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Abstract
High-silica zeolites are porous, aluminosilicate materials known for high thermal stability;
making these materials favourable for application in various industrial processes involving
elevated tempenates. The synthesis of zeolites from alternative feedstock such as coal fly
ash has been investigated previously. Coal fly ash is a waspeobyct of the coal
combustion process, which is main source utilised for energy generation in South Africa.
Coal 1y ash is an ideal alternative feedstock for zeolites due to the large annual production as
well as the rich mineral content (high in silicon and aluminium). Coal fly ash also contains a
range of other elements which is known to result in environmentdllggns such as
excessive landise as well as air, soil, surface water and ground water pollution; including
inorganic cations that may influence the zeolite crystallisation process. However, coal fly ash
has successfully been utilised for the synthesis @inge of lowsilica zeolites. Higksilica
zeolite synthesis from alternative feedstock has usually focused on the synthesis of zeolite
ZSM-5. Furthermore, these synthesis routes commonly utilised additional silicon sources
and/or a purification step byfhex treatment with a chelating agent to enhance the feedstock
Si/Al ratio prior to crystallisation. This adds complexity to the conversion of coal fly ash to

zeolite process, in terms of cost, energy and time.

This research study therefore aimed to sgsitbe pure, highilica zeolites from waste South
African coal fly ash by utilising a simplified, green synthesis procedure. This was realised by
applying a relatively lowtemperature alkaline treatment (13D for 24 hours) for the
extraction of a silicorprecursor from coal fly ash, which served as the silicon feedstock for
the synthesis of highilica zeolite ZSM5. The preparation of highly crystalline and pure
zeolite materials was achieved without the need for additional silicon sources or the
purification of the silicon extract. Similarly, zeolite mordenite (with lapgee MORtype
framework) and silicatd (with mediumpore MFktype framework) were also synthesised
using the coal fly askerived silicon precursor. Synthesised zeolites were chasamtdry a
combination of analytical techniques such as XRD, SHMS, FTIR, TGADTA/MS and/or
nitrogen physisorption (BET). This study also aimed to investigate the influence of different
extraframework cations on the flexibility (and hence, syntheticilidgg) of a model zeolite
framework (i.e. zeolite A with an LTA framework) through geometric modelling by using
GASP software. This theoretical investigation was carried out to understand the steric effect
of some of the major inorganic cations presentaal fly ash on the zeolite crystallisation

process.
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A simplified, greener synthesis route for the preparation of-giljga zeolites from coal fly

ash was developed in this study; that involved a relativelytémperature alkaline treatment

for the exraction of a silicon precursor for highlica zeolite synthesis (no additional silicon
sources or purification steps were required). Furthermore, the solid residue generated in the
conversion of coal fly ash to higgdilica zeolites was easily recovereadatransformed into
low-silica zeolite sodalite (with high yield), which makes this process azeearwaste
process. This simplified synthesis process for {sifjba zeolite production from coal fly ash
waste was used to prepare highly crystalline #eathordenite. Zeolite mordenite was
synthesised from a coal fly aslerived silicon precursor using three different hydrothermal
synthesis approaches; (i) Organic structlirecting agenfree synthesis (1 S| 0. 01 9
Al,0:A0 . 5 70A 3@ .,Q), (i seedassisted synthesis (1 SIDO. 0 LGAOAIS 7
Na,O A 3 0 ;01withHD.1wt% mordenite seeds) and (iii) Organic structdirecting agent
assisted synthesis (1 S0 . 0 I0A 0A 14,06 AMNa26 T E AOHh#h3nd adbed H
seed crystals nor NaOH), carried out unskatic hydrothermal conditions (17Q for up to

72 hours). The synthesis approaches developed in this study resulted in the crystallisation of
pure zeolite mordenite and allowed for control over the chemical composition of zeolite
mordenite in terms ofif\l ratio (between 6 and 15) as well as the morphological properties

of zeolite mordenite in terms of both particle shape (prismatic, twinned prismatic, elongated
needlelike crystals, hierarchical and spherical agglomerated mordenite crystals formed) and
particle size (between 2.5 and 1R@). Furthermore, the preparation of zeolite mordenite
with novel hierarchical morphology from a coal fly edrived silicon precursor (without the
utilisation of a complex organic structutl@ecting agent such as @mpsilane compounds)

was also achieved in this study. This study therefore presents novel synthesis routes for the
preparation of zeolite mordenite (with a range of different material properties) from a coal fly

ashderived silicon precursor.

Similarly, zeolite ZSM5 and zeosil silicatd with different material properties (such as
composition, morphology, hydrophilicity and porosity) were synthesised from a coal fly ash
derived silicon precursor under hydrothermal conditions ofI8’C for up to 72 hors.

These material properties ranged from aluminnich, prismatic zeolite ZSM crystals that

were highly hygroscopic and microporous (1 i@ . 0 DA 0AI50ANal10 TPABr A2
H,O) to siliconrich, spherical zeolite ZSM crystals with both microposity and
mesoporosity (1 Sigh0. 0 @A 0AI540AMNal10 TPAB) &3 Wwell 4as H
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hydrophobic, aksilica silicatel crystals (1 SIiQA 0. 0 g04A 0A 14,0 ANa09 TPABr A1l
H20). This study therefore presents a novel synthesis route for the preparagibcabte-1

from a coal fly askderived silicon precursor as well as a simplified, greener synthesis route
for the preparation of zeolite ZSBlwith a range of different material properties. This study
therefore presents a novel green synthesis routehtorpreparation of pure, higdilica
zeolites from waste coal fly ash, which was suitable for the design of-taélde, pure
zeolite mordenite and ZS!4 as well as zeosil silicalit® with various properties such as
morphology (in terms of crystal shap@d size), composition (Si/Al ratio, solid acidity),
hydrophilicity/hydrophobicity and porosity.hE utilisation of geometric simulation by GASP
software to investigate the steric influence of different inorganic cations on a model zeolite
framework (zeote A) was achieved for the first time. The geometric simulation study
illustrated that various inorganic cations present in coal fly ash may not be detrimental to the
formation of zeolites depending on the cation size as well as the zeolite framewodgyopol

It was found that relatively larger inorganic cations may alter crystallisation processes
involved in zeolite synthesis, due to shanhge disorder that is caused by the steric strain

imposed on the growing zeolite framework.

The synthesis of highilica zeolites mordenite, ZSM and silicalitel from a waste material

such as coal fly ash was achieved in this study; the overall conversion process was simplified
by the removal of the additional purification step and no additional silicon source was
required. This study reports the first synthesis of silicalittom coal fly ash and the first
synthesis of zeolite mordenite from coal fly ash (as the sole silicon source). Furthermore, the
solid residue generated in the conversion of coal fly ash todiligh zeolites was easily
recovered and transformed into l@iica zeolite sodalite, which makes this process for the
synthesis of industrially applicable, higilica zeolites from coal fly ash a nesero waste
process. Therefore, this study presentsogel green synthesis route for the preparation of
pure, highsilica zeolites (such as zeolite mordenite and Zskk well as silicalitd) from

waste coal fly ash coupled to the production of sodalite (aspadajuct). The conversion of

a waste materiagduch as coal fly ash to vahkaelded, higksilica zeolites (mordenite, ZS!9

and silicalitel) as well as sodalite may be of interest to industries that make use of these

materials for catalytic and adsorption processes as well as separation science.

Keywords: Zeolites, waste utilisation, oal fly ash, low temperature alkaline activation,

high-silica zeolites geometric simulation
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Chapterl - Introduction

1 Chapter 1- Introduction

A brief background of the research project will be presented in this chapter. The gap in the
research topic was identified in the literature, whichtivaded the project. The aims and
objectives of the projeatiereto bridge the identified research gap in the topic. This chapter
will also present the scope and delimitations of the research project and an outline of the

thesis will be presented.
1.1 Background

High-silica zeolites are microporous aluminosilicatateriab with Si/Al (SAR) ratios > 5.
High-silica zeolites areknown for superior thermal stability, soliacidity and shape
selectivity and as suchhdse materials araluablein industres that tilise hightemperature
catalytic and adsorption procesgBayra and Dutta, 2003Jeolite mordeniteis a highsilica

zeolite with a larggore opening of 6.75nm that is utilised in adsorption processes
involving the separation of compounds in the gabquid phase. Zeolitenordenitehas also

been utilised extensively in the catalysis for hydrocarbon transformations such as alkylation,
hydrocracking and hydroisomerisaticdne of the best known and most widely used -high
silica zeolites is zeolite ZSM, which isa mediumpore 0.55 nm) zeoliteapplied as a solid

acid catalyst in a range of chemical processes involving hydrocarbon transformations such as
alcohol dehydration, isomedtion and alkylation and acylation reactioAsother interesting
materal is the siliceous analoguef the MFLtype zeolite ZSMb, slicalite-1, which is
hydrophobic in nature due to the lack of aluminium in the framework. This hydrophobic
material is a viable material for preparation of waterproof membranes and thin ditms f
apdication in paration science. Hydrophobiticalite-1 has beemntilised for the removal

of organic compounds from contaminated water strg&@heng and Shantz, 2005; Dai et al.,
2017; Hincapie et al., 2004, Idris et al., 2019; Lobo, 2003; Ma@&887,; van den Broeke et

al., 1999; Yang et al., 2011).

The synthesis of highilica zeolites commonly involvean aluminosilicate precursor gel
subjected taelatively high temperature (>10C) and autogenous pressures. Furthermore,
the crystallisation ohigh-silica zeolites often occurs in the presence of an orgsructure
directing agent (OSDA), which is a compound that aids in the organisation of silica and
alumina tetrahedra to form the building units of a specific framewbdt. example,
tetraproylammonium bromide (TPABris commonly applied as an OSDA in the synthesis
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of MFI-type zeolites such as ZSHM The typical precursors for hydrothermal synthesis of
zeolites are fumed silica, colloidal silica or sodium silicate solution as sources af siico
well as sodium aluminate and aluminium hydroxide as aluminium so(Pegsa and Dutta,
2003; Yu, 2007)However, a range of naturally occurring materials (such as kaolin clay or
diatomite) and waste Byroducts of industrial processes (such as clyah$h) have been
utilised as alternative sources of silicon and aluminium for the synthesis of zebbttes €t

al., 2018;Chang and Shih, 2000; Franus, 20dH?jiman et al., 1999Mignoni et al., 2008;
Musyoka et al., 2003 1In this study, coal fly asfCFA) will be utilised as a source of silicon

for the formation ohigh-silica zeolites. CFA is a waste 4pyoduct of the coal combustion
procesghat is produced in large quantities annually and is typically destined for disposal to
landfills. CFA contairs a large amount of silicon and aluminiwxides, in the mineral form

of quartz and mllite. The uncontrolled disposal of CFA is accompanied by a range of
environmental issues such as surface and ground water pollution, air and soil pollution as
well asexcessive landise Blissett and Rowson, 2012; Shoumkova and Stoyanova,)2012
The utilisation of CFA in other rpcesses such as cement and oetecproduction has
therefore been studied extensively to d&tessett and Rowson, 2012; Heidrich et al., 2013

An industrially desirable use of CFA is in the conversion of this wastadguct to zeolites;

this process is advantageous as a-wghe material applicable in many industries (such as
petroleum, fine chemicals, etds)produced and at the same timéarmful waste product is
reduced Ameh et al., 2016; Missengue et al., 2018; Ndlovu et al., 2017).

The transformation of CFA to zeolites has been ingattd for a few years, with emphasis

on the synthesis of lowilica zeolites such as zeolite A, X,aRd sodalite. Some challenges

that face this conversion technology are variability of the ash, low purity of zeolite products,
low zeolite yields (particularly in the case of more pure zeolites) and the lack of control of
zeolite product properties. Morecently, the synthesis of zeolite ZSMrom CFA has also

been reported. The synthesis of this higita zeolite from CFA typically involved the
addition of an extra silicon source to enhance the SAR value of the synthesis mixture or a
silicon extract fom alkalineactivated CFA was treated with concentrated oxalic acid under
reflux conditions to remove excess sodium and enhance the SAR value of the material prior
to hydrothermal treatmeigdmeh et al., 2016Chareonpanich et al., 2004; Gitari et a01@;
Kalyankar et al., 201, Kapure et al., 2017Krisnandi et al., 2017Missengue, 2016;
Missengue et al., 2017Missengue et al., 2018\Ndlovu, 2016; Ndlovu et al., 2017
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Vichapund et al., 2014; Vichapund et al., 2DZZ&olite ZSM5 was synthesised froi@outh
African CFA using a high temperature, solid fusionethod to extract silicon (and
aluminium) from coal fly ash. An additional purification step was utilised to remove excess
sodium cations from the silicon extract; involving the treatment of tiedsikextractwith a
concentrated oxalic acid solution under ref(dkissengue, 2016)A novel lowtemperature
extraction method for thereparation of a silicon extract from CRAas reported in the
literature. Howeverthe utilisation of this silicon extca in zeolite ZSM5 synthesis also
involved the oxalic acid treatmestepprior to hydrothermatreatmentNdlovu, 2016) The
addition of extra steps and/or chemical reagents to the conversion process (i.e. CFA to high
silica zeolites) is known to be bo#mergy and cosintensive.The simplification of this
conversion proceswill create a relatively greener synthesis route compared to literature
reported to datéMissengue, 2016; Missengue et al., 2017; Missengue et al., 2018; Ndlovu,
2016.

In this stuy, thelow-temperature alkaline reflux process was utilised for the preparation of a
silicon extract as reported in the literatyiNdlovu, 2016) This silicon extract will serve as

the silicon precursor material for higllica zeolite synthesis. Howeven this study the
silicon precursor will be utilised as is, without the requirement of the oxalic acid treatment
step or the addition of extra silicon sources as reported in liter@@n@eonpanich et al.,
2004; Kalyankar et al., 201, Kapure et al., @L7; Krisnandi et al., 2017; Missengue, 2016;
Missengue et al., 2017; Missengue et al., 2018; Ndlovu, 2016; Vichapund et al., 2014;
Vichapund et al., 2017}urthermore, this silicon precursor will be utilisedtihe synthesis of
slicalite-1 and zeolitemordenite glicalite-1 has not been synthesised from CFA to date,
while zeolite mordenite has been synthesised from naturally occurring materials such as
diatomiteand mixtures of coal fly ash with either diatomiterich husk asi{Ahmed et al.,
2018; Aoro et al., 2018; Johan and Matsue, 2014; Johan et al., 2015; Mignoni et a)., 2008
However, zeolite mrdenite synthesis from solely CFA as a silicon sourae not been

reported to date.

The silicon precursor utilised for zeolite synthesis in this stadiiought to contain a range
of elements due to the rich mineral content of ClRarganic cations in the synthesis mixture
of zeolitesare known tgplay an important role in crystallisation aatfectthe processesf
zeolite crystallisation; some catiorgich as sodium are known as structdirecting while
other cations such as divalent calcium have a strong strdmtea&ing effec{Cejka et al,
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2007;Petrik et al., 1995yaldes et al., 2006Yu, 2007) Geometric modelling opolyhedral
materials(suchas zeolites has been carried out usii@eometricSimulation of Polyhedra
(GASP software, which is a simple and fast method of determining the theoretical flexibility
range of a polyhedral material (i.e. the flexibility windowhe flexibility window of a
zeolite material gives information on the likelihood of formation as well as the
compressibility of a given zeolit’/amework Eletcher et al., 2015Dawson et al., 2012;
Kapko et al., 2010Sartbaeva et al., 260Wells and Sartbaeva, 201®%/ells & al., 2011,
Wells et al., 201} GASP software has mainly been appliedsimulate the flexibility
window of zeolite frameworks. Some studies have been reported on the effect of extra
framework content (such agater, methanolor NaBr salt) on zeolite framewdk flexibility
(Wells et al., 2015; Wells et al.,, 2017To date, the steric influence of exframework
cations on zeolite framework flexibility has not been repotitethis study,GASPgeometric
modelling softwaravill be usedto gain more insight it the effect of thalifferent cations in

the synthesis mixture (as a result of gwirce of the silicon precursor CFA containing a

range ofdifferent elementspnthe crystallisation of zeolites
1.2 Problem Statement

Annually, tonnes of CFA are producedasvaste byproduct of the coal combustion process.
Currently, a small amount of this waste material sised and recycled in the construction
industry process for cement, concrete and brick production. CFA is also utilised in the mining
industry to backfl voids created by mining process€¥-A is awaste material thas rich in
minerals and contains a high quantity of silicon and aluminiuhich has made it a suitable
feedstock for zeolite synthesis). However, CFA also contains a range of hazasioestsl|

and the uncontrolled, large scale disposal of CFA to landfills has a major impact on the
surrounding environmenflo date, higksilica zeolites have been synthesised from CFA
using either high temperature solid fusion or low temperature alkalihex dnditions for

the extraction of a silicon precursdrhe current process ftine conversion o€FA to high

silica zeolites is alsaoupled witha purification stepl{y treatment with concentrated oxalic
acid solution under reflux conditionthat waautilised to remove excess sodium and enhance
the SAR value of thdéeedstock (silicon precursor). Bomecase, the SAR value of the
feedstock has been enhanced by addition of standard chemical reagents to the synthesis
mixture for zeolite ZSMb synthesis.This study aims tosimplify the process for the
conversion of CFA into highilica zeolite ZSM5 andto evaluatethe simplified processas a
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potential synthesis route fother highsilica zeolitic materialsuch as zeolitenordeniteand
slicalite-1. Furthermore, the studwlso aims to gain insight into theteric influence of
inorganic cations on the formation of zeolitgsy GASP simulationspnd how the rich

mineral content of CFA may impact zeolite crystallisation.
1.3 Aim and Objectives of the Study

The mainaim of the study is to synthesibggh-silica zeolites rardenite and ZSh5 as well
as zeosilslicalite-1 from a silicon precursor material derived from waste coal fly(agh

using a simplified conversion process)
The objectives of this study inale:

1. Low-temperature alkaline activation of coal fly ash and preparation of the silicon
precursor material.

2. Synthegs and optimisation(of synthesis parametergf zeolite nordenite from a
CFA-derived silicon precursor

3. Synthesis and optimisatiqief syntresis parameterg)f zeolite ZSM5 from a CFA
derived silicon precursor

4. Synthesis of the purglsiliceous analogue of ZS#g, slicalite-1 from a CFAderived
silicon precursar

5. Modelling the effect of extrramework cations (such as N&&*, K" and C%) ona

model zeolite framework (LTA) by geometric simulation using GASP software.

This study therefore hypothesises ttiet CFAderived silicon precursor may be utilised as a
source of silicon for the synthesis of other hgilica zeolites suchsamordenié and ZSM5

with a range of SAR values as well as the synthesipuoély siliceous MFI-material
silicalite-1. This study further hypothesises that the synthesis procedure may be simplified by
avoiding the purification of the CFAerived silicon precursavith a chelating agent (such as

oxalic acid), prior to use in hydrothermal synthesis.
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1.4 Research Questions

This study aims to answer the following research questions:

T

Can the synthesis procedure for hijhca zeolites(such as mordenite, ZSBl and
silicalite-1) be simplified to avoid the utilisation of additional silicon soufces
Can the synthesis procedure for higjhca zeolites(such as mordenite, ZSBl and
silicalite-1) be simplified to avoidthe purification of the silicon precursor with a
concentated oxalic acid solution under reflux conditions prior to use in hydrothermal
synthesis?
Can a larggore, highsilica zeolite such as zeoliteomenite be synthesised from a
CFA-derived silicon precursor?
o Is zeolite nordenite crystallisation possibleofn a CFAderived silicon
precursor in the absence of an organic strudlinecting agent (OSDA)?
o What range of synthesis parameters resulthim crystallisation of zeolite
mordenite?
0 What is the effect of seeding on the crystallisation of zewldedente?
o What is the effect of afDSDA agenton the crystallisation of zeolite

mordenite?

1 Can mediunrpore, highsilica zeolite ZSM5 be synthesised from a CFoferived

silicon precursor without the oxalic acid treatment step?
o What range of synthesis parameteesutt in the crystallisation of zeolite
ZSM-5?
o Can zeolite ZSMb with a range of different properties be synthesised from a
CFA-derived silicon precursor?
o What is the effect of different cations (in the synthesis mixture) on the
crystallisation of zeolit& SM-5?
Can a purelysiliceous zeolite such adicalite-1 be synthesised from a CFlerived
silicon precursor?
What is theeffect of different extrdramework cations on a model zeolite (zeolite A

with LTA framework)simulated using the GAS$bftware
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1.5 Research Approach

In this study.a literature review on the synthesis of hijlica zeolites from coal fly ash (and

standard chemical reagenss) well as GASP simulations of zeolites weaeried out and the

research approach was designed accordingty.overview of the research approach is

depicted in Figure 1.1.
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Figurel.1l: Schematic diagram of the research approacfeldrigh-silica zeolite synthesis
from coal fly ashand(b) GASP modellingof a modekeolite

A South African coal fly asllerived silicon precursor materigxtracted using a low

temperature alkaline reflux processas used as the starting material for kijita zeolite

synthesisThe starting material (coal fly ash) and extractioodpicts were characterised by

various analytical techniques to determatemical and physical properties thereof such as

chemical and mineralogical compositionwasll as morphologyAs depicted in Figure 1.1,

the optimisation othe synthesis dfigh-silica zeolites from a CFAlerived silicon precursor

was carried out in a stepise manner; thbest result in terms of zeolite product crystallinity

determined by Xay diffraction (XRD), was used as the starting point for subsequent

experiments.Selected zalite products were characterised further to determine material

properties such as morphology, SAR value, thermal stability and specific surface area.

v



Chapterl - Introduction

GASP simulations were typically carried out using an initial starting structure retrieved from
the Databse for Zeolite Structure@Baerlocher and McCusker, 201the GASP output
results theinitial limits for expansion and compression of the zeolite structure) were used as
the starting point for subsequent GASP simulatiang this process was repeatedil the

limits of the flexibility window for a particular zeolite was defined.
1.6 Scope and delimitations of the study

A broad range of topics is covered in zeolite science such as synthesis and characterisation
methods, applications as well as zeolite miatlgl For this study, he literature review
discusses zeolite scienc@ general with regard to characteristic zeolite properties,
classification as well as synthesis and characterisation methods and applications of zeolites.
The literaturereview mainly focusson the current methods utilised for the preparation of
high-silica zeolites from coal fly asii’he backgrounaf the GASP modelling softwars

also discussed in the literature reviéhe silicon extraction method from CFA and the target
high-silica zeolites were based on the gap analysis of the literature rémi¢hve interest of

time, product crystallinity (calculated from XRD) was utilised as the main response factor for
the optimisation of higlsilica zeolites from a CFAlerived silicon precwor. Selected
zeolites were characterised by other analytical techniqueetéomine the material properties

of fly ash basé high-silica zeolites compared to the properties of fsdica zeolites
(prepared from standard chemical reagents) reportee ilitéhature.

1.7 Thesis Outline
The contents of this thesis will be structured in the following manner:

Chapter One: Introduction

Chapter Two: Literaturesview

Chapter Three: Researnofethodology

Chapter FourExtraction of silicon from CFA and process oview (zeolite yields)
Chapter FiveSynthesis of larggore MOR framework type zeolites

Chapter SixSynthesis of mediurmpore MFI framework type zeolites

= =4 4 A4 -4 A -

Chapter 8ven Geometric modelling of thstericinfluence of extreframework cation
type on a model zdite framework (LTA) using GASP software

1 ChapterEight Conclusions andecommendations



2 Chapter 2- Literature Review

2.1 Introduction

This chapter will present a literature review of the research relevant to this study. Zeolite
science covers a widangeof topics from hydrothermal synthesis, material characterisation,
various zeolite applications as well as computational modelling of zeolites. In this study, high
silica zeolites with MOR and MFkype frameworkwere synthesised from CFA (which
serval as he sole source of silicon feedstock). The literature review will therefore focus on a
brief introduction into the history of zeolite science, the characteristic features and properties
of zeolites and the hydrothermal synthesis of zeolites including & diseussion on the
crystallisation mechanism and factors that influence zeolite crystallisation (with emphasis on
MOR- and MFhtype framework materials). Next, the utilisation of an alternative feedstock
(CFA) in the synthesis of zeolites will be preseméth emphasis on the current research in
the area of higtsilica zeolite synthesis from CFA. The analytical techniques utilised in this
study for the characterisation of zeolite materials as well as starting materials will also be
described. Subsequentlgn introduction into the geometric modelling of zeolite frameworks

using GASP software will be presented.
2.2 A brief history of zeolite science

Zeolites are microporous, aluminosilicate materials with unique properties that make them
suitable for applicén in important industrial fields such as catalysis and gas adsorption
(Bowman, 2003; Payra and Dutta; 2003; Weitkamp, 2000). These unique properties include;
thermal stability, high porosity and high surface areaseiarhangeability and solid acidity
(Mintova et al., 1995). Currently zeolites are commonly synthesised, under hydrothermal
conditions, from alkaline aqueous solutions containing precursor (silicon and aluminium)
species, a mineralising agent (typically Qi F) and in some cases, an aduhtl structure
directing agent such as organic template molecules (Weitkamp, 2000). However, zeolites
were first discovered in 1756 by Axel F. Cronstedt as natural mineral deposits in sedimentary
rocks that formed as a result of volcanic activities. Te,dawore than 60 naturally occurring
zeolites have been discovered. Some examples of natural zeolites include analcime (ANA),
chabazite (CHA), clinoptilolite (HEU), erionite (ERI), faujasite (FAU), ferrierite (FER),
gismondine (GIS), gmelinite (GME) and ndenite (MOR). The natural formation of zeolites

under geothermal conditions served as motivation for researchers to prepare synthetic zeolites
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in a laboratory and by the ®@entury zeolites were first synthesised in a laboratory; with
pioneering researchindertaken by Richard M. Barrer between 1930 and 1940 (Maesen,
2007; Weitkamp, 2000; Xu et al., 2007). In 1959, the research of Robert M. Milton and
Donald W. Breck (Union Carbide) resulted in the preparation of zeolites A and X and these
materials stillhave a major role commercially and in research (Payra and Dutta, 2003; Yu,
2007). At this time, aluminiumnich zeolites were synthesised by mimicking the conditions
under which natural zeolites form in nature. Between 1960 and 1970, Mobil researchers
synthesised the first siliconich zeolites by using organic quaternary alkylammonium cations
and amines in the synthesis mixtures for hydrothermal zeolite synthesis. This method resulted
in the formation of one of the most widely used silicmh zeolites namly ZSM-5 as well as

many other silicosrich zeolites and siliceous analogues of aluminosilicate zeolites. These
silicon-rich zeolites possessed a new range of properties such as thermal stability and
hydrophobicity and as such, these materials are dtilélw researched to date (Baerlocher

and McCusker, 2017; Corma, 2003; Li et al., 2015; Pan et al., 2019; Payra and Dutta, 2003;
Xu et al., 2007). Currently, thousands of synthetic zeolite materials have been discovered that
are associated with the ~245 ko framework types, as approved by the Structure
Commission of the International Zeolite Association (Baerlocher and McCusker, 2017; Yu,
2007).

2.2.1 The structure and properties of the zeolite framework

In general, zeolites are composed of ;T®trahedra agprimary building units (PBU);
typically silica (SiQ) and alumina (AlQ) tetrahedra. These Sj@nd AlQ, tetrahedra are
connected by a common oxygen atom to form relatively larger structural building units
(SBUs) such as single-mhiembered ring (S4R), sirgl5>membered ring (S5R), single 6
membered ring (S6R), single-@embered ring (S8R), doublerdembered ring (D4R),
double Bmembered ring (D6R)nor (5*) and pentasil units # as depicted in Figure 2.1
(adapted from McCusker and Baerlocher, 2007).

10
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@QO

S4R S6R
D4R mor (54) Pentasil unit (58)

Figure2.1: Typical structural building units of zeolite framework structures (adapted from
McCusker and Baerlocher, 2007).

These SBUs (depicted in Figure 2.1) connect in a particular manner through condensation
reactions resulting in the formation of a crystalline zeolite framework, with a specific
framework type (Davis and Lobo, 1992; McCusker and Baerlocher, 2007). As mentioned
before, the Structure Commission of the International Zeolite Association cldssites

than 200 zeolite framework types (each assigned a three letter code). Some common
framework types are ANA, FAU, GIS, LTA, MFI, MOR and SOD. Each framework
possesses a common framework topology, crystal symmetry and pore network (Davis and
Lobo, 1992 McCusker and Baerlocher, 2007; Payra and Dutta, 2003). Specific examples of
zeolite framework types (of interest to this study) such as LTA, MFI and MOR will be
described in more detail.

2.2.1.1 LTA framework

The LTA framework consists of sodalite units (arrahgea primitive cubic manner) joined

to each other through oxygen bridges between S4R faces (to yield D4R units). This
arrangement of -cageBitUthe centrecofitheeusit cell and B thaerensional

pore system with-8ing pore openings (~0&m in diameter). Zeolite A is the most common
material with LTA framework topology. The pore dimensions of the LTA framework makes
zeolite A a smalpore zeolite, as depicted in Figure 2.2 (Ameh et al., 2016; Breck et al.,
1956; McCusker and Baerloch@€Q07; Payra and Dutta, 2003).

11
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VN
\’/\}

Figure2.2: LTA framework with smallsized pore openings (adapted from McCusker and
Baerlocher, 2017).

4

2.2.1.2 MFI framework

The MFI framework contains S5Rs that join together to fpentasil units (Bunits), as
depicted in Figure 2.1. Pentasil units are connected through oxygen bridges to form pentasil
chains, which link together to form a three dimensional network of interconnected pores.
MFI-type zeolites contain two types of-lidg pore channels; (i) 0.51 x 0.5 (along the [1

0 0] direction) and (ii) 0.53 x 0.56m (along the [0 1 0] direction). The most common MFI
type zeolite material is called zeolite ZSM(Zeolite Sicony Mob#s). The dimensions of
these pore channels ihis MFI-type zeolite material makes zeolite Z&Va mediurmpore
zeolite, as depicted in Figure 2.3 (McCusker and Baerlocher, 2007; Payra and Dutta, 2003).

Figure2.3: MFI framework type material ZSNd with mediumsized pore openings (adapted
from McCusker and Baerlocher, 2017).

12
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2.2.1.3 MOR framework

The MOR framework is made up of S5Rs that join together to foomSBUSs (5 units), as
depicted in Figure 2.1. Thmor SBUs join together by sharing edges to form arcloé 5*

units. These chains are aligned parallel to each other as mirror images to form a two
dimensional pore network made up of-l&g pore openings along the [0 O 1] direction
parallel to the @xis (0.67 x 0.7G¢m) and 8ring pore openings along the 1 0] direction
parallel to the kaxis (0.26 x 0.5hm). However, the MOR framework is commonly
described as a orttmensional framework due to difficulties accessing the relatively smaller
8-ring pore openings of the MOR framework. Zeolite mordenitaegscommon material type

for the MOR framework. The pore dimensions of this framework type (MOR) makes zeolite
mordenite a larg@ore zeolite, as depicted in Figure 2.4 (Aly et al., 2012; Idris et al., 2019;
Jin et al., 2012; McCusker and Baerlocher, 2@G04ra and Dutta, 2003).

