was
examined using XR@nd SEM.

4.2.5 SEM preparation

Each hydroxide-derived sample examined using SEM @d into a 4 mm

slice, soaked in 1-butanol for 2 days, placed lieaker of acetone for 1 hour, dried at

100°C overnight, coated in 7 nm of platinum andicteded in the rotary desiccator
and JEOL 5300 sample chamber for at least 2 days ea
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4.3 Results and discussion

4.3.1 Initial synthesis and the effect of varying the H,O/Al,O; ratio
4.3.1.1Results

All samples set into monoliths. Samples F2 ,F3 édhad hairline cracks on
their surfaces, the amount of which increased wétimple water content.

The XRD patterns of the set samples show an amagboad peak and a
large narrow peak from crystalline gibbsite. Thanmrgibbsite peak is far larger than
all other peaks due to preferred orientation, agie raw material [Figure 4-1]. No

evidence of any other crystalline phases is evident
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Figure 4-1: XRD patterns of hydroxide-derived geoplymers with different H,0O/Al,O5
H,O/Al O3 ratios increase up the page (Acros Al(OH)excepted)

All visible peaks are from gibbsite. HO/Al O3 increases up the page.
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COMPO 15.0kv X200 100um WD 11.1mm

Figure 4-2: Sample F2 backscatter image, 200x madigation.
Aluminous regions are visible as dark grey speck3.he two large very dark spots are regions

with poor sample coating.

There is a striking difference between the SEI backscatter micrographs of
the set products. SEI at low magnifications (25 60X [Figure 4-3]show a
homogeneous light grey material with some darkestsspThere is no obvious
microstructural difference between samples 2, 3 dnat any magnification.
Backscatter imaging likewise showed a light matsith darker inclusions [Figure
4-2]; however, the location of the dark spots frdme two imaging modes were
almost mutually exclusive. EDS element mappingrsdtba homogeneous potassium
aluminosilicate matrix phase with aluminous impuntarticles almost completely
devoid of silicon or potassium [Figure 4-4]. Tharainous phase corresponded to the
darkened spots observed in backscatter imaging médemall amount of a
silicaceous impurity phase with particle sizes fréare 10um, probably silica, was
also visible. As for lithium geopolymers [sectior84], the darkened spots visible in
backscatter mode tended to appear smoother in $&¢ itinan the rest of the samples
and the difference is likely to be textural, resgtfrom sample processing rather than
inherent in the sample.

The aluminous regions ranged in size from less fham to nearly 5Qum.
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X200 100pm WD 11.1mm

Figure 4-3: Sample F2 SEl image, 200x magnification

Embedded aluminous regions are indistinguishablerém the geopolymer phase.

—t+—q 200 pm Al K r———+——200 pm

—+—— 200 pm S K ————200 pm

Figure 4-4: EDS maps of area in Figure 4-2 and Fige 4-3.
Overlay: Purple = K + Al + Si, green = Al only.
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The?’Al MAS NMR spectra of samples F1 — F4 [Figure 4abé similar and
show two main peaks at approximately -59 and 8 pgommesponding to tetrahedral
and octahedral aluminium respectively. The tetredidgqueak is considerably larger for
both samples. A small shoulder on the octahedia pear -3 ppm is present.

The 2°Si MAS NMR spectra of samples F1 — F4 [Figure 4Bpw a main

peak at approximately -88 ppm corresponding to @glmeric phase, and a large

shoulder due to silica near -105 ppm
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Figure 4-5: Al MAS NMR spectrum of sample F1
X axis scale is chemical shift relative to Al(k0)g>"
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Figure 4-6: 2°Si MAS NMR spectrum of sample F 1
X axis scale is chemical shift relative to TMS
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4.3.1.2Discussion

XRD, SEM and MAS NMR show a partial reaction of tbosilica and
aluminium hydroxide to form geopolymers.

XRD shows the presence of both crystalline gibbasité an amorphous phase
and no zeolitic phases are formed. The main peak9appm in thé’Al MAS NMR
spectra of the synthesised samples correspondgdopolymer, and the smaller peak
at 8 ppm corresponds to Al(OH)Likewise, the broad peak at -88 ppm in ti8i
MAS NMR spectra of the samples is consistent wigieapolymer, while the shoulder
at -105.4 ppm indicates the presence of free sik&8M and EDS mapping show a
potassium aluminosilicate matrix with aluminous igsa corresponding to the
unreacted Al(OHydetected by XRD and MAS NMR.

The water content of the samples appears not te h#fected the relative
degree of dissolution of aluminium hydroxide oicsil dissolution between samples
G1 — G4 as inferred from tHéAl- and*°Si MAS NMR spectra of the samples.

The inability of the large batch of samples toché with a bandsaw indicates
that geopolymers produced via the hydroxide metlm@dweaker than geopolymers
made using the conventional method, due to either ihcomplete reaction or
microcracking. The strength of the samples presiyndécreases with increasing
cracking caused by excess water in the reactiorntum@x A loss in strength of
conventional geopolymers with excess water is dasdrin the literatureand in

section 3.2.1, but is due to incomplete geopolysagion rather than cracking.
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4.3.2 The effect of varying the K,O/Al,O3; and SiO,/Al,O5 ratios
The samples discussed in this section have motapositions shown in Table 4-3.

4.3.2.1Results
All samples set into monoliths, the colour of whidried.

Sample Colour
Gl Dark brown
G2 Off-white
G3 Tan
G4 Tan
G5 Grey
G6 Grey
G7 Grey-brown
G8 Light grey

Table 4-4: Mechanical properties of hydroxide-deried
geopolymers with varying K;O/Al,O3 and SiO,/Al,O3

All samples except G1 and G5 appeared homogenedbs eye. G1 and G5
were visibly inhomogeneous, with white regions kinainium hydroxide contrasting
with the bulk of the material.

Sample G1 had the properties of a silicate bondgdcty having silicate
bonded fracture behaviour, reagglomerating duringdghg in a mortar and pestle

and dissolving in water.
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COMPO 150kv X190 100pum WD 11.6mm

Figure 4-7: Backscatter image of sample G3, 190x agnification.
The aluminous regions are large and irregularly shped due to agglomeration in NDANZ
Al(OH) 3

SEM backscatter imaging showed a similar structothe hydroxide-derived
geopolymers in section 4.2.3, with a potassium alosilicate phase and aluminous
impurities [Figure 4-7]. Notably, the aluminous iamties were larger and irregularly
shaped, likely due to particle agglomeration in NNDA Al(OH); [Section 4.2.1].
Many samples displayed cracks running between laodigh aluminous regions.

The XRD patterns of raw NDANZ Al(OH)[Figure 4-9] and set samples
[Figure 4-8]indicate partial reaction to form geopolymers. lh Gases a broad
amorphous peak is present. Gibbsite is the onlynamwm hydroxide phase
remaining after reaction in sizeable quantities. INoad peaks from boehmite are
present. Samples G1, G2, G5 and G6 appear to hadethe highest degree of
reaction, containing the smallest residual gibbgéak compared to the height of the
amorphous peak. Some potassium-substituted zéolias observed in G1, but was
not detected in the other samples.
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Figure 4-8: XRD patterns of hydroxide-derived geoplymers with varying K,O/Al O3 and

SiO,/Al 03

Patterns normalised to same main peak height. Maipeak height is proportional to the amount

of unreacted Al(OH); G = gibbsite, F = zeolite F, * = sample holder
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Figure 4-9: XRD pattern of NDANZ AI(OH) 3
B = bayerite, O = boehmite, G = gibbsite, D= doylts

The ?’Al MAS NMR spectra of samples G1 — G8 all contaigempolymeric

peak around 60 ppm, and a peak at 8 ppm corresppridi unreacted Al(OH)

[Figure 4-10] Sample G8 also has a small, narroakd 80 ppm corresponding to

potassium

compared

aluminatdn series A the amount of geopolymeric tetrahedhaiminium

to octahedral aluminium follows the tr&td< G2 > G3 > G4. In series B

the corresponding trend is G5 ~ G6 > G7 > G8.
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Figure 4-10:%’Al MAS NMR spectra of hydroxide-derived geopolymers

X axis scale is chemical shift relative to Al(K0)s*"
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4.3.2.2Discussion

Like the hydroxide-derived geopolymers discusseskeiction 4.3.1.2, samples
G2 — G8 have undergone partial reaction to forre@pglymer matrix with embedded
grains of aluminium hydroxide, as indicated by XRMDAS NMR and SEM. Unlike
in the earlier samples, the unreacted grains oDKA are irregular and vary widely
in size, probably as a result of deagglomeratiothefraw Al(OH} during reaction.

The change in reactivity (as monitored using MAS R)IMwith changing
SiO,/Al,0O3 ratio in hydroxide-derived geopolymers appearbddlifferent to that in
conventional geopolymers. Among samples G2 — G4@8&d- G8, as the alumina
content rises, there is an increasing amount oéaoted alumina. In metakaolin
geopolymers, zeolitic products would be expectesaimples with SiO2/AI203 below
2.4, particularly in samples G7 and G8 which haigh lalkali contents as well as high
alumina contents. The presence of unreacted potasaiuminate in sample G8 is
notable as it would be expected to be particulegbctive. Its presence indicates that
there is no accessible reaction pathway (e.g. iteautith silicate species) to remove
the potassium aluminate.