Figure2.4: MOR framework with largesized pore openings (adapted from McCusker and
Baerlocher, 2017).

2.2.2 Classification of zeolites

Other than zeolite framework type, zeolites may dle grouped according to the chemical
composition of the material in terms of Si/Al ratio (SAR) as well as the pore size of the
framework. The type of classification is limited to aluminosilicate zeolitic materials, which
are the focus of this study. Howex, it should be noted that frameworks with a range of
different chemical compositions have been synthesised such as metallosilicates,
aluminophosphates (AIPOs) and silicoaluminophosphates (SAPOs). A range of
metallosilicates have been prepared by sulisig aluminium with other metals such as

boron, gallium, germanium, iron, titanium and zirconium in the zeolite framework (Liu et al.,

13
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2019; Moliner et al., 2013; Payra and Dutta, 2003). These materials are not within the scope

of this study and will thexfore not be discussed in detail in this review.

2.2.2.1 Chemical composition

The chemical composition (in particular the SAR value) of aluminosilicate zeolites has a
significant influence on the properties of the material, which in turn strongly influences the
application of the material. For instance, zeolite frameworks with relatively higher SAR
values exhibit a greater degree of solid acidity, thermal stability and hydrophobicity. Zeolites
may therefore be classified by the degree of aluminium substitutidmeifranmework (i.e.

SAR value); lows i | i ca zeol i R ergermbdmtesitica SaliRs hav® SARs
between 2 and 5, higtilica zeolites have SARs >5 (Holderich and van Bekkum, 1991; Payra
and Dutta, 2003; Xu et al., 2007). Examples of zeolites with diffeBARs are listed in
Table 2.1.

Table2.1: Classification of zeolites by SAR value of the framework.

Zeolite classification SAR value zeolite examples
(Framework type)
A (LTA),
P (GIS),
X (FAU),
Sodalite (SOD)
Y (FAU),
Ferrierite (FER),
Mordenite (MOR),
Sodalite (SOD)
Beta (BEA),
Ferrierite (FER),
Mordenite (MOR),
ZSM-5 (MFI)
Silicalite-1 (MFI),
Silicalite-2 (MEL)

Low-silica o 2

Intermediatesilica 2-5

High-silica >5

All -silica (siliceous materials b

As listed in Table 2.1, zeolite A is a lesilica zeolite and typically exhibits a SAR value of

1, while zeolite mordenite may be considered either intermedaatéighsilica zeolite
depending on the SAR value of the material (which is commonly >5)it&etbM-5 is
considered a higgi | i ca zeolite wit B0 and silicgliel is dhe S AR

14
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completely siliceous analogue of zeolite ZSMHolderich and van Bekkum, 1991; Payra

and Dutta, 2003; Weitkamp, 2000). Highica zeolites are of partical interest in industries

that make use of high temperature processes. This is due to the superior thermal stability of
these materials, compared to lslica zeolites, coupled to the appreciable solid acidity of
these materials (Lobo, 2003; Maesen, 2@0®4ra and Dutta, 2003).

2.2.2.2 Pore size

The welldefined pore architecture of zeolites is another important characteristic that
determines the type of applications in which zeolites are used. Zeolite pore structures are
characterised by shape, size and the alvelimensionality of the pore channels. The pore
openings, depicted in Figure 2.5, serve as windows into the pore network of a zeolite
framework and are commonly namedr{i8g, 10ring and 12ring) according the number of

T-atoms that make up the pore opgy (Holderich and van Bekkum, 1991; Huang et al.,

2014; Weitkamp, 2000).
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Figure2.5: Typical pore aperture sizes in 8 ring, 10 ring and 12 ring pore openings.

Zeolites are often classified as smathedum- and largepore zeolites depending on the pore
aperture size; some examples are listed in Table 2.2 (Holderich and van Bekkum, 1991; Payra
and Dutta, 2003).
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Table2.2: Classification of zeolites by por@erture size.

) o Pore opening| Pore size Zeolite examples . . .
Zeolite classification Pore dimensionality
(ring size) (nm) (Framework type)
A (LTA) 3
Small pore 8 ~0.45 P (GIS)
Sodalite (SOD)
Ferrierite (FER)
Medium pore 10 ~0.55 ZSM-5 (MFI)
Silicalite-1 (MFI)
X and Y (FAU),
Large pore 12 ~0.75 Beta (BEA),

Mordenite (MOR) 2

w

~ W W w w w

The size of pore apertures for sradire zeolites such as zeolite A is typically ~0.45 nm,
~0.55 nm for mediunpore zeolites such as zeolite ZSMand 0.75 nm for largpore
zeolites such as zeolite mordenite, as illustrated in Figure 2.5 (Holderich and van Bekkum,
1991; Payra and Dutta, 2003). Zeolites are inherently séelpetive due to the molecular
dimensions of these pore openings. This makes zeolitic materialc@ahtiates to serve as
molecular sieves or catalysts and/or support materials for the conversion and separation of

various molecules (Huang et al., 2014; Weitkamp, 2000).

The classification of zeolites using properties such as SAR value and pore thigeeisre
common since these properties directly influence other characteristics of zeolite such as solid
acidity, thermal stability, hydrophobicity as well as porosity. These properties all play a vital
role in the application ofeolites;the charactertic properties will therefore be discussed

briefly in the next section.

2.2.3 Characteristic properties and uses of zeolites

The characteristic properties of zeolites such as porosity and shape selectivity are attributed
to the unique framework topology of tleematerials, while other unique properties such as
solid acidity, thermal stability, hydrophilicity/hydrophobicity and H4exchangeability arise

due to the composition of these materials (Louis and HAmisker, 2004; Tao et al., 2006;
Valdes et al., 2006Weitkamp, 2000). A summary of the different zeolite properties is
illustrated in Figure 2.6.
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Figure2.6: The characteristic properties of zeolite materials.

2.2.3.1 lon-exchangeability

Most zeolites exist as alunosilicates that possess an overall net negative charge due to the
presence of aluminium atoms in the framework. It is therefore common that aluminosilicate
zeolites contain extrramework cations for chargeompensation of the framework. Sodium
cationsare the most common extfileamework cations in zeolites (Valdes et al., 2006;
Weitkamp, 2000). This characteristic feature of zeolites allows for the exchange of cations in
agueous solution; giving zeolites its property of-excthangeability. A common aligation

of zeolites is in the laundry detergent industry as a water softening agent, where sodium
cations from the zeolite framework replace relatively hard calcium and magnesium cations in
water (Valdes et al., 2006; Payra and Dutta, 2003; Weitkamp,; 200@t al., 2007). For
purely siliceous zeolites, the zeolite framework is charge neutral due to the lack of trivalent

atoms in the framework such as aluminium (Valdes et al., 2006; Weitkamp, 2000).

2.2.3.2 Hydrophobicity/hydrophilicity

Aluminosilicate zeolites wh relatively low SAR values are also known for being
hygroscopic in nature. However, purely siliceous analogues of zeolites such as sllieadite
hydrophobic in nature. The degree of hydrophilicity of a specific zeolite is therefore directly
related © SAR value of zeolite. It is therefore possible to design purely hydrophobic siliceous
materials or hygroscopic aluminosilicate materials, by controlling the SAR value of the

synthesised material. Due to this property zeolites have great potential natisepscience,
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particularly in the separation of complex mixtures that may not be possible otherwise (Aly et
al., 2012; Cheng and Shantz, 2005; van den Broeke et al., 1999; Yang et al., 2011). In
particular, hydrophobic zeolitic materials such as siliedlihave interesting applications in
membrane and thifilm technologies (van den Broeke et al., 1999; Yang et al., 2011).

2.2.3.3 Solid Acidity

The solid acidity of zeolites is attributed to the presence of aluminium atoms in the zeolite
framework; which yieldSi-O-Al" sites that may serve as either acidic or basic sites under the
appropriate conditions. In the typicaltsygnthesised form (the sodium form), zeolites serve as
Lewis bases due to the net negative charge on framework oxygen atoms (Xie et al., 1994).
The sodium form (Naeolite) of zeolites may be iegexchanged using an ammonium salt
(typically ammonium nitrate) under reflux conditions and then calcined to produce the acidic
form (H-zeolite) of zeolites (Hunger, 2010, Weitkamp, 2000). Both Bronstdd_awis acid

sites may be present in zeolites, as depicted in Figure 2.7 (Hagen, 2015; Louis et al., 2004;
Ordonez and Diaz, 2009; Weitkamp, 2000).

Na' H
|
\ / \ / \ S e \ N / N eyt \ a N /
/\/\/\ /\/\/\ /\/\/\
Na-form Brinsted Acid Site Lewis Acid Site

Figure2.7: Basic and acidic sites (Bronsted and Lewighimzeolite framework (adapted
from Hagen, 2015).

As depicted in Figure 2.7, the bridging hydroxyl group bonded to a framework aluminium
atom serves as Bronsted acid sites in the zeolitic framework. Dehydroxylation of these
Bronsted acid sites results time formation of Lewis acid sites (Hagen, 2015; van Hooff and
Roelofsen, 1991; Weitkamp, 2000; Weitkamp and Hunger, 2007; Xie et la., 1994). The
degree of solid acidity for a particular zeolite is therefore directly related to the SAR value of
the materialHolderich and van Bekkum, 1991; Louis et al., 2004). In many industries (fine
chemical and petroleum), zeolites have been utilised in catalytic applications that typically
make use of conventional homogenous Bronsted acids (Hélderich and van Bekkum, 1991
Weitkamp, 2000). Acidic solid zeolites are commonly applied as catalysts in FCC cracking as
well as other hydrocarbon transformations in the petroleum industry (Holderich and van
Bekkum, 1991; Holm et al., 2011; Hunger, 2010).
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2.2.3.4 Porosity

The zeolite framewrk contains a pore network with welefined channels and pores that are

of molecular dimensions. Zeolites are highly microporous and exhibit relatively high surface
areas. Furthermore, each zeolite framework type possesses specific pore architechge (Hua
et al., 2010). The microporous nature of zeolitic materials is one of the major characteristics
that make these materials attractive for various molecular applications. According to the
International Union of Pure and Applied Chemistry (IUPAC) standidu@l,pore size of a
particular materi al may be c l2am)s(i) masapaious n t hr
(2-50nm) and (iii) macroporous (30 nm). The tunable porosity of zeolites is responsible for

the shapeselective nature of these materialghich allow microporous zeolites to
discriminate between reactant and/or product molecules based on their size. Zeolites are
therefore commonly used as molecular sieves and in shape selective catalytic applications
(Thommes et al., 2015; Weitkamp, 2008hwever, zeolites have been known to suffer from
diffusional constraints during application. As such, the preparation of zeolitic materials with
hierarchical pore architecture (materials consisting of more than one pore size type) is
currently a major areaf research in zeolite science (Liu et al., 2019; Moliner et al., 2013;
Musyoka et al., 2014).

2.2.3.5 Thermal Stability

Zeolites are relatively stable and maintain their crystal structure under high temperature
conditions. The degree of thermal stability ofatular zeolite is related to the SAR value

of the material; the higher the SAR value, the more thermally stable the zeolitic material. The
thermal profile of an asynthesised zeolite material also provides information on the volatile
content present ithe material such as water, OSDA molecules or other impurities trapped
inside the pore network of the zeolite (Holderich and van Bekkum, 1991; McCusker and
Baerlocher, 2007; Pdorbély, 2007). This property allows zeolites to be applied in catalytic
proaesses that require a relatively high temperature to facilitate the conversion of reactants to
products. As such, zeolites are applied in a range of high temperature catalytic processes
(Holderich and van Bekkum, 1991; Missengue et al., 2018).

With a combnation of these properties (namely thermal stability, high porosity, shape
selectivity and variable solid acidity) higfilica zeolites such awordenite and ZSM are
important catalytic (and adsorption) materials in industries that involvetéigperatue

processesHayra and Dutta, 2003-or example, zeolite mordenite plays an important role in
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improving the octane rating of petrol (also known as gasoline) by catatisngomerisation

of alkanes while zeolite ZSM5 has a range of important catatyfipplicationsn processes

such as the Methantb-olefin and Conversion oblefins to gasoline andlistillate that are
involved in the conversion of feedstock (olefins and alternatives such as alcohols) to valuable
commercial products (namely as gasolarel dieselfor the petroleum industrgDai et al.,

2017; Hincapie et al., 2004; Idris et al., 2019; Lobo, 2003; Maesen, ZDB&3eunique
properties of zeolites (as well as the various applications of the material in different
industries) are responggbfor the interest in these materials and present day research in the

field of zeolite science.
2.3 Zeolite synthesis methods

Modern day zeolite science employs hydrothermal synthesis (at elevated temperature and
autogenous pressure) as the common routentopteparation of zeolites (Singh and Dutta,
2003; Weitkamp, 2000). Hydrothermal zeolite synthesis is typically achieved by the
transformation of a supersaturated alkaline solution containing silicon and aluminium
precursors, a mineralising agent, wated aations (inorganic or organic in nature) under
hydrothermal conditions. This technique for zeolite preparation allows for fast conversion of
precursors to metastable zeolite phases. Other advantages of this technique include minor air
pollution as well a low energy cost, which makes hydrothermal synthesis highly attractive
for zeolite preparation (Davis and Lobo, 1992; Feijen et al., 1994; Hamilton et al., 1993; Yu,
2007).

A typical zeolite synthesis experiment involves the mixing step, hydrothernmalastk a
postsynthesis treatment of the solid hydrothermal product. During the mixing step, silicon
and aluminium precursor species are combined by stirring (or agitation) under aqueous
conditions in the presence of a mineralising agent (sodium hydraXat@H, is typically
employed). The synthesis mixture is then subjected to elevated temperatures (typically >
100°C) and autogenous pressure during hydrothermal treatment, which results in the
formation of a crystalline zeolite framework. This solid zegtiteduct may then be treated
after hydrothermal treatment step to alter the material properties (Davis and Lobo, 1992;
Feijen et al., 1994; Grand et al., 2016; Hamilton et al., 1993; Singh and Dutta, 2003). The
conversion of silicon and aluminium precursmecies into a crystalline zeolite framework
involves many intricate processes that are sensitive to the composition of the synthesis

mixture as well as a range of other factors. An overview of the mechanism of zeolite
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crystallisation as well as the in#ace of various factors on zeolite crystallisation will be

discussed briefly in the following sections.

2.3.1 Crystallisation mechanism of zeolites

An understanding of the crystallisation of zeolites is vital for the preparation oftzalde
zeolites with a dgired set of properties. The crystallisation of an aluminosilicate zeolite
material involves a complex combination of-gel chemical reactions and processes such as
hydrolysis (depolymerisation), dissolution, condensation (polymerisation) as well as
predpitation (Cundy and Cox, 2005; Huo, 2011). A brief overview of thegsblprocesses
involved in zeolite crystallisation will be discussed in this section.

During crystallisation of aluminosilicate zeolites, the mineralising agent (typically) OH
cataly®s the hydrolysis (depolymerisation) of silicon and aluminium precursor species to
form T-OH groups (T represents either silicon or aluminium in this case). Equatic842.1
present the hydrolysis reaction of the most condensed SiEllicate species @mtaining

four SFO-T oxo-bridges) sequentially to the least condensed SifQdiljcate species
(containing four SIOH bonds) (Feijen et al., 1994; Lalena et al., 2008; Livage, 1994).

YOY (600 "YQ'O06Y YO (Eq.2.1)
YQ'O0Y §°0° Y00 §Y YO (Eq. 2.2)
YOO Y  §°00"Y'Q0 (Y YO (Eq. 2.3)

YOO Y (600 YO0 YO (Eq.2.4)

Depolymerised silicate and aluminosdite species are relatively smaller, more soluble and
reactive and thus serve as precursor species during the crystallisation of a crystalline zeolite
framework through condensation (polymerisation) reactions. Condensation may be separated
into two types oimechanisms namely; the olation process and oxolation process. In general,
condensation involves the elimination of a water molecule from precursor species (consisting
of at least a singular-DH group) to yield a poluclear species. During the olatioropess,
nucleophilic substitution occurs whereby a negatively charged hydroxide iof) ¢péties is
substituted onto a positively charged metal centre which is hydrat@HfT this results in

the elimination of water. Condensation products achieved ghrthe olation process consist

of two T atoms joined together with a hydroxyl bridged@H-T), as illustrated in Equation

2.5 (Lalena et al., 2008; Livage, 1994).
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YQ 0O Y O YO 'YQ@'OY Y0 O OO0 (Eq. 2.5)

During the oxolation process, condensation occurs through nucleophilic addition instead of
nucleophilic substitution that occurs during olation. Equation 2.6 illustrates the condensation
of two T-OH metal centres resulting in the formation of a product containingdal Toxo-

bridge through the elimination of water (Lalena et al., 2008; Livage, 1994).
YQU O YOO 'YQO Y 'OU (Eq. 2.6)

The process of olation occurs in a ified range of pH values (typically under acidic
conditions). On the other hand, the process of oxolation occurs over a wide range of pH
values (Lalena et al., 2008; Livage, 1994). The processes of hydrolysis and condensation
(through olation or oxolationdccur during the different stages of zeolite crystallisation. In
general, zeolite crystallisation consists of three main stages namely; induction, nucleation and
crystal growth as depicted in Figure 2.8 (Cundy and Cox, 2005; Feijen et al., 1994; Grand et
a., 2016; Singh and Dutta, 2003).

(a) Nucleation rate (b) Crystal growth rate

Gel diffusion i Nucleation Crystal growth
to equilibrate i process
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Figure2.8: An illustration of the nucleation and crystal growth rate of zeolites during
crystallisation as well as a schematic representation of zeolite formation & r@nd2016).
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Zeolite crystal growth follows the typical sigmoidal shape during zeolite crystallisation as
depicted in Figure 2.8. The different stages involved in zeolite crystallisation will be

described in the following sections.

2.3.1.1 Induction

During the initial stages of crystallisation, the silicon and aluminium sources undergo
hydrolysis (depolymerisation), as illustrated in Equations2241 This process yields more
soluble silicate and aluminate species that serve as PBUs for zeolites, as deptugedein

2.8. These PBUs undergo dissolution and subsequent condensation (polymerisation) resulting
in the formation of an aluminosilicate species in solution, which serves as the precursor gel
from which zeolites crystallise. In the induction period, thkrdity of aluminosilicate gel
increases as the time period increases until the synthesis mixture reaches supersaturation
(Cundy and Cox, 2005; Feijen et al., 1994). Supersaturation occurs in solution, at a given
temperature, when the solute concentrai®melatively higher than concentration of the
solute at equilibrium. During zeolite crystallisation, supersaturation of the synthesis mixture
is well-known for being the driving force for the formation of zeolites (Cubillas and
Anderson, 2010; Myerson, @R). When the crystallisation process reaches this stage,
aluminosilicate precursor species form aggregates in the supersaturated solution through
precipitation and the formation of germ nuclei is initiated. Germ nuclei are susceptible to
both depolymerigéon and polymerisation reactions (as illustrated in Equations2.B)]
depending on the size of these particles and crystallisation conditions. During this phase,
germ nuclei grow in time until they reach a critical nuclei size, which enables spontaneous

growth that yields stable nuclei (Myerson, 2002).

2.3.1.2 Nucleation

After the induction period (during which stable nuclei are generated in the synthesis

solution), the process of nucleation occurs (as depicted in Figure 2.8). Nucleation is typically

separatednto two types namely; primary nucleation and secondary nucleation. The process

of primary nucleation may be further divided into homogeneous and heterogeneous

nucleation. Spontaneous nuclei formation occurs during homogeneous nucleation, whereas
the formaion of nuclei during heterogeneous nucleation occurs due to the presence of

impurities in the synthesis mixture. The formation of nuclei due to heterogeneous nucleation

may be inhibited by purification of the chemical reagents prior to utilisation isythiesis

mixture. The process of secondary nucleation involves the formation of nuclei as a direct

23



Chapter 2 Literature Review

result of seed crystals (typically of the target zeolite) added to the synthesis mixture (Cubillas
and Anderson, 2010; Grand et al., 2016; Huo, 2011). Mticteis thought to take place at

the surface of silica particles, where the boundary between the sol and gel occurs. Due to
silica dissolution in this boundary region, this region is thought to contain the largest
concentration of nutrient species thataguired for nucleation (Cundy and Cox, 2005; Feijen

et al., 1994). The process of nucleation is superseded by the process of crystal growth.

2.3.1.3 Crystal growth

The process of crystal growth involves the condensation (polymerisation) of nutrient species
onto the surface of growing nuclei, resulting in the formation of the SBUs and further
condensation until fully formed zeolite crystals are produced. As depicted in Figure 2.8, the
crystal growth rate increases with time and the overall crystal growth precsigsnioidal in

nature. The crystallisation of zeolites is considered-amiElerating as a result of the
spontaneous nature of the initial stages of the crystallisation process. The inflection point of
the crystallisation curve (as depicted in Figure Z8parates the period of autocatalytic
nucleation and crystal growth from the period of relatively slower crystal growth (Cubillas
and Anderson, 2010; Feijen et al., 1994). Both the crystal growth and nucleation processes
consume aluminosilicate nutrienpeies in solution, which results in competition between
these two processes. Therefore the rate of nucleation is thought to increase with time, go
through a maximum and subsequently decrease with time due to competition with the crystal
growth process foprecursor species (as depicted in Figure 2.8). The process of crystal
growth takes place at the boundary region between the planes of growing crystal and the
aluminosilicate solution, by condensation of dissolved aluminosilicate species onto the

surface 6the growing crystals (Cundy and Cox, 2005; Feijen et al., 1994).

2.3.2 Factors influencing zeolite crystallisation

As discussed above, the chemistry of zeolite formation is complicated and the exact
mechanism of zeolite crystallisation is still not fully urstend (Grand et al., 2016).
However, the factors involved in the preparation of the synthesis mixture (such as chemical
composition of the synthesis mixture, silicon and aluminium sources, SAR value, water
content, alkalinity, inorganic and organic catiprend the hydrothermal treatment step
(temperature and agitation) is known to influence the formation of zeolites as well as the
properties of the resultant material (Feijen et al., 1994; Oleksiak and Rimer, 2014; Yu, 2007).

One of the main factors influeimg the formation of a particular zeolite is the molar regime
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of the synthesis mixture, which is typically described by the following notationASIO

Al,OAy Nz, 0kKn OSDA. The mol ar regime of the sy
changing the othesynthesis parameters such as Si/Al ratio, alkalinity, water content and
OSDA amount. The influence of these parameters on the formation of zeolites mordenite and
ZSM-5 will be investigated in this study. Therefore, the influence of these synthesis
paramegrs as well as hydrothermal conditions on the formation of zeolites will be discussed

in the following sections.

2.3.2.1 Silicon and aluminium sources

The properties of the silicon and aluminium precursor sources play a major role in the
process of crystallisatio Sources of silicon typically utilised in zeolite synthesis include
fumed silica, tetraethylorthosilicate (TEOS), sodium silicate solution and colloidal silica (Isa
et al., 2018; Iwakai et al., 2011; Kamil et al., 2015; Krznaric et al., 2003; Mao 20a4;

Mitra et al., 2002). The type of zeolite framework that crystallises is significantly influenced
by the degree of solubility and reactivity of the silicon source. These factors determine the
rate of dissolution and distribution of precursor silicageecies in the synthesis solution
during the crystallisation process; thereby controlling the rate of nucleation and crystal
growth during zeolite synthesis (Burkett and Davis, 1995; Hamilton et al., 1993; Yu, 2007).
Furthermore, the particle size andfage area of silicon sources also influence the processes
involved in zeolite crystallisation. Silicon sources with high surface area and relatively small
particle size exhibits high rates of dissolution under alkaline agueous conditions compared to
silicon sources with relatively lower surface area and larger particle size. The enhanced rate
of dissolution (for silicon sources with high surface area and relatively small particle size)
promotes fast supersaturation, resulting in enhanced nucleation antbrbhation of
relatively small zeolite crystals. Conversely, silicon sources with relatively low surface area
and larger particle size results in slower silica dissolution, reduced nuclei formation and
consequently, the formation of relatively larger zeolitystals, owing to a slower rate of

nucleation compared to crystal growth (Meise and Schwochow, 1973; Yu, 2007).

The typical aluminium sources utilised in zeolite synthesis are sodium aluminate, aluminium
hydroxide, aluminium nitrate hydrate, aluminiursulphate hydrate and aluminium

isopropoxide, which also affects the processes of zeolite crystallisation (Shigemoto et al.,
1993; Shigemoto et al., 1995; Yu, 2007). Aluminium sources also control the type of zeolite

framework that crystallises as well dstmorphology of zeolite crystals. The properties of
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the aluminium sources (such as solubility and reactivity) particularly affect the formation of
low-silica zeolites such as zeolite A and X, which requires an adequate amount of aluminium
in the feedstocko form the precursor species necessary for the assembly of aluatiolum
SBUs that make up these lestlica zeolites (Hamilton et al., 1993; Shigemoto et al., 1993;
Liu et al., 2013).

Depending on the silicon source type used during zeolite mordeyitdhesis, the
crystallisation products and boundary conditions differed. The formation of competing phases
of zeolite mordenite such as zeolite-Ra and analcime were observed when amorphous
silica powder was used as feedstock for hydrothermal synthesig, the use of colloidal

silica resulted in the formation of zeolite mordenite over a wide SAR range (Aono et al.,
2016; Zhang et al., 2009). Aono et al., (2018) synthesised zeolite mordenite by utilising a
mixture of risk husk ash (which exhibits a hiAR value) and CFA (which exhibits a
relatively lower SAR value) as feedstock. The presence of a considerable amount of
impurities (such as quartz and mullite) was present in the solid zeolite mordenite product
formed. This is due to the type of silicondaaluminium source (rice husk ash and CFA)
utilised in the synthesis solution, which is composed of quartz and mullite mineral phases
(Aono et al., 2018).

Zeolite ZSM5 has been synthesised from a range of different silicon and aluminium sources;
some ofwhich include fumed silica, sodium silicate solution, colloidal silica, TEOS, sodium
aluminate, aluminium sulphate hydrate and aluminium nitrate hydrate (lwakai et al., 2011,
Mitra et al., 2002; Petrik et al., 1995; Petrik, 2009). Zeolite Zskbs also éen prepared

using alternative feedstock as sources of silicon and aluminium such as kaolin clay, rice husk
ash and coal fly ash (Chareonpanich, 2004; Kalyankar, 2011; Kapure, 2017; Krisnandi, 2017;
Missengue, 2016; Missengue, 2017; Missengue, 2018; NdI@dd6; Ndlovu, 2017,
Vichaphund, 2014; Vichaphund, 2016). Typically, the synthesis methods for zeolitcdsZSM
from alternative feedstock materials included the addition of standard silicon sources to
enrich the SAR value of the synthesis mixture. In soaseg, a combination of alternative
feedstock sources is used for the synthesis of zeolite- Z&Wch as higlsilica rice husk ash

and relatively lowsilica CFA) in order to establish the ideal SAR value in the synthesis
mixture (Chareonpanich, 2004; Kresmdi, 2017). The conversion of CFA to zeolite ZSM

was achieved by using a silicoich precursor material extracted from CFA. Prior to use in

hydrothermal synthesis of zeolite ZSB/ the silicon precursor material was treated with a
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chelating agent to eich the SAR value of the material and to remove excess sodium from
the material, reported to be a deterrent to zeolite BSbhtystallisation (Ndlovu, 2016;
Missengue, 2016).

Silicalite-1 has not been synthesised from CFA to date but is commonly syathésm
standard laboratory reagents such as fumed silica, colloidal silica and TEOS as sources of
silicon (Kamil et al., 2015; Petrik et al., 1995; Valtchev et al., 2004; Yang et al., 2011; Zhang
et al., 2019). Furthermore, the conversion offprened meoporous silica materials SBZ6

and SBA16 into silicalitel under hydrothermal conditions was also investigated by Kamil et
al., (2015). Kamil et al., (2015) reported that the morphology of silichltas dependent on

the silicon source utilised; fumesilica and TEOS resulted in the formation of naied
silicalite-1 crystals, while SBAL6 resulted in the formation of interconnected silicdlite
crystals and SBALS resulted in the formation of relatively large, coffimaped silicalitel
crystals. Zlang et al., (2019) also investigated the influence of different silicon sources such
as TEOS and fumed silica (with different particle sizes, 7 andnf)2on silicalitel
crystallisation. It was reported that the particle size of silica utilised in tlibesya mixture

corresponded to the particle size of silicaliterystals formed (Zhang et al., 2019).

The solubility and reactivity (as well as other properties such as surface area and patrticle
size) of silicon and aluminium sources influence the foionatof zeolites and the
morphology of zeolite crystals (Yu, 2007). The source of feedstock is therefore an important
factor to consider for the synthesis of taifoade zeolites with a desired set of properties
(required for catalytic and adsorption apgtions). It should be noted that in this study a
solid silicon precursor extracted from CFA using a low temperature alkaline reflux method
will be utilised in the synthesis of higiilica zeolites. The properties of this material (such as
solubility, partcle size and composition) may therefore greatly influence the formation of

high-silica zeolites under alkaline, hydrothermal conditions in this study.

2.3.2.2 Si/Al ratio

The type of zeolite framework that crystallises is significantly influenced by the SAR value
of the synthesis mixture (Chang and Shih, 2000; Oleksiak and Rimer, 2014; Shigemoto et al.,
1993). In general, lowgilica and intermediatsilica zeolites (SAR < 5) such as zeolite A, X,

P1, analcime and sodalite crystallise from synthesis mixtures Jiaivety low SAR values

and high alkalinity. On the other hand, highca zeolites (SAR > 5) such as zeolite

mordenite, ZSMb and silicalitel commonly crystallise from synthesis mixtures with
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relatively high SAR values under weakly alkaline conditiongnaneutral fluoride synthesis
conditions (Feijen et al., 1994; Yu, 2007). The composition of the zeolite product is also
influenced by the SAR value of the synthesis mixture, although there is no quantitative
correlation between these properties (Oldksaad Rimer, 2014; Yu, 2007). The typical
framework SAR value for lovgilica zeolite A and sodalite is 1, intermediatica zeolite P1
exhibits a range of SAR values between 2 and 8, while zeolite mordenite may exhibit
intermediate to highsilica compos t i ons ( Osiliba) zeokten ZBMShniay fave a
range of SAR values (> 5). Silicaliteis the siliceous analogue of zeolite ZSiwith SAR

value of BB (Eulenberger et al., 1967, Payr a

The crystallisation of higilsilica zeolite mordenite is dependent on the SAR value of the
synthesis mixture. Zeolite mordenite crystallisation was reported in a relatively wide SAR
range (up to ~80) by using standard chemical reagents. Relatively high SAR values in the
synthesis mixture mayesult in the formation of zeolite N&l, ZSM5, Beta or analcime
depending on the synthesis conditions applied (Aono et al., 2016; Lu et al., 2004; Zhang et
al., 2009). In the absence of an OSDA agent, zeolite -BSis! formed from synthesis
mixtures with arelatively high SAR value (> 60); however, zeolite mordenite and quartz may
also form under these conditions depending on the sodium content in the synthesis mixture.
The crystallisation of zeolite ZSM is possible over a range of SAR values when an OSDA
agent such as TPAs added to the synthesis mixture (Cheng et al., 2008; Singh and Duitta,
2003). On the other hand, silicaliteis prepared from a8ilica synthesis mixtures (i.e. with

no added aluminium source) (Kamil et al., 2015; Zhang et al., 201%his study, a solid
silicon precursor extracted from CFA will be utilised to synthesise-siigla zeolites
mordenite, ZSMb and silicalitel. In OSDAfree synthesis environments, careful
consideration of the SAR value of the synthesis mixture igimed) for the crystallisation of
zeolite mordenite or ZSNB, since these zeolites crystallise under similar hydrothermal
conditions. The optimisation of this factor during zeolite synthesis is therefore required for

the formation of these higsilica zeoltes with specific SAR values.

2.3.2.3 Alkalinity

Zeolite synthesis typically takes place under alkaline aqueous conditions, with a synthesis
mixture described by the molar regime $&x 08y ,N&az,0.Hhe alkalinity of the
synthesis system is commonly definas either HD/NaO or OH/SIO; ratio (Oleksiak and

Rimer, 2014; Yu, 2007). In general, higher degrees of alkalinity in the synthesis system result
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in enhanced dissolution of silicon and aluminium feedstock which in turn improves
crystallisation kinetic§Cubillas and Anderson, 2010; Oleksiak and Rimer, 2014; Shigemoto
et al., 1993). The improved dissolution of nutrient feedstock may also influence the
morphology of zeolite crystals formed, by favouring nucleation over crystal growth processes
and resultig in the formation of relatively smaller zeolite crystals (Koroglu et al., 2002;
Meise and Schwochow, 1973; Mostowicz and Berak, 1985; Sashkina et al., 2017).

The formation of higksilica zeolite mordenite is highly sensitive to the alkalinity of the
syntesis system. Low levels of alkalinity in the synthesis system may result in reduced rates
of zeolite mordenite crystallisation (Choudhury et al., 1998; Lv et al., 2011; Machado et al.,
1999; Oleksiak and Rimer, 2014). During the preparation of zeolitdenite, the formation

of amorphous material or Wairakite has been reported under low alkalinity conditions
(Choudhury et al., 1998; Machado et al., 1999). At redftinigh alkalinity in the synthesis
system, t he for mat i on -quaftz) veas rdperted iasteadoi zeddite a |
mordenite (Lv et al., 2011). On the other hand, zeolite Z5dfystallinity is also influenced

by the alkalinity of the synthesienvironment. For zeolite ZSHKl it has been reported that

the nucleation rate was more sensitive to changes in alkalinity than crystal growth rate.
Furthermore, it was reported that the optimum alkalinity corresponded to the SAR value of
the synthesis sgem (Cheng et al., 2008; Singh and Dutta, 2003). The influence of alkalinity
on the formation of silicalitd was investigated by Kamil et al., (2015). It was reported that

at a relatively low alkalinity, an amorphous material formed and as the alkalhnitye
synthesis mixture increased, the crystallinity of silicaliteras enhanced (Kamil et al., 2015).

A CFA-derived solid silicon precursor will be used in this study for the preparation cf high
silica zeolites mordenite and ZS® The alkalinity of tle synthesis system will therefore
play an important role in the dissolution of the feedstock and subsequent conversion to a
crystalline material. This factor will therefore be optimised for the preparation these zeolitic
materials from the CFAlerived silcon feedstock.

2.3.2.4 Water content

During the crystallisation of zeolites, water serves as the solvent for the reactions and
processes involved. For the crystallisation of a specific zeolite framework, water content in
the synthesis mixture needs to be contih a defined range since changes in water content
influence the concentration of nutrients and consequently, alters the crystallisation process. In

general, high water content in the synthesis mixture (i.e. a diluted synthesis mixture) results
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in reducel dissolution of the feedstock which in turn slows down the achievement of
supersaturation and nucleation. Under these dilute conditions crystal growth processes may
therefore be favoured over nucleation, yielding relatively larger zeolite crystals. pbsitep
effect is typically observed in synthesis systems with low water content (i.e. a synthesis
mixture with concentrated nutrients) resulting in the formation of relatively smaller zeolite
crystals (Oleksiak and Rimer, 2014; Yu, 2007). Therefore, veatetent plays a significant

role in controlling the morphology of zeolites. Furthermore, water molecules also influence
the function of organic structwdirecting agents (OSDASs); changes in water content may
alter the structure direction of a particulaB@A agent to favour the formation of one zeolite
over another by allowing the formation of different SBUs during the initial stages of
crystallisation (Yu, 2007).

The water content in the synthesis mixture was reported to influence zeolite mordenite
crystllisation (prepared from synthesis mixtures made up of standard laboratory reagents);
with water content reported up to z = 78 in some cases (Choudhury et al., 1998; Zhang et al.,
2009). Zeolite mordenite formation under dilute conditions resulted inceedoverall
crystallisation; longer crystallisation periods were required for the formation of highly
crystalline zeolite mordenite (Zhang et al., 2009). Similarly, the synthesis of zeolitesZSM
was achieved over a wide range of water content (z-602%n the synthesis mixture; the
optimum synthesis conditions were achieved at z = 25 (Cheng et al., 2008). The influence of
water content on the formation of zeolite ZSMvas investigated under high and low water
synthesis environments, using standard chahreagents (Petrik, 2009). It was reported that
water content influenced the crystallisation processes of zeolite-Z$ddmation; dilute
synthesis environments resulted in prolonged crystallisation time (Cheng et al., 2008; Petrik,
2009). In this studythe influence of water content on zeolite mordenite and BSM

formation from a CFAderived solid silicon precursor will be investigated.

2.3.2.5 Inorganic cations

Inorganic cations are commonly added to the synthesis mixture in the form of a base (MOH,
M denotesalkali or alkaline earth metals). Therefore, the addition of inorganic cations into
the synthesis mixture simultaneously controls the alkalinity of the synthesis system (Yu,
2007). Inorganic cations play a vital role in zeolite crystallisation, by seramgninor
structuredirecting agents under aqueous conditions involved in the organisation of silica and

alumina precursor species into the PBUs and SBUs of particular zeolite frameworks. The
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charge density of cations (based on cationic radius and charggorted to influence the
interaction of aluminosilicate precursor species with inorganic cations (Feijen et al., 1994;
Oleksiak and Rimer, 2014; Liu et al., 2013; Yu, 2007). Inorganic cations are considered
structureforming or structurédoreaking depetting on their ability to promote the
crystallisation of a particular zeolite framework. Sodium cations are the most common
inorganic cation utilised in the synthesis of zeolites and is present in most naturally occurring
zeolites. Sodium is therefore knovais a structurforming cation in the synthesis of most
zeolites. Other inorganic cations such as lithium, calcium, potassium, rubidium and cesium
have been reported in the synthesis of zeolites. However, potassium, rubidium and cesium
cations are typicall considered as structdbeeaking cations due to the relatively large
cationic radii of these cations (Meng et al., 2017; Petrik et al., 1995; Petrik, 2009; Singh and
Dutta, 2003; Wang et al., 2017; Yu, 2007). Inorganic cations may therefore enhance or
inhibit the crystallisation of a particular zeolite. Therefore, the type of inorganic cation

utilised in the synthesis mixture is an important factor to consider during zeolite synthesis.

The presence of inorganic cations (such as sodium and potassium) sgnthesis mixture
influenced the formation of zeolite ZSM and mordenite synthesised using standard
chemical reagents (Liu et al., 2014; Mohamed et al., 2005; Petrik, 2009). Stfoctoneg
inorganic cations (such as sodium and lithium with relatigehall cationic radii) resulted in

the formation of silicorrich ZSM5 crystals 515um in size, while structurbreaking
inorganic cations (such as potassium, rubidium and cesium with relatively larger cationic
radii) resulted in the formation of relagily larger crystals with an average particle size of 15

25 um (with twinned morphology in some cases) (Meng et al., 2017; Singh and Dutta, 2003;
Wang et al., 2007). Similarly, relatively large potassium cations had a similar effect on the
morphology of zelite ZSM-5 resulting in the formation of relatively larger zeolite ZSM
crystals in the presence of nitrate and sulphate anions, due to slower crystallisation processes
compared to sodiuroontaining synthesis mixtures (Petrik, 2009). In the case of eolit
mordenite, highly crystalline material was obtained in the presence of relatively small sodium
cations or binary inorganic cation synthesis environments made up of both sodium and
potassium cations (Mohamed et al., 2005). Yang et al., (2011) studiedfltrence of
sodium content on the synthesis of silicaliteChanges in the sodium content did not
significantly influence silicalitel crystallinity; however, the particle size of silicalite
crystals increased with increasing sodium content in thehsgist mixture (Yang et al.,
2011).
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The crystallisation of a particular zeolite framework is therefore significantly affected by the
inorganic cations present in the synthesis mixture. In this study, ad€fyed silicon
precursor will be used as feeddtdor highsilica zeolite synthesis. It is noteworthy that this
feedstock may contain a range of inorganic cations in varying amounts, which may influence
the crystallisation process for the conversion of the @EAved silicon precursor to high

silica zelites.

2.3.2.6 Organic structuredirecting agents

The first reported synthesis of higilica zeolites was achieved by Barrer and Denny by
using tetramethylammonium (TMA) cations as an organic strudiveeting agent (OSDA)

in the synthesis mixture during hydhermal treatment. OSDA agents are still utilised for the
preparation of higtsilica zeolite frameworks as well as novelsilica analogues of existing
zeolite frameworks (Burton and Zones, 2007; Davis and Lobo, 1992). Quaternary
alkylammonium  cations uwh as TMA, tetraethylammonium (TEA) and
tetrapropylammonium (TPA) are common OSDAs utilised in the synthesis of zeolites with
high SAR values (Feijen et al., 1994). OSDA agents are generally thought to function by
organising silica and alumina tetrahedrt particular geometries during the early stages of
crystallisation (induction and/or nucleation stages). This action of OSDA agents in the
synthesis mixture results in the early formation of PBUs and SBUs specific to a particular
zeolite framework. Ashe hydrophobic, higisilica zeolite framework is formed, OSDA
molecules will occupy the channels and cages of the framework to avoid contact with the
agueous solution. The incorporation of OSDA molecules in the framework of a zeolite is
thought to improveéhermodynamic stability of the growing structure, compared to the empty
zeolite framework. It is noteworthy that the composition of the synthesis mixture and OSDA
type both influence the formation of a particular zeolite structure. Furthermore, the riunctio
of the OSDA agent is also affected by the chemistry of the synthesis mixture (Burton and
Zones, 2007; Davis and Lobo, 1992; Burkett and Davis, 1995; Grand et al., 2016; Yu, 2007).

An important distinction has been made for the role of organic guestuheseutilised in
zeolite synthesis; these organic molecules serve as (i) templating, (i) OSDA or (iii) space
filling agents. A true templating agent is highly specific and directs the formation of one type
of zeolite framework. One such example is knawiiterature for zeolite ZSM.8 which is
synthesised in the presence of a particulagugternary amine (@HzsN*). OSDA agents are

guest molecules with a particular geometry that corresponds to the void space of the zeolite
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framework, while spacélli ng agents exhibit no structural correlation with the void space in
the zeolite framework and merely occupy the space within the zeolite framework (Burton and
Zones, 2007; Burkett and Davis, 1995; Davis and Lobo, 1992). Zeolite mordenite has been
synthesisé in the presence of a range of different OSDA agents namely;
tetraethylammonium hydroxide (TEAOH), hexamethyleneimine (HMI), benighdiol and
benzyltrimethylammonium hydroxide (Jin et al., 2012; Jongkind et al., 1997; Lu et al., 2004;
Lv et al., 2011Mao et al., 2014; Shaikh et al., 1993). Zeolite 2SN typically synthesised

in the presence of TPAcations. However, other OSDA agents have also been utilised in
zeolite ZSM5 synthesis such as tetrapropylammonium bromide (TPABr),
tetrabutylammonium domide (TBABr), 1,2ethanediamine, -propylamine, 1,6
hexanediamine, 1;8yclohexanediamine and a range of alcohols; which resulted in changes
in ZSM-5 crystal morphology (Missengue et al., 2018; Petrik et al., 1995; Singh and Dutta,
2003). Silicalitel is commonly synthesised in the presence of tetrapropylammonium
hydroxide (TPAOH), TPABr and TBABr as OSDA agents (Kamil et al., 2015; Petrik et al.,
1995; Valtchev et al., 2004; Yang et al., 2011; Zhang et al., 2019). In this study, the common
OSDA agents fozeolite mordenite and ZS#9 such as TEAOH and TPABr will be utilised
during hydrothermal synthesis, respectively. Silicdlitavill also be synthesised in the

presence of TPABr, as OSDA agent.

2.3.2.7 Seeding

In zeolite synthesis, seeding describes the usesofadl quantity of the desired zeolite added

to the synthesis mixture prior to hydrothermal treatment (Feijen et al., 1994; Yu, 2007). The
addition of seed crystals to the synthesis mixture is commonly used to favour the
crystallisation of a zeolite phasbkat is thermodynamically unfavourable otherwise. Seed
crystals function by (i) supressing the crystallisation of undesired zeolite phases that
crystallise as impurities, (i) enhancing the nucleation of the desired zeolite phase or (iii)
improving crystalilsation kinetics to promote the crystallisation of the desired zeolite phase.
Seeding may provide a cesftfective manner of achieving a particular zeolite phase, without
the addition of an OSDA agent (Cundy and Cox, 2003; Grand et al., 2016; Yu, 208¥). Se
assisted zeolite synthesis is commonly applied in the synthesis of zeolite mordenite to
promote mordenite crystallisation without the formation of competing phases such as zeolite
NaP1l and analcime (Cysneiros et al., 2016; Lu et al., 2004; Lv et0all,; Zodorova and
Kalvachev, 2015; Ueda et al., 1980; Zhang et al., 2011). The addition of seed crystals to the

synthesis mixture for zeolite mordenite synthesis resulted in the control of the morphology of
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synthesised zeolite mordenite crystals. In thespnce of relatively high seed quantities, a
reduction in the particle size of mordenite crystals was observed (Todorova and Kalvachev,
2015; Ueda et al., 1980). Similarly, semskisted crystallisation of zeolite ZSB/has been
reported for the preparahoof nanesized crystals (Gao et al., 2016; Li et al., 2016; Ren et
al.,, 2010; Singh and Dutta, 2003). In some cases, -si@ded ZSM5 crystals with
hierarchical morphology were formed in the presence of an organosilane OSDA by using
seedassisted zeoliterystallisation (Chen et al., 2018; Gao et al., 2016; Li et al., 2016). These
studies illustrated how se@ssisted zeolite crystallisation may be utilised to control crystal
morphology in terms of particle shape and size as well as favour the crystallishta
specific zeolite (in the absence of impure mineral phases. In this studyassesteéd zeolite
mordenite crystallisation from a CFderived silicon precursor will be investigated (in the
absence of an OSDA agent) to determine the influence ®fpdiameter on the mordenite

formation.

2.3.2.8 Ageing

The process of ageing refers to the mixing of a homogeneous solution of precursor species
for a given time period, before hydrothermal treatment takes place. This process may occur
under static or stirred cditions at elevated temperatures or room temperature (Feijen et al.,
1994; Oleksiak and Rimer, 2014). Typically, the ageing process is carried out to allow the
initial stages of crystallisation such as induction and nucleation to commence prior to the
hydrothermal treatment step. During the ageing process, germ nuclei may be formed that
remain dormant until an elevated temperature is reached (during the hydrothermal treatment
step). Overall, the process of ageing reduces the total crystallisation time reepored for

zeolite formation by reducing the induction period and enhancing the rate of nucleation
during crystallisation. Consequently, the morphology of zeolite crystals is also altered by
ageing; relatively smaller zeolite crystals may be formeddiyg the ageing process prior to
hydrothermal treatment (Feijen et al., 1994; Yu, 2007).

Enhanced zeolite mordenite crystallisation occurred at prolonged ageing time periods and the
morphology of zeolite mordenite crystals was also influenced by thagagtp. Relatively

short ageing times resulted in larger crystals, while longer ageing time produced relatively
smaller mordenite crystals (Idris et al., 2019). Similarly, an increase in ageing time (up to 24
hours) resulted in improved zeolite ZSMcrydallinity. This was reported to be due to

enhanced crystallisation processes such as nucleation and induction. As a result, relatively
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smaller zeolite ZSMb crystals were formed (Cheng et al., 2008). The conversion of a similar
CFA-derived silicon precursoto highsilica zeolite ZSM5 with high crystallinity was
achieved by using an ageing step of 30 minutes at room temperature (Missengue, 2016). In
this study, the ageing step (prior to hydrothermal synthesis) was therefore set at 30 minutes

throughout thestudy.

All of these factors highlight that a specific set of synthesis conditions are required for the
crystallisation of a specific zeolite framework. Considering zeolite mordenite and5ZSM
which are made up of similar SBUs, slight variation in thesarpaters could result in the
crystallisation of contaminant zeolite phases or a different zeolite phase altogether. Therefore,
careful consideration of these factors is required prior to the hydrothermal synthesis of a
particular zeolite. In this study, aiternative silicon precursor (derived from CFA) will be
utilised as feedstock for the synthesis of hgjita zeolite mordenite and ZSBl The most
important factors involved in the crystallisation of these {sijoa zeolites (such as SAR
value, alkahity, water content and template content) will be optimised in this study. In the

case of zeolite mordenite, the effect of seeding on mordenite formation will also be studied.

2.3.2.9 Crystallisation conditions

During hydrothermal treatment, parameters such gstatlisation temperature (and time
period) as well as ageing conditions influence the formation of zeolites (Yu, 2007). The
influence of these parameters on zeolite crystallisation will be discussed briefly in this

section, with particular interest in lmgilica zeolite mordenite and ZSHI

2.3.2.9.i Crystallisation temperature and time

Hydrothermal synthesis of a particular zeolite framework is significantly influenced by the
choice of hydrothermal (crystallisation) temperature, as this factor will have a rmgjacti

on the crystallisation kinetics of the zeolite formation process. For this reason a vast amount
of research in the field of zeolite science has placed emphasis on studying how crystallisation
temperature influences zeolite formation; results reparnéiterature showed that a specific
zeolite crystallises in a particular range of crystallisation temperatures. The processes of
zeolite crystallisation such as induction, nucleation as well as crystal growth are influenced
by the crystallisation tempédtae (Aono et al., 2016; Choudhury et al., 1998; Feijen et al.,
1994; Hincapie, et al., 2004; Idris et al., 2019; Kim and Ahn, 1991; Li et al., 2009; Singh et
al., 2018; Singh and Dutta, 2003; Yu, 2007; Zhang et al., 2009). Increased hydrothermal

temperatee is known to enhance the nucleation rate and in particular, the rate of crystal

35



Chapter 2 Literature Review

growth. This typically results in the formation of relatively large zeolite crystals (Feijen et al.,
1994; Musyoka et al., 2014; Singh and Dutta, 2003; Yu, 2007). The trnystaif a zeolite

product is affected by the period of hydrothermal treatment applied; enhanced zeolite
crystallinity is typically observed with time. Furthermore, zeolites are metastable materials
that undergo successive transformations according tv¢ @$td 6 s | aw ( Fei j en
Oleksiak and Rimer, 2014; Yu, 2007). Both hydrothermal synthesis temperature and time
period are significant factors to take into account during zeolite synthesis.

Zeolite mordenite crystallisation has been reported overide range of crystallisation
temperatures (16R00°C), by using standard chemical reagents to prepare the synthesis
mixture without the utilisation of an OSDA agent in most cases (Aono et al.,, 2016;
Choudhury et al., 1998; Hincapie, et al., 2004; Ideig al ., 2019; Al ZA
Commi ssion, 0 2016; Kim and Ahn, 1991; Li et
2009). Zeolite ZSMb crystallisation is typically carried out at a hydrothermal temperature of
160AC (Al ZA Synt hesi sisséhgumetials2017pMissedgueed . 2018; M
Singh and Dutta, 2003). However, a wide range of crystallisation temperatures9(130)

may be applied to achieve zeolite ZSMformation as reported in literature (Cheng et al.,

2008; Singh and Dutta, 2003XBimilarly, the synthesis of silicalitke was also possible over a

range of crystallisation temperature from 90 to 28qKamil et al., 2015; Petrik et al., 1995;

Valtchev et al., 2004; Yang et al., 2011; Zhang et al., 2019). In this study, zeoliterterd

ZSM-5 and silicalitel will be synthesised using mild crystallisation temperatures of 160 or

170°C, based on results for highly crystalline materials reported in the literature.

2.3.2.9.ii Stirring during hydrothermal treatment

The hydrothermal treatment stégr zeolite synthesis may be carried out under static or
stirred conditions; typically this process is carried out under static conditions. Nevertheless,
stirring during hydrothermal synthesis has been reported to improve overall crystallisation
kinetics(i.e. shorter crystallisation time period for zeolite formation) as well as influence the
morphology of the zeolite crystals formed. Furthermore, stirring has also played a role in the
selective formation of a particular zeolite framework type over andibeRenzo et al.,

1991; Hanif et al., 2000; Musyoka et al., 2013; Singh and Dutta, 2003; Yu, 2007).

The physical parameters involved in hydrothermal treatment such as crystallisation
temperature (and time period) as well as stirring have a significapacimon the

crystallisation kinetics of zeolite formation. These factors also play a role in determining the
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zeolite framework type that crystallises for a certain set of chemical conditions; therefore the
physical parameters applied during hydrothermattsysis need to be considered carefully to
allow the formation of the desired zeolite framework. The hydrothermal synthesis conditions
(i.e. physical parameters) for the formation of zeolite mordenite and-Z&M very similar.

In this study, emphasis Witherefore be placed on investigating the chemical parameters
(such as SAR value, alkalinity, water content, seeding and OSDA content) that influence

zeolite crystallisation as discussed in Section 2.4.1.

2.3.3 Postsynthesis treatment of zeolite products

The tpical treatment of zeolite products after the hydrothermal step involves cooling the
reaction vessel to room temperature, recovering the synthesised zeolite product through
filtration. Deionised water is then used to wash the synthesised zeolite protuitteupH of

the filtrate reaches values9 Subsequently, the synthesised zeolite product is then oven
dried at relatively low temperatures between 80 and°Cl@ypically overnight). If zeolite
synthesis was carried out in the presence of an OSDAtageelatively higitemperature
calcination step (carried out in air or inert gas) is then carried out to remove the organic
molecules from the zeolite framework (Deutschmann et al., 2009; Hagen, 2006; Payra and
Dutta, 2003; Yu, 2007). In the case of i@omordenite, ZSMb and silicalitel, a calcination

step at a temperature of 580 (using a slow ramp rate), initially carried out under nitrogen
flow then switching to air flow, is typically applied for the removal of OSDA molecules from
the zeolite famework (Deutschmann et al., 2009; Hagen, 2006; Singh and Dutta, 2003).
Further modification of zeolite products is possible through techniques such@sclange

and metaldoping or steaming and desilication/dealumination, which are typically used to
alter the chemical or physical properties of the material (Deutschmann et al., 2009; Payra and
Dutta, 2003).

2.3.4 Alternative methods of zeolite synthesis

The hydrothermal treatment procedure is widely used in zeolite science. However, many
other zeolite synthés approaches have been developed over the years to produce zeolite
materials with different properties. These approaches include micreagsisted
hydrothermal treatment, digel zeolite synthesis, soltbermal zeolite synthesis as well as

the synthesi®f zeolites in various reaction media such as fluoride synthesis or synthesis
carried out using organic solvent as the reaction medium. These zeolite synthesis

technologies were developed due to the need for zeolites withr@alde properties suited to
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specific applications (Feijen et al., 1994; Singh and Dutta, 2003; Yu, 2007). These techniques

are out of the scope of this study and were therefore only mentioned briefly.
2.4 Zeolite synthesis from coal fly ash

In this study, CFA will be used as a sourcesititon and aluminium for zeolite synthesis.
CFA is a waste byroduct of the process of coal combustion. In countries such as South
Africa, in which coal is the primary energy source used for the generation of electricity, CFA
is produced in millions ofonnes annually (Eskom, 2015). The nature of CFA (siliceous or
calcareous) produced during coal combustion is related to the type of coal utilised in the
process (Heidrich et al., 2013). Siliceous CFA (also named Class F ash) cortaitts of

SiO,, Al,O3; and FeOs/Fe;04 oxides (present as quartz, mullite and hematite/magnetite,
respectively) and 40% lime. On tle other hand, calcareous CFAs@anamed Class C ash)

is composed of 50% of SiQ, Al,O3; and FgO3/Fe;0, oxides and 320 % lime (Chang and

Shih, 2000; Kruger, 1997; Musyoka et al., 2014; Shigemoto et al., 1995).

CFA is typically destined for disposal to landfills or transported to a different facility for
utilisation. The uncontrolled disposal of large quantities of CFA is associated witheaafang
environmental issues such ssrface and ground water pollution, air and soil pollution as
well as excessive langse (Blissett and Rowson, 2012; Shoumkova and Stoyanova,)2012
These environmental issues led to the utilisation of CFA in diment ad concrete
production industries as a cheap resource of minerals as well as in the production of
geopolymersBlissett and Rowson, 2012; Heidrich et al., 20T3e rich mineral content of
CFA (i.e. high silicon and aluminium content) and the abundantkisfvaste byproduct

make CFA a favourable feedstock for the synthesis of zeolites. This CFA conversion
technology involves the formation of industrially important materials such as zeolites from a
waste byproduct, which results in reduced disposal baamful waste material (Ameh et al.,
2016; Missengue et al., 2018; Musyoka et al., 2014, Ndlovu et al., 2017).

The transformation of CFA to zeolites involves the hydrolysis of dense mineral phases quartz
and mullite (typically catalysed by a base) to pwal relatively smaller and more reactive
silicate and aluminosilicate species. This step is followed by the dissolution of soluble silicate
and aluminosilicate species and the subsequent condensation of these reactive silicate and
aluminosilicate specie®tform the crystalline zeolite framework, as discussed in Section
2.4.1 (Murayama et al., 2002; Querol et al., 2002). To date, CFA has typically been utilised
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as feedstock in the synthesis of leilica zeolites such as zeolite A, P, X and
hydroxysodaliteThis is due to the relatively low SAR value of the CFA material (Chang and
Shih, 2000; Holler and Wirsching, 1985; Musyoka et al., 2014; Querol et al., 2002;
Shigemoto et al., 1995). The synthesis of ksdita zeolite materials from CFA is currently

an area of interest. Zeolite ZS#l synthesised from CFA has been reported in the literature
(Chareonpanich et al., 2004; Kalyankar et al., 2011; Krisnandi et al., 2017; Missengue, 2016;
Missengue et al., 2017; Missengue et al., 2018; Ndlovu, 2016; Vichapftuad, 2014;
Vichaphund et al.,, 2016). Zeolite mordenite synthesis from combinations of waste and
natural materials (such as CFA, rice husk ash, diatomite and kaolin clay) has been reported in
the literature (Ahmed et al., 2018; Aono et al., 2018; Johavlatsue, 2014; Johan et al.,
2015; Mignoni et al., 2008). However, other highca zeolites such as silicalite and
zeolite mordenite have not been synthesis from CFA as the sole silica feedstock.

2.4.1 Conversion technologies for CFA conversion to zeolites

A range of CFA conversion technologies have been developed to date for the transformation
of CFA to zeolites. Lowsilica zeolites have typically been synthesised using direct -alkali
activation of CFA in the liquid phase under reflux conditions (Molina Bodle, 2004;
Shoumkova and Stoyanova, 2013; Querol et al., 2002). These zeolites have typically been
utilised using the activated material resulting in the formation of zeolites in the presence of
unconverted dense mineral phases such as quartz and Milliyama et al., 2002; Querol

et al., 2002). A dry CFA alkakctivation method has also been reported for zeolite synthesis
from CFA, which typically involves a higtemperature in the presence of a base, followed

by dissolution of silicate and aluminbsate species and the utilisation of the clear solution

for the production of pure zeolites (Ameh et al., 2016; Chang and Shih, 1998; Hollman et al.,
1999; Molina and Poole, 2004; Musyoka et al., 2014; Shigemoto et al., 1993; Shigemoto et
al., 1995; Yamg et al., 2008). Some examples of zeolite synthesis using the liquid phase
alkali activation of CFA and solid phase alkali activation CFA will be presented in

subsequent sections.

2.4.1.1 Aqueous alkaline treatment of CFA

The liquid phase alkali activation of CHA typically carried out by mixing CFA with a
specific volume of NaOH (with different concentrations up toNs.8laOH) and subjecting
the mixture to relatively lowwemperature, reflux conditions (@D0°C) for a given time

period (up to 48 hours) (Hollmaet al., 1999; Murayama et al., 2002; Shoumkova and
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Stoyanova, 2013; Querol et al., 2002). The conversion of CFA to zeohRLN4AG45 wt%

purity) was carried out by mixing CFA withM NaOH at a solieto-liquid ratio of 1:2.5 at a
temperature of 90C for 96 hours (Hollman et al., 1999). Shoumkova and Stoyanova (2013)
investigated the influence of NaOH and KOH on the formation of zeolites from CFA using
the liquid phase alkali activation method under different reflux conditions in terms of
temperature§0-110°C) for 7 hours; with NaOH reported as the superior catalyst for alkali
activation of CFA. These conditions resulted in the formation of hydroxysodalite CLbt

7 hours) and a mixture of zeolite ¥4 and A (80C for 7 hours). It is noteworththat the
presence of converted quartz and mullite were also obtained for these zeolite samples
(Shoumkova and Stoyanova, 2013). Similarly, the synthesis of zeohlNeom CFA by

liquid phase alkaline treatment was reported in the presence of theremtifbases (NaOH,

KOH and NaCGOs) under reflux conditions of 12 for 3 hours; with the highest zeolite
NaP1 crystallisation rate achieved for NaOH (Murayama et al., 2002). These studies
reported the formation of lowilica zeolites (with purity rangmbetween 40 and 70t%) in

the presence of unconverted dense mineral phases such as quartz and mullite, depending on
the concentration and volume of alkali mixed with CFA and reflux conditions (Hollman et
al., 1999; Molina and Poole, 2004; Murayama et2002; Shoumkova and Stoyanova, 2013;
Querol et al., 2002).