The best conclusion is that when there is inswfitisilica present for
complete geopolymerisation, there is no reactiothyay to remove the potassium
aluminate formed from aluminium hydroxide. This y@Bts the dissolution of
aluminium hydroxide from occurring to any large entt except under the most
alkaline condition¥", when small amounts of free potassium aluminadamed.

This is in contrast to conventional metakaolin gdgmers, which form
zeolitic products when the silica content is insudint for geopolymerisation. The
difference probably arises from the difference l&tw metakaolin, where the raw
material is an aluminosilicate, and the separatma and silica raw materials of the
hydroxide method. Presumably in metakaolin the alidg®n of silica from the
metakaolin structure aids the dissolution of aluanfor vice versa), whereas in the
hydroxide method system, this effect does not accur

Sample G1 contains silicate bonded zeolites, asinbg expected from a
metakaolin geopolymer with such a high alkali caht&ample G5 is little different
to G6. The pairs of samples G1 and G2, and G5 #@ndiffer from each other only in

terms of their alkali and water content. This iadés that when there is sufficient
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silica for complete geopolymerisation, reactivitgpgnds on the alkali and water
content in a way similar to metakaolin systems.

The formation of zeolite F is notable, as zeolitéoFmation was formed in
systems with low SigdAl,O3 ratios in other parts of this project. [Sectior3.b,

discussed in section 5.3.5].

4.3.3 Preparation of a hydroxide-derived magnesium-containing
geopolymer

4.3.3.1Results

The sample set into a monolith.

XRD showed a broad amorphous peak with one largstalline peak and a
few small peaks from gibbsite similar to those @ttoon 3.2.2.1[Figure 4-11] No

other peaks other than those of the aluminium sainglder were visible.
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Figure 4-11: XRD pattern of the magnesium-containig hydroxide-derived geopolymer
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COMPO 150kY X2500 10um WD 10 4mm

Figure 4-12: Backscatter image of the magnesium-ctaining hydroxide-derived
geopolymer, 5000x magnification

4 1 20 pm SiKr 1 120 pm

Figure 4-13: EDS maps of the magnesium-containingydroxide-derived
geopolymer, magnification 5000x.
Overlay in bottom right is of Si and Mg maps only Red = Si, blue = Mg,
purple = Si + Mg
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SEI imaging showed a homogeneous surface at megtiihs below 1000x.
backscatter imaging showed aluminous particleslamto other hydroxide-derived
samples in section 4.3.1. EDS mapping showed alumsirparticles in a potassium
magnesium aluminosilicate matrix. In contrast tee tmmagnesium (hydr)oxide
containing samples in section 3.2.3, little patatel magnesium was observed at any
magnification below 60000x, and silicon and magmesiconcentrations were
positively correlated. [Figure 4-13] Magnesium aldminium concentrations were
weakly negatively correlated, while magnesium aiigtos concentrations were
weakly positively correlated. The likely producthgdrotalcite, however as in section

3.3.3, this is not apparent from EDS mapping.

4.3.3.2Discussion

SEM evidence for an amorphous magnesium silicataluoninosilicate phase is
good. The most likely product is a poorly crystadli hydrotalcite — however,
amorphous magnesium silicate is also possible.hidgte degree of reaction compared
to the samples in section 3.3.3 could be due tersétactors, in particular:

1) The use of magnesium hydroxide nitrate rather thagnesium hydroxide as

a raw material.

2) Particle size effects.

3) The high pH of the solution, particularly as thaaton begins.

The presence of nitrate in the raw material is abdp highly important, as
magnesium hydroxide nitrate hydrolyses in watefaon Mg(OH),.*** This could
subsequently react or be dispersed in a colloidé $shroughout the matrix. The raw
material is likely to be more reactive towardscsite and aluminate ions as it is
towards hydroxide ions.

The coordination environments of the elements & sample have not yet been
studied (e.g. using MAS NMR) and so a definite ¢osion as to whether or not the

reaction has occurred cannot yet be made.
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4.4 Conclusions and future work

The hydroxide method was shown to produce geopoatyméth embedded
grains of unreacted aluminium hydroxide. The sind eorphology of the starting
aluminium hydroxide affects that of the embeddeosahium hydroxide grains in the
final product. The hydroxide-derived geopolymerspend to excessive water content
by forming well-reacted geopolymers with hairlineaks, in contrast to metakaolin
geopolymers, which have a low degree of reactioennwéxcess water is present. The
mechanical properties of the hydroxide-derived g&opers are inferior to those
produced using the conventional method.

The effects of changing component molar ratioshie hydroxide method
system when Si@Al,O3 is sufficiently high for complete geopolymerisati@re
similar to those observed in metakaolin systemsontrast to metakaolin systems,
when SiQ/Al,03 is low, however, aluminium hydroxide dissolutionlypoccurs until
no more free dissolved SjGs available, rather than forming zeolites or othe
aluminous products.

The addition of magnesium hydroxide nitrate to adrbyide-derived
geopolymer appears to produce a magnesium-congageonpolymer with very little
residual magnesium hydroxide nitrate. This is kel be a consequence of the choice
of magnesium hydroxide nitrate as a starting maitéuat may also be favoured by the
highly alkaline conditions and varying aluminiumdasilicon concentrations during
hydroxide method synthesis. Hydrotalcite format®the most likely explanation but
further tests will need to be performed.

Further studies employing suitable characterisat@thods (e.g. MAS NMR
or XPS) are planned. XRD studies using a methogosagilar to that used to study
magnesium-containing conventional geopolymer systections 3.2.3.3, 3.4) could
also be used.
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Chapter 5 Lithium Geopolymers

5.1 Introduction

A major aim of this project was to synthesise lithigeopolymers. As discussed
in the literature review (Section 1.2.4), the sitee chemistry of lithium differs
markedly from that of the other alkali metals. Speally, compared to other alkali
silicate (and hydroxide) solutions lithium silicgend hydroxide) solutions have:

» slow or even zero rates of dissolution of silica.

» different composition ranges of solubility (lithiusilicate solutions can have

very high SiGQ/Li,0 ratios, but not a ratio of 1:1).

» slow rates of reequilibration within solution whémn,O or SiQ content is

changed.

* unusual silicate speciation for most combinatiohstatal dissolved solids

content and SigLi 0 ratio.

» decreased solubility at high temperature, in catti@other silicate solutions.

* adsorption of lithium ions onto solid particles .eqd silica, passivating the

particle surfaces.

To date, these differences and their underlyingsesuhave precluded the
synthesis of lithium geopolymers. Woolf found thihium silicate solutions
produced bodies with poor mechanical properties anky partially tetrahedrally
coordinated aluminiufd®. Providing the insoluble 1:1 4®:SiO, composition region
is avoided, there would be expected to be no pitatign of solid lithium silicates,
whereas magnesium silicates are insoluble. Howegewyith magnesium-containing
geopolymer systems, pH and metahalloysite disswluSsues create constraints on
the compositions that result in well-setting gegpurs.

Our attempted syntheses focused around a m¥thmeported in the literature
involving a solid state reaction between a mixtofé&aOH and KOH and a mixture
of metakaolin and quartz, followed by hydrationtloé product to give solid (albeit
weak) geopolymeric bodies. The use of this method synthesise lithium

geopolymers is the focus of this chapter.
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The effect of altering the k®O/Al,O3 ratio in reaction mixtures was examined in
order to determine the constraints on compositiothé lithium system, similar to the
study of the potassium system in section 3.2.1nGing the SIQ/Al,O;3 ratio by the
addition of silica (as solid silica, lithium silimasolutions and solid soluble lithium
orthosilicate (LiSiO;) was examined and the effects of using these rdiitesilica
sources was determined. An important processingirfacas the sample size, and the

effect of this was also examined.

5.2 Experimental

5.2.1 General method

Lithium geopolymers were synthesised by dry miximglloysite or
metahalloysite with ground LIOHJ® (Pure Science) and heating the mixture to
around 550°C for 4-28 hours in glazed porcelaincities. Silica fume was
sometimes added to the reaction mixture. The regulpowders were called
‘precursor powders’. The precursor powders weretaviaind free flowing. Any
desired dry additives such as,%iO, were combined with the precursor powder and
then water added mixed in a glass beaker. Upontiaddof water to a precursor
powder a grey-white slurry formed. The viscositytioé slurry was sensitive to the
amount of water added. The slurries were stirredl the mixture removed from the
beaker within minutes to minimise alkali and silieaching from the beaker. The
resulting slurries were placed into greased moldssated on the vibrating table,
sealed in gladwrap and left to set at 40°C. Thenggturing time of the samples was
usually two days, or up to four for slower sampl8amples generally experienced
some shrinkage and were easy to remove from theidsn All samples were
examined using XRD. Selected samples were chaisetieusing other methods such
as MAS NMR and SEM.
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5.2.2 The effect of varying the Li,O/Al,O; ratio

A series of samples with the compositions and maéios shown in Table

5-1 was prepared to examine the effect of chantiad ,O/Al,Os ratio.