2.4.1.2 Solid alkaline fusion treatment of CFA

The solid alkaline fusion treatment of CFA is commonly carried out by mixing CFA with a
specific mass of NaOH (at CFA/NaOH ratios ranging between) andding the mixture to
relatively hightemperature conditions (55C) for a given time period (up to 1.5 hours). The
solid fusion step is typically followed by a dissolution step and the clear solution (containing
silicon and aluminium precursor species)ubjected to hydrothermal treatment to yield the
crystalline zeolite framework. This type of CFA activation resulted in enhanced dissolution
of dense mineral phases such as quartz and mullite and the formation of highly crystalline
zeolite A and X (Ametlet al., 2016; Holliman et al., 1999; Molina and Poole, 2004; Musyoka
et al., 2014; Shigemoto and Hayashi, 1993; Shigemoto et al., 1995; Yaping et al., 2008).

The formation of relatively crystalline zeolite X (~8@ was synthesised by using fusion
activation of CFA (at 550C for 1 hour), using a CFA/NaOH ratio of 1:1.2 and hydrothermal
conditions of 100C for 6 hours (Shigemoto and Hayashi, 1993). Under similar conditions,

relatively crystalline zeolite A (~6%) was achieved by the addition of sodiumnaihate (at
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a NaAIG/CFA ratio of 0.41 (Shigemoto and Hayashi, 1993). This study served as the basis
for further research to improve the crystallinity of zeolite A and X formed from CFA, using
similar fusion conditions (Ameh et al., 2016; Hollman et al9% Molina and Poole, 2004;
Musyoka et al., 2014). The synthesis of pure zeolite A, P and X from CFA was achieved
using the fusion activation method, with a relatively high yield of ~-@0@g zeolite/kg

CFA. However, a relatively high fusion temperatufeB80-850°C was utilised (Yaping et

al., 2008). Therefore this technology, which makes use of dissolved silicate and aluminate
species derived from CFA, provided a method for the production of pure zeolites.

2.4.2 The preparation of highilica zeolites from EA

The synthesis of highkilica zeolites from CFA has been carried out using both the liquid
phase (lowtemperature) and solid phase (higimperature) CFA activation methods.
However, in some cases the SAR value of the synthesis mixture was enhanced by th
addition of another silicon source, typically fumed silica, sodium silicate solution or rice husk
ash (Aono et al., 2018; Chareonpanich et al., 2004; Johan & Matsue, 2014; Johan et al., 2015;
Kalyankar et al., 2011; Krisnandi et al., 2017; Missengue620lissengue et al., 2017,
Missengue et al., 2018; Ndlovu, 2016; Vichaphund et al., 2014; Vichaphund et al., 2016).
Zeolite mordenite has also been synthesised from alternative feedstock such as fly ash, rice
husk ash and diatomite. Johan and Matsue (26\thesised zeolite mordenite directly from
diatomite using alkaline ageing (7CQ for 6 hours under dilute alkaline conditions), followed

by hydrothermal treatment (17C for 72 hours). The formation of zeolite mordenite was
reported to crystallise togeer with quartz under these conditions (Johan and Matsue, 2014).
Similarly, Johan et al., (2015) reported that zeolite mordenite was synthesised from diatomite
under mild alkaline conditions and hydrothermal conditions of°C7fbr 24 hours. It should

be noted that zeolite mordenite crystallised in the presence of analcime under these
conditions (Johan et al., 2015). In another study, zeolite mordenite was synthesised using a
combination of alternative feedstock (CFA and additional rice husk ash) torg@rapa
synthesis mixture with the appropriate SAR value (Aono et al., 2018). Aono et al., (2018)
synthesised zeolite mordenite by separate liquid alkaline activation of fly ash and rice husk
ash and using a mixture of the two solutions as the synthesisrenifdu hydrothermal
treatment (170C for 24 hours). Therefore, the zeolite product (mordenite) also contained
unreacted dense mineral phases such as quartz and mullite from the fly ash and/or rice husk

ash (Aono et al., 2018). To date, other studies haNised an additional silica source to
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enhance the SAR value of CFA. Therefore, it should be noted that CFA has not been utilised

as the sole silicon source for the preparation of pure zeolite mordenite to date.

In terms of zeolite ZSM synthesis from EA, Chareonpanich et al., (2004) synthesised
zeolite ZSM5 using a mixture of lignite fly ash and sodium silicate solution derived from
rice husk ash as feedstock, under hydrothermal conditions ofQI6r 4 hours at an
elevated pressure of 4 bar. Riagsk ash was treated under acidic conditions; the treated rice
husk ash was pyrolysed at 6T0 for 1 hour and the resultant powder was dissolved in NaOH
to form the sodium silicate solution, which was used to enhance the SAR value. The lignite
fly ash wasadded to the rice husk asdlerived sodium silicate solution together with the
OSDA agent (TPABr) to form the synthesis mixture (Chareonpanich et al., 2004). The
synthesis of zeolite ZSM from fly ash and rice husk ash was achieved by the activation of
the feedstock at a relatively high temperature of 800 and °Z00respectively, low
temperature alkaline activation at 10D as well as a range of other treatment steps prior to
use in hydrothermal treatment at 1%Dfor 144 hours (Krisnandi et al., 2017).

Kalyankar et al., (2011) synthesised zeolite Z5My purifying fly ash prior to hydrothermal
treatment, using a few different steps; (i) boiling in deionised water for 2 hours, (ii) drying
overnight at 100C, (iii) calcination at a temperature of 500 for 5 hours and (iv) magnetic
separation of the irenontaining minerals in fly ash. The purified powder fly ash was then
dissolved in NaOH, mixed with additional silica sol (to enhance the SAR value) and TPABr
(Kalyankar et al., 2011). The liquid phadkadine activation of fly ash (at 9GC for 3 hours)

was used for the dissolution of reactive silicate and aluminosilicate species. Sodium silicate
solution was added to the mixture to enhance the SAR value of the synthesis solution,
followed by the additn of TPABr to form the synthesis solution which was subjected to
hydrothermal treatment at 168G for 72 hours (Vichaphund et al., 2014; Vichaphund et al.,
2016). These synthesis methods for zeolite Zs5kom CFA resulted in a zeolite product

that contaned unreacted mineral phases such as quartz and mullite from CFA
(Chareonpanich et al., 2004; Kalyankar et al., 2011; Krisnandi et al., 2017; Vichaphund et al.,
2014; Vichaphund et al., 2016).

Zeolite ZSM5 was synthesised from South African CFA in thresysy (i) direct synthesis
using CFA mixed with fumed silica, (ii) direct synthesis using -t@dted CFA mixed with
fumed silica and (iii) a silicon precursor extracted from CFA using ateigiperature fusion

step was used as the feedstock for zeolitdlZSsynthesis. In all cases, three different
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OSDA agents (such as TPABr, dhéxanediamine or-firopylamine) were investigated for
zeolite ZSM5 formation (Missengue, 2016; Missengue et al., 2017; Missengue et al., 2018).
In the first method, CFA was mixeudth fumed silica at a 1:1 ratio in deionised water, NaOH

and an OSDA agent was then added sequentially while stirring. The synthesis mixture was
then aged (20C for 12 hours) and subjected to hydrothermal conditions ofC2for 24

hours. These condins resulted in the formation of zeolite ZS8Wwvith poor crystallinity in

the presence of unreacted quartz and mullite, in some cases analcime was also formed
(Missengue, 2016).

In the second method, CFA was mixed with concentrated sulphuric acid ad-sodwjuid

ratio of 1:2, the mixture was then placed in a digestion vessel and subjected to a temperature
of 250°C for 4 hours. The acidic mixture was then added to deionised water at a ratio of 1:3,
subjected to reflux conditions (8% for 30 minuteswhile stirring) and the hot liquid was
filtered to collect the acitteated CFA. It should be noted that the magnetic fraction attached
to the magnetic stirrer bar was collected, to reduce the amount afardaining minerals in

the acidtreated CFA. Th acidtreated CFA was washed with boiling deionised water
(~300mL) and dried in an oven overnight at 80. The acietreated CFA served as the
feedstock for zeolite ZSN§ synthesis and was mixed with fumed silica at a 1:1 ratio, NaOH
and an OSDA agent wh stirring. The synthesis mixture was aged (stirring for 2 hours at
room temperature) and subjected to hydrothermal conditions dfCLé& 72 hours. Similar

to the first method, this method resulted in the formation of zeolite -BSMth poor
crystalline in the presence of unreacted quartz and mullite. Consequently, thes& ZSM
zeolites exhibited a relatively low SAR value-3% and specific surface area values lower

than a commercial zeolite ZSBlsample (Missengue, 2016; Missengue et al., 2017).

In the third method, CFA was mixed with NaOH at a ratio of 1:1.2 and fused at a temperature
of 550°C for 1.5 hours. The fused CFA/NaOH was mixed with deionised watemi&P@or

2 hours at room temperature and filtered. The filtrate was collected, to wdncerdrated
sulphuric acid was added drepse to start the precipitation of silica, which serves as the
silicon feedstock for zeolite ZSM synthesis without the addition of other silicon sources.
Prior to utilisation in hydrothermal synthesis, the silicprecursor was treated with
concentrated oxalic acid solution (at a sdbeiquid ratio of 1:10) under reflux conditions
(80°C for 6 hours) to remove excess sodium and enhance the SAR value of the feedstock.

The synthesis mixture was then prepared gusive treated silicon precursor, NaOH and an
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OSDA agent and aged (stirring for 30 minutes at room temperature) prior to hydrothermal
treatment (160C for 72 hours). Zeolite ZSM crystallised in the presence of all investigated
OSDA agents using the oxalacid treated silicon precursor that was extracted from CFA via
the fusion method. These conditions resulted in the formation of highly crystalline zeolite
ZSM-5 without the presence of impurities, with SAR values between 36 and 55 and specific
surface aga comparable to a commercial ZSVkample. However, zeolite ZSMprepared

in the presence of Iljéexanediamine exhibited the best catalytic performance in the
Methanolto-Olefin process, while zeolite ZS# synthesis in the presence of TPABr
exhibited tlke highest specific area. It is noteworthy that zeolite Zs5tid not form when the
silicon extract was used without the oxalic acid treatment step (Missengue, 2016; Missengue
et al., 2018).

The synthesis of zeolite ZSBl was also synthesised from Southriédn CFA by using a
relatively lowtemperature alkaline activation method. In this method, magnetic separation of
the ironcontaining mineral phases in CFA was carried out by mixing CFA with deionised
water at a solido-liquid ratio of 1:5 and stirringdr 24 hours at room temperature. The
magnetic fraction of CFA was removed by collecting the material that adhered to the
magnetic stirrer bar used for mixing, while the famagnetic fraction of CFA was collected

by filtration and dried overnight at 7€ (Ndlovu, 2016). The nemagnetic fraction of CFA

was then mixed with 8.1 NaOH at a solieo-liquid ratio of 1:5 and subjected to lew
temperature alkaline activation under reflux conditions (I50for 24 hours). Once
complete, the mixture was cooled ariliefed to collect the filtrate. The precipitation of a
silicon extract from the filtrate was achieved by the drige addition of concentrated
sulphuric acid until the pH reached 10 (Ndlovu, 2016). The silicon precursor extracted from
the nonmmagnetic faction of CFA was then treated with oxalic acid, as reported by
Missengue (2016), prior to utilisation in the hydrothermal synthesis of zeolite ZSWe
oxalic acid treatedilicon precursor was then mixed with deionised water, NaOH and
TEAOH (as an OSDAagent) and the synthesis mixture was aged (30 minutes at room

temperature) and subjected to a temperature of @G0r 72 hours (Ndlovu, 2016).

Therefore the synthesis of pure, highly crystalline, fsijica zeolite ZSM5 from South
African CFA has bee previously reported by two different alkaline activation methods
(Missengue, 2016; Missengue et al., 2017; Missengue et al., 2018; Ndlovu, 2016). In one

case, the hydrolysis of the dense mineral phases of CFA (such as quartz and mullite) was
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carried outunder hightemperature, solid, alkaline activation conditions of ¥50for 1.5

hours (Missengue, 2016; Missengue et al., 2018). In the other caseteniperature, liquid
phase, alkaline activation step was used for the hydrolysis process & 1&024 hours
(Ndlovu, 2016). However, it should be noted that the magnetic separation -gbimtaining
minerals was carried out prior to the hydrolysis step (Ndlovu, 2016). In both cases, a liquid
extraction step was carried out to achieve the dissolutiosiliohte and aluminosilicate
species in deionised water, followed by the precipitation of asilgia precursor material by

a mineral acid. The next step involved the enhancement of the SAR value of the silicon
precursor material by treatment with a leti@g agent (reflux conditions of 8€ for 6 hours

with concentrated oxalic acid); this purification step also aided in the removal of excess
sodium from the silicon precursor material. The purified silicon precursor material was then
used as feedstockn ithe hydrothermal synthesis of zeolite ZSM(Missengue, 2016;
Missengue et al., 2017; Missengue et al., 2018; Ndlovu, 2016). The synthesis of zeokte ZSM
5 using the highemperature CFA activation method resulted in a residual solid waste
material aftersilicon extraction (Missengue, 2016; Missengue et al., 2017; Missengue et al.,
2018), while the synthesis of zeolite ZSMusing the lowtemperature CFA activation
method resulted in a residual solid waste material after silicon extraction that wagexnver
to a geopolymer by curing the wet solid waste (for 120 hours at room temperature) followed
by fbaki-°°&pol2Q haurs) (Ndovu, 2016).

2.4.3 Other CFA mineral extraction methods

A range of investigations into the extraction of individual eleméush as iron, aluminium

and silicon) from CFA for different applications has been reported in the literature to date
(Gilbert, 2013; Ndlovu, 2016; Sedres, 2016). As mentioned previously, this study aims to
synthesise high silica zeolites from CFA throutite preparation of a highly siliceous
precursor material for utilisation in hydrothermal zeolite synthesis. Therefore this section will
emphasise techniques such as magnetic separation afontaining minerals in CFA and

alkaline treatment of CFA for ¢hextraction of silicon.

2.4.3.1 Iron extraction from CFA

The magnetic separation of ir@ontaining mineral phases from CFA has been carried out
extensively in literature (Gilbert, 2013; Ndlovu, 2016; Sedres, 2016). These studies used a
similar approach for magtie separation; (i) mixing aseceived CFA with deionised water at

a fixed solidto-liquid ratio, (ii) separation of magnetic fraction of CFA, rAoagnetic
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fraction of CFA and the filtrate through filtration and (iii) drying solid products in an oven
overright. The magnetic separation conditions and iron recovery (%) reported for each study
is summarised in Table 2.3 (Gilbert, 2013; Ndlovu, 2016; Sedres, 2016).

Table2.3: Magnetic separation conditions (for edtion of iron minerals from CFA)
reported in literature.

S ] ) o Fe recovery o

Solid:Liquid ratio Temp. (C) Time (h) Stirring (rpm) %) Citation
0

Gilbert,
1:2 r.t. 6 250 82

2013

) Ndlovu,
1.2 r.t. 24 - N.D.

2016

r.t. 1 750 26 Sedres, 2016

*N.D. i not deternrmed

As listed in Table 2.3, the most efficient iron removal was achieved by mixing CFA with
deionised water at a soltd-liquid ratio of 1:2 by stirring (25@m) at room temperature for
6 hours (Gilbert, 2013).

2.4.3.2 Silicon extraction from CFA

The extractionof silicon from CFA has also been reported in literature (Ndlovu, 2016;
Sedres, 2016). In one study, CFA was utilised directly as the starting material for the alkaline
extraction of silicon and the silicon was recovered by filtration (Sedres, 2016 bthéar

case, the nomagnetic fraction of CFA was utilised as the starting material for the alkaline
extraction of silicon, the silicon was recovered by filtration and precipitated with a mineral
acid such as concentrated sulphuric acid, as describeidysbv(Ndlovu, 2016). The silicon
extraction conditions and silicon recovery (%) reported for each study is summarised in Table
2.4 (Ndlovu, 2016; Sedres, 2016).

Table2.4: Silicon extraction conditions froi@FA reported in literature.

Solid:Liquid i Stirring Si recovery o
) [NaOH] Temp. (C) | Time (h) Citation
ratio (rpm) (%)
15 8.0 150 24 - 92 Ndlovu, 2016
1:30 8.0 100 2 - 53 Sedres, 2016

As listed in Table 2.4, the most efficient silicon removal was achibyechixing the non

magnetic fraction of CFA with 8.0 NaOH at a solieto-liquid ratio of 1:5 under reflux
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conditions (150C for 24 hours) (Ndlovu, 2016). In this study, the magnetic separation
method reported by Gilbert (2013) and the {mmperature alkiane silicon extraction
method reported by Ndlovu (2016) will be investigated for the preparation of a silicon
feedstock, due to the high iron and silicon recovery percentages, respectively. The silicon
feedstock material derived from CFA will be utilisedthe synthesis of zeolite mordenite as
well as the preparation of zeolite ZSbAwith different properties (such as SAR values and
crystal morphology), up to the preparation of the purely siliceous MFI material known as
silicalite-1.

2.5 Zeolite characterisain techniques

As discussed previously, the unique characteristics of zeolites are associated with the
structure of zeolites (Morris and Wheatley, 2007; van Hooff and Roelofsen, 1991). A wide
range of analytical techniques have therefore been utilisedinargsight into the properties

of zeolites. An understanding of the structtuaction relationship of zeolites is vital in the
design of tailoirmade zeolites for a particular application. Zeolite characterisation typically
involves the analysis of the maral content, morphology as well as elemental composition. In
this section, the principles of the characterisation techniques applied in this study will be

described briefly.

2.5.1 Elemental Analysis

Elemental analysis is typically carried out to determinectivaposition of a particular zeolite
or material. Analytical techniques such asR#y Fluorescence (XRF) spectroscopy and
Inductively-Coupled Plasmdlass spectroscopy (IGKS) are typically applied to determine
the elemental composition of material in termfs major and trace elemental analysis,

respectively (van Hooff and Roelofsen, 1991).

2.5.1.1 X-Ray Fluorescence Spectroscopy

XRF is a quantitative technique, commonly used to determine the chemical content in a
particular material. This technique is rRdestructve technique that makes use of hagrergy

X-rays to determine the chemical composition of a material. Electrons are released from
different atoms present in the analyte, when fa@ghrgy xrays irradiate the analyte material.

Thi s «caus es wilng ori@talsathati isrfilled by an elearon in a relatively higher
energy orbital; the process is accompanied by a release of energy. In the case of XRF, the

energy release causes radiation to be emitted from the analyte material that serves as a
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fingerprint for a particular atom (van Hooff and Roelofsen, 1991). In this study, the chemical
composition of starting materials (such as CFA) and extraction products will be analysed

using XRF spectroscopy.

2.5.1.2 Inductivelycoupled Plasmaviass Spectroscopy

The chemtal composition of an analyte may be determined by mass spectroscopy (MS). In
MS, chemical composition is analysed based on an atomic or molecular mass of different
species present in the analyte by converting atoms in the analyte into ionic form insgaseou
medium. MS is a highly sensitive analytical technique that only requires a small amount of
analyte for accurate determination of the chemical composition. However, MS is a
destructive analytical technique (Rouessac and Rouessac, 2013)-MSC# plasra torch

is used to achieve the ionisation of atoms present in the analyte. Charged ionic species pass
through either an electric or magnetic field under vacuum, depending on the typeMBSICP
instrument. Charged ionic species accelerate through thewigida particular force that
corresponds to the matscharge (m/e) ratio, which gives information of the chemical
nature of a particular charged ionic species.-M® is typically used to determine the
elemental composition of materials such as inorgarides. In this study, IGRIS will be

used to determine the chemical composition of starting materials (such as CFA) and
extraction products (Rouessac and Rouessac, 2013).

2.5.2 Morphological Analysis

The morphology (in terms of particle shape and size) ofitesogreatly influences the
functionality of the material (van Hooff and Roelofsen, 1991). The characterisation of the
morphological properties of zeolites and other maleis typically determined b8canning
emission microscopy (SEM).

2.5.2.1 Scanning EmissioNlicroscopy

SEM is used to determine the morphology of zeolite crystals (typically on the rsicata)

as well as particle size distribution of crystals. During SEM analysis of a particular sample,
an electron beam is focused on the sample and causeslaecelectrons (or baedcatter
primary electrons) to be emitted from the sample. An objective lens focuses the scattered
electrons resulting in an image of the sample material (Haber et al., 1995; Terasaki et al.,
2007; van Hooff and Roelofsen, 1991)gHiresolution (HR)SEM may be used to achieve

greater resolution of the morphology of zeolite crystals (up to the-szale). The surface of
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the zeolite crystal may also be analysed by usingSHRI, to gain insight into the growth of

zeolite crystals (Texsaki et al., 2007).

2.5.3 Structural Analysis

The mineralogical and structural properties of materials such as zeolites play an important
role in the characteristics of the material and thereby influence the applications of the
material. The characterisation thie mineralogical and structural properties (such as mineral
phase) of zeolites is therefore one of the main methods utilised to evaluate the material
properties. The most common analytical technique used to evaluate the structural features of
zeolites isX-ray diffraction (XRD).

However, other analytical techniques such as Fourier transform infrared (FTIR), Raman and
Nuclear Magnetic Resonance (NMR) spectroscopy are also used to gain insight into the
structural properties of materials (Morris and Wheat@§07; van Hooff and Roelofsen,
1991). In this study, analytical techniques sastkXRD and FTIR will be used to evaluate
structural changes and functional groups in the starting material (CFA) as different elements
are extracted and XRD will be used ks tmain analytical technique to evaluate the mineral

phase content of the synthesised zeolitic materials.

2.5.3.1 X-Ray Diffraction

The mineralogical content of zeolites and other crystalline material is commonly
characterised by XRD. This technique is a simpbe-aestructive identification method and
depending on the type of instrument (and radiation) utilised XRD may provide more
advanced details of a crystalline material that allows for structural modelling. These
structural details also include the locatidneatraframework cationic species (Haber et al.,

2009; Morris and Wheatley, 2007; van Hooff and Roelofsen, 1991). The XRD diffraction
pattern for a particular crystalline material (such as zeolites) is created wtagnrdiation

(with a particular waveln gt h, &) comes into contact with
the crystal |l attice that correspond to the s
2007; van Hooff and Roelofsen, 1991). These XRD diffraction patterns may therefore be
thoughtof as a collection of lattice points (that correspond to atoms) which lie in different
planes; these planes are typically annotated by Miller indices (h k I). Each set of lattice planes

(h k I) values corresponds to a particular interplanar distance &t)ytelds maximum

di ffraction at a specific angle (d); this re€
Equation 2.7 (Morris and Wheatley, 2007).
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€ _ CQi Q&Ee: 2.7)

In material science, powder XRD is typically utilised to identifyriaeral phases present in

a material as well as any impurities. The topology of a zeolite framework plays a role in the
diffraction pattern of the material. XRD diffraction patterns are therefore fingerprints used for
identification of a specific zeoliteedmework (Morris and Wheatley, 2007; van Hooff and
Roelofsen, 1991). As such, XRD data may be used to calculate the degree of crystallinity for
a specific zeolite phase in the synthesised product. Relative percentage crystallinity may be
calculated by comgrison of the intensities of the main diffraction peaks for a particular
zeolite phase with that of a sample of the same zeolite phase that is known to be highly

crystalline, as depicted in Equation 2.8 (van Hooff and Roelofsen, 1991).

POoi wi & Qa O p T T (EQ. 2.8)

XRD may also be used to determine the particle size of-sealed crystals using the Sherrer
equation. However, thapplication of the Sherrer equation is dependent on the shape of the
crystals (Morris and Wheatley, 2007; van Hooff and Roelofsen, 1991). This analytical
technique is therefore a powerful and widely applied method for assessing the quality of
synthesisedzeolitic materials (van Hooff and Roelofsen, 1991). Therefore, XRD will be
utilised in this study to determine the crystallinity of synthesised zeolites as well as to
monitor changes in the mineral content of the starting material (CFA) and extraction

products.

2.5.3.2 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy also provides information on the structural properties of zeolites. In FTIR,
the adsorption (or reflection) of electromagnetic radiation in the wavenumber range of 400 to
4000cm* by the samle material is analysed. The chemical bonds present in the sample
material absorbs the IR radiation and if the chemical bond is present between different atoms,
a dipole is created that vibrates at a specific wavelength (or frequency). Absorption (or
reflection) occurs when monochromatic light (with the same wavelength as the dipole)
irradiates the nosymmetrical bond and is recorded by a spectrometer (Lercher and Jentys,
2007; Rouessac and Rouessac, 2013). For solid powdered materials such as beolites, t
FTIR spectrum is typically monitored in the reflection mode by using a diamond sample cell
known as Attenuated Total Reflection (AFRTIR (Rouessac and Rouessac, 2013).
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In general, FTIR vibrational spectra of zeolites is typically recorded in thel2@Mcm™
wavenumber range and gives information of the bending and stretching vibrational modes of
T-O bonds present in zeolite framework, where T represents either silicon or aluminium
atoms for aluminosilicate zeolitic materials (Lercher and Jentys,)206é TO vibrational

modes of zeolites may be divided into two types; (i) structure insensitive bands and (i)
structure sensitive bands. Structure insensitive bands include; the ber@ingbfational

mode (426500 cm'), symmetric stretching vibratiahmode (656720 cni') and asymmetric
stretching vibrational mode (98[250 cni). On the other hand, structure sensitive bands are
typically associated with the SBUs of the zeolite framework which include; the symmetric
stretching vibrational mode (7520 cmi') and the double ring vibrational modes (558D

cm?®) (Hagen, 2015; Lercher and Jentys, 2007; van Hooff and Roelofsen, 1991). The
structure sensitive bands are characteristic for a specific zeolite framework; an example is the
ring unit in the MFI famework as observed for zeolite Z8Wat ~550cmY). The optical
density (OD) ratio of zeolite ZSM may be calculated from FTIR data according to Equation
2.9, which serves as an indication of the degree of crystallinity of the synthesised material.
The OD ratio of highly crystalline zeolite ZSM is reported as 0-0.8. Amorphous silica
content has been reported to possess an OD ratio < 0.7 (Coudurier et al., 1982; Hagen, 2015;
Lercher and Jentys, 2007; Shukla and Pandya, 1989; van Hooff and RodléfEn,

| DPORAARAIOE 6V (Eq. 2.9)

FTIR is also used to characterise the solid acidity of zeolite samples, by adsorption of organic
molecules such as pyridine to the acidic sites in the zeolite frarkeWhe acidic sites in the
zeolite framework (bridging OH groups) are typically observed in the wavenumber range
35503650cm™; generally more acidic OH groups exhibit a relatively lower wavenumber.
Furthermore, terminal OH groups exist on the extepealite surface, while silanol (OH)
groups present in the zeolite framework due to structural defects may also be observed by
FTIR spectroscopy (at a wavenumber of ~3z#}). Therefore, ATRFTIR spectroscopy is

a fast, simple method utilised for the cheterisation of zeolites (Lercher and Jentys, 2007;
Rouessac and Rouessac, 2013). In this study, FTIR will be utilised to monitor changes in the
structural properties in the starting material (CFA) and the extraction products. FTIR will also
be utilisedto characterise selected synthesised zeolite samples and to calculate the OD values

of synthesised zeolite ZS#¥ samples according to Equation 2.9.
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2.5.4 Textural Analysis by Nitrogen Physisorption

The textural properties of zeolites play an important role inafhication of zeolites that
involve the transport of molecules through the microporous zeolite framework. The
characterisation of zeolite porosity is commonly carried out by nitrogen physisorption, which
will be described briefly (Haber et al., 2009; Thoes, 2007; Thommes et al., 2015). The
textural properties of materials (such as zeolites) such as specific surface area, pore size (and
volume) as well as the pore size distribution may be characterised by nitrogen physisorption.
This analytical techniqués applied to materials with pore size in the range Q@5 m

(Haber et al., 2009; Thommes et al.,, 2015). In nitrogen physisorption, the adsorption of
nitrogen gas molecules onto the sample material and the subsequent desorption of adsorbed
nitrogen gasnolecules is monitored under continuous gas stream flow (Deutschmann et al.,
2009; Haber et al., 2009; Thommes et al., 2015). Physisorption refers to the process involving
the interaction of an adsorptive (nitrogen gas molecules in this case) with abeadsmiid

surface (the zeolite surface in this case). When the nitrogen gas molecule is adsorbed to the
adsorbent surface of the zeolite, it is referred to as an adsorbate. The physisorption of
nitrogen gas molecules onto the zeolite surface involvespedific intermolecular repulsive

and London dispersion forces. In porous materials such as zeolites, the process of
physisorption is affected by fluidall interactions, fluiefluid interactions and fluid stability

in the confined pore network. This yislén adsorption isotherm with a specific shape, since

the textural properties of microporous material varies from that of mesoporous materials as
well as macroporous materials (Sing, 1982; Thommes, 2007; Thommes et al., 2015). The
IUPAC recently defined zidifferent adsorption isotherm types with additional classification

added for type | and 1V, as depicted in Figure 2.9.
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Figure2.9: Classification of adsorption isotherms, by IUPAC (Thommes et al., 2015).

As depicted in Figure 2.9, the common nitrogen adsorption isotherm types observed for
zeolites are type | (a), type | (b), type IV (a) or type IV (b); the isotherm shape depends on the
porosity of the zeolite sample (Sing, 1982; Thommes et al., 2015). Mygasorption

isotherms are common for microporous materials such as zeolites exhibiting a high nitrogen
uptake at relatively low partial pressure; type | (a) isotherms corresponding to materials with
micropores (pore diameter <nin) with a narrow pore z¢ distribution and type | (b)

isotherms corresponding to materials with a wide pore size distribution (pore diameter <
2.5nm) containing relatively large micropores and small mesopores (Thommes, 2007;

Thommes et al., 2015). The type IV adsorption isathés characteristic of mesoporous
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materials; type IV (@) isotherms possess a hysteresis loop (at partial presButesue to
capillary condensation in mesopores with diameterremdand type IV (b) isotherms are
indicative of completely reversible rofgen adsorption and correspond to mesopores with
relatively smaller pore diameters, which are cylindrical and conical in shape with tapered
ends (Sing, 1982; Thommes, 2007; Thommes et al., 2015). The IUPAC also recently re
defined the different types of &teresis loops, as depicted in Figure 2.10.

H1 H2(a) H2(b)

T J /

H3 H4 H5

/ = !
/1 —7

Relative pressure ——————

Amount adsorbed ————
™~
~

Figure2.10: Classification of the type of hysteresis loops observed during nitrogen
physisorption, by IUPAC (Thommes et al., 2015).

The shape of the hysterek®p provides information on thaore architecture of the material.

For example, the H1 type diysteresis loop is typically observed for mesoporous materials
with a narrow range of pore sizes. Type H2 hysteresis is exhibited by mesoporous materials
that @mmonly experience pore blockages due to the narrow openings to the pore network, as
depicted in Figure 2.10 for type H2 (a) hysteresis loop which clearly exhibits the delayed
desorption of nitrogen from the material. Similarly, type H2 (b) hysteresis lanpe due to

the same reason. However, pore openings in type H2 (b) mesoporous materials is relatively
wider than that in type H2 (a) mesoporous materials; resulting in a more gradual desorption
branch for H2 (b) type mesoporous materials. Type H3 lesteroops are typically
observed for mesoporous materials with plite crystals that form in an agglomerated

manner or mesoporous materials that also contain larger macropores. Type H4 hysteresis
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loops are commonly observed for zeolites; with the npiorous characteristic of high
nitrogen uptake at relatively low partial pressures and slight hysteresis loop at relatively
higher partial pressures associated with agglomerated zeolite crystals or mesoporous zeolite
crystals. Type H5 hysteresis loops, mteadded to the IUPAC classification, are exhibited

by mesoporous materials that contain both easily accessible pores as well as relatively
smaller pore opening&Sing, 1982; Thommes et al., 2015). This characterisation technique
for zeolites therefore rpvides a range of interesting information on the properties of the
synthesised material such as specific surface area, pore size and volume, pore size
distribution and also the pore architecture of the material. These textural properties play a
significart role in zeolite applications such as adsorption and catalysis. In this study, the
textural properties of selected synthesised materials will be investigated by nitrogen
physisorption.

2.5.5 Thermal Analysis

The thermal analysis of materials such as zeolitesiges information on the thermal
stability, water content as well as any other decomposition processes; in some cases thermally
induced phase transitions may also be studied. Thermal analysis may also be utilised to detect
the presence of impurities irhé synthesised material. A range of different thermal
experiments have been developed such as Thermogravimetric Analysis (TGA) with
Derivative Thermogravimetric (DTG) Analysis as well as Differential Thermal Analysis
(DTA). These instruments may be couptech Mass Spectrometer (MS) for identification of
released compounds (Bourgéami et al., 1992; Gabelica et al., 1984;-Béarbély, 2007).

These thermal analysis techniques will be described briefly.

2.5.5.1 Thermogravimetric Analysis (TGA) and Derivative Thegnavimetric (DTG)
Analysis
Thermogravimetric analysis (TGA) involves monitoring changes in analyte weight (W) as a
function of either (i) time (under isothermal experimental conditions) or (ii) temperature. The
TGA experiment may be carried out over &atigely wide range of temperatures (with a
programmable heating profile), using an inert (or reactive) gas flow. During the TGA
experiment, it is common to determine the derivative of the TGA profile, which is an
indication of the rate of weight loss fdhe analyte (dW/dt); known as Derivative
Thermogravimetric (DTG) Analysis (Gabelica et al., 1984:B@bély, 2007).
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2.5.5.2 Differential Thermal Analysis (DTA)

Differenti al Ther mal Anal ysi s (DTA) i nvol ve

between an inert reference material and the analyte during the TGA experiment; plotted as a
function of time or temperature. Under equilibrium conditions the temperafutéeo
reference material, instrument oven and the analyte will be equal. Temperature differences
(eT) t hat occur during heating are thought
material. If the sample temperature is relatively higher than theerefe material then the
thermal process is exothermic and if the sample temperature is relatively lower than the
reference material then the thermal process is endothermic (Gabelica et al., 1984; Pal
Borbély, 2007).

These techniques are commonly appliedcbmbination to study thermal properties of
zeolites. Typically, crystalline aluminosilicate zeolites exhibit a relatively low temperature
mass loss at ~10@ due to desorption of water molecules from the zeolite framework.
Organic guest molecules in theolite framework (such as OSDA agents or trapped reaction
products) are typically released from the zeolite framework at a relatively higher temperature
(>350°C) (BourgeatLami et al., 1992; Gabelica et al., 1984; -Bakbély, 2007). In this
study, themal analysis (TGADTG-DTA) coupled to MS will be used to characterise the
water content and OSDA content of synthesised zeolitic materials.
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2.6 Computational modelling in zeolite science

The field of zeolite science also incorporates computational chenfistry theoretical
simulations) to gain insight into the material properties, zeolite formation mechanisms as well
as adsorption/catalytic activity of zeolites (Dawson et al., 2012; Xu et al., 2007).
Computational chemistry also plays a significant rolthanrational design of novel or taitor

made zeolites, which is currently a research area that is of great interest in the field of zeolite
science (Kapko et al., 2010; Wells and Sartbaeva, 2015; Xu et al., 2007).

In general, typical computational modelii experiments for zeolites involve the following
steps (Dawson et al., 2012; Wells and Sartbaeva, 2015; Xu et al., 2007):

1 Definition of a zeolite model including structural properties such as crystal symmetry,

atoms, bonds, energy terms, force fields, etc

1 Generation of a range of potential zeolite structures by the random arrangement of
atoms through application of the Monte Carlo method, reverse Monte Carlo method,

etc.

1 Evaluation of the generated structures using total energy minimisation to select

representative zeolite model structures.

1 Visual inspection of selected zeolite model structures and Distance Least Squares

(DLS) optimisation to refine the selected group of zeolite model structures.

The cost of this type of modelling process relies on ttaesof the model, the type of
structure generation method applied as well as the number of steps involved in the structure
evaluation and refinement process (Wells and Sartbaeva, 2015; Xu et al., 2007). A relatively
fast, simple method for evaluating theasibility of synthesising a particular zeolite
framework was reported in literature (Sartbaeva et al., 2006). This simulation method
involved the geometric modelling of zeolites using Geometric Analysis of Structural
Polyhedra (GASP) software (Sartbaeviaak, 2006; Wells and Sartbaeva, 2015). This
geometric modelling method is relatively low cost compared to other computational methods
utilised for zeolite simulations. Furthermore, the model preparation process is relatively
simple (Wells and Sartbaeva)15). An introduction to GASP software and modelling will
therefore presented briefly in the following section.
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2.6.1 Geometric modelling of zeolites using GASP software

The GASP software makes use of templased, geometric simulations on polyhedral
materals such as zeolitic frameworks. This is achieved by modelling the tetrahedra of the
zeolite framework as rigid units connected through flexible corner atoms. Geometric
simulations by GASP software uses strarige, steric strain on the zeolite polyhedsahae

main selection criterion; it is noteworthy that dispersion and -tenge electrostatic
interactions are neglected. A simulated zeolite structure is considered feasible (i.e. relaxed) if
framework tetrahedra are ideal with; (i+Sibond distances df.610+ 0.001A, (ii) O-Si-O

bond angles of 109.471.0.001° and (iii) no steric strain (overlap) between oxygen atoms
(with hardsphere radius defined as 18bin neighbouring tetrahedi@awson et al., 2012;
Kapko et al., 2010; Sartbaeva et al., 200&lls and Sartbaeva, 2012; Wells and Sartbaeva,
2015. Initial investigations using GASP software simulated a range of known zeolite
frameworks as purely siliceous frameworks. These siliceous zeolite frameworks were found
to be flexible structures with eange of possible framework densities; resulting in the
definition of the term Aflexibility windowc
zeolites Bartbaeva et al., 2006).

The flexibility window is defined as a range of cell parameters (i.e. framedensities) for
which zeolite tetrahedra exhibit ideal tetrahedral geometry. The flexibility window is limited
by the extension of the €) bond (upon expansion) and steric clashes between oxygen atoms
(upon compressior(Bartbaeva et al., 2006; WellschSartbaeva, 2012; Wells and Sartbaeva,
2015. An extensive collection of known zeolite frameworks (194) were then simulated as
purely siliceous using GASP software. It was reported that most of the known zeolite
frameworks (182) were flexible structurggas purely siliceous zeolite frameworks).
Furthermore, it was possible to model the majority of the other 12 zeolite frameworks as
flexibility structures when simulated as mixed chemical compositions (for example,
aluminosilicates) Kapko et al., 2010). Eptoring the hypothetical database of zeolite
frameworks, 5824 potential new zeolite frameworks were simulated as flexible structures,
using GASP software (Dawson et al., 2012). Some common characteristics of known zeolites
determined through geometric silations using GASP software included that; (i) most
realisable known zeolite frameworks exhibit framework flexibility as ideal zeolite structures,
(i) most realisable known zeolite frameworks occur as low framework density structures
within their flexibility window and (iii) most realisable known zeolite frameworks exhibit

multiple compression pathways within their flexibility window. These studies therefore
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illustrated the importance of the flexibility window in establishing the feasibility of potential
zeolite frameworkgDawson et al., 2012; Kapko et al., 2010; Sartbaeva et al., 2006; Wells
and Sartbaeva, 2012; Wells and Sartbaeva,)2015

Later GASP simulations included the presence of aluminium atoms in zeolite frameworks
such as SOD and GOO (with ordd aluminium distribution throughout the framework).
These studies revealed that the presence of aluminium atoms in the zeolite framework
allowed for more flexibility, due to relatively longer & bonds. Consequently,
aluminosilicate zeolite frameworkseane relatively more open structures (Wells et al., 2017).
The flexibility window characteristic of zeolite frameworks is therefore inherently important

in assessing the potential formation of novel and tailade zeolite frameworks in the future.

2.6.2 The inwestigation of the steric effect of extirmamework content on zeolite flexibility
Recently zeolite frameworks have been simulated using GASP software, with extra
framework content such as solvent molecules and chmig@cing sodium cations, to assess
the steric influence of extrramework content on the flexibility of zeolite frameworks
(Wells et al., 2015; Wells et al., 201 Hostguest interactions between the FAU zeolite
framework andextraframework content such as solvent molecules (water or mathan
molecules) were simulated using GASP software to gain insight into the compression
behaviour of the FAU framework in the presence of etharethanolwater pressure
transmitting medium (as studied experimentally). In this case, the FAU framework was
simulated as a purely siliceous structure and it was reported that the flexibility of the FAU
framework was not limited by the presence of a water molecule (together with a methanol
molecule) in the beta cage of the framework (Wells et al., 2015). The peestmxtra
framework sodium cations and sodium bromide (NaBr) salt in the SOD framework was
simulated using GASP software. The presence of édnaework sodium cations in the
SOD framework did not reduce the flexibility window of the material. Howeherptesence

of NaBr salt in the SOD framework limited framework flexibility (Wells et al., 2017). These
studies reported that the framework flexibility of zeolites containing dsaraework content

was limited based on the steric interactions betweea-tratmework content and the oxygen
atoms of framework tetrahedra (Wells et al., 2015; Wells et al., 2017).

Framework flexibility around extrramework content is thought to play a role in the zeolite
crystallisation process, particularly during the eastgges of crystallisation such as the

nucleation process. The inherent property of flexibility that zeolites possess allows these
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structures to easily accommodate a range of different -&aimeework content, without
imposing the higkenergy cost assocet with tetrahedral distortions (Dawson et al., 2012).

To date, the steric influence of different inorganic cation content in the zeolite framework
(determined using the GASP software) has not been reported. It is not fully understood how
inorganic cationsnfluence the crystallisation processes involved in zeolite formation. The
utilisation of GASP software may provide insight into the steric influence of different

inorganic cations on the flexibility of a particular framework.

In this study, zeolites agynthesised from an alternative silicon source (derived from CFA)
which may contain a range of different inorganic cations such as sodium, calcium and
potassium due to the nature of the starting material (CFA). Zeolite crystallisation is known to
be promded by sodium cations and inhibited by the presence of certain inorganic cations
(particularly calcium and potassium) in the synthesis mixture. The presence of different
extraframework inorganic cations in a model aluminosilicate zeolite framework (LTIR) w
therefore be simulated using GASP software, to gain insight into the zeolite formation
mechanism in the presence of different eftaanework inorganic cations. Zeolite A (an
LTA framework type material) has cubic symmetry and a framework SAR vallievidh an
ordered aluminium distribution throughout the framework which makes this material an ideal
zeolite to study. The GASP geometric modelling method was chosen based on the relatively
simplicity and low cost of the modelling process. The steric caing$ placed on this model
zeolite framework by the presence of different chdrglancing cations may provide more
information on the structurgirecting role of inorganic cations during the process of zeolite
crystallisation; in particular zeolite crgdlisation from fly ash which occurs in the presence

of a range of different inorganic cations.
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2.7 Chapter Summary

This review aimed to present the research relevant to the topic of the current study. The
utilisation of CFA for zeolite synthesis has be@nasea of interest for years, due to the rich
mineral content of this waste material. To date, emphasis has been on the synthesis of low
silica zeolites (A, P, X, Y, sodalite) from CFA. The conversion technology for CFA to
zeolites has been plagued by sosmies such as variability of the fly ash and low product
purity. This lead to the synthesis of zeolites from clear, alkaline solutions extracted from
CFA, which has produced highly pure zeolite materials at a relatively lower @ie&h() and

Shih, 2000fFranus, 2012; Hollman et al., 1999; Musyoka et al., 20R8cent studies in this

area have focused on using this technology to prepareshigh zeolites (particularly zeolite
ZSM-5) from CFA (Chareonpanich, 2004; Kalyankar, 2011; Krisnandi, 2017;eMigee,

2016; Missengue, 2017; Missengue, 2018; Ndlovu, 2016; Ndlovu, 2017; Vichaphund, 2014;
Vichaphund, 2016). According to the literature reported to date, the conversion of CFA into
hight-silica zeolites (such as zeolite ZS3/and mordenite) commonly neiged the addition of

an extra silicon source to enhance the SAR value of the synthesis mixture (Chareonpanich,
2004; Kalyankar, 2011; Krisnandi, 2017; Vichaphund, 2014; Vichaphund, 2016).
Alternatively, some researchers extracted a solid silicon feedstwokCFA by using either

solid, alkaline fusion conditions (at a relatively high temperature) or liquid, alkaline reflux
conditions (at a relatively low temperature). The Gikived silicon feedstock was then
treated with a chelating agent (such as axatid) under reflux conditions to enhance the
SAR value of the CFAderived silicon feedstock and to remove excess sodium from the
CFA-derived silicon feedstock prior to the hydrothermal synthesis of-dilgla zeolite
ZSM-5 (Ndlovu, 2016; Missengue, 2018lissengue, 2017; Missengue, 2018). The literature

on this topic has been reviewed and the following gaps in the field have been identified:

1 The lowtemperature alkaline reflux method for the extraction of silicon from CFA
provides a highly siliceous matal, which will serve as a suitable silicon feedstock
for the preparation of a range of higlica materials with differentmaterial
properties However, this process required the purification of the €EAved silicon
feedstock (using a chelating ageptior to hydrothermal synthesis. The chelating
agent is nosspecific and may result in the removal of silicon along with other
inorganic cations such as sodium and aluminium, resulting in reduced product yields
(Ndlovu, 2016; Missengue, 2016). This studsll therefore aim to simplify the
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process for the conversion of CFA to higitica zeolite by removing the additional
purification step.
Zeolite mordenite has been synthesised from mixtures of CFA and rice hush ash,
according to literature reported totedgAono et al., 2018; Johan and Matsue, 2014).
However, the preparation of zeolite mordenite has not been achieved by using CFA as
the sole silicon source. This study will therefore aim to synthesise zeolite mordenite
from a CFAderived feedstock.
Currentresearch on the synthesis of zeolite ZSMrom a CFAderived silicon
feedstock has been limited to aluminiioh zeolite ZSM5. This study will aim to
prepare zeolite ZSNs with a range of different properties such as chemical
compositions (SAR values).
0 The synthesis of silicalité (the siliceous analogue of zeolite Z&Yl from

CFA has not been reported to date. This study will also aim to synthesise

silicalite-1 from a CFAderived feedstock.
The CFAderived silicon feedstock utilised in this study tbe synthesis of zeolites
may be consist of a range of other inorganic elements due the rich mineral nature of
CFA. Inorganic extrdramework cations are known to play a role in the
crystallisation processes involved in zeolite formation. Inorganic catemes
consi der ed €iotrhmern gios tdrmuefgdddirmregot wargee nt s dep
nature of the cation and the topology of the target zeolite (Cejka et al, 2007; Petrik et
al., 1995). Geometric modelling of zeolites using GASP software has ba&mnpo
be a fast and simple way to establish the theoretical feasibility of the formation of a
particular zeolite framework, by determining whether a given zeolite framework is
flexible or not (Dawson et a., 2012; Kapko et al., 2010; Sartbaeva et &;, \2@dls
and Sartbaeva, 2012). To date, the steric influence of-&atreework inorganic
cations on the zeolite flexibility (and formation) has not been investigated using
GASP software. This study will therefore investigate the influence of differers ext
framework inorganic cations on the flexibility of a model zeolite (such as zeolite A
with LTA framework) to gain insight into how the inorganic cations present in CFA
may enhance or hinder zeolite crystallisation during hydrothermal synthesis.
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Currert research in the conversion of CFA to higjhca zeolites has focused mainly on
zeolite ZSM5. This study will therefore aim to utilise a Ckerived silicon feedstock to
prepare other highilica zeolites such as mordenite as well as silicalitEurttermore, a
simple method for geometric modelling (using GASP software) will be utilised to gain

insight into the steric influence of inorganic cations (present in CFA) on zeolite formation.
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3.1 Introduction

This chapter will pesent the research design and methodology used during the investigation
of the conversion of South African coal fly ash to hgilica zeolites. This process involves

the extraction of ironand siliconcontaining minerals from CFA followed by the utilimat

of CFA-derived silicon extract in the hydrothermal synthesis of zeolites mordenite and ZSM
5 as well as zeosil silicalit®. The procedure for the geometric modelling of a model zeolite
framework (LTA) with different extrdramework cations by GASP gwofare will also be

presented.
3.2 Materials and chemical reagents

South African coal fly ash from the Arnot cefaled power station in Mpumalanga was used

as the starting material in this study. For this study, a batch of coal fly ash was mixed to form
a hom@eneous sampl¢hat wasstored in a sealed containen a dry area at room
temperatureThe same batch of coal fly ash was used throughout the investigation to ensure
composition variability was kept to a minimum. The materials and chemical reagestdutili

in this study are listed in Table 3.1, along with details such as batch number and origin.
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Reagent Name Supplier % Purity | Batch/Lot no.
Arnot Power Plant,
Coal fly ash ] - N/A
Mpumalanga, South Africa
Sodium hydroxide pearls Kimix 97 22012
Potassium hydroxide Sigma Aldrich ¢85 221473
Calcium hydroxide Merck 96 K48319847
Cesium hydroxide solution )
) Acros Organics 99.9 A0339996
(50wt% in HO)
Sulphuric acid Sigma Aldrich 95-98 SHBH9170
Anhydrous aluminium hydroxide Sigma Aldrich 5 MKBP3033V
Anhydrous sodium aluminate Sigma Aldrich 99 SZBD2200V
Tetrapropylammonium bromide Sigma Aldrich 98 MKCCO0001
Tetraethylammonium hydroxide . ] 35 wt%
] ) Sigma Aldrich ) 302929
solution (35wt% in H,O) in H,O
MOR seed crystals (SAR = 13)| Alfa Aesar (Fisher Scientific) - 45876.22

Table3.1: List of chemical reagents used, including the supplier name and batch detalils.
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3.3 The extractia of silicon from South African coal fly ash for use as starting material in

zeolite synthesis

An overview of the process for the synthesis of tsgica zeolites from South African coal

fly ash, via silicon extraction, is presented in Figure 3.1.

Coal Fly Ash
(CFA)
H,0 3
Magnetic Separation Magnetic
(350 rpm for 6 h) Fraction (MF)

Non-magnetic
Fraction (NMF)

Reflux Solid Residue
(150 °C for 24 h) (SR)

Filtrate

\"

Silicon Extract
(FASE)

Hydrothermal
Synthesis

Large-pore Medium-pore
MOR-type zeolites MFI-type zeolites

Figure 3.1: A general overview of the transformation process of coal fly ash teslligh

zeolites.
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South African coal fly ash from the Arnot power plant in the Mpumalanga province was used
as the starting marial for this study. Magnetic separation was used to extract the iron (Fe)
containing magnetic fraction (MF) while a lemperature reflux process was used to
extract the silicon extract from the namgnetic fraction (NMF), as depicted in Figure 3.1.
Magnetic separation was carried out prior to silicon extraction to avoid the presence of iron in
the silicon extract, which may influence crystallisation of zeolites froen GkAderived
silicon precursor(Li et al., 2013; Zhang et al., 2003Jhese extragn processes are
described in more detail in the following sections

3.3.1 Extraction of Fe (magnetic fraction) from South African coal fly ash

South African coal fly ash (120d) was mixed with deionised water (2d1L) at a solidto-

liquid ratio of 1:2 and tared at 250pm for 6 hours at room temperature, after which a
magnet was placed in the beaker containing the mixture and removed after ~ 15 seconds. The
magnetic fraction (MF) was removed from the magnet by washing with deionised water. This
process wagepeated until no visible MF was present on the magnet. The MF was then
filtered and washed with deionised water and allowed to dry in an oven°&t &gernight.

The remaining mixture (containing the noragnetic fraction of CFA) was filtered; the ron
magnetic fraction (NMF) of CFA was collected and dried in an oven &C96vernight. The

NMF material was used for the subsequent silicon extraction step.

3.3.2 Extraction of Si from the nemagnetic fraction of South African coal fly ash using a
low-temperaturealkaline reflux conditions

A mixture of dried NMF (50.@) and 8.0M NaOH solution (250nL) was placed in a round

bottomed flask and subjected to reflux conditions at°TG@or 24 hours, while stirring at

350rpm. When complete, the mixture was allowedcbol and filtered to yield the solid

residue (SR) and filtrate. The SR material was placed in an oven°@t G@ernight to dry

prior to characterisation. The filtrate was collected and placed in a conical flask and conc.

H.SO, was added to the filtratérop-wise until the solution reached a pH of ~10 (at which

point the Si precipitate formed). The mixture was filtered to collect the fly ash silicon extract

(FASE), which was dried in an oven at Q0 overnight, for characterisation and utilisation in

thesynthesis of higlsilica zeolites.

67



Chapter3 - Research Methodology

3.4 Hydrothermal synthesis of mordenite from GHArived silicon precursor (FASE)

The synthesis and steypse optimisation of zeolite mordenite from South African CFA was
investigated in this study. The verified synthesiscpdure for zeolite mordenite was used as

the starting point for the investigation (il
zeolite mordenite was investigated in a tempfege synthesis environment, using the seed
assisted synthesis methodveall as using an OSDA agent (tetraethylammonium hydroxide
TEAOH) in the synthesis mixture; the different synthesis protocols for each method will be

presented in this section.

3.4.1 Organic structure directing agefinee synthesis of zeolite mordenite fromC&A-

derived silicon precursor (FASE)
Zeolite mordenite synthesis was carried out (in the absence of an OSDA agent) under
hydrothermal conditions using a synthesis mixture, with the general molar regime SiO
Al;O3'y NaO-z H,O, prepared as follows. The gwired amount of sodium hydroxide
(NaOH) pellets was dissolved in deionised water and (if necessary) the required amount of
sodium aluminate was dissolved in the NaOH solution while stirring. Subsequently, the
required amount of FASE material was addetht mixture and stirred at 350m at room
temperature for 30 minutes to form a homogeneous mixture. The synthesis mixture was then
subjected to static hydrothermal treatment in a Teliloed pressure vessel at a temperature
of 170°C for a set time perth After hydrothermal treatment was complete, the pressure
vessels were allowed to cool down to room temperature. The product was then collected by
filtration and washed with deionised water until the filtrate reached a pH-8f Fie solid
product was téan dried in oven at 90C overnightand characterisation of-aynthesised solid
products was then carried out

3.4.1.1 Preliminary experiments for OSBifee synthesis of zeolite mordenite from FASE
Preliminary experiments for the conversion of a Gifeéived silcon precursor (FASE) to

zeolite mordenite were carried out under hydrothermal conditions ofCL7ér 24 hours in

the absence of an OSDA agent, as reported in literature for the synthesis of zeolite mordenite
from standard chemical reagents (Choudhurglet1998; Hincapie et al., 2004, Idris et al.,
2019; Al ZA Synthesis Commissiono, 2016). The

zeolite mordenite synthesis experiments are listed in Table 3.2.

68



Chapter3 - Research Methodology

Table3.2: Preliminary experiments for OSD#ee synthesis of zeolite mordenite from a
CFA-derived silicon precursor, FASE.

Hydrothermal
Zeolite Treatment
Molar regime Variable Paramete
code - 0) Time
emp. (°
P (hours)
Mor01 | 1 Si0A.004 ALO-A 0 .N&,®/80.1 H,0 - 170 24
Mor02 | 1 Si0A.019 ALO.A 0 .N30/80.1 HO
i Amount of Al by
Mor03 | 1 Si0A.039 ALO.A 0 .N&@/80.1 HO 170 24

NaAlO, addition

Mor04 | 1 Si0A.077 ALOA 0 .N&6/80.1 HO

Mor05 | 1 Si0/4.019 ALOA 0 .N&0/80.1 HO
i Crystallisation
Mor06 | 1 Si0/%.039 ALOA 0 .N&@780.1 HO 150 24
temperature

Mor07 | 1 Si0/A.077 ALOA 0 .N&6/80.1 HO
Mor08 | 1 Si0/4.019 ALO:A 0 .N5%,@/80.1 HO
Mor09 | 1 Si0/4.019 ALOA 0 .N5,@/80.1 HO
Mor10 | 1 Si0/4.019 ALOA B6Na,0/80.1 HO
Morll | 1 Si0/4.019 ALOA 0 .N5%®@/80.1 HO
Morl2 | 1 Si0A.019 ALO-A 0 .N5,8280.1 HO NaOH content 170 24
Morl3 | 1 Si0/4.019 ALO;A 0 .N6&,0280.1 HO
Morl4 | 1 Si0/4.019 ALOA 0 .N&,®A0.1 HO
Morl5 | 1 Si04.019 ALOA 0 .N6&,®@/80.1 HO
Mor02 | 1 Si04.019 ALO;A 0 .N&,0/80.1 HO

Morl1l 24

Mor16 ] Crystallisation with 48
1 SigA.019 ALOSA 0 .N5,@/80.1 HO . 170

Morl17 time 72

Morl8 96

Morl9 24

Mor20 180 48

Crystallisation

Mor21 ) ) 72
1 Si04.019 ALO-A 0 .N5,®@/80.1 HO temperature with

Mor22 ) 24

time
Mor23 190 48
Mor24 72

3.4.1.2 Further optimisation of OSD#ee synthesis of zeolite mordenite from FASE
After the preliminary OSDAree zeolite mordenite synthesis experiments from FASE,
further hydrothermal ex@iments were carried out at 170 for 72 hours. The optimisation

of synthesis parameters such as aluminium content (by sodium aluminate addition) and water
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content (at constant [Ohl were carried out as listed in Table 3.3. The optimisation of zeolite
mordenite synthesis from a CFderived silicon precursor was carried out in a Stege
manner; the best result (in terms of crystallinity) was used as the starting point for subsequent

experiments.

Table3.3: Optimisation of synthesis parameters for OSidée synthesis of zeolite
mordenite from a CFAlerived silicon precursor, FASE.

Hydrothermal
Zeolite ) ) Treatment
Molar regime Variable Parametel :
code Temp. Time

(°C) (hours)

Mor25 | 1 Si0/4.010 ALO:A 0 .N5%,6/80.1 HO
Mor26 | 1 Si0/4.013 ALOA 0 .N5,6/80.1 HO
Mor27 | 1 Si0/4.015 ALOA 0 .N5%,®@/80.1 HO

Morl7 | 1 Si0/4.019 ALOA 0 .N5%®@/80.1 HO
i Amount of Al by
Mor28 | 1 Si04.023 ALO-A 0 .N5,®@80.1 HO N 170 72
NaAlO, addition

Mor29 | 1 Si04.026 ALOA 0 .N5,®/80.1 HO
Mor30 | 1 Si0/4.029 ALO:A 0 .N5,®280.1 HO
Mor3l | 1 Si0/4.039 ALO:A 0 .N5,0/80.1 HO
Mor32 | 1 Si0A.077 ALOA 0 .N&,®A0.1 HO
Mor33 | 1 Si0H4.019 ALO:A 0 .N5.QA 115H,0

Morl7 | 1 Si0/4.019 ALOA 0 .N5,®@/80.1 HO

. Water content (at
Mor34 1 Si0/0.019 ALOSA 0 .N&,QA 45H,0 170 72
constant OHH,0)

Mor35 | 1 Si0A.019 ALOA 0 .N&,BA 6 (H,O2
Mor36 | 1 Si0/4.019 ALbO;A 0 .N&,OA 9 (H,O4

3.4.2 Seedassisted synthesis of zeolite mordenite franCFAderived silicon precursor
(FASE)

The effect of seeding on the synthesis of zeolite mordenite aaged out by adding

commercialNa-mordenite crystals to the synthesis mixture prior to hydrothermal treatment,

as listed in Table 3.4. The initial syasis mixture for zeolite mordenite synthesis was

prepared as described in Section 3.4.1. Varying amounts -ohdvdenite seeds (0.0025,

0.025 and 0.25 g) were added to the initial synthesis mixture (with a fixed molar regime as

listed in Table 3.4) aftehe ageing period; calculated as 0.1, 1.0 and W@® seeds relative

to the amount of silicon precursor (FASE) added to the synthesis mixture, respectively.

Subsequently, the Naordenite seedontaining synthesis mixture was subjected to
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hydrothermal tratment at 170C for up to 96 hours (at 24 hour intervals). The {3ysithesis
treatment of asynthesised zeolites was as described in Section 3.4.1. Solid products were

then characterised in tlassynthesised form.

Table3.4: The effect of seeding amount on the formation of zeolite mordenite from a CFA
derived silicon precursor, FASE.