Masses in grams Molar ratios
Precursor Mass of Mass of
powder metahalloysite  LiOH.H,O Li,O/Al,O4 SiO/ Al,Oq H,O/Li,O H,O/Al,O4
(9) (9)
H1 9.008 3.043 1.00 241 10.80 10.75
H2 9.0 2.732 0.89 241 11.38 10.18
H3 8.974 2.501 0.82 241 12.23 10.05
H4 8.976 2.256 0.74 241 13.54 10.03
H5 8.976 2.002 0.66 241 15.18 9.98
H6 9.016 0.974 0.32 241 30.15 9.60
H7 8.988 0.708 0.23 241 40.62 9.43

Table 5-1: Molar ratios of lithium geopolymers with varying Li,O/Al,O5 ratios

All set samples were inert in cold flowing watercegt for sample H7 which
partially disintegrated over time. All samples gécursor powders were examined
using XRD and®’Al MAS NMR. Samples H1, H4, H5 and H7 were also reimed
using®°Si MAS NMR.

5.2.3 The effect of varying the size of the samples

Inconsistency in the setting behaviour and strenfigmall samples (less than
4 g precursor powder) throughout the project led toypothesis that the size of the
sample affected the setting reaction. To test thimrge batch of precursor powder
(Li,O/Al,03 = 1) was made from 20.229 g LIOH® and 60.830 g metahalloysite.
The precursor powder was divided into four 8 gramgles, four 4 gram samples and
four 2 gram samples, which were hydrated with vagyamounts of water. Sample
compositions and molar ratios are shown in Tabke 5-

The viscosity of the hydrated samples decreaseatlgneith increasing water
content. Samples with low water contents (sames5l and 19) were dry slurries,
while samples with high water contents (14, 18, &h2) were medium or thin pastes.

Samples with intermediate water contents had irgdrate viscosities, gradually
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progressing from high viscosity to low viscosity water content increased. After
setting, the samples’ top and bottom surfaces wer@ch tested and sample strength
tested by hand’Al MAS NMR, XRD and electron microscopy were perfed on
selected samples.

Set samples I1, 12, 15, 17,1 9, and Ih2re ground and examined using XRD. Samples
11, 15 and 19 were examined usiAtAl and ?°Si MAS NMR. All samples were tested
for hardness and strength.

Masses in grams Molar ratios
Sample Precursor H,0 Li,O/Al,O4 SIO/ H,O/Li,O
powder Al,0O3
11 8.0 5.0 0.98 241 9.81
12 8.0 4.8 0.98 241 9.42
13 8.0 5.2 0.98 241 10.20
14 8.0 5.6 0.98 241 10.99
15 4.0 2.4 0.98 241 9.42
16 4.0 25 0.98 241 9.81
17 4.0 2.6 0.98 241 10.20
18 4.0 2.75 0.98 241 10.79
19 2.0 1.2 0.98 241 9.42
110 2.0 1.29 0.98 241 10.13
111 2.0 1.35 0.98 241 10.60
112 2.0 1.4 0.98 241 10.99

Table 5-2: Composition and molar ratios of lithiumgeopolymers with varying sizes

5.2.4 The effect of varying the SiO,/Al,O3 ratio

5.2.4.1Introduction
The effect of changing the Si@\l,0; ratio would be expected to depend on

the method used to effect the change due to the dissolution of solid silica by
lithium hydroxide, the composition region of instaip of lithium silicate solutions
and the slow reequilibration of silicate specieslithium silicate solutions. Initial
experiments with the addition of solid silica susfgel inhibition of zeolitisation by
solid silica addition. It was desired to know wiia¢ effect of changes in Si/Al ratio
were without the complication of solid silica dikgoon. As lithium silicate solutions

have slow reequilibration kinetics and a composdioregion of instability, soluble
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lithium silicate was added as solutions similarcemmercially available products,
and as crystalline lithium orthosilicate ,810,. Commercial lithium silicate solutions
have SiQ/Li,0O ratios significantly greater than 1 and3iO, has a Si@Li,0O ratio of
0.5, between them representing lithium silicateigohs on either side of the unstable
composition region. The reactivity of these composs would therefore be expected
to be different.

The products of reaction were analysed by XRBJ- and ?°Si MAS NMR
and electron microscopy and their mechanical ptesedetermined..

5.2.4.2Compositions containing added solid silica
Two series of lithium geopolymers were made, orth wilica fume (Samples

J1 - J5), and one with fused silica (J6 - 15).

To synthesise samples J1 — J5, a precursor powtleSuD,/Al,03 = 2.41 and
Al,O4/ LioO = 0.99 was prepared. Elkem 971-U silica fume wased with the
precursor powder and water added.

To synthesise samples J6 — J10, a precursor powiterSiO,/Al,O; = 2.41 and
Al,O5/ LioO = 0.96 was prepared. Batches of precursor poweke mixed with
Elkem 971-U silica fume or fused silica, and watéded.

The resulting ratios of the two series are showifable 5-3. Samples with
more added silica required more added water corttergive workable mixtures.
Samples were placed in greased molds, sealed Wattwgap and placed in the

laboratory oven at 45°C.
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Sample LO/AILO; SiG,/Al,0; H,O/Li,O | H,O/AIOq
J1 0.99 241 10.94 10.78
J2 0.99 3.01 10.94 10.78
J3 0.99 3.51 10.94 10.78
J4 0.99 4.01 11.72 11.55
J5 0.99 5.01 12.50 12.32
J6 0.96 241 9.59 9.21
J7 0.96 3.19 9.59 9.21
J8 0.96 3.69 9.59 9.21
J9 0.96 3.98 9.59 9.21
J10 0.96 4.67 9.59 9.21

Table 5-3: Molar ratios of lithium geopolymers conaining added solid silica

5.2.4.3Compositions containing added lithium silicate soltion

Lithium silicate solutions were made by mixing @iti acid (JT Baker) and

ground LiOH.HO in water and leaving the mixture to stand at raemperature for a

week as described by If8r The resultant mixtures consisted of a colourless

transparent viscous liquid and suspended solidigtates. The details of the

solutions are shown in Table 5-4.

Solutions were shaken to ensure homogeneity befee

Masses in grams

Silicate solution composition

Silicate S/L
) ] Silicic wit% wit% wit% S
solution H.O LiOH.HO . molar ] ) Precipitation
acid ] Li,O SiO, H,0
name ratio
Silicate-1 57.13 4.00 7.00 2.18 2.18 9.49 88|33 bitur
Silicate-2 58.59 4.00 15.00 4.67 1.90 17.78 80,32 urbid
Silicate-3 11.20 0.80 1.57 2.45 2.19 10.72  87{10  rbitu
Silicate-4 11.48 0.80 2.25 3.50 2.04 14.28  83(68  rbitu
Silicate-5 11.20 0.80 3.38 5.25 1.92 20.19 77,88 neNo
Silicate-6 11.20 1.00 4.50 5.60 2.22 2492 7286 néNo

Table 5-4: Lithium silicate solution compositionsmolar ratios and precipitation behaviours.
Turbid denotes a small amount of gelatinous precipate that if shaken settled out from the
solution over minutes or hours.
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Lithium precursor powders were prepared by heatgrigund LIOH.HO and
metahalloysite together in porcelain crucibles urttle reaction conditions described
in Table 5-5

Precursor )
] | Precursor powder Reaction
powder LIOH.H,O | Halloysite ) N
Li,O/Al,Of conditions
name
570 4.5
0.5 71.998 12.0 0.49
hrs
550 6.5
0.8 53.825 15.0 0.82
hrs
1.15 66.484 26.0 1.15 550 4hrs
Table 5-5: Compositions of precursor powders forithium silicate addition

Mass - Mass
Precursor Silicate - )
Sample precursor ) silicate ) Sio)/
powder solution ) Li,O/Al,O3 H,O/Al,O4
name ) powder solution Al,04
L|20/A|203 used
used (g) @)
K-0.5-C 0.49 8.005 H>O 5.28 0.49 241 9.62
K-0.8-C 0.82 8.000 H>O 5.66 0.82 241 10.70
K-1.15-C 1.15 14.000 H,O 8.99 1.15 241 10.06
K-0.5-1 0.490 7.974 Silicate-1 5.81 0.62 2.70 9.31
K-0.5-2 0.490 8.029 Silicate-2 5.80 0.61 2.95 8.30
K-0.8-1 0.820 8.000 Silicate-3 6.48 0.97 2.79 10.56)
K-0.8-2 0.820 8.000 Silicate-4 7.53 0.98 3.24 10.84
K-0.8-3 0.820 8.000 Silicate-5 7.12 0.98 2.97 11.10
K-0.8-4 0.820 8.000 Silicate-6 9.52 1.05 3.70 12.75
K-1.15-1 1.150 8.000 Silicate-1 6.00 1.30 2.73 00.3
K-1.15-2 1.150 8.000 Silicate-2 7.63 1.32 3.18 81.7

Table 5-6: Compositions and molar ratios of lithiumgeopolymers hydrated with water and
lithium silicate solutions

The precursor powders were mixed with water (cargeonples) or lithium

silicate solution in glass beakers, transferredgremsed plastic molds, vibrated, sealed
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with gladwrap and left for three days at 40°C. H©/Al,O3 ratios of the different
samples were similar, whereas other ratios vari@drries containing mixes of
lithium silicates were much less viscous than etggedrom samples, with most
samples with KHO/Li,O ratio greater than 10 being thin pastes or flugagl even the
driest samples being workable pastes, whereaswoeyd be unworkable with the
same water content but no lithium silicate. Watartents were usually chosen to give
viscosities similar to the control samples or imsocases, thinner.