Hydrothermal
Zeolite ] Mordenite Variable Treatment
Molar regime :
code seeds (g) Parameter Temp. Time
(°C) (hours)
Mor37 24
Mor38 . 48
1 Si0,4.019 ALO:A 0 .N5,@80.1 HO | 0.0025 170
Mor39 72
Mor40 96
Effect of
Mor41 24
seeding
Mor42 ) 48
1 Si04.019 ALO:A 0 .N5,@/80.1 HO 0.025 amount 170
Mor43 ) 72
monitored
Mor44 . 96
over time
Mor45 24
Mor46 ) 48
1 Si0A.019 ALOSA 0 .N5,@/80.1 HO 0.25 170
Mor47 72
Mor48 96

3.4.3 Synthesis of zeolite mordenite from a GEArived silicon precursor (FASE) in the
presence of an OSDA agent

The synthesis of zeolite mordenite in the presence of an OSBit 8gEAOH) was carried

out under hydrothermal conditions of 170 for 72 hours from a synthesis mixture (as listed

in Table 3.5) prepared as follows. The required amount of sodium hydroxide (NaOH) pellets

was dissolved in deionised water, then the reguamount of TEAOH was mixed with the

NaOH solution while stirring. The required amowftsodium aluminate was then dissolved

in the NaOHTEAOH solution while stirring. Subsequently, the required amount of FASE

was added to the mixture, which was themreti at 35Gpm at room temperature for 30

minutes to form a homogeneous mixture. After ageing was completed, the required amount

of Namordenite seeds was added to the synthesis mixture (unless stated otherwise). The

synthesis mixture was then subjectedstatic hydrothermal treatment (as described in Table

3.5) and possynthesis treatment as described in Section 3.4.1. Solid products were then

characterised in thassynthesised formif required, OSDA (TEAOH) removal was carried
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out bycalcination in & using a temperature programmed furnace with a heating profile: (1)
1 °C/min up to 150C, hold time 1 hour , (2) 3C/min up to 250C, hold time 1 hour, (3)

1 °C/min up to 35C0C, hold time 1 hour, (4) 1C/min up to 450C, hold time 1 hour, (5)

1 °C/min up to 55C°C, hold time 3 hours, after which the sample was cooled down to room
temperature at a rate o°C/min (holding for 1 hour at 40TC, 300°C and 20C0C).

Table3.5: The effect of OSDA (TEAOH) aount on the synthesis of zeolite mordenite from
a CFAderived silicon precursor, FASE.

Hydrothermal
Zeolite Mordenite | Variable Treatment
Molar regime
code seeds (g) | Parameter| Temp. | Time
(°C) (hours)
Mor43 1 Si0/0.019 ALOSA 0 .N3,®@280.1 HO
Mor49 | 1 Si0%.019 ALO:A 0 .N5,Q@A 0 . TEAOHA0.1 HO Effect of
0.025 TEOAH 170 72
Mor50 | 1 Si0A.019 ALOSA 0 .N5&,@A 0 . TEAOHA0.1 HO amount
Mor51 | 1 Si0A.019 ALO;A 0 .N5&,@A 1 . TEAOHA0.1 HO
Mor52 | 1 Si0A.019 ALO;A 0 .N4&®A 0 . TEAOHAB0.1 HO Effect of
TEOAH
Mor53 | 1 Si04.019 ALO;A 0 .N&®BA 0 . TEAOHAR0.1 HO 0.025 | amount (no| 170 72
additional
Mor54 | 1 Si0,%.019 ALO:A 0 .N&BA 1 .TEAOHA0.1 HO NaOH)
Effect of
Mor55 | 1 Si0,4.019 ALOsA 0 .N&®BA 0 . TEAOHA0.1 HO
TEOAH
amount (no
Mor56 | 1 Si0,%.019 ALO;A 0 .N&®A 0 .TEAOHA0.1 HO 0 N ( 170 72
additional
) NaOH or
Mor57 | 1SIiQA0 . 0.DROAI4LBANAOS5 TEAO
seeds)

The influence of aluminium content (by addition of varying amounts of sodium aluinamate

the synthesis of zeolite mordenite in the presence of an OSDA agent (TEAOH) was also
investigated in this study. Synthesis mixtures were prepared according to Table 3.6 and
subjected to static hydrothermal treatment at X7@or 72 hours. Postynthesis treatment of
synthesised products was carried out as described in Section 3.4.3.
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Table3.6: The effect of aluminium content (by sodium aluminate addition) on the synthesis
of zeolite mordenite from a CF@erived silicon precursor, FASE, in the presence of

TEAOH.
Hydrothermal
Zeolite . Variable Treatment
Molar regime :
code Parameter Temp. Time

(°C) (hours)

Mor58 | 1 Si0%0.004 ALOA 0 .N&OA 0 . TEADHA0.1 HO | Al contentin

the presence
Mor56 | 1 Si0A0.019 ALO:A 0 .N&®A 0 .TEADHAB0.1 HO | f TEOAH

, 170 72
Mor59 | 1 Si0.038 ALO,A 0 .N&,®A 0 . TEADHA0.1 HO | (N0 additonal

NaOH or
Mor60 | 1 SiQA.077 ALOsA 0 .N5&,@A 0 . TEAOHA0.1 HO seeds)

3.5 Hydrothermal synthesis of zeolite ZSMand silialite-1 from a CFAderived silicon
precursor (FASE)

The synthesis of zeolite ZSBl from a CFAderived silicon precursor (FASE) was carried

out under static hydrothermal treatment of a synthesis mixture, with the general molar regime
SiOy-x Al;03'y NaO-n TPABr z HO, prepared as follows. The required amount of sodium
hydroxide (NaOH) pellets was dissolved in deionised water and (if necessary) the required
amount of aluminium precursor (aluminium hydroxide or sodium aluminate) was dissolved in
the NaOH solubn while stirring. The required amount of FASE was then added to the
mixture, which was stirred at 3%pm for ~ 5 minutes. The required amount of OSDA, in this
case tetrapropylammonium bromide (TPABr), was added to the mixture and the mixture was
stirredat room temperature for 30 minutes at 8p to form a homogeneous mixture. The
synthesis mixture was then subjected to static hydrothermal treatment in a-lifeftbn
pressure vessel at a temperature of A6Gor 72 hours (unless stated otherwise).eAft
hydrothermal treatment was complete, the pressure vessels were allowed to cool down to
room temperature. The product was then filtered and washed with deierassdintil the

filtrate reached a pH of ~&. The solid product was then dried in an oveBGC overnight

and characterisation of -aynthesised solid products was then carried out. If required, the
OSDA (TPABr) was removed by calcination in air using a temperature programmed furnace

as described in Section 3.4.3.
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3.5.1 Optimisation of synthesisgpameters for zeolite ZS#¥ formation from FASE

The effect of OSDA amount, aluminium content (by aluminium hydroxide or sodium
aluminate addition), water content (at constant JPahd alkalinity on the crystallisation of
zeolite ZSM5 was investigated tdetermine the optimum conditions for the formation of
highly crystalline zeolite ZSM from a CFAderived silicon precursor (FASE), as described
in Table 3.7. The optimisation of zeolite ZSMsynthesis from a CFAerived silicon
precursor was also invégated in a steise manner; the best result (in terms of
crystallinity) was used as the starting point for subsequent experiments.

Table3.7: Optimisation of synthesis parameters for synthesis of zeolite- Z8bm a CFA
derived silicon precursor, FASE, in the presence of an OSDA (TPABY).

Hydrothermal
Zeolite _ Variable Treatment
Molar regime :
code Parameter Temp. Time

(°C) (hours)

ZeoOl1 | 1 Si0A.004 ALOSA 0 .N5,@A 0 .TRABIA5.4 HO
i Amount of
Zeo002 | 1 Si0A.004 ALOSA 0 .N5,@A 0 .TPABIA5.4 HO 160 72

OSDA (TPAB)

Zeo03 | 1 Si0A.004 ALOSA 0 .N5,@A 0 .TPABIA5.4 HO
Zeo02 | 1 Si04.004 ALOSA 0 .N5,@A 0 . TRPABIAB5.4 HO

i Amount of Al
Zeo04 | 1 Si0A.015 ALOSA 0 .N5,@A 0 .TPABIA85.4 HO

. by Al(OH); 160 72
Zeo05 | 1 Si0A.058 ALOSA 0 .N5,@A 0 . TRPABIAB5.4 HO ddit

aadition

Zeo06 | 1Si0A.111 ALOSA 0 .N5.@A 0 . TRABI/85.4 HO
Zeo02 | 1 Si0A.004 ALOSA 0 .N5,@A 0 .TRABI/85.4 HO
Zeo07 | 1 SiOA.015 ALO-A 0 .N5,BGA 0 .TRABI/85.4 HO
Zeo08 | 1 Si0A.025 ALOsA 0 .N5,BGA 0 .TRABr85.4 HO | Amount of Al
Zeo09 | 1 Si0H.036 ALOSA 0 .N5,QA 0 .TRABI/85.4 HO by NaAIO, 160 72
Zeo010 | 1 Si0A.046 ALOSA 0 .N5,BA 0 .TPABIA5.4 HO addition
Zeoll | 1 Si0A.058 ALO-A 0 .N5,OA A0 TPABI/85.4 HO
Zeol2 | 1Si0A.111 ALOsA 0 .N&,BA 0 .TRABI/85.4 HO
Zeol3 | 1 Si0A.015 ALOSA 0 .N5,0A 0 .TPABrA 1 ™,07
Zeol4 | 1Si0A.015 ALOsA 0 .N5.GA 0 .TRABrA 2 84,03
Zeo07 | 1 Si0%.015 ALOsA 0 .N&,BA 0 . TRABrAR5.4 HO
Zeol5 | 1 Si0%.015 ALOsA 0 .N&,OA 0 . TRABIA 5 3H,01
Zeol16 | 1 Si0%.015 ALOsA 0 .N4&OA 0 . TRABIA 2 8H,3
Zeol4 | 1 Si0%.015 ALOsA 0 .N5,GA 0 . TRABIA 2 8H,(3
Zeol7 | 1 Si0A.015 ALOA 0 .N&,®@A 0 . TRABIA 2 8H,3
Zeol18 | 1 Si0%.015 ALOsA 0 .N&®@A 0 . TRABIA 2 8H,3

Water content
(and NaOH 160 72

simultaneously)

NaOH content 160 72
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3.5.2 The crystallisation of zeolite ZS¥ with time

The crystallisation of zeolite ZSM from a CFAderived silicon precursor (FASE) was

monitored with timeat a hydrothermal temperature of 1&Dfrom a synthesis mixture with
fixed molar regime at 24 hour intervals between 48 and 144 howrsldgs), as described in

Table 3.8.

Table3.8: Monitoring the formatn of zeolite ZSM5 from a CFAderived silicon precursor,
FASE, in the presence of an OSDA (TPABTr) under static hydrothermal treatment°& 160

over time.
) ] Hydrothermal Treatment
Zeolite ) Variable
Molar regime Temp. Time
code Parameter
(°C) (hours)
Zeaol9 16
Zeo020 24
Zeo21 ] o 48
1 Si0A.015 ALOA 0 .N&,BA 0 . 1 @ Crystallisation
Zeol4 160 72
TPABrA 2 8,08 with time
Ze022 96
Ze023 120
Zeo24 144

3.5.3 The effect of extrdramework cation type on the crystallisation of zeolite Z5M

The efect of different cations (M = calcium, potassium and cesium) on the formation of

zeolite ZSM5 from a CFAderived silicon precursor (FASE) was carried out by substituting

the NaOH mineralising agent in the synthesis mixture with the correspondingl Mass,

by keeping the overall [OHof the synthesis mixture constant. It is noteworthy that the

silicon precursor (FASE) contains a high quantity of sodium, as listed in Table 3.9, making

these Msynthesis mixtures a dual cation synthesis environment. Th&altisation of zeolite

ZSM-5 was carried out at a hydrothermal temperature of°C6for a set time period of 72

hours from synthesis mixtures prepared as described in Table 3.9. The typiegirbssis

treatment was carried out, as described in Se&ib.
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Table3.9: The effect of extrdramework cation on the formation of zeolite ZSMrom a
CFA-derived silicon precursor, FASE, in the presence of an OSDA (TPABY).

Hydrothermal
Zeolite Variable Treatment
Molar regime
code Paameter | Temp. | Time
(°C) (hours)
Zeold 1 Si04.015 ALOA 0 .N&GA 0 . TRABrA 2 8H,08 Counter
cation type
Zeo25 | 1 Si04.015 ALO:A 0 .N&BA 0 .ca@ 0 .TRABIA 2 84,8 | (Na, Ca, K,
Cs) by 160 72
Ze026 | 1 Si0A.015 ALOsA 0 .N&BA 0 .KeOR 0 .TRABIA 2 8H,3B | addition of
M-OH
Ze027 | 1 Si0/0.015 ALbO;A 0 .N&BA 0 .C&BA 0 .TPABIA 2 8,08 base

3.5.4 Synthesis of silicalitedl from CFAderived FASE

The synthesis of zeosil silicalitefrom a CFAderived silicon precursoFASE) was carried
out under static hydrothermal conditions of 2@for 48 hours, from a synthesis mixture
(prepared as described in Section 3.5) with a molar regime, as described in TalfRo&t10.

synthesis treatment of the synthesised product wagsdamut as described in Section 3.4.3.

Table3.10: Synthesis conditions for preparation of silicalitérom a CFAderived silicon
precursor, FASE, in the presence of an OSDA (TPABI).

) Hydrothermal Treatment
Zeolite )
Molar regime Temp. _
code . Time (hours)
°C)
Silo1 1 Si0A.004 ALO;A 0 .N&OA 0 .TRABrA 1 1H,06 170 48

3.6 Characterisation techniques

In this study, a range of characterisation techniques were used to determine the properties of
the starting matéal and assynthesised zeolite products. Material properties such as
crystallinity, morphology, thermal stability and porosity are vital in the design of zeolites for
specific applications. The experimental details of the analytical techniques useditor mon

these properties will be described in more detail in the following sections.
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3.6.1 Elemental analysis

The elemental composition of-asceived South African CFA and extraction products (NMF,
MF, SR and FASE) was determined by the quantitative analyticdiniggue Xray
fluorescence (XRF) spectroscopy and/or Laser ablaimmuctively-coupled plasmanass
spectrometry (LAICP-MS) and semguantitative analytical technique Energy dispersive
spectroscopy (EDS). Serguantitative EDS was also utilised to analyke composition of

assynthesised zeolites.

The major elemental composition of South African CFA and the extraction products were
analysed by XRF spectroscopy, while the trace elemental composition of these materials
were analysed by LACP-MS spectrosapy. The XRF sample preparation was carried by
crushing the sample material with a jaw crusher to form a fine (particle size ~70 um) powder.
The fine powdered sample material was milled with the use of a turcgtieide Zibb mill.

The milled, powdered sgute material was mixed with high purity mixture of trace and-rare
earth elements (which consists of 32.83% L3B66.67% Li,B,O; and 0.50% Lil) at a 1:10

mass ratio and a fused disc was prepared for XRF analysis. The elemental analysis of the
sample matéal was carried out on a PANalytical Axios Wavelength Dispersive spectrometer
with the use of SuperQ PANalytical software. The spectrometer was fitted with a Rhodium
tube and scintillation detector, a g#®v proportional counter that makes use of andkeg
Methane gas mixture in a 90:10 mixture was also coupled to the spectrometer. The analysis
conditions were set to 50 kV and 50 mA and external standards (Basb#niBBEN) were

used to determine the standard deviation of the analysis by this eqtiprhenSuperQ
PANalytical software was used to correct for matrix effects in the sample material by
applying theoretical alpha factors and measuring theoireglap factors compared to the raw

intensities.

The LA-ICP-MS sample preparation was carried bytpreparing fused discs as described
above. Subsequently, these discs were coarsely crushed and a chip of the sample was
mounted onto a disk which was mapped and polished prior to analysis. The trace elemental
analysis of the sample material was then meiteed by LAICP-MS on an Agilent 7500ce
ICP-MS instrument equipped with a Resonetics 193 nm Excimer laser. During the ablation
phase, a helium gas flow at a floate of 350 mL/min mixed with nitrogen flow (4 mL/min)

and argon flow (900 mL/min) was utiéd. A Traceable NIST 612 standard for calibration of
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the instrument and the O, (determined by XRF measurement) was used as an internal

standard for quantification of trace elements.

An estimation of the elemental composition ofsgathesised zeolitproducts were carried

out by semiquantitative elemental analysis by EDS. The sample preparation for EDS was
carried out by placing a small amount of powdered material onto a conductive carbon layer
mounted on a metal stub. In most cases, samples wenseghaincoated. If coating was
required for imaging, samples were coated with a layer of-gallddium/gold using a
Quorum Q150T ES/Edwards S150B sputter coater. The EDS spectrometer (which was
coupled to a scanning emission microscope) was used to detettmei average Si/Al (SAR)

and Na/Al ratios of synthesised zeolite materials by spot analysis of at least 10 sites for a

given sample.

3.6.2 Mineralogical analysis b¥-ray diffraction

The mineralogical content of South African CFA, extraction products (NMF, $H and
FASE) and asynthesised zeolites products was determined by poweary Xliffraction

(XRD) using flatplate geometry. Powdered samples were loaded into a clear, plastic disk and
flattened until smooth and level with the top edge of the disk. dR#lysis was then carried

out by using a powder PANalytical PW3836Ré&y generator and XRD measurements were
carried out at 40 kV and 25 mA using Culikradiation 6-= 0.154 nm). In some cases, a
powder Bruker D8Advance xray diffractometer with the same-pdy radiation source was
used. The identification of mineral phases in sample materials was carried out by using
Philips X6Pert ictioa pditware sanda@RDS Intdreational €entre for
Diffraction Data (1997) database. The collection of simulated zeolite XRD diffraction
patterns was also used to identify zeolite phases present in synthesised products (Treacy and
Higgins, 2007).

3.6.3 Morphological analysis by Scanning emission microscopy

The morphology (particle shape and size) of South African CFA, extraction products (NMF,
MF, SR and FASE) and &ynthesised zeolite products was analysed by Scanning emission
microscopy (SEM). Powdered salep were prepared for SEM imaging as described in
Section 3.6.1 for EDS. SEM imaging was carried out using a Zeiss Auriga field emission gun
(FEG)scanning emission microscope at B\ In some cases, SEM imaging was carried out
on a JEOL JSM6480LV SEM. The images obtained by SEM were processed by using

ImageJ Software.
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3.6.4 Structural analysis by Fourier transform infrared spectroscopy

Structural properties of South African CFA and extraction products (NMF, MF, SR and
FASE) were analysed by Fourier transfoinfrared (FTIR) spectroscopy. Selected as
synthesis zeolite products were also analysed by FTIR. The sample material was ground into
a fine powder, which was placed onto the sample slot of the Perkin Elmer -ATR)
Spectrum Two instrument. FTIR measuretsewere carried out in the wavelength range of

400 to 400&m*, collected using Spectrum software.

3.6.5 Textural analysis by Nitrogen physisorption

Nitrogen () physisorption was used to analyse the textural properties (sifTasurface
area, micropore ah total pore volume as well as pore size distribytioh selected
synthesised zeolite products (in the-fdam). A known mass (~0.§) of sample material was
degassed prior to N\physisorption. Exsitu degassing was carried out at 2@0for ~2hours
unde vacuum, followed by isitu degassing at 30C€ (ramp rate = 10C/min) for ~5hours
under vacuum. Nphysisorption reasurements were then carried out using a Micromeritics
3Flex instrument at196 °C. The specific surface area of sample materials wasmieed
using the BrunauegEmmettTeller (BET) method in the relative pressure range of 0.0001 to
0.05. The total pore volume was determined using sipgiet adsorption at a relative
pressure of 0.99. Theplot method was used to determine the micrepmlume of sample
materials, while the pore size distribution of sample materials was determined by applying

the BarrettJoynerHalenda (BJH) method to the adsorption branch of the isotherm.

3.6.6 Thermogravimetric Analysis and Differential Thermal Analysisiged to Mass
Spectrometry
The thermal evolution of water and decomposition of organic compounds in the framework
of zeolites were characterised by Thermogravimetric Analysis (TGA) coupled to Differential
Thermal Analysis (DTA) and Differential Scannin@lGrimetry (DSC) as well as a Mass
Spectrometer (MS). Measurements were carried out on a Setaram Setsys Evolution-16 TGA
DTA-DSC analyser equipped with a Pfeiffer GSD 320 mass spectrometer. The sample
material (~0.02@) was loaded into an alumina crucilaled the experiment was carried out
under air flow of 20nL/min at a heating rate of X&/min up to 650C. Mass spectrometry

was carried out using the online MS under helium flow.
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3.7 Geometric modelling of the LTA framework with different extramework ations

using GASP software

GASP software was used to simulate the flexibility window of a model zeolite framework
(LTA), which is the framework type of zeolite A with cubic symmetry. As a starting point for
the GASP simulations, the purely siliceous LTArfrework was modelled. Subsequently, the
dehydrated aluminosilicate LTA framework (with a SAR value of 1) was simulated using
GASP software. Different extfiamework cations (M) were then introduced into the
dehydrated framework, such as sodium ‘JNaaldum (C&"), potassium (K) and cesium
(Cs") and these MLTA frameworks were also simulated by GASP. It is noteworthy that
GASP simulations model extfeamework cations as steric objects and electrostatic effects
associated with this positivesharged exa-framework contehare neglected for the purpose

of the simulation. Therefore, the aluminosilicateLMA frameworks may be compared to the
empty aluminosilicate framework directly. The preparation of input structures for the GASP

simulation will be discased in subsequent sections.

3.7.1 Preparation of input structures for GASP geometric simulations

In all cases, input structures were prepared in CIF file format with unit cell parameters
defined in P1 symmetry, as required by GASP software. A 2.2.2 supdrtied dehydrated

LTA framework was generated (using GASP) based on a CIF file retrieved from the
Database of Zeolite Structures (Baerlocher and McCusker, 2017; Pluth and Smith, 1980);
which enables the visualisation of the ahuage of the LTA frameworkUsing this LTA
supercell, an input file was generated for GASP containing other structural information such
as steric radii for framework atom®.26A for silicon, 0.40A for aluminium, 1.35A for
oxyger) and relevant 90 bond lengths.

3.7.1.1 Siliceous LTA framgork and aluminosilicate LTA framework

The siliceous LTA framework and aluminosilicate LTA framework (SAR = 1) input
structures were prepared as discussed in Section 3.7.1, with properties listed in Table 3.11,
for utilisation in GASP.

Table3.11: Starting cell parameters aned’bond lengths used in GASP simulations of cubic
LTA frameworks (Siliceous and aluminosilicate).

Framework Starting cell parametea, (A) T-O bond length&)
Siliceous LTA 23.838 1.61
Aluminosilicate LTA (SAR =1) 24.555 1.68
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3.7.1.2 Different extraframework cations in the aluminosilicate LTA framework

The aluminosilicate MLTA framework (SAR = 1) containing extfeamework cations (M =

Na', C&*, K" or Cs) input structures were prepared discussed in Section 3.7.1, with
properties listed in Table 3.12, for utilisation in GASPExtr&framework cations were
assignecdhardspherePaulingionic radii of 0.954 (Na'), 0.99A (C&"), 1.33A (K*) and
(1.69A) (CS) as reported in literatur@®auling, 1927)Cation site occupation for each-M
LTA framework is defined per unit cell, as listed in Table 3.12, according to literature (Breck
et al., 1956; Pluth and Smith, 1980; Psycharis et al., 2004; Red8rack, 1956).

Table3.12: Starting cell parameters;@ bond lengths and cation sites occupation of cubic
NaLTA, CalLTA, K-LTA and CsLTA input structures used in GASP simulations.

Mn+
Starting cell T-O bond ) _ _ ) Total
Framework Radius Sitel | Sitell | Site lll .
parameterd) | length @) A M™/unit cell
NaLTA 24.555 1.68 0.95 8 4 - 12
CalTA 24.555 1.68 0.99 6 6
K-LTA 24.555 1.68 1.33 8 12
CsLTA 24.555 1.68 1.69 8 12

3.7.2 GASP geometric simulations

GASP simulations were carried out as described in the literature (Sartbaeva et al., 2006;
Wells et al., 2002; Wells and Sartbaeva, 2012; Wells and Sartbaeva, G&IEH. software
utilises template based geometric simulation to establish the flexibiliyow of zeolites by
simulating the framework as tetrahedra connected together through flexible corner atoms. For
the GASP simulations, zeolite compression is limited by framework oxygen contact and
zeolite expansion is limited by the length ofOFT bondswith the T-O bond length variation
constraint set to 0.04 (Sartbaeva et al., 2006; Wells and Sartbaeva, 2015)
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3.8 Chapter Summary

This chapter served to present the experimental details of the synthesis-sifibéggheolites
(mordenite and ZSMb) as wd as zeosil silicalitel from a CFAderived silicon precursor
(FASE). South African CFA from a coéited power station in the Mpumalanga province
was used as the starting material in this study. A silicon precursor material (FASE) was
prepared from CFA Yy magnetic separation followed by a lemperature, alkaline reflux
step. The silicon precursor (FASE) was utilised in the synthesis ofsHligh zeolites,
without the need for additional silicon sources or anytpgatment with oxalic acid to
remove &cess sodium or enhance the SAR value of the material. The characterisation
techniques (namely XRF, ICGKMS, XRD, SEMEDS, FTIR and Nitrogen physisorption)
utilised to analyse the properties of starting materials and synthesised products (such as
chemical omposition,crystallinity, morphology, thermal stability and poro}ityere also
described in this chapter. Furthermore, details of geometric modelling simulations (by GASP
software) to study the effect of different extramework cations on the flexilii of a model

zeolite framework (LTA) were also presented in this chapter.
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4.1 Introduction

In this chapter, the preparation of a silicon precursor material from CFA for tititisa

zeolite synthesis will be discussed. To date, two different approaches (solid fusion and liquid
alkaline reflux conditions) have been utilised for the synthesis ofdiligla zeolite ZSM5

from CFA. However, the addition of supplementary siliconrses or treatment of silicon
precursors habeen reported in many cases to alter the SAR value of the synthesis mixture
prior to hydrothermal treatment (Missengue et al., 2017; Missengue et al., 2018; Ndlovu,
2016; Vichaphund et al., 2014; Vichaphundakt 2017). A novel lowtemperature approach

to zeolite ZSM5 synthesis from CFA was reported that involved magnetic separation -of iron
containing phases from CFA followed by ldemperature alkaline refluNdlovu, 2016)

The highsilica precursor matetiavas then precipitated using a mineral acid. Subsequently, a
purification step involving the removal of excess sodium from the silica precursor, by
treatment with concentrated oxalic acid under reflux conditions, was carried out prior to use
of the treatd hightsilica precursor in hydrothermal zeolite synthesis (Ndlovu, 2016; Ndlovu,
2017). In this study, the extraction of a higjlica precursofrom South AfricanArnot CFA

for zeolite synthesis is carried out using {@mperature reflux conditions, asported by
Ndlovu, (2016). This study aims to achieve the synthesis ofdiigla zeolites without the
oxalic acidpurification step prior to hydrothermal treatment, since this step results in the loss

of silicate species and adds extra complexity anchada use to the synthesis method.

In this chapter, the preparation of the starting material (a silicon extract, FASE from South
African Arnot CFA) for utilisation in higksilica zeolite synthesis will be presented. The
characterisation of extraction puacis by analytical techniques such as XRF,-M®, XRD,

FTIR and SEM will be presented in this chapter to evaluate the elemental composition,
mineralogical content, structural and morphological properties, respectively, of the resultant
silicon precursor @npared to aseceived CFA. Furthermore, an overview of the extraction
process will be presented along with sample yields for the synthesis e$ilighzeolites
(ZSM-5 and mordenite) and silicaliteusing this simplified procedure.
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4.2 Characterisation aTFA

As-received South African Arnot CFA was characterised by XRF;M3? XRD, FTIR and
SEM to determine the major and minor elemental composition as well as the mineralogical,

structural and morphological properties, respectively (as desdnt&zLtion 3.6).

4.2.1 Elemental analysis
The major elemental compositiqoalculated on a dry weight basig) asreceivedArnot
CFA was characterised by XRF spectroscofigf resultsare presented on a dry mass basis

aslisted in Table 4.1 with relative standard déiaa values reported.

Table4.1: Major elementatomposition(dry weight)of asreceivedArnot CFA characterised
by XRF spectroscopfn = 3).

Major elements wit% Relative standard deviation
Sio, 5650 0.14
Al,05 2758 0.16
Fe0; 6.02 0.13
CaO 562 0.02
TiO, 1.60 0.01
MgO 157 001
KO 057 0.01
P,Os 0.37 001
(\EXe) 0.10 0.00
MnO 0.05 0.00
Cr,03 0.02
Sum 100.00
SAR 1.02
L.O.l 7.43 0.42

The main oxide components presdant asreceived Arnot CFA ash were of silicon,
aluminium, iron and calcium, as listed in Table 4.1. CFA also contained a significant amount
of carbon and/or moisture; asdicated by the L.O.I value of43 wt% which signifies the

mass lost upon ignition at 100Q (Blissett al Rowson, 2012)As listed in Table 4.1, the

total content of silicon, aluminium and iron oxides was > 70 wt%. Arnot CFA may therefore
be classified as class F type fly ash. Arnot CFA also contained other elements in major and
minor quantities such as titaum, magnesium, potassium, phosphorous, sodium, manganese

and chromium.
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The trace elemental analysis ofraseived ArnotCFA was characterised by IGRS; results
are listed in Table 4.2.

Table4.2: Trace eémental composition of agceivedArnot CFA characterised by IGRIS.

Trace elements ppm Relative standard deviation
Ba 872.70 4.43
Sr 806.80 5.42
Zr 399.80 10.06
Ce 175.30 7.37
\% 119.70 0.11
Ni 87.30 2.61
La 86.45 5.87
Nd 66.60 7.32
Y 62.56 12.66
Zn 50.80 9.34
Pb 42.30 36.76
Cu 41.70 3.01
Th 34.08 5.63
Nb 29.64 12.36
Rb 28.01 1.90
Sc 27.50 3.44
Co 24.97 2.70
Pr 18.08 8.17
Sm 13.18 3.93
Gd 11.38 1.79
Dy 11.04 4.17
Hf 10.85 0.81
U 9.31 7.38
Er 6.26 4.73
Yb 5.98 7.45
Cs 5.38 6.38
Mo 4.28 3.59
Ta 2.36 12.32
Ho 2.21 6.39
Eu 2.20 6.73
Th 1.72 8.24
Tm 0.85 7.31
Lu 0.84 7.11
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As-received Arnot CFA contains a range of trace elements, as ilistble 4.2 Compared
to XRF analysis, the relativeandardieviationof trace elementdeterminedy ICP-MS was
relatively higher due to the small quantities in which these elements are present in CFA

which results in lower precision in analytical quantification of these elements

Some of the trace elements present in CFA are useful mistfigr plants (Cu and Zn), while

other trace elements such as Ni, Pb, Sr and Zr may be harmful to animal and plant life
(Shaheen et al., 2014). Of the 17 rarar t h el ement s (REEs) that n
such as Sc, Y and the lanthanide seriest¢llau), CFA contains 16 REEs as listed in Table

4.2 (highlighted in grey). The mamsnandtbeundant
least abundant REE is Tm (0.8pm) element (McLoed and Shaulis, 2018; Rudnick and

Gao, 2003). Comparedtotheetdr6s crust, CFA contains a rel a
listed in Table4.2) and may therefore serve as a source of REEs for extraction and industrial
utilisation. Similarly, the presence of trace levels of 16 REEs was observed in South African
Matla CFA Eze et al., 2013 CFA also contains elements Th and U in trace amounts; which

may decay to radioactive isotopes such as radium, radon and thaumn €t al., 2015

The controlled disposal of CFA is imperative to prevent environmental issuesadsd with

the release of harmful and toxic elements into the air, soil and sugadegroundvater.
However, the uncontrolled and excessive disposal of CFA may result in (i) pollution of water
bodies that affects aquatic life, (i) changes in soil bil, water retention, compaction of soll

and nutrient content of soil (which may affect plant and terrestrial life) as well as (iii) air
pollution caused by particulate matter (Heidrich et al., 2013; Shaheen et al.,, 2014;
Shoumkova and Stoyanova, 2012heTconversion of CFA into zeolitic materials may
therefore serve as a remediation method to alleviate the environmental impact associated with

large scale CFA disposal.
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4.2.2 Mineralogical analysis
The mineral content of agceivedArnot CFA was characteriseby XRD, as depicted in

Figure 4.1.
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Figure4.1: XRD diffraction pattern of aseceivedArnot CFA.

As-received Arnot CFA contained mainlyguartz and mullitemineral phases; difaction
peaks corresponding tmagnetite weralsoobserved in Figure 4.1. Theineral phase quartz

is made up of silicon oxide, while mullits an aluminosilicate mineral andagnetite is a
mineral made up of irofFell and Felll)oxides. Quartz and mullite are dense mineral phases
that typically require harsh conditions (such as high alkalinity and/or high temperature) for
the depolymerisation and dissolution of silicon and aluminium speblasrdzadanand
Raman, 19930jha et al., 2004; Wdowin et al., 2014)he mineralogical cdent of as
receivedCFA determined by XRIxorresponded well with the elemental composition of the

material (as observed by XRF in Table 4.1).

4.2.3 Structural analysis

The structural analysis of -asceived Arnot CFA was carried out by FTIR spectroscopy, as
depcted in Figure 4.2. The major mineral phases that constitute CFA, nagoelyfz and
mullite, are composed of silica and alumina tetrahedra with varying degrees of
polymerisation. Theefore the FTIRvibrational bands observed in Figure 4.2 ay&nly due

to T-O vibrational modes of these minerals (T represents either aluminium or silicon atoms).
Strong vibrational bands were observed at 445, 553, 778, 903, 995, 1090 aruii14656

Arnot CFA(Criado et al., 2007; Fernand@menez and Palomo, 2005vage 1999.
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Figure4.2: FTIR spectrum of aseceivedArnot CFA.

FTIR vibrational band assignments forraseivedArnot CFA are listed in Table 4.3.

Table4.3: FTIR vibrational band assignments ofraseivedArnot CFA.

Wavenumber (cif) Assignment
445 Si-O-T bending
553 Si-O-Al stretching (ullite)
778 . . .

Si-O-T symmetric stretching

823
903
995 Si-O-T asymmetric stretching
1090
1343 Bicarbonates
1405 Cabonates

Vibrational bands associated withQ vibrational modes were assigned as internal bending
mode (445%m?), symmetric stretching modes (5833cmi’) and asymmetric modes (903
1090cm™). The vibrational band at 823n* may also be due to the-8iH stretching
vibration. Vibrational bands observed at 445, 778, 823, 903, 995 and 10%0amem
associated with vibrational-O modes inquartz while the band at 553 c¢his associated

with vibratioral T-O modesn mullite (Criado et al., 2007; Fernanddmnenez and Palomo,
2005). The broad -D asymmetric stretching band at 1G86*, with a tail towards higher
wavenumbers, indicates the dense nature of silicate (and aluminosilicate) species present in
CFA (Boke et al., 2015; Livage, 1994Jhe strong vibational band observed at 1465
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was attributed to the presence of carbonate spatiédgnot CFA (in particular,carbon
oxygen bonds)while the weak band at 134&1* may be associated witlicarbonate species
(Miller and Wilkins, 1952).

4.2.4 Morphologicd analysis
The morphology of aseceived CFA was characterised by SEM, as depicted in Figure 4.3.

CFA
Mag 200x

o

Figure4.3: SEM micrograph of aseceivedArnot CFA.

As-received Arnot CFA consisted of relatively large,régularly shaped particles (60
175um) as well as spherical particles of varying particle size-404m), as depicted in
Figure 4.3. The morphology of CFA depends on the thermal processes that take place during
the combustion of coal; factors such as bastion temperature and pasimbustion cooling

rate all play a role in the resultant nature and morphology of CFA. The sroatgh
appearance of thesspherical particles in CFAs attributed to glastke aluminosilicate
coatings formed during the condiion process (Blissett and Rowson, 2012; Franus, 2012).

4.3 The preparation of the silicon extract from CFA

In this section, the preparation of the silicon extract (FASE) from CFA (as described in
Section 3.3)will be discussed. The extraction process invdlweagnetic separation of iron
containing species from CFA resulting in the magnetic fraction (MF) andmagmetic
fraction (NMF). The FASE material was then prepared by-tewwperature reflux of the
NMF material with a NaOH solution, which yielded a salesidue (SR) and filtrate. The
filtrate was subsequently used to precipitate the FASE material ,8{,Haddition. The
characterisation of extraction products by XRF, 4@B, XRD, FTIR and SEM will be
discussed in this section, to monitor changes in temehtal, mineralogical, structural and

morphological properties of the material.
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4.3.1 Magnetic separation of irecontaining components from CFA

The magnetic separation of ir@montaining minerals from CFA was carried out by using a
simple method, as describ&u Section 3.3.1High levels of iron in the synthesis solution
have been reported to cause the inhibition of zeolite BSdrystallisation (Li et al., 2013;
Zhang et al., 2003). The magnetic fraction (MF) and-magnetic fraction (NMF) collected
after he process was characterised by XRF,-M®, XRD, FTIR and SEM to evaluate the

separation process.

4.3.1.1 Elemental analysis

The major elemental composition (calculated on a dry weight basis) of the NMF and MF
material was characterised by XRF spectroscopy;lteesare listedin Table 4.4 The
enrichment factor (EF) for each element was calculated (according to Equation 4.1) relative
to the concentration of the element in the starting material (CFA); these results are also listed
in Table 4.4.

Qo

s s s DO DE O @
0t I"AEQAO WO A0 56 6 o 05441

Table4.4: Major elemental compositiaary weight)and enrichment factors (EF) for each
elementof the noAamagneticand mageticfraction of CFA characterised by XRF
spectroscopyn = 3)

Non-magnetic fraction Magnetic fraction
Major elements wt% Rel?jté\(/?a?its:darc EF wt% Relecljté\\/lciaa?it:r?dard EF

Sio, 57.88 0.31 1.02 3106 2.32 055
Al,O5 29.86 0.36 1.08 1488 1.02 054
FeOs; 2.70 0.09 045 4557 3.69 757
CaO 5.24 0.12 0.93 484 0.12 0.86
TiO, 1.66 0.01 1.04 0.94 0.06 0.59
MgO 152 0.02 0.97 1.89 0.02 1.20
K,0 061 0.00 1.06 0.28 0.02 048
P,O5 0.37 0.00 101 0.29 0.01 0.80
Na,O 0.09 0.01 0.95 0.03 0.01 0.35
MnO 0.04 0.00 0.83 0.19 0.01 3.64
Cr,0s 0.02 0.00 0.89 0.02 0.00 1.04
Sum 100.00 - - 100.00 - -
SAR 0.97 - - 1.04 - -
L.O.l 8.03 0.20 - 0.40 0.28 -
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The main constituents of the NMF material were ;Sa@d ALOs (> 70 wt%), as listed in

Tabe 4.4.The elements Si, Al, Ti, K and P exhibited an EF > 1, which illustrated that these
elements were enriched in the NMF compared to the starting material (CFA). On the other
hand, other elements (such as Fe, Ca, Mg, Na, Mn and Cr) with an EF < fedigced in
concentration in the NMF compared to CFA. The MF material consisted of mainly iron
oxides (45.57 wt%) as well as SI(B1.06 wt%) and AlO; (14.88 wt% that may have
adhered to the magnetic particles during the separation process. Most efribatsl(such as

Si, Al, Ca, Ti, K, P and Na) were reduced in the MF material compared to CFA, while other
elements (such as Fe, Mg, Mn and Cr) were enriched in the MF material compared to CFA.
The elements Fe (EF = 7.57) and Mn (EF = 3.64) were highlghadiin the MF material
compared to CFA. These results illustrated that the majority of the iron oxide minerals were
therefore easily separated into the MF material froaeasived CFA during this simple
magnetic separation process, resulting in the NMitemal that is largely free of iron oxide

minerals.

The trace elemental composition of the NMF and MF materials was analysed-MSCas

listed in Table 4.5. The enrichment factor (EF) for each trace element was calculated
(according to Equation 4.1kelative to the concentration of the element in the starting
material (CFA); results are listed in Table 4.5. Most of the trace elements in the NMF
material (such as Ba, Sr, Zr, La, Nd, Y, Zn, Pb, Cu, Th, Nb, Rb, Sc, Pr, Sm, Gd, Dy, Hf, U,
Er, Yb, Cs, Mo, &, Ho, Eu, Tb, Tm and Lu) exhibited an EF > 1, which illustrates that these
elements were enriched in the NMF material compared to CFA. Other trace elements (such as
Ce, V, Ni and Co) exhibited an EF < 1, which illustrates that these elements were lieduced
concentration in the NMF material compared to CFA. Therefore, the majority of REEs (with
the exception of Ce) were enriched in the NMF material by using the simple magnetic
separation process to remove the ioomtaining mineral phases (i.e. the MF aratl) from

CFA. Further mor e, c onnpREEeahtent af NMFhmaterialastighty6 s cr
enriched (Rudnick and Gao, 2008).the MF material, most of the trace elements (such as
Ba, Sr, Zr, Ce, La, Nd, Y, Pb, Th, Nb, Rb, Sc, Pr, Sm, Gd,HdyEr, Yb, Cs, Ta, Ho, Eu,

Thb, Tm and Lu) exhibited an EF < 1, which illustrates that these elements were reduced in
concentration in the MF material compared to CFA. On the other hand, trace elements such
as V, Ni, Zn, Cu, Co, U, Mo exhibited an EF >wlhich illustrates that these elements were

enriched in the MF material compared to CFA. It is noteworthy that the MF material
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contained highly enriched levels of the transition mefa4EF = 2.98), Ni (EF = 2.10), Mo

(EF = 1.91), Zn (EF = 1.57) and CuKE 1.41). The magnetic separation process may
therefore serve as a simple procedure for concentrating REEs into the NMF material, while
concentrating a specific set of transition metals (such as Fe, Mn, Co, Ni, Mo, Zn and Cu) into

the MF material.
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Table4.5: Traceelemental compositioand enrichment factors (EF) for each elenwdrihe
nortmagneticand magnetiéraction of CFA characterised bi/CP-MS (n = 3)

Non-magnetic fraction Magnetic fraction
. Relative
comens P evadon  EF ppm  standard EF
eviation
Ba 91300 787 1.05 74390 1890 0.85
Sr 83850 8.20 1.04 60537 2115 0.75
Zr 42297 8.09 1.06 26740 2270 0.67
Ce 18813 1.23 0.94 11657 6.23 0.66
\% 11907 164 0.99 12610 331 1.05
Ni 6230 1.98 0.71 18347 10.72 210
La 9290 1.04 1.07 56.85 208 0.66
Nd 7067 1.02 1.06 4470 222 0.67
Y 6791 0.49 1.09 4598 122 0.73
Zn 5920 0.88 1.17 79.70 475 157
Pb 5000 141 1.18 2649 227 0.63
Cu 4797 4.06 1,15 5883 1601 141
Th 3749 053 110 2099 0.81 0.62
Nb 3189 0.65 1.08 1881 111 0.63
Rb 3034 043 1.08 1411 0.94 0.50
Sc 30.77 0.16 112 2216 0.93 0.81
Co 2196 0.52 0.88 7437 437 2.98
Pr 1948 0.10 1.08 1210 0.63 0.67
Sm 1378 047 1.05 8.78 0.62 0.67
Gd 1248 052 1.10 8.29 051 0.73
Dy 1219 0.12 1.10 7.96 0.39 0.72
Hf 1145 0.19 1.06 743 053 0.68
U 9.70 0.19 1.04 9.59 017 1.03
Er 6.88 0.15 1.10 462 0.24 0.74
Yb 6.26 0.11 1.05 437 0.35 0.73
Cs 5.84 0.06 1.09 240 0.25 045
Mo 428 0.28 1.00 8.19 0.39 191
Ta 254 0.02 1.08 137 011 0.58
Ho 242 0.04 1.10 157 0.12 0.71
Eu 255 0.04 1.16 167 0.11 0.76
Th 1.88 0.02 1.09 123 0.04 0.72
Tm 0.95 0.01 112 0.63 0.02 0.74
Lu 0.93 0.04 1.10 0.61 0.02 0.73
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4.3.1.2 Mineralogical analys

The mineralogical content of aeceived CFA, MF and NMF was characterisedd®D, as

depicted in Figure 4.4.
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Figure4.4: XRD diffraction patterns foArnot CFA, magnetic fraction and nemagnetic
fraction generated by magnetic separation.

The NMF material consisted of mainly quartz and mullite, as depictétjure 4.4,which

compares well with the mineral content ofraseived CFA. However, the presence of the

diffraction peak associated with magtetivas still present in the NMF material. The MF

material consisted of iron oxide minerals, magnetite (Fell and Felll) and hematite (Felll)

(Ojha etal., 2004; Wdowin et al., 2014), as well as quartz and mullite minerals (which may

have adhered to the maait particles during the separation process).

4.3.1.3 Structural analysis

The structural analysis of CFA, NMF and MF materialasvweharacterised by FTIR

spectroscopy, as depicted in Figure 4.5.
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Figure4.5: FTIR gectra ofasreceivedArnot CFA, magnetic fraction and nemagnetic

fraction generated by magnetic separation.
FTIR vibrational bands, observad Figure 4.5, for CFA, NMF and MF materials were
similar due the presence wérioussilicate specie¢of the sme degree of polymerisatiom)
these materials. FTIR vibrational band assignments for CFA, NMF and MF materials are
summarised in Table 4.6.

Table4.6: FTIR vibrational band assignmentsasireceived ArnoCFA, magnetic fraction
and noamagnetic fraction generated by magnetic separation.

Wavenumber (cif)

Arnot CFA Non-magnetic fraction Magnetic fraction Assignment
Si-O-Si bending

445 445 445 Fe-O stretching (Felll)
Si-O-Al stretching (nullite)

553 553 554 Fe-O stretching (Felll)

778 778 772 _ . .
Si-O-T symmetric stretching

823 821 821

903 903 903 ) _

995 995 991 SI-O-T asyr_nmetnc

stretching

1090 1084 1090

1343 1346 1345 Bicarbonates

1405 1405 1405 Carbonates
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The presence of iron oxide was not cleatétected by IR. FTIR vibrational bands for-Be
stretching modes in iron (I1l) oxide species in hematite and magnetite typically appear at 445
and 55%m?, which corresponds to the-8T bending and SD-Al stretching vibrational
modes associated with @iz and mullite (Nasrazadani aRdman, 1993; Ojha et al., 2004

4.3.1.4 Morphological analysis

The morphology of the MF and NMF materials generated by the magnetic separation process
was characterised by SEM and compared to that-oé@svedArnot CFA, as defted in

Figure 4.6.
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Figure4.6: SEM micrograph of aseceivedArnot CFA, Magnetic fraction and Nemagnetic
fraction generated by magnetic separation.
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As expected, the morphology of the NMF material warsgarable to the morphology of-as
received Arnot CFA, both spherical and irregularly shaped particles were observed in Figure
4.6. The morphology of the MF material also resembled that of CFA, this is due to the
presence of a significant amount of quarizthe MF material (as determined by XRD in
Figure 4.4. The presence of aggregated, -tb@ structures (thought to be iron oxide
particles) on the surface of CFA particles in the MF material ots®rved in Figure 4.6
Furthermore, the presence of larjellow-sphere CFA particles containing relatively smaller
CFA particles (some of which may be magnetic particles) was also observed in the MF
material. Thesdactors may account for the significant amount of silicon oxide (quartz)
observed in the magnetiaction of CFA @sdetermined by XRF and XRih Table 4.4 and
Figure 4.4, respectively).

Semiquantitative EDS analysis was carried dot determine the average elemental
composition of aseceivedArnot CFA, MF and NMF materials; 10 spots were analysed i
different sites of the samples and results are listed in Table 4.7. The elemental composition of
CFA and NMF were relatively similar, as depicted in Table 4.7, with the exception of iron
and titanium that was reduced in the NMF material. The main aogists of the MF material

were iron, silicon and aluminium. These results correspond well with the major elemental

composition determined by XR$pectroscopyas listed in Table 4.4).

Table4.7: Average element composition of aseceivedArnot CFA, Magnetic fraction and
Non-magnetic fraction generated by magnetic separation characterised by EDS (10 spots).

Average elemental composition (wt%)
Element CFA Non-magnetic fraction Magnetic fraction

Si 47.04 54.35 29.63
Al 34.51 33.11 18.71
Fe 6.17 3.24 40.97
Ca 5.95 4.77 7.43
Ti 4.14 2.89 0.93
K 1.28 1.08 0.22
Mg 0.70 0.55 1.94
S 0.20 - 0.07
Na - 0.10

During the magnetic separation progeks majority of iroacontaining mineral phases were

removed fom the bulk of the CFA to yield the NMF material. However, the presence of
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some silicorcontaining minerals was observed in the MF material. &tlkerenceof
magnetic particles to silicecontaining minerals may have been a contributing factor to this
effect, as discussed previously. The magnetic separation process resulted in a high mass yield
of the NMF material (~91.86) and a relatively lower mass yield of the MF material
(~8.4%), which corresponds to an Fe recovery of 88.G he efficiency of the iro removal
process in this study was therefore improved compared to a study in literature, which
reported an Fe recovery of 26 from South African CFA using a similar magnetic
separation process (Sedres, 2018pwever, ahighly efficient magnetic separati was
reported by Gilbert, (2013) using similar methodology, with an Fe recovery &6.82
Repeated magnetic separatiandbr further washing of the MF material may reduce the
amount of silicon in the MF material and improve the Fe recovery. The MF alatexy be
utilised for the recovery of iron for the preparation of raoa, for example, as reported in
literature (Gilbert, 2013). However, this was not within the scope of this study. The NMF

material was used in subsequent experiments for the eatradtsilicon.

4.3.2 Extraction of the silicon precursor (FASE) fradfrA

The extraction of silicon (for zeolite synthesis) from the NMF material of CFA was carried
out by lowtemperature reflux under alkaline conditions, followed by filtration to collect the
dissolved silicate species armibsequent precipitation to form the solid siliemmtaining
precursor (FASE), as described in Section 3.3.2. The prodiithe silicon extraction such

as FASE and the solid residue (SR) were characterised by XRAIMEZIXRD, FTIR and
SEM.

4.3.2.1 Elementaknalysis

The major elemental composition (calculated on a dry weight basis) of the FASE and SR
material collected after silicon extraction was characterised by XRF spectroscopy and EF
values for each element was calculated acogrth Equation 4.1 relative to CFAesults are

listed in Table 4.8.
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Table4.8: Major elemental compositiafury weight)and enrichment factors (EF) for each
elementof the fly ash silicon extract and solesidue characterised by XRF spectrosoopy

= 3).
Fly ash silicon extract Solid Residue
Major elements wit% Reladt‘ia\(/ei:afitg:dard EF wit% thzlr?ctilz:\/r% EF
deviation
SiG, 70.70 250 125 4002 0.97 071
Al,O; 049 0.14 0.02 26.83 121 0.97
Fe0s 0.02 0.01 0.00 219 0.04 0.36
CaO 0.05 0.02 001 492 0.03 0.88
TiO, 0.07 0.02 0.05 150 0.06 094
MgO b.d.l b.d.l 0.00 1.39 0.03 0.88
K.0 045 0.11 0.78 0.39 0.07 0.68
P,Os 0.03 001 0.09 0.13 0.00 0.35
N&0 2818 156 29525 2256 127 23637
MnO b.d.l b.d.l 0.00 0.04 0.00 0.77
Cr,04 b.d.l b.d.l 0.00 0.02 0.00 0.89
Sum 100.00 - 100.00
SAR 71.66 - 0.75
L.O.l 7.23 2.18 18.59 1.12

*b.d.IT7 below detection limit®f instrument

Both the FASE and SR materials were highly hygrpgcan nature as indicated by the
significant L.O.l values of 7.23 and 18.%8%, respectively, as listeth Table 4.8.The

FASE material was composed of mainly silicon and sodium oxides (70.70 andn2%18
respectively) with a low aluminium oxide conte(0.49wt%). The FASE material also
contained 0.4%1% of potassium oxide, while other oxides were below the detection limits of
the instrument or present in very small quantities. The main element enriched in the FASE
material (by the alkaline activaticend precipitation of silicon process) was Si with an EF
value of 1.25, as listed in Table 4.8. It is noteworthy that Na exhibited an EF value of ~295,
due to the addition of NaOH during the alkaline reflux process. The other elements (such as
Al, Fe, Ca,Ti, Mg, K, P, Mn and Cr) were reduced in the FASE material compared to CFA
(most of which exhibited EF values << 1). It is noteworthy that the FASE material is nearly
free of iron (0.02vt%) and aluminium (0.4@1%), as listed in Table 4.8, with a SAR valu

of ~72 that makes it a suitable feedstock for Fsdita zeolite synthesis.

The SR material was composed of mainly silicon, aluminium and sodium oxides (40.02,

26.83 and 22.561t%, respectively) and also contained a considerable amount of calcium
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oxide (4.92wt%). The SR material was also highly enriched with Na (EF value of ~236) due
to the addition of NaOH during the alkaline reflux process. The SAR value of the SR material
was 0.75, which makes the SR material a suitable material for the synthagisnofium

rich zeolites such as zeolite A, X and sodalite. As listedable 4.8,most of the major
elementdrom the NMF material (such &d, Ca, Ti, Mg, K, Mn and Crwereretainedn the

SR materiglwhile most of these elements weasrcluded from tB FASE material opresent

in very small quantities.

The alkaline reflux process therefore yielded a highly siliceous material (FASE) that was
mainly composed of the element of interest (namely silicon) and was nearly free of
aluminium and iron. The FASHEaterial also exhibited a relatively high SAR value of ~72,
which is more than 70 times the SAR value of CFA (as listed in Table 4.1). This is important
to enable easy tailoring of the molar composition of synthesis mixtures that may utilise a
CFA-derivedsilicon feedstock; particularly in the case of hgjlica zeolitesThe dissolution

and precipitation of the FASE material from the NMF usingrtiatively low-temperature

alkaline reflux method was therefdireought to besuccessful.

The trace elemeat composition of the FASEand SR material collected after silicon
extraction was analysed by IQ®WS, as listed inTable 4.9 The EF value for each trace
element was calculated (according to Equation 4.1) relative to the concentration of the
element in thestarting material (CFA); results are listed in Table 4n9general, the trace
elemental composition of the SR material was relatively high compared to the trace elemental
composition of the FASE material, as listedTable 4.9.In the FASE material, pacular

trace elements such as Dy, Er, Eu, Gd, Nd, Sm, Thb, Tm and Yb were below the detection
limits of the instrument. However, it is noteworthy that most of the trace elements exhibited
an EF value < 1 for both the FASE material and the SR materialatechpo CFA, with a

few exceptions. In the SR material, trace elements such as Zr and REEs (Ce and Hf) were
enriched compared to CFA (with an EF >1), as listed in Table 4.9. It is noteworthy that these
trace elements (Zr, Ce and Hf) were also enrichelenrSR material compared to the NMF
material. These results illustrate that most of the trace elements present in the NMF material
were retained in the SR material in comparison to the FASE material. However, these trace
elements may also have been presenthe filtrate generated during precipitation of the

silicon feedstock (FASE). The SR material contains relatively enriched levels of REEs
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compared

to the

eart hos

crust

REEs was observed for thMF material, as listed in Table5.

(Rudni ck

Table4.9: Traceelemental compositioand enrichment factors (EF) for each elenwhe
fly ash silicon extract and solid residue weasiracterised b)CP-MS (n = 3)

Fly ash silicon extract

Solid residue

Trace Relative standard Relative standard
elements bpm deviation EF ppm deviation EF
Ba 47.60 1140 0.05 75140 3046 0.86
Sr 3.76 0.94 0.00 68827 3505 0.85
Zr 8440 8.20 0.21 49267 2016 1.23
Ce 057 0.02 0.00 25913 18.13 148
Vv 28,55 6.95 0.16 28.01 156 0.16
Ni 6.05 0.16 0.05 4857 267 041
La 0.10 0.00 0.00 7537 453 0.86
Nd 0.00 0.00 0.00 5773 3.37 0.67
Y 0.09 0.04 0.00 56.06 3.84 0.84
Zn 5765 3335 092 3033 352 048
Pb 3820 0.20 0.75 20.73 6.82 041
Cu 1048 153 0.25 4116 496 0.97
Th 0.03 0.00 0.00 3035 2.20 0.73
Nb 212 1.05 0.06 2514 1.37 0.74
Rb 1391 3.15 047 9.26 0.85 031
Sc 348 0.38 0.12 2393 1.03 0.85
Co 0.59 011 0.02 16.72 1.00 061
Pr 001 0.00 0.00 1589 0.97 0.64
Sm b.d.l bd.l 0.00 1109 0.69 061
Gd b.d.l b.d.l 0.00 1009 0.58 0.77
Dy b.d.l b.d.l 0.00 1005 0.46 0.88
Hf 2.16 0.18 0.20 1298 062 118
u 1.68 0.90 0.15 7.29 0.94 0.67
Er b.d.l b.d.l 0.00 5.70 0.31 061
Yb b.d.l b.d.l 0.00 5.38 041 0.86
Cs 201 0.59 0.34 133 0.36 0.22
Mo 1.09 0.35 0.20 0.96 0.13 0.18
Ta 0.35 0.14 0.08 197 0.12 046
Ho 001 0.00 0.00 1.88 0.18 0.80
Eu b.d.l b.d.l 0.00 207 0.17 0.94
Th b.d.l b.d.l 0.00 155 0.09 0.70
Tm b.d.l b.d.l 0.00 0.83 0.05 049
Lu 0.02 0.00 0.02 0.80 0.07 0.93
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The lowtemperature, alkaline reflux method for the preparation of a silicon precursor
material (for utilisation in zeolite synthesis) therefore serves as a dissolution step (for quartz
and mullite mineral phases in the NMF matéria$ well as a purification step (by which
many impurities from CFA are excluded from the silicon precipitate formed during the

silicon extraction process).

4.3.2.2 Mineralogical analysis
The mineral content of the products of the silicon extraction process (BA&ESR) were

characterised b}RD, as depicted in Figure 4.7, and compared to the NMF material.

’ M - Mullite Mag - Magnetite S - Sodalite T - Thenardite Q - Quartz ‘

Fly ash silicon extract (FASE)

T T T

S Solid residue (SR)
M M| s M Qs sQ

Intensity (a.u.)
o
[92]
wn

Non-magnetic fraction (NMF)

26 (°)

Figure4.7: XRD diffraction patterns of fly ash silicon extract and solid residue generated
during the silica extraction procedsom the NMF material

As depictedin Figure 4.7, the FASE material consisted of amorphous silica (observed
between @ values of 15 and 3% as well as the crystalline mineral phase Thernadite
composed of N4SQ,) (Brichni et a., 2016; Lafuente et al., 2015)he presence of
Thernadite is as a result of the precipitation of the FASE material from a high sodium,

aqueous alution by using HSQ,. The diffraction pattern of the SR material (that remained
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after the silicon extraction process) mainly contained diffraction pealé\atiZes of ~13.9,

24.3, 31.5, 34.6, 37.7 and 42.8orresponding to syntheticodalite as well & minor
diffraction peaks associated witluartzand mullite (Criado et al., 2007; Fernand@immenez

and Palomo, 2005[reacy and Higgins, 200.7This indicates thauartzandmullite present

in the NMF material of CFA was highly susceptible to dissofutiader the alkaline, reflux
conditions used in this study (18C for 24 hours)and could also be directly converted to a
low-silica zeolite such as sodalit€he maee soluble siliate (and alumimsilicatg species
dissolved into aqueous solution and vpascipitated to yield the FASE material containing
mainly amorphous silica, while other silicon species remaining in the solid residue underwent
further dissolution and condensation reactions during the alkaline, reflux process (as

described irSection 33.2)to yield te crystalline gdaliteproduct

4.3.2.3 Structural analysis
The structural analysis of NMF, FASE and SR materials were characterised by FTIR

spectroscopy, as depicted kigure 4.8 which shows (a) full FTIR spectra as well as (b) a

closer look athe wavenumber range corresponding to asymmetri€alsiretching bands.

(a) (b)

] Fly Ash Silicon Extract

“|Fly Ash Silicon Extract

937

1Solid Residue
1073

26 662 710 1076 |solid Residue

936 981

Transmittance (a.u.)

1076

Transmittance (a.u.)

Non-magnetic fraction

] 1346 836981
W/ Non-magnetic fraction
{225 553 778 go3 995 1405

1084

903 995 15,
400 6(I)0 860 10|00 12|oo 14|oo 800 960 10100 11|oo 12|oo 13|oo
Wavenumber (cm™) Wavenumber (cm”)

Figure4.8: FTIR spectra of Nomagnetic fraction, Fly ash silicon extract and Solid residue
generated during the silicon extractismcesga) 1400400cm™* and (b) 1306800cm™.

The FASEand SR materials exhibited FTIR vibrational spectra that were different from that

of the NMFmaterial, aslepicted in Figure 4.8he presence of carbonate species (1t6%)
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was the main similayt observed in these materials. This illustrates a significant change in
the structural order ddilicate and aluminosilicate species in these materials; these differences
are clearly illustrated in Figure 4.8 (b) which shows the presence of different atycaiil-

O stretching bands. FTIR vibrational band assignments are listed in Tahle 4.10

Table4.10: FTIR vibrational band assignments of Nmagnetic fraction, Fly ash silicon
extract and Solid residue masds.