The difference in viscosity at each givepAAI,Os ratio is not unexpected as
silicate solutions are widely used as flocculantssfip-casting of clays, eté®
XRD was performed on all sampl€gAl MAS NMR was performed on K-0.5-C,
K-0.8-C, K-0.5-2, K-0.8-1, and K-0.8-2.

5.2.4.4Compositions containing added solid LjSiO,

The compositions of lithium geopolymers were altef®y the addition of
crystalline (soluble) lithium orthosilicate (4SiO;). Ground LIOH.HO and silica
fume (Elkem 971U) were mixed with a spatula in&t@metric quantities and heated
to 550°C for several minutes. The initial produatsre tan coloured powder cakes
with white inhomogeneities. The powder cakes wegraund in a glass mortar and
pestle and returned to the furnace at 550°C, ledtright, cooled in open air, ground,
and stored in closed plastic containers. Severahba of LiSiO, were made using
this method, each batch used for a different psmsupowder. Compositions are

recorded in Table 5-7.

The lithium precursor powders used for lithium csite solution addition
[section 5.2.4.3] were used for these experimentsaddition, metahalloysite was
used as a precursor powder with no further treatniéthium precursor powders and
synthesised LEIO, powders were dry mixed in glass beakers. Wateradaed and
the resulting pastes were placed into greased msddded with gladwrap and left for
2 days at 40°C to produce lithium geopolymers whin compositions shown ifable
5-8 The prepared LBIO, powder used for the synthesis of samples L-00-d an
L-00-2 was analysed usirfgSi MAS NMR and XRD. Slices of the set samples after
hydration were prepared and coated with platinumesseribed in section 2.2.4.
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Matching

Precursor Sio, LiOH.H,0

powder
00 4.077 11.391
0.5 2.419 6.732
0.5b 4.912 13.509
0.8a 2.419 6.732

Table 5-7: Composition of LiSiO,4 reaction mixtures

Masses in grams Molar Ratios

Sample | Precursor o _ SiOy/ .

H>O | LisSiOs | LioO/AIO3 H>O/Li-O | H>O/Al O3
name powder Al,O3
L-00-1 8.005 5.49 1.01 0.52 2.67 18.11 9.43
L-00-2 6.8 1.72 4.47 1.04 2.93 8.67 9.04
L-0.5-1 8.005 5.32 1.02 1.04 2.69 9.27 9.68
L-0.5-2 8.003 5.53 2.05 1.61 2.97 6.26 10.06
L-0.8-1 7.981 5.51 1.04 1.41 2,71 7.42 10.44
L-0.8-2 7.981 5.54 2.02 1.96 2.9¢ 5.35 10.5

Table 5-8: Compositions and molar ratios of lithiumgeopolymers with Lj,SiO, added.

5.2.5 Thermal treatment

5.2.5.1Lithium geopolymer synthesis

One series of samples with varying gi&,0; ratios and one series with

varying LbO/Al,O3 were prepared for thermal treatment.

Eight precursor powders with different,0/Al, O3 ratios were prepared by

heating metahalloysite with ground LIOH® at 550°C and mixed with water to give

lithium geopolymers according to Table 5-9.

Five lithium geopolymers with different Sy&Il,03 ratios were prepared by

reacting metahalloysite with LIOHJ® at 550°C for 4 hours, then adding fused silica

and hydrating the mixture with water according &bl 5-10.
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Masses in grams Molar ratios
| Hydrated sample
Precursor powder synthesis ]
synthesis
Precursor ]
. . . ) SiOyf _
Composition | Metahalloysite  LiOHJ® | powder = H,O | Li,O/Al;O4 ALO H,O/Li,O  H,O/AI,04
used 2
M1 2.997 0.991 2.489 1.30 0.97 241 8.24 8.03
M2 3.01 0.8255 2.394 1.30 0.81 241 10.15 8.20
M3 3.001 0.805 2.141 1.20 0.79 2.41 10.68 8.45
M4 2.997 0.7576 2.240 1.2( 0.75 241 10.78 8.03
M5 3.002 0.7267 2.111 1.2( 0.71 241 11.91 8.49
M6 3.006 0.6999 2.131 1.2( 0.69 241 12.22 8.39
M7 2.995 0.6654 1.854 1.0( 0.65 241 12.23 8.01
M8 2.998 0.4991 1.397 0.715 0.49 241 15.94 7.82

Table 5-9: Composition and molar ratios of lithiumgeopolymers with varying Li,O/Al ,O3 ratios
for thermal treatment

Masses in grams Molar ratios
N Precursor ] ) SiOyf ]
Composmon H>,O SiG L|20/A|203 HzO/leO HgO/Ale3
powder Al,O4
N1 4.0 2.6 0 0.98 241 10.18 10.00
N2 4.0 25 0.93 0.98 3.48 9.79 9.62
N3 4.0 25 1.23 0.98 3.83 9.79 9.62
N4 4.0 25 1.66 0.98 4.33 9.79 9.62

Table 5-10: Composition and molar ratios of lithiumgeopolymers with varying SiQ/Al,O; ratios
for thermal treatment

The water and precursor powders mixed to form nmadiu thin pastes. They
were placed in greased molds, sealed and leftr@atb0°C for 4 days. At the end of

the curing period, all samples had set but werekwea

Both sets of samples were ground for XRD analyes & months.
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5.2.5.2Thermal treatment
The samples were heated in the IRL amalgams furoaceitreous silica plates.

Samples M1 — M8 were fired at 1000°C for 48 hound 4300°C for 8 hours (heating
rate 10°C/min, free cooling overnight).

Samples N1 — N4 were fired at 1300, 1350 and 1400tC3 hours (heating rate
10°C/min, free cooling overnight).

5.2.5.3Thermal analysis
10.394 mg of unheated sample M1 was ground andedhest an SDT Q600

DSC-TGA with a platinum pan under flowing nitrogan10°C min* to 1200°C.
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5.3 Results and discussion

Sample H1 (section 5.2.2) is considered in isahaiio order to examine the
general features of the reaction before considghagffect of changing kO/Al,Os.

5.3.1 Lithium geopolymer synthesis

5.3.1.1Results

The XRD pattern of the precursor powder H1 shovet the material was
largely amorphous. [Figure 5-1] Small narrow crifsta peaks as a result of
unreacted cristobalite and quartz are presentiuntiorthosilicate is present in small
amounts. Some small broad peaks due to unreadtedni hydroxide hydrate are
present. The broad amorphous peak is skewed toviandsngles and the overall
appearance of the pattern is similar to that ofatma&toysite, depicted in Figure 5-30

Cl Q H

L
C+Q
Wﬂ ¥ Q ¥
|| *

|
CL L

5 10 20 30 40 50 60 70

2Theta Co Ka

Figure 5-1: XRD pattern of lithium geopolymer precusor powder H1
C = cristobalite, L = Li,SiO,, Q= quartz, H = LIOH.H ,0O, * = sample holder
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Figure 5-2: /Al MAS NMR spectrum of lithium geopolymer precursor powder H1
X axis scale is chemical shift relative to Al(bD)g>*
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|

I
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- 200 [ppm]

Figure 5-3: 2°Si MAS NMR spectrum lithium geopolymer precursor pavder H1
X axis scale is chemical shift relative to TMS
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The ?’Al NMR spectrum of the fired precursor powder cimsapeaks at
approximately 76, 64, 60, 31 and 3 ppm. [Figure] 342e signals at 76, 64 and 60
ppm were attributed to tetrahedral aluminium, whiile signals at 31 and 3 ppm were
attributed to 5-coordinate (5CN) and octahedrafahium respectively#®
The peak heights decreased in the order 60 > 78 > 3, indicating significant
conversion of 6CN to 4CN aluminium.

The #°Si MAS NMR spectrum of the fired precursor powdéowed one
broad peak near -95 ppm due to unreacted metabadoy small peak at -70 ppm
was also observed [Figure 5-3], correspondinglicosi in @ coordination in lithium
orthosilicate, LiSiO,.

When hydrated, H1 set into a white monolith appraately 20mm high and
20 mm wide It could not be broken by applying pressure bydharor scratched with
a fingernail on either flat surface. It had britttacture behaviour. It was stable under
cold flowing water. Its mechanical resilience wasllwn excess of that of a wetted

metahalloysite body.

The XRD pattern of the set sample contains narreakp assignable to quartz,
cristobalite and a zeolitic phase similar to Li-eanged zeolite F. [Figure 5-4] The
zeolitic phase is the main phase, with peak heigbteeral times that of the other
crystalline species. The background of the patwess slightly elevated between 25
and 45° B where there were several major and several mirakg The peaks of
guartz and cristobalite were unaffected by thearsgtteaction. The observed relative
peak heights of the zeolite F phase were diffetenthat of the PDF pattern
(01-079-1893), indicating preferred orientatioreeft in the sample.
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Figure 5-4: XRD Pattern of set lithium geopolymer H
Z = Li-EDI, C = cristobalite, Q = quartz, H = LiOH. H,0O

The?’Al MAS NMR spectrum of the set sample containsrgdanarrow peak
centred at 61.1 ppm, indicating overwhelmingly 4@Niminium in the sample
[Figure 5-5]. A small 6CN peak at 7.4 ppm due toeacted metahalloysite is also

present.

The ?°Si MAS NMR spectrum of the set sample contains mex@ow peak at
-85.3 ppm. [Figure 5-6] The peak is asymmetric,hwits upfield base width
exceeding that of the downfield base width. Theitfos of the peak corresponds to
Q%4Al) coordinated silicon, as found in zeolite FheTpeaks in the spectrum of the
precursor powder at -71 and -94.5 ppm are no lopgeent. A peak at -110 ppm due

to the quartz and cristobalite impurities obsenve®RD is not observed.
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Figure 5-5: Al MAS NMR spectrum of set lithium geopolymer H1
X axis scale is chemical shift relative to Al(K0)s*"

-85. 1

\
0 -50

| T | T T T
-100 -150 [ppm]

Figure 5-6: 2Si MAS NMR spectrum of set lithium geopolymer H1
X axis scale is chemical shift relative to TMS

110



5.3.1.2Discussion

The overall reaction examined here is best deatrdme the synthesis of a
largely amorphous precursor powder containing reacsilicate and aluminate
species, followed by a hydration reaction whichdues zeolites.

The XRD pattern and MAS NMR spectra of the precupmwvder indicate a
conversion of 5- and 6CN aluminium to x-ray amonph@CN species. A reaction
forming some L4SiO,4 has also occurred, although the bulk of the gilicemains in a
metakaolinite-like environment. Overall, the reanti between LIOH and the
metakaolin has resulted in lower Al coordinationl &1 connectivity.

The XRD pattern and MAS NMR spectra of the set danmdicate almost
complete conversion of the precursor powder tauitiizeolite F, or “Li-EDI”. The
zeolitic phase gives rise to thtSi MAS NMR peak at -85.3 ppm and tHal peak at
61 ppm. Little or none of the aluminium- and sillecontaining precursor species
observed using MAS NMR remain.

The ?’Al and *°Si MAS NMR both show only one coordination enviraemh
and the main peak in tHéAl spectrum is narrower than the characteristickpefaa
geopolymer. This indicates a high degree of shamrge order in the product and
suggests that the broad baseline elevation obsénvi@ XRD is due to very fine or
poorly crystalline zeolitic materials rather thageopolymer. This is corroborated by
the absence of the characteristic XRD amorphouadbpeaks of both conventional
geopolymer (symmetric, centred at 20 — 28f &d metahalloysitécentred 30 — 35°
20, with maximum height at 2592

The name Li-EDI is taken from the zeolite framewoiype (EDI =
edingtonite-type) by Matsumdft who synthesised it under similar conditions.
Li-EDI has previously been synthesised by otheeassh groups using microwave
synthesi&*®. Another group reported a similar synthesis oABW using flyash as
the raw aluminosilicate materidl® The potassium analogue, K-F is formed by the
reaction of KOH with metakaolin in more dilute sysis, but the lithium and sodium
analogues have not been synthesised in this marfrine formation of the sodium
analogue has been observed in sodium geopolymeeslede with alumina
nanoparticles>

The edingtonite framework typ# is one of the group of fibrous zeolites (the
‘natrolite group’), and is composed of edge-linkedngs of tetrahedral silicate and
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aluminate groups, producing chains [Figure 5-7]e Tumit cell (without charge
balancing cations) is depicted in [Figure 5-8]. Tit®ous morphology of Li-EDI
results in preferred orientation of the crystadijtaltering the relative heights of the
Li-EDI peaks in the experimental XRD pattern relatto the PDF powder pattern.
The experimental XRD pattern is very similar to ttlubserved by Matsumoto,
indicating that the preferred orientation is similaboth cases.

The hardening of the sample is due to Li-EDI fororatand growth. This
assertion is supported elsewhere in this reportcti@es 5.3.2 and 5.3.4]
Self-pelletising zeolite formation is well estabksl in the patef® and general
literature>®

The crystalline silica phases quartz and cristtd&lave undergone little or no
reaction. Crystalline silica is extremely slow tdsablve in alkafi” at room
temperature (section 1.2.Zurthermore, lithium hydroxide is very slow tesiblve
silica (section 1.2.4).

This is the first reported synthesis of Li-EDI frametakaolinite.

Figure 5-7: Single chain structure of EDI-type zedles.
After Szostak!>*
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Figure 5-8: Unit cell of EDI-type zeolite framewok.
From Atlas of Zeolite Structures, 8" Revised Edition.**®
Vertices may represent Si or Al depending on zeoéttype.

5.3.2 The effect of varying the Li,O/Al,O; ratio
The molar ratios of samples H1 — H7 are describehble 5-1.

5.3.2.1Results

The XRD patterns of the precursor powders showelgrgmorphous materials with
unreacted quartz and cristobalite impurities.[Fégb¥9] Samples H1, H2, H3, H4 and
H5 also contain additional broad peaks which westgaed to LIOH.HO.
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Figure 5-9: XRD patterns of precursor powders withvarying Li ,O/Al ,O3 ratios
Li,O/Al O3 ratio decreases up the page
C= cristobalite, L = Li;SiOy4, Q = quartz, H = LiOH.H,0, * = sample holder
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The ?’Al MAS NMR spectra of the fired precursor powderow peaks at
approximately 76, 64, 60, 31 and 3 ppm. [FigureDb-The signals at 76, 64 and 60
ppm are attributed to tetrahedral aluminium and dlgmals at 31 and 3 ppm are
attributed to 5CN and octahedral aluminium respedbtj as for sample H1.

The precursor powders may be divided into a higdh anlow LpbO/Al,O3
group. The high LO/Al,O3 group have similaf’Al spectra to sample H1 [section
5.3.1]. In the high LIO/AI,O3 group (H1, H2, H3, H4 H5), the main signal is &0~
ppm, with a shoulder at ~64 ppm. Other peaks ara@lsmbut separately resolved.
Peak heights decreased in order 60 > 76 > 31 rd&dting significant conversion of
6CN to 4CN aluminium.

The low LLO/AI,O3 samples have a peak height order of 31 ppm > 3 »pm
60 ppm > 64 ppm >78 ppm, indicating a lower coneer®f 5- and 6CN Al to 4CN
Al.

T < T T ] [T, ]
100 50 o =50 [ppm]

Figure 5-10:°’Al MAS NMR spectra of precursor powders with varying Li,O/Al,O5 ratios
Li,O/Al,O; ratio decreases up the page
X axis scale is chemical shift relative to Al(K0)s*"

The ?°Si MAS NMR spectra of precursor powders H1, 3, @f&igure 5-11]
contain a broad peak near -95 ppm due to unreacttdhalloysite. The spectrum of
sample H1 contains a’@eak at -70 ppm due to45i0,. The same signal appears as
a shoulder in the spectrum of sample H3. This sighaot observed in precursor
powder H7. [Figure 5-11]
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Figure 5-11:2°Si MAS NMR spectra of precursor powders with varyirg Li,O/Al,Os ratios
Li,O/Al O3 ratio decreases up the page
X axis scale is chemical shift relative to TMS

Samples H1 - H5 set into monoliths. Sample H6 cledhieasily and did not
have brittle fracture behaviour, but was somewhatded unlike a powder cake.

Sample H7 set into a powder cake.

The XRD patterns of the set samples H1 - H6 aresialilar to that of H1,
containing narrow peaks due to quartzistobalite and Li-EDI, and a broad
amorphous baseline elevation due to zeolitic sgedlegure 5-12]. Li-EDI is the
main phase in all samples. In sample H7 Li-EDIn& present and the broad
amorphous peak is that of metakaolin.

The zeolitic peak heights decrease withQ/Al,O3 ratio from sample H1 to H2, then
change little until sample H6 and H6, at which pdiey decrease further.
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Figure 5-12: XRD patterns of set lithium geopolymes with varying Li,O/Al O3 ratios
Li,O/Al O3 decreases up the page
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,O

The set samples display less variation in tiéd NMR spectra than the
precursor powders. The spectra of all samples éxXoepi7 exhibit one main signal

at 61 ppm, indicating fairly complete reaction bé tspecies present in the precursor
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powders to form Li-EDI. [Figure 5-13]. Sample H7osfs rather different Al
coordination similar to the high 4®/Al,O3; precursor powders, but with a significant
shoulder at 64ppm.

There is no apparent difference in the spectrawofptes H1, H2, H3, and H4.
Signals at 76 and 7 ppm are a small shoulder aradl peak respectively. In samples
H5 and H6 these signals are stronger and a prdyiongbserved peak at 31 ppm is
now visible. The general trend is similar to thaserved in section 3.2.1, with little
change in reactivity as alkali content decreasdis the minimum content required for
metakaolin dissolution is reached, whereupon thewsnof unreacted metakaolin

increases rapidly.

H6

H5 i
=
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Figure 5-13:%’Al MAS NMR spectra of set lithium geopolymers withvarying Li ,0/Al,O4 ratios
Li,O/Al,O; ratio decreases up the page
X axis scale is chemical shift relative to Al(k0)s*"

118



The 2°Si MAS NMR spectra set samples H1 and H3 featuraraow peak
around -85 ppm due to Li-EDI formation. A broad sglier at -95 ppm increases in
size from sample H1 to sample H3. Sample H7 disptayly a broad peak centred
between 95 and 100 ppm, similar to that metahat®yBigure 5-14]. The decrease in
silicon solubility as LiO/AlI,O; decreases appears to be less sudden that of

aluminium, occurring as the lithium content decesafsom that of sample H1 to H3.

H7
SV ~ NS S
H3
L\ \W
H1
NSOV o SN
0 _ -50 -100 _150 _[ppm]

Figure 5-14:2°Si MAS NMR spectra of set lithium geopolymers withvarying Li ,O/Al,O; ratios
Li,O/Al O3 ratio decreases up the page
X axis scale is chemical shift relative to TMS

When examined using SEM, set samples H1, H3, anapigar to be fairly
homogeneous using SEI at low magnifications (bek®0x) [Figure 5-16]. EDS
mapping shows that the bulk of the samples is mgdef an aluminosilicate phase,
with aluminous impurities about 5 — 2Qfh across and smaller silicaceous impurities

[Figure 5-17]. At a magnification of 20000x the rmlmosilicate phase in sample H1 is
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composed of rod-like crystallites approximately®®2 um across and 0.3 to Q&
[Figure 5-15]. The aluminosilicate phase in sampl8sand H5 appears smooth, with

visible crystallites only present as loose deljfgyure 5-19]

£ .
.
2

£ -
SEI 15.0kY  X20,000 1um WD 11.3mm

Figure 5-15: SEl image of sample H1, 20000x magrtfition
The rod-like crystalline structure of the sample isvisible.
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Figure 5-16: Backscatter image of sample H1, 200xagnification

———+———1 200 pm Al K 200 pm

Figure 5-17: Elemental maps of area in Figure 5-16
In overlay, yellow = aluminium + silicon, green = &uminium, red = silicon.
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Figure 5-19: SEIl image of H3, 20000x magnification.
Rodlike crystals are only visible as debris.
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5.3.2.2Discussion

The XRD patterns and MAS NMR spectra of samples-HH6 show a
substantial but decreasing degree of conversian fseecursor powder to Li-EDI. As
for sample H1, the XRD pattern baseline and MAS NBtRectra of the set samples
show no evidence of a true geopolymeric phase. 8&3fing shows that the size of
the zeolite crystallites in the samples decreasdbealithium content falls below that
of sample H1.

An increasing amount of an amorphous silicon coimgi phase is present as
lithium content decreases, and is probably accompdary an increasing amount of a
highly disordered aluminous phase. The intensityhef zeolitic XRD peaks drops
noticeably with L3O/Al,O3 ratio from sample H1 to sample H5. The size ofittead
shoulder in thé°Si MAS NMR spectra increases significantly from géenH1 to H3.
An unreacted x-ray amorphous silicon-containingsehia indicated.

In contrast, th€Al MAS NMR spectra show that the aluminium is althos
entirely tetrahedral in all samples in this grobdjpwever, EDS mapping suggests the
presence of significant amounts of aluminous intmgi Presumably these are made
up of a highly disordered aluminous phase thatgivge to little or no signal in the
2’Al MAS NMR spectra.

The addition of LiSiO, to metahalloysite or lithium geopolymer precursor
powders was found to encourage zeolite formatisevehere in this report [section
5.3.4.1.3]. However, XRD*’Si MAS NMR and simple stoichiometry all indicateth
in these samples’ precursor powdersgSi®, is not present in the amounts sufficient
for the observed degree of zeolite formation. fingbable that much of the lithium in
the precursor powders is present as the aluminousluminosilicate species
responsible for thé’Al MAS NMR signal at 76 ppm. Some LiOH,B is also
present.

The amount of amorphous phase(s) present is irlyepseportional to the
amount of crystalline zeolite and the observed raeidal resilience of the samples,
so is unlikely to be contributing to sample stréngt

The formation of zeolites in these samples cordragith sodium- and

potassium geopolymer systems, where little or naitz@ product is expected from

samples with equivalent ratios.
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However, it is notable that the K/Al,O3 ratio required for dissolution of the
metahalloysite and subsequent reaction is simitarthie lithium and potassium
systems. In the potassium system, a gradual butl sm@ease in unreacted
metahalloysite is observed as thgOKAl,O3 ratio decreases until R/Al,O3; < 0.3,
whereupon unreacted metahalloysite predominates.* MAS NMR spectra of
the low alkali samples in both systems are sintdathat of metahalloysite, showing
that the metahalloysite (or precursor) species lgirdp not dissolve to the degree
required for the formation of a strong product. &y, however, some dissolution

does occur in both systems.
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5.3.3 The effect of varying the size of the samples

5.3.3.1Results

The results of the scratch and breaking tests @®epted in Table 5-11. The
tests, although qualitative, yield conclusive resulThere is a trend towards better
mechanical properties for large samples, with tkeeption of sample 15, which
appears to be an anomaly probably due to low waietent. The large samples are
strong and do not scratch on either surface. Thadiumesamples are likewise strong
but scratch on the bottom surfaces, sometimes algvéihe small samples are little
more than powder cakes, breaking when handled adrgoing severe damage

when scratched. Sample 15 is also little more th@owder cake.

Sample name Top scratches Bottom Scratches Strong
11 N! N Y
12 N! N Y
13 N! N Y
14 N N Y
15 Y Y! N!
16 N! Y Y
17 N Y! Y
18 N! Y Y
19 Y Y N!
110 Y Y! N!

111 N Y N
112 Y Y! N

Table 5-11: Mechanical Properties of lithium geopglmers with varying sample size

The XRD patterns of the set are similar to those¢hef high LyO/Al, O3 samples in
section 5.2.2 with crystalline peaks resulting from quartz,stwbalite and Li-EDI
[Figure 5-22].
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Figure 5-20: *’Al MAS NMR spectra of

lithium geopolymers of different sizes

Figure 5-21:2°Si MAS NMR spectra of
lithium geopolymers of different sizes

The /Al MAS NMR spectra of the set

samples 11, I5 and 19 are virtually
indistinguishable from one another, all
featuring a single main tetrahedral peak
around 61 ppm, with a minor octahedral
peak at 7ppm. [

Figures-20|

The 2°Si spectra of the set samples 11, 15
and 19 all contain a narrow peak at -85
ppm. Samples I1 and 15 also have a
narrow peak at -81 ppm, which is smaller
than the peak at -85 ppm for sample 11
and larger than the peak at -85 ppm for
sample 15. Sample 19 has only one narrow
peak at -85 ppm.
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Figure 5-22: XRD patterns of lithium geopolymers ofdifferent sizes
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,0




5.3.3.2Discussion

The mechanical strength of the samples did notetais strongly with the
amount of zeolitic phase formed as detected’®y MAS NMR and XRD. All
examined samples have quite high levels of conmersf metahalloysite to Li-EDI,
but the small samples and sample I5 have very peahanical properties.

The major difference between the large and smatipéas is presumably
greater water loss from the small samples durittinge The?’Al MAS NMR spectra
of the small samples (including sample I5) are atmadistinguishable from those of
the large samples, and their XRD patterns are aimillThe conversion of
metahalloysite to Li-EDI is not greatly hindered fmater loss from the sample,
although the samples do not gain strength. Pos#ilayzeolite crystals do not have
time to grow and interlock. Alternatively, there ynbe more non-cementitious
residual metahalloysite-like material similar tatlobserved in increasing amounts as
Li,O/Al,O3 is decreased. [Section 5.3.2]

The difference in hardness of the upper and loweéiases of the samples is
probably due to a difference in water content tcate ion concentration caused by
water loss from the top surface but not at thedmotiSection 3.3.2.2].

The results indicate that within a narrow rang& <-+H,O/Li,O < ~11) the
water content strongly affects the hardening ofsamples, but only weakly affects

the overall degree of conversion of metakaolinit&DI.

5.3.4 The effect of varying the SiO,/Al,O; ratio
5.3.4.1Results
5.3.4.1.1Compositions containing added solid silica
Samples J1 — J4 and J6 — J9 set into monolithspBaid was intermediate

between a monolith and a powder cake, lacking lérittacture behaviour but
exhibiting some mechanical resilience. Sample J49 avpowder cake.

The XRD patterns of samples J1 — J5 show a grazhalge in reactivity as
silica fume is added. [Figure 5-23] Sample J1 shihwescharacteristic XRD pattern of

a well-set lithium geopolymer, with substantiallyora Li-EDI than cristobalite or

128



quartz. Little unreacted LIOHJ® is present. Samples containing silica fume (32, J
and J4) show altered reactivity. They contain ndDil, but do zeolite A and zeolite
X (presumably both being the lithium form). Someaatted LIOH.HO is present.
Sample J5 has the characteristic XRD pattern obarly set lithium geopolymer,
similar to that of metahalloysite. The peaks of HiB®,0O are more clearly resolved
for sample J5 than for other samples.

The XRD pattern of J6 is that of a well-reactebilitn geopolymer containing
mainly LI-EDI. Samples with fused silica added &310) contain zeolite A and X
but no LI-EDI.
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Figure 5-23: XRD patterns set lithium geopolymers @ntaining added silica fume.
Silica fume content increases up the page. Sampl& dontains no silica fume.
E = Li-EDI, X = Zeolite X , A = Zeolite A, L = Li-ABW.
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Figure 5-24: XRD patterns of set lithium geopolymes containing added fused silica
Fused silica content increases up the page. Samglke contains no fused silica.
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,0
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5.3.4.1.2Compositions containing add lithium silicate solubn

Crystalline
Sample name
Phases

K-0.5-C z
K-0.8-C
K-1.15-C
K-0.5-1
K-0.5-2 X, E
K-0.8-1 -
K-0.8-2 -
K-0.8-3 -
K-0.8-4 -
K-1.15-1 -
K-1.15-2 Z,L
Table 5-12: Crystalline phases present in lithium gopolymers

hydrated with water and lithium silicate solutions
Z = Li-EDI, X = Zeolite X , A = Zeolite A, L = Li-A BW.

PINGN

The samples hydrated with water set into monoliflssdid samples K-0.5-2
and K-1.15-2. Other samples were intermediate batvmeonoliths and powder cakes,

appearing to be weakly bonded bodies, but not ayapd) brittle fracture behaviour.

The XRD patterns of the samples hydrated with wééy-C, 0.8-C and 1.15-
C) are shown in Figure 5-25. The samples hydrat#u lithium silicate solutions are
depicted in Figure 5-26, Figure 5-27, and Figurg85imade from precursor powders
with Li,O/Al,O3 = 0.5, 0.8 and 1.15 respectively).

The XRD patterns of the samples hydrated with wallecontain peaks due to
Li-EDI, cristobalite and quartz. As for the samplegh varying LbO/Al,O3 ratios
discussed in section 5.3.2, the sample with thetratiali has formed the most
Li-EDI, but there is little difference between tio samples with lower alkali

contents.

Of the samples with lithium silicate solution addemhly K-1.15-2 has
undergone a substantial amount of Li-EDI formatigrD.5-2 shows a small amount.
The formation of different zeolite types includihgzeolite A and Li-zeolite X is
observed for K-0.5-1, K-0.5-2. Li-ABW has been faunin K-1.15-1. Other samples
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have the characteristic XRD pattern of poorly senhgles, similar to sample H7 in

section 5.3.2.

2’Al MAS NMR shows almost complete conversion of ainiorm to tetrahedral
(zeolitic) coordination for the samples hydratedhwivater, partial conversion for
sample K-0.5-2, and no conversion for samples Ki0ahd K-0.8-2. The location of
the (narrow) zeolitic peak is at approximately gdmpfor samples K-0.5-C and K-
0.8-C, corresponding to Li-EDI and at 62 ppm K-@,%orresponding to zeolite &

2Theta Co Ka

Figure 5-25: XRD patterns of lithium geopolymers hgrated with water
Z = Li-EDI, C = cristobalite, Q = quartz
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Figure 5-26: XRD patterns of lithium geopolymers hgrated with lithium silicate solutions,
precursor powder Li,O/Al,O; = 0.5
Z = Li-EDI, C = cristobalite, Q =quartz, H = LIOH.H ,0, X = zeolite X, A = zeolite A
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Figure 5-27: XRD patterns of lithium geopolymers hgrated with lithium silicate solutions,
precursor powder Li,O/Al,0; = 0.8
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,0, X = zeolite X, A = zeolite A
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Figure 5-28: XRD patterns of lithium geopolymers hgrated with lithium silicate solutions,
precursor powder Li,O/Al,03 = 1.15
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,0, L = Li-ABW
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5.3.4.1.3Compositions containing added solid LiSiO,
Li4SiO, analysis:

The ?°Si MAS NMR spectrum of LiSiO, [Figure 5-29] showed only one
silicon environment giving rise to a signal at G2y indicating a & environment.
The XRD pattern (not shown) shows&iO, as the main phase with small amounts of
quartz, cristobalite, lithium carbonate, and a munaidentified phase.

-64.2

—,—
100 0 -100 -200 [ppm]

Figure 5-29:2°Si MAS NMR spectrum of Li,SiO,
X axis scale is chemical shift relative to TMS

The control powders used in these experiments weeesame as in the
samples containing added lithium silicate solutidime XRD patterns of the set
samples containing k$i0, except for L-00-1 show a high degree of conversibtine
precursor powder and 4SiO, to Li-EDI. [Figure 5-30, Figure 5-31, Figure 5-3P]
00-1 has undergone only partial reaction. Li-ABWs Harmed as a minor phase in
sample L-0.5-2. No LBiO, remains in any sample. Unreacted quartz andbadite

are present in all samples.
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L-00-2 c |z
2gLiSios |, 1 Z+H Z z

L-00-1
1 g LisSiO,

Metahalloysite

5 10 20 30 40 50 60 70
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Figure 5-30: XRD patterns of lithium geopolymers fom Li,;SiO, and metahalloysite
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH. H,0
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L L
L-0.5-2 |7 L C+Q+Z+H
2 g LisSiOu | L H
L-0.5-1 cz ¢

1 g LisSiO,

Z |Z
7 C Q ,
Lo5c |, z C+Q+Z 7z
‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ L ‘ T 1T ‘ L ‘ T 1T ‘ L ‘ T 1T ‘ L ‘ T 1T
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Figure 5-31: XRD patterns of lithium geopolymers fom Li,SiO,4 + precursor powder with
Li 20/A| 203 =05
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,0, L = Li-ABW

138




L-0.8-2
2 g LisSiO,

L-0.8-1

5 10 20 30 40 50 60 70

2Theta Co Ka

Figure 5-32: XRD patterns of lithium geopolymers fom Li,SiO, + precursor powder with
Li zo/AI 203 =0.8
Z = Li-EDI, C = cristobalite, Q =quartz, H = LiOH.H ,O

The ?’Al spectra of samples L-00-2, L-0.5-1, L-0.5-1, 184 and L-0.8-2 all

contain one tetrahedral peak near 61 ppm [not shown
The #*Si MAS NMR spectra of L-00-2 and L-0.5-1 show orserow peak at

approximately -85.5 ppm. The spectrum of L-0.5-4oatontains a narrow peak at
-80.9 ppm. [Figure 5-33]
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-80.9

-85.3

| T T
100 0 -100 - 200 [ppm]

Figure 5-33:2°Si MAS NMR spectrum of Sample L-0.5-1
X axis scale is chemical shift relative to TMS

EDS elemental mapping shows an aluminosilicatesgheth aluminous and
silicaceous impurities for all samples.

Rod-like particles approximately 04m wide and 0.5um long, similar to
those described in section 5.3.2 are visible in@asthat had 2 g L$iO, added.
[Figure 5-34].
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SEI 15.0kY X20,000 Tum WD 10.1mm

Figure 5-34: SEl image of sample L-0.8-1, 20000x maification
Rod-like Li-EDI crystals are visible

SEI 15V.0I(V X200 100um WD 10.1mm

Figure 5-35: SEl image of sample L-0.8-1, 200x maiication
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——+— 200 pm SiK |—|—|I]ﬂ pm

Figure 5-36: Elemental maps of area in Figure 5-35

5.3.5 Discussion

In general, the addition of silica as solid siliea lithium silicate solution
hindered the formation of Li-EDI, while the additiof Li,SiO, promoted it.

The formation of Li-EDI is almost entirely replacby zeolites A and X (both
FAU-type [faujasite]) zeolites when a small amoahtolid silica (either silica fume
or fused silica) is added. At higher levels of ddilica addition, silica fume prevents
zeolite formation altogether, while fused silices hittle more effect than at low levels
of addition.

The action of silica fume is not unexpected asdissolution of silica fume
would increase the concentration of dissolved ailend lower pH substantially.
However, the action of fused silica is somewhapssing as it would be expected to
have low solubility in LIOH.HO at 45°C [Section 1.2.2]. Its action may indicate
surface adsorption of Liand/or OHions by fused silica particles rather than limited
silica dissolution. If so, the effect on pH of sagé adsorption appears to be smaller

than that of silica dissolution, particularly aghilevels of silica addition.
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Lithium silicate solutions had a similar effect $olid silica on the zeolite
formation reaction. In most samples, zeolite foioratvas completely hindered, as
indicated by XRD and’Al MAS NMR (e.g. sample K-0.8-1 and K-0.8-2). Ineth
XRD pattern of one sample (K-0.5-2), very small kgeaorresponding to zeolite A
and X are the only zeolitic peaks. Howe\éAl NMR indicates a comparatively high
degree of conversion of metakaolin to zeolitic sgcPresumably the zeolites are
very small or poorly crystalline. Notably, this gale was monolithic, and stronger
than the equivalent sample hydrated with water-@.5The sample with the highest
overall lithium content (K-1.15-2) formed Li-ABW asminor product phase.

In contrast, the samples resulting from3i0O, generally had XRD patterns
indicating large amounts of crystalline zeolitesegant. The only sample with a low
degree of conversion of metakaolin to zeolitesr{deated by XRD) was L-00-1, the
sample with the lowest overall alkali level. Sampk.5-2 formed Li-ABW as a
minor product phase.

When LiSiO, dissolves, the LO/SIO, ratio of the resulting lithium silicate
solution is high, and so pH would be expected tohlgh. The pH decreases as
metahalloysite dissolves and the@iSiO, ratio decreases. In contrast, the pre-made
lithium silicate solutions that were mixed with poesor powders have a
comparatively low pH. If lithium hydroxide is addélde composition of the lithium
silicate solution will pass through the 1:1,QiSiO, region of instability before
reaching the high pH of the 4310, solutions. Instead of reequilibrating to reach the
high alkalinity of LiySiO, solutions, some precipitation of solid lithium icites
probably occurs, lowering pH and removing the abibf the solution to dissolve
metahalloysite. Presumably the precipitates arealpawystalline, as no crystalline
Li,SiO; was observed in these samples using XRD.

In analogous sodium and potassium geopolymer systeigh MO/Al,O3; and
SiO,/Al,O3 ratio encourage the formation of silicate bondeatemals. In the highest
Li,O/Al, O3 and SiQ/Al, O3 samples prepared using lithium silicate ofSi0,, there
is no evidence of formation of silicate bonded otgeAs the products are not silicate
bonded, it may be useful to investigate higheosatf LbO/Al,O3 and SiQ/Al O3 in
order to yield new zeolitic or possibly even a tgg®polymeric product.
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5.3.6 The thermal treatment of lithium geopolymers

5.3.6.1Results

The XRD patterns of unfired samples with no soliica added showed
Li-EDI, while the patterns of samples with fuselicaiadded showed Li-zeolite A and
Li-zeolite X, similar to the samples in section3.3.and 5.3.4.1.1 respectively.

Samples M1 — M8 fired at 1000°C were weak non-wile white objects
speckled with pink spots ~0.5 mm across. Samples-MA8 fired at 1300°C were
partially vitreous with irregular brown, grey andwe areas. All of the fired objects
had many hairline cracks and none were strong. #asniyil — N4 fired at 1300 and
1350°C were partially vitreous with irregular browrhite and grey regions. Samples
N1 — N4 fired at 1400°C melted.

All the heated samples form@edeucryptite andg3-spodumene. The amount of
B-eucryptite compared f»-spodumene in the samples was compared by obseheng
location of the main peak, which was centred a4Z9.for 3-eucryptite and at 29.8°
20 for B-spodumene, comparing the heights of the smaBlerucryptite and
B-spodumene peaks at 22.2 and 22&°dhd noting the presence or absence of the

B-spodumene peak at 32.9.2

The XRD patterns of sample M1 fired at 1000°C shevedl-crystalline and
very purep-eucryptite. As the LD/AI,O3 ratio decreases from sample M1 to sample
M8, there is a gradual decrease in the intensityhef3-eucryptite peaks. A small
shoulder due to mullite appears and from samplea@ increases in size as the
Li,O/Al,O3 ratio decreases. [Figure 5-37].

The XRD patterns of the samples M1 — M8 fired aO@® shows only
B-eucryptite. As the LO/AI,O3 ratio of the samples decreased from M2 to M7
onwards, increasing-spodumene and cristobalite were formed [Figur&b-S8ample
M8 contained onlgB-spodumene and a small amount of mullite.

The XRD patterns of the samples with changing0; ratios (N1 — N4)
fired at 1000°C contained-eucryptite or g-spodumene, with the amount of
B-spodumene increasing at the expenseB-@ucryptite as Si@Al,O; increased.

Sample N4 contains a small amount of cristobdlimgure 5-39].
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The XRD patterns of samples N1 — N4 fired at 28 (Figure 5-40] were
similar to the samples fired at 1300°C. Sample 1y montained eucryptite. As
SiO,/Al,O3 increased, increasing amounts le§podumene were present. This was
accompanied by an increasing amount of cristobfbi® sample N2 to N4.

M7

M6
_JLMMA,JLM
M5
LJL vttt At
M4
1| W U
M3
| BT S S
M2 JLJ\\ W\JJ\-

M1 AEEE \E?E

5 10 20 30 40 50 60 70

2Theta Co Ka

Figure 5-37: XRD patterns of lithium geopolymers with varying
Li ,O/Al,O4 ratios fired at 1000°C
Li,O/Al,O; ratios decrease up the page
E = B-eucryptite, S =p-spodumene, M = mullite
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Figure 5-38: XRD patterns of lithium geopolymers with varying
Li ,O/Al,O4 ratios fired at 1300°C
Li,O/Al,O; ratios decrease up the page
E = B-eucryptite, S =p-spodumene, M = mullite
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Figure 5-39: XRD patterns of lithium geopolymers with varying

SiO,/Al, 05 ratios fired at 1300°C
SiO,/Al O3 ratio increases up the page.
E = B-eucryptite, S =p-spodumene
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Figure 5-40: XRD patterns of lithium geopolymers with varying
SiO,/Al,05 ratios fired at 1350°C
SiO,/Al O3 ratio increases up the page.
E = B-eucryptite, S =p-spodumene
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Figure 5-41: TGA-DSC Trace of set lithium geopolymeM1
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Figure 5-42: TGA-DSC Trace of set lithium geopolymeM1 (Limited scale)
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5.3.6.2Discussion

In samples M1 — M8 fired at 1000°@-eucryptite is the predominant phase in
samples with close to the stoichiometric amounlitbfum suitable forp-eucryptite
formation (LpO/Al,Os=1). When LyO/Al,O;3 is reduced below 1, the amount of
B-eucryptite decreases. implying the existence afesg Si@ and AbO; [see also
Figure 5-14].

In the same samples fired at 1300°C, the graduamkase in the amount of
B-spodumene formed indicates the inclusion of theesg SiQ@ into thep-eucryptite
structure, forming an increasingbyspodumene-rich solid solution wiflreucryptite.
Further excess silica is crystallised as cristédalNo crystalline aluminous phase
found using XRD. Presumably an amorphous phaseorised. When there is
sufficient amounts of the aluminous phase (sam@g, Mullite is formed.

The phases formed in samples N1 — N4 at 1350°@aecord with the phase
diagram [Figure 5-43]. As SHIAI,O3 increases from the stoichiometric eucryptite
composition to that of spodumene, the amounp-spodumene increases and the
amount ofs-eucryptite decreases.

The behaviour of samples N1 — N4 fired at 1300fnmre interesting. The
general trend is for a decrease in the amoufiteafcryptite formed and an increase in
spodumene. However, samples 4 and 5 have veryasiddRD patterns, indicating
that little extra spodumene is formed. Presumatdydilica fume is not able to react
with the eucryptite formed from Li-EDI to form spatiene at 1300°C, so remains
amorphous.

Matsumotd*’ observed exothermic formation @feucryptite at 780°C and
endothermicp-eucryptite formation from Li-EDI above 900°C. Thmesence of
sodium has been shown to induce simultaneous dryaten of y- andp-eucryptite
at 720°C**" The results of the present TGA-DSC experiment ssggsimilar
behaviour to that of the pure lithium system stddig Matsumoto. The crystallisation
of y- andp-eucryptite probably occurs at 760 and 850°C rdspayg in the present
system, possibly reflecting the presence of traweusts of iron impurities. This fits
well with the observed formation @gteucryptite during thermal treatment.
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Figure 5-43: Phase diagram of the system LIAISiQ- SiO..
After Roy™’

5.4 Conclusions and future work

The favoured products when metahalloysite is digblin basic LIOH or
lithium silicate solutions are zeolitic rather thamly geopolymeric. In particular,
Li-EDI forms under the very alkaline conditions uttgg from the hydration of
lithium precursor powders in water or the dissantof Li;SiO,.

At low levels of addition, solid silica causes thduct of reaction from Li-
EDI to Li-zeolite A and Li-zeolite X. At high levelof addition, the zeolitisation
reaction is hindered altogether by silica fume Butnsensitive to fused silica. In
general, lithium silicate solutions with high SI0 0 are not sufficiently alkaline to
dissolve metahalloysite for zeolitisation. In cast; lithium orthosilicate is
sufficiently alkaline to assist reaction.

High lithium and silica contents encourage the fation of Li-ABW rather
than silicate bonded objects, in contrast with @minal geopolymers.

Lithium geopolymers have similar a similar minimakali content to sodium

and potassium geopolymers. They develop mecharstangth only within a
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narrower range of water contents, although the emion of metakaolin to Li-EDI
occurs with water contents outside this range.

Thermal treatment of lithium geopolymers results fireucryptite at a
temperature of around 900°C. Added solid silicacte#o formp-spodumene around
1350°C. Simple firing of set objects results inantogeneous ceramic bodies but
improved geopolymer processing or the use of camwesl methods may avoid this
problem.

The formation and thermal treatment of lithium gelgmers may be a viable
route to lithium aluminosilicate ceramics. Futurerkw should investigate improved
processing methods to improve product homogeneitgther adding silica to lithium
geopolymers in soluble form (e.g. 4;810,) lowers the reaction temperature of
B-spodumene formation, and dilatometric studieshenproduct ceramic bodies.
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