Wavenumber (cf)

Non-magnetic fraction Fly ash silicon extract Solid residue Assignment
445 454 426 Si-O-T bending
553 - - Si-O-Al stretching (nullite)

662

778 778 710 Si-O-T symmetric stretching
821
903 937 936 S O;Z%ri':]rget”c
995 - 981 Si-O-T asymmetric
1084 1073 1076 stretching
1346 1346 1346 Bicarbonates
1405 1405 1405 Carbonates

The FASE material contained four main vibrational baaidd54, 778, 937 and 108&i".
These vibrational bands are all attributed T-O vibrational modes in amorphous silica
present in the FASE material. The vibrational band ato#$4 is attributed to bending
vibrations in FO bonds, while the vibrational band at #8' may be due to SDH
stretching or symmetric -D stretching.The broad, asymmetric-O stretching vibrational
ranging between wavenumbers of 1250 and@abindicates the presence of silicate species
of varying degrees of polymerisation in the FASE materiadlegécted in Figure 4.8 (bYhis
broad vibrational bad was centred at 1028n*, which indicates that mainly SiO(OH)
silicate species are present in the FASE material (Silva et al., 2012; Yang et al., 2@08). T
mediumvibrational band at 93Zm™ is associated with asymmetric stretching’é®H bonds

in relatively less condensed silicate species such as monomeric Sgiddje species (Silva
et al., 2012).

As observedn Figure 4.8, the SR material contained five main vibrational bands at 426, 662,
710, 936, 981 and 10%@n'. The TO bending (42&€m), T-O symmetric stretching

(662cmt) and FO asymmetric stretching (98B)76cm™) vibrational bands were observed
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for the SR material. These bands appeared at a relatively lower wavenumber in the SR
material due to the presence of aluminium in thisemailt (Fernandedimenez and Palomo,
2005). The FTIR vibrational spectrum of the SR material was similar to thsadadite
reported in literature (Criado et al., 200V)brationalbands observed in the SR material are
therefore mainly attributed to-O vibrational modes in sodalite and to a lesser extent quartz,

since the 1076m* vibrational band was weakened as observed in Figure 4.8 (b).

4.3.2.4 Morphological analysis

The morphology of th&ASE and SR materials generated by tlsdicon extractionprocess
wascharacterised by SEM and compared to that of the NMF material, as depicted in Figure
4.9.
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Figure4.9: SEM micrograph of Nomagnetic fraction, Fly ash silicon extract and Solid
residue.

The morphology othe FASE material was irregular in shape and varying particle sizes were
observed, as depicted in Figure 4.9. The relatively larger FASE partiel#30 (i) were
composed of agglomerated smaller particles-(03um). The SR material exhibited the
typicd morphology of sdalite. A closer look at the morphology of the SR maté¢sdalite)

is depicted in Figure 4.10.
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Figure4.10: SEM micrograph othe Slid residuematerial att000x magnification
As depctedin Figure 4.10, th&R material consisted of intergrown platelets that agglomerate
in a sphericamanner (Li et al., 2015; Luo et al., 2016; Reyes et al., 201I®)se sodalite
particles exhibited an average particle size of 4817 confirming the atect formation of a
zeolite mineral phase. Semuantitative EDS analysis of the NMF, FASE and SR materials
were carried out; results are listedTiable 4.11.

Table4.11: Average elemental composition oEthNonrmagnetic fraction, Fly ash silicon
extract and Sati residue characterised by EQI® spots).

Average elemental composition (wt%)
Element Non-magnetic fraction | Fly ash silicon extract Solid residue
Si 54.35 69.92 30.55
Al 33.11 0.22 25.81
Ca 3.2 - 7.44
Fe 4.77 0.06 3.97
Ti 2.89 - 2.67
K 1.08 0.24 0.05
Mg 0.55 - 1.50
S - 9.45 -
Na - 20.12 27.72
Zr - - 0.29
SAR 1.6 317.8 1.2
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The FASE material was mainly composed of silicon and sodium, asilisteable 4.11The
presence of a minor qoaty of sulphur in the FASE material was detected by EDS; this may
indicate the presence of sulphates in this material due to the precipitation of the silicon
feedstock (FASE) using sulphuric acid. The SR material contained mainly silicon, aluminium
and ®dium, which is typical of zeolitic materials. The presence of other elements in the SR
material such as Ca, Fe, Ti, Mg, Zr and K were also detected by EDS. The SR material
possessed a SAR value of 1.2, which compares well with the SAR value of sdd@jite (
reported in literatureg(Herreros et al., 1994; Treaggnd Higgins, 2007). Compared to
elemental analysis carried out by XRF (as listed in Table 4.8), the average elemental
composition determined by sewmuantitative EDS corresponded reasonably wellnfiajor
elements; differences observed between the two analytical techniques are thought to be due to
the relatively lower sensitivity of the EDS technique compared to XRF spectroStmse
results llustrate that the loviemperaturgalkalinereflux mettod (150°C for 24 hourshot

only directly yielded a zeolite product (namely sodalite) but was also suitabléthe
preparation of the silicon extract that is highly siliceous and free of most of the other
componats of CFA. It is noteworthy that this nmetd does not require the use of the
additional oxalic acid purification step for the preparation of a highly siliceous CFA silicon
extract (Missengue et al., 2017; Missengue, 2018; Ndlovu, 2Bu&hermore, the utilisation

of the hightemperature, alkale activation fusion step or the addition of an aluminium

source was not required for the crystallisation of zeolite sodalite.

Compared to standard silica sources used in zeolite synthesis (such as sodium silicate
solution, fumed silica and Ludox A& coloidal silica), the FASE material contained
relatively high Na content and was composed of relatively large silica particles. Sodium
silicate solution is prepared by the dissolution of a silica source in an alkaline solution and
typically contains high sta content (45.Wt%) and varying sodium content (50 wt%)
depending on the method of preparation. Fumed silica consists of amorphous silica particles
with high purity (99.8v%) and an average particle size of 0012um. Colloidal silica

(such as Ldox AS40) is made up of a ~40t% silica suspension in deionised water and
contains less than 0.1@% Na and 0.02vt% sulphatesthe colloidal silica particles exhibit

an average patrticle size of-2@ nm (Isa et al., 2018; Iwakai et al., 2011; Kamihkt 2015;
Krznaric et al., 2003; Mitra et al., 2002).
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The particle size of the FASE material compares well with that of fusiied. However,

FASE particles were present as large agglomewadteslatively small particles which may
affect the rate of Bca dissolution. Consequently, the rate of crystallisation of zeolites from
this CFAderived silicon precursor may be affected. Furthermore, the high Na content in the
FASE material may also influence zeolite crystallisation process. Nevertheless, tBe FAS
material contains high silica content and is derived from a waste material (CFA) which makes
it a favourable starting material for potential utilisation in the synthesis ofdiligh zeolites

such as ZShb and mordenite as well as silicalite
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4.4 Process overview and zeolite yieldsom the conversion of fly ash derived silicon
extract to higksilica zeolites

In this section, the preparation of the FASE material (that will serve as a silica source for
zeolite synthesis presented in subsequent chagters) CFA will be compared to other
silicon extraction methods utilised for the synthesis of dugtity zeolites from CFA. An
overview of the conversion of CFA to pure, higitica zeolites (further discussed in Chapter

5 and 6) and lovpurity sodalite isillustrated in Figure 4.11.

Coal Fly Ash
(CFA)
H0 >
. . Magnetic
Magnetic Separation Fraction (MF)
Non-magnetic
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Figure4.11: An overview of the conversion of CFA to higilica zeolite via lowtemperature
silicon extraction.
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Under the conditions utilised in this study, a highly siliceextsact was prepared from CFA

by a relatively lowmtemperature alkaline reflux for potential utilisation in the synthesis of
high-silica zeolitic materials such as zeolite mordenite (Chapter 5) as well as5Z&id
silicalite-1 (Chapter 6), as depicten Figure 4.11 The solid residue collected by filtration

after the lowtemperature alkaline reflux treatment was observed to beloity sodalite.
Sodalite is a smafpore zeolitic material that has application in cation exchange as well as
gas adsorptionHenmi, 1987.Li et al., 2015; Luo et al., 201&houmkova and Stoyanova,
2013. Sodalite synthesised in this manner contained a range of elements am liBabde

4.8 and 4.9which may influence the application of this material. This material is theerefo
thought to be more suited to gas adsorption applications where contamination of the gas feed
stream i s not l i kely to occur . The direct
this process for silicon extraction from CFA (for higitica zeolte synthesis) an almost zero
waste method. Further optimisation of the direct conversion of CFA to sodalite may be useful
for the preparation of pure phase sodalite; however, this aspect fell outside the scope of this

study.

The FASE material was furthetilised as a silicon precursor in the synthesis of {sidjba

zeolites (to be presented in detail in Chapter 5 and 6). A sample material of each synthesised
zeolite (see Chapter 5 and 6) was chosen to calculate the zeolite yield (in grams per kg of
CFA) and percentage zeolite yield (based on S#&dded to the synthesis mixture as the
FASE material) according to Equation 4.2 and Equation 4.3, respectieslyts are listeth

Table 4.12.

GQE Ao Qi Qg ome o d P 1Y og Ed(42)
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Table4.12: Zeolite yields for highksilica zeolites (per kg dCFA and based on Sinpuf)
synthesised from FASE.

Zeolite (sample code) Zeolite yield % Zeolite_yi.eld
(g/kg CFA) (based on Si@input)
Zeolite ZSM5 (Zeo03 162 64
Zeolite nordenite Morl7) 94 37
Zeolite mordeniteseededNlor38) 102 40
Zeolite nordenitetemplated or55) 157 62
Silicalite-1 (Sil01) 95 37
Sodalite (SR) 972 ~100

The percentage zeolite yield (based on,Sifput) ranged between 37 and 190 as listedn

Table 4.12The conversion of Sigxo sodalite is reported as ~100 %, since a minor quantity

of unconverted quartz was still present in the material. On the other hand, the conversion of
SiO, (from the FASE material) into higsilica zeolites was relatively low (354 %). In

some cases @f example Morl7, Mor38 and silicalife synthesis) a substantial amount of
SiO, wastage occurred. In the case of mordenite synthesis, this may be attributed to the low
aluminium content of the FASE material. In the case of Mor38 synthesis, the addgeedof
crystals did not have a significant impact on the zeolite yield. It is noteworthy that the
presence of an OSDA agent in the synthesis mixture improved the conversion process (of
FASE to zeolites) and enhanced the percentage zeolite yield for zeolitkenite Mor55

(62%) as well as zeolite ZS¥ Zeo03 (646). OSDA agents have an important role in
zeolite synthesis; these compounds are responsible for the organisation of silicon and
aluminium oxide tetrahedra into specific building units for zeoltemftion Burton and
Zones, 2007)Yu, 2007. In this study, increased feedstock (Sif@m FASE) utilisation
occurred as a result of the presence of an OSDA agent in the synthesis mixture.

In terms of CFA utilisation and conversion, the yield of ksgita zeolites is low (9462

g/kg CFA) compared to the yield of sodalite (972 g/kg CFA)plaserved in Table 4.12.
Compared to literature, the yield of highlica zeolites with high purity from the CFA
derived FASE material is relatively low compared te thield of lowsilica zeolites
synthesised from CFA. Higher zeolite yields (8D g/kg CFA) have been reported for the
synthesis of zeolites A, P and X from CFA by using solid alkali fusion at high temperatures
(830-850°C) for the preparation of a clesolution containing silica and alumina, which was

subsequently utilised in zeolite synthesis (Yaping et al., 2008). Thigdngberature method
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for the conversion of CFA to zeolites is more suited to the preparation dfilioa zeolites,
since the cleasolution contains high aluminium content and would require further processing
for utilisation as a starting material in highica zeolite synthesis. The yield of higlhrity
zeolite P synthesised from CFA in a bstep process using letemperature siton
extraction was reported as 8&g CFA (Hollman et al., 1999). This letemperature process

is more comparable to the silicon extraction process utilised in this study and the yield of
high-purity, high silica zeolites from the FASE material extradtedh CFA is comparable

and slightly improved compared to the yield of zeolite P reported by Hollman et al., (1999).
These studies illustrate the compromise that exists between utilisation etfefmpghrature
alkaline CFA treatment methods (which resuttiigh conversion of CFA to highluminium
zeolites) and a lowemperature alkaline CFA treatment method (whereby a siticbn

precursor is generated suitable for Rgilica zeolite synthesis).

The silicon extraction process utilised in this study ltedun a highly siliceous material that
was used in the synthesis of highly pure, kégita zeolites from a waste feedstock; with an
appreciable zeolite yield (up to 1§%&g CFA). The purity of these higdilica zeolites allows

for the application ofHese materials in various industries such as the petroleum or fine
chemical industry. However, further optimisation of the extraction and conversion process of
the FASE material into highkilica zeolites is possible to achieve higher yields and
consequenyl, avoid wastage of feedstock Sihe silicon extraction process also resulted in
the formation of a high yield of sodalite (9g&g CFA) as a byroduct. Therefore this study
presents a novel, simplified method for the preparation of-silgla zeolies from a CFA
derived silicon extract (without the requirement of an additional oxalic acid purification step
or additional silicon sources) that is closer to a 2esste synthesis route than methods
reported in the literature to dat®igésengue et al.,@7; Missengue et al., 2018; Ndlovu,
2016; Vichaphund et al., 2014; Vichaphund et al., 2017).
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yields)

4.5 Chapter Summary

The utilisation of a relatively lovwemperature method for the extraction of a highly siliceous
material (FASE) from CFA was achieved in thiady. During the preparation of the FASE
material, the changes in different extraction products were also monitored to determine the
fate of the different elements in CFA. Aaceived South African CFA (from the Arnot power
station) was found to possessha gh | evel of REEs <compared
magnetic separation process resulted in highly enriched REE levels in theagoetic

fraction (NMF) of CFA, while most of the transition metal elements (such as Fe, Mn, Co, Ni,
Mo, Zn and Cu) were emhed in the magnetic fraction (MF) of CFA. The magnetic
separation process may therefore serve as a simple method for the enrichment and separation

of REEs and transition metals of CFA.

The highly siliceous material (FASE) generated by the-tiemvperatue silicon extraction
method was composed of mainly silicon and sodium with very low aluminium content and
did not require further treatment (for example oxalic acid treatment for the removal of excess
sodium and enhancement of the SAR value or additiagiliobn sources to adjust the SAR
value) as reported in the literature (Missengue, 2016; Ndlovu, 2016). It is noteworthy that
most of the elements from CFA were not present in the FASE material. This highly siliceous
material (FASE) extracted from CFA méherefore serve as an ideal silicon precursor in the
synthesis of higtsilica zeolites such as ZSM and mordenite as well as silicalite
Furthermore, the lowwemperature silicon extraction method utilised in this study resulted in
the formation of soddk (with an appreciable yield) as a-pyoduct. Sodalite formation was
therefore possible in a relatively higlbhdium environment, as well as in the presence of a

range of elements originating from the NMF of CFA.

This studythereforepresents a novehethod whichis closer to a zerwaste synthesis rouyte
for the conversion of CFA thigh-silica zeolites(mordenite, ZSMb and silicalitel) than
reportedn the literaturgo date.The utilisation of the FASE material as a silicon precursor in
the synthes of highsilica zeolites such as mordenite and Z5Ms well as silicalitd will

be discussed in greater detail in subsequent chapters.
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5.1 Introduction

Zeolite mordenite has been synthesiseminf standard chemical reagents as well as other
silicon-containing materials such as kaolin clay and diatomite. A combination of CFA with
rice husk ash or diatomite has also been utilised as the starting material for zeolite mordenite
synthesis (Aono et al2018; Johan and Matsue, 2014; Johan et al., 2015). However, the
utilisation of a waste material such as CFA as the sole starting material for the synthesis of
pure zeolite mordenite has not been investigated extensively, according to literature reported
to date. In this study, the synthesis and optimisation of zeolite mordenite from a silicon
extract (FASE) prepared from South African CFA (as discussed in Chapter 4) was
investigated. The verified synthesis procedure for zeolite mordenite was usedststihg

point for the investigation, using the FASE material as the sole source of silicon in zeolite

synthesis, as described in Section 3.4.1.

This chapter will present the synthesis and optimisation of zeolite mordenite from-a CFA
derived silicon extret (FASE), in the absence of an OSDA agent or seeds. Synthesis
parameters such as alkalinity, aluminium and water content were varied sequentially to
determine the influence of these parameters on zeolite mordenite formation; the optimum
result, after vampg each chosen parameter, was used as the baseline for subsequent
investigations (as described in Section 3.4.1.1 and 3.4.1.2). The effect of seeding amount on
the formation of zeolite mordenite by addition of commercial mordenite powder to the
synthesismixture prior to hydrothermal treatment was then investigated (as described in
Section 3.4.2). The effect of OSDA (TEAOH) agent addition (of varying amounts) to the
synthesis mixturen the formation of zeolite mordenite was also studied (as described in
Section 3.4.3). The optimisation process for zeolite mordenite synthesis was monitored using
the crystallinity of mordenite as the main response factor (determined by XRD diffraction).
Selected zeolite samples (MOR framework type) were characterised foytt8#M, FTIR

and TGADTA to determine properties of synthesised materials such as morphology,
structural composition and thermal properties (thermal stability, water and template content),

respectively.
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5.2 OSDA-free hydrothermal synthesis of zeolite mantie from fly ash silicon extract

The synthesis of zeolite mordenite from standard chemical reagents, in the absence of an
OSDA agent has been reported extensively in literature (Aono et al., @Bd6Gdhury et al.,

1998; Hincapie, et al., 2004, Idris dt a 2019; Al ZA SyntKmead s Com
Ahn, 1991; Li et al., 2009; Singh et al., 2018; Zhang et al., 2009). The verified synthesis
protocol for zeolite mordenite involves hydrothermal treatment {C7€r 24 hours) of a
synthesis gel with mar regime, 1 Si@0.03 ALOs%0.20Na,0&26 H,O, prepared using silica

gel as the silicon source, sodium aluminate as the aluminium source and sodium hydroxide as
the mineralising agent (Kim and Ahn, 1991). A similar synthesis protocol to the verified
synthesis for zeolite mordenite was reported in literature for the preparation of zeolite
mordenite with SAR value of 15. However, in this case hydrothermal treatment was carried
out at 18C°C for 24 hours using fumed silica as a silica source (Li et al., 2@68hg et al,

(2009) reported the synthesis of highly crystalline zeolite mordenite from a synthesis gel with
molar regime 1 Sigf0.052 AbO3/0.23 Na,OA& .95 H,0, prepared using colloidal silica and
sodium aluminate as feedstock; hydrothermal treatmentocaaged out at 170C for 96

hours. In this study, the verified synthesis protocol for zeolite mordenite was therefore
utilised as the starting point for the preparation of zeolite mordenite using the FASE material

as the main feedstock.

5.2.1 Preliminary synthsis of zeolite mordenite using verified synthesis method

The synthesis conditions for zeolite mordenite, taken from the verified method (Kim and
Ahn, 1991), was followed using a silicon precursor (FASE) extracted from CFA as the
starting material. Synthiss mixtures with the following general molar regime (1 O
Al,Oz& NaoOR0.1 H,O) was subjected to static hydrothermal treatment at’C7for 24

hours. The first synthesis experiment was carried out in the absence of any additional
aluminium or siliconsource and the synthesis mixture had a molar regime of 0004
Al,0380.68 Na,O&0.1 H,O; the difference in the initial molar regime utilised in this study
compared to the verified synthesis method for zeolite mordenite preparation from standard
chemtc a | reagents (Al ZA Synthesis Commissiono,
aluminium and high sodium content in the FASE material derived from CFA (as presented in
Table 4.8, Section 4.3.2). The amount of aluminium content in the synthesis mixturewas
varied by the addition of sodium aluminate (x = 600@8, y = 0.680.75) to the synthesis

mixture (prepared as described in Table 3.2, Section 3.4.1.1); to determine the influence of
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the SAR value of the synthesis mixture on the crystallisationaditeenordenite. Figure 5.1
depicts XRD diffractograms of ag/nthesised zeolite products crystallised from synthesis
mixtures with different sodium aluminate content, under hydrothermal conditions 6€170
for 24 hours; analcime peaks are indexed inmgr@ed NaP1 (GIS) peaks are indexed in

purple.
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Figure5.1: XRD diffractograms of asynthesised zeolite products synthesised under
hydrothermal conditions of 170 °C for 24 hours, using different amoumstsdaim aluminate
in the synthesis mixturd (SiGA& Al,0s4 Na,OA0.1H,0; x = 0.0040.08 and y = 0.68
0.795. Key: ANA - Analcimg GIS - zeolite NaP1

The main mineral phase that crystallised under the verified synthesis method conditions using
FASE as tbk silicon source in synthesis mixture compositions (1&iAl,0s4 Na,0&0.1

H,O; x = 0.0040.08 and y = 0.68.75) was analcime, as depicted in Figure (pdaks
annotated in greenRelatively lower aluminium content in the synthesis mixture (x = 6.004
0.02, y = 0.680.70) resulted in the formation of analcime as the major phase as well as minor
diffraction peaks corresponding to the Gismondine framework (zeoli#el)at 2{ values of

~12.5, 17.6, 21.7 and 28.1vith peaks annotated in purp(@reacy ad Higgins, 2007)
Increasing the aluminium content in the synthesis mixture under these conditions resulted in
enhanced analcime crystallinity; no other mineral phases were present under these conditions.
Mineral phases analcime and zeolite-Rh are know to be competing crystallising phases

during mordenite synthesis (Aono et al, 20¥6] ZA Synthesi s )YXommi s s
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Analcime and zeolite N®1 are denser zeolite structures than zeolite mordenite. According

to Ostwal dods | aw o fns, satastabke sn;éral phasesrsach asfzeofitena t |
mordenite crystallise and with time (or enhanced crystallisation processes) are transformed
into more dense mineral phases such as analdaés(and Lobo, 1992; Feijen et al., 1994;
Maldonado et al., 2012; €ksiak and Rimer, 2014; Yu, 2007he crystallisation temperature

was therefore lowered to 18CQ (24 hours) to investigate the influence of temperature on
crystallisation products (as described in Table 3.2, Section 3.4.1.1); XRD diffractograms of

assynhesised products are depicted in Figure 5.2.
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Figure5.2: XRD diffractograms of asynthesised zeolite products synthesised under
hydrothermal conditions of 15@ for 24 hoursusing different amounts obdium aluminate
in the synthesis mixturd (SiG:A Al,0s4 Na,OR0.1H,0; x = 0.0040.08 and y = 0.68
0.75. Key: ANA - Analcimg GIS - zeolite NaP1, SOD- Sodalite

A reduction in the crystallisation temperature did not result in the formation of zeolite
mordenite, as depicted in Figure 5.2. The crystallisation of analcime in the preseneBbf Na
was observed under these conditions. At relatively low aluminium content (x = 0.02, y =
0.70), the cecrystallisation of analcime with NB1 was observedn theother hand, at a
relatively high aluminium contentx(= 0.8, y = 0.5), the presence of two minor peaks
associated with sodalite were observed dtvalues of ~14.1 and ~28:8 The reduced

crystallisation temperature had an effect on the crystallisation products; however, zeolite
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mordenite formation did not occur under these crystallisation conditions as observed in
Figure 5.1 and 5.2. This indicatehat the synthesis mixture compositions investigated were
close to the boundary conditions for analcime and zeolit® Nanot the boundary conditions

required for the crystallisation of zeolite mordenite.

According to literature, the crystallisation afeolite mordenite was observed in the
hydrothermal temperature range of 4810 °C. Furthermore, the synthesis mixture utilised in

this study contained a high p@& content compared to synthesis mixtures for mordenite
synthesis reported in literature (Aoeb al., 2016 Choudhury et al., 1998; Hincapie, et al.,
2004; ldris et al ., 2019 ; Kim and Ahn,3.99a;tLireeas,i s Co
2009; Singh et al., 2018; Zhang et al., 2009). It is noteworthy that the FASE material utilised

as the feedstk for zeolite synthesis contains a high sodium content (as discussed in Section
4.3.2). Further investigations into the influence of alkalinity (and other synthesis parameters)

on zeolite mordenite crystallisation were then carried out to better untketsi boundary

regions between zeolite mordenite, analcime anédPNa

5.2.2 The effect of alkalinity on zeolite mordenite crystallisation

The crystallisation of zeolite mordenite is reported to be sensitive to the alkalinity of the
synthesis mixture (Lv et al2011; Oleksiak and Rimer, 2014). The alkalinity of the synthesis
mixture, with general molar regime 1 SA.02 Al 034 Na,OA&0.1H,0, was varied by using
different amounts of NaOH (y = 0.8270) in the preparation of the synthesis mixture, as
describd in Table 3.2, Section 3.4.1.1. Figure 5.3 depicts XRD diffractograms -of as
synthesised zeolite products synthesised at°C7(for 24 hours) from synthesis mixtures

with varying alkalinity (all other synthesis parameters kept constant).
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Figure5.3: XRD diffractograms of asynthesised zeolite products synthesised under
hydrothermal conditions of 1 AT for 24 hours from synthesis mixtur@dsSiG,X0.02
Al ;034 Na,O&0.1H,0) with varying alkalinity(y = 052-0.70) Key: MOR - zeolite mordenite,
ANA - Analcimeg GIS - zeolite NaP1

Under the synthesis conditions investigated, the alkalinity of the synthesis mixture had a
significant influence on crystallisation products, as observed in Figure 5.3. At very low
alkalinity (y = 0.520.54), the crystallisation products were mainly composed of an
amorphous material but contained a few mordenite peaks (samples Mor08 and Mor09). This
is expected at extremely low alkalinity where the hydroxide concentration in theesin
mixture may be inadequate to facilitate the dissolution of precursor materials, which may
consequently impede other crystallisation processes. As the alkalinity increased (y = 0.56
0.58), more crystalline zeolite mordenite was formed with minofPNaand analcime
diffraction peaks present as observed in Figure 5.3 (samples Mwdl®). The highest
crystallinity for zeolite mordenite was observed for sample Morll (y = 0.57). At intermediate
alkalinity (y = 0.600.61), the major mineral phase was #eoNaP1 which crystallised in

the presence of zeolite mordenite and analcime as observed in Figure 5.3 (samples Morl3
and Mor14). As observed in Figure 5.3, relatively higher alkalinit§) (y64) resulted in the
formation of analcime as the major minephase. As observed in Figure 5.3, analcime
crystallised in the presence of both-R& and mordenite at y = 0.64 (sample Morl5), while

the presence of NB1 as the only minor phase was observed at y = 0.70 (sample Mor02).
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Under these synthesis conditionslatively low alkalinity was suitable for the crystallisation
of zeolite mordenite, while intermediate alkalinity was suitable folPllarystallisation and

high alkalinity for analcime.

These results compare well with literature; low alkalinity wasontepl to result in the
formation of either amorphous material or wairakite (Choudhury et al., 1998; Machado et al.,
1999) while high alkalinity was reported to yield a denser mineral phiasertz (Lv et al.,
2011). However, due to the presence of mineslys associated with the competing, denser
mineral phases (such as analcime aneéPNan the most crystalline zeolite mordenite sample
(Mor11), the crystallisation of mordenite from a fixed synthesis mixture (corresponding to

sample Morl1) was monitored @vtime.

5.2.2.1 Monitoring the crystallisation of zeolite mordenite with time

The crystallisation of zeolite mordenite from a synthesis mixture with a fixed molar regime (1
Si00.02 Al,030.57 NaO&B0.1 H,O) under hydrothermal conditions of 170 was
monitoredwith time at intervals of 24 hours between 1 and 4 days, as described in Table 3.2,
Section 3.4.1.1. Figure 5.4 represents the XRD diffractograms-syrdisesised zeolites

prepared under these conditions.
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Figure5.4: XRD diffractograms of asynthesised zeolite mordenite products synthesised
under hydrothermal temperature of FfDfrom a fixed synthesis mixtufé SiG,0.02

Al,030.57Na0A30.1H,0), monitored over time between 24 and 96 hokkg.MOR - zeolite
mordenite ANA - Analcimg GIS - zeolite NaP1
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As expected the crystallinity of zeolite mordenite improved with crystallisation time, as
observed in Figure 5.4. On the other hand, the crystallinity of minor competing phaBds Na
and analcime deeased with crystallisation time. The main diffraction peaks for zeolite
mordenite (& = 9.77, 22.20, 25.63, 27.67 and 27)8BWere used to calculate the relative
crystallinity of zeolite mordenite samples (relative to a highly crystalline sample Morl17); the

crystallisation curve is depicted in Figure 5.5.
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Figure5.5: Crystallisation curve for zeolite mordenite synthesised from a fixed synthesis
mixture (1 SiG.02A1,030.57Na,0A0.1H,0) at hydrothermal temperature of 170.

As observed in Figure 5.5, the relative crystallinity of zealordenite increased with time

from ~57 % crystallinity after 24 hours of hydrothermal treatment, to ~75 % crystallinity
after 48 hours and ~100 % after-9@ hours. The formation of highly crystalline zeolite
mordenite was therefore considered complafter 72 hours of hydrothermal treatment.
Similar results were reported in literature, the synthesis of highly crystalline zeolite
mordenite from a synthesis mixture prepared with colloidal silica and sodium aluminate
under hydrothermal conditions of 170 for 96 hours (Zhang et al., 2009). However, zeolite
mordenite crystallisation from standard reagents was reported after 24 hours of hydrothermal
treatment at relatively high temperatures of 18Q(Li et al., 2009) and up to 20C (Aono

et al., 2016). Mherefore the effect of crystallisation temperatures (> °Cj0on zeolite

mordenite formation was investigated with time between 24 and 72 hours.
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5.2.3 The effect of crystallisation temperature on zeolite mordenite formation with time
Crystallisation temperatuns known to play an important role on the formation of zeolite
mordenite. Zeolite mordenite is reported to crystallise in the hydrothermal temperature range
of 160-200°C (Aono et al., 2016Choudhury et al., 1998; Hincapie, et al., 2004; Idris et al.,
201 9 ; Al ZA Synt hesikKmanbAhmila®lk Li etmal, 200923ngh6et al.,
2018; Zhang et al., 2009The formation of zeolite mordenite from a synthesis mixture, with
fixed molar regimel SiG.02 Al,030.57 Na,O&0.1 H,O, subjected to hydtbermal
conditions 0f180°C (and 190°C) was monitored between 24 and 72 hours, as described in
Table 3.2, Section 3.4.1.1. Figure 5.6 depicts XRD diffractograms-syrdakesised zeolite
products crystallised at 18C at 24 hour intervals up to 72 houfEhe crystallisation of
zeolite mordenite was observed after 24 hours of hydrothermal treatment 4, 18@h

minor NaP1 and analcime peaks observed in Figure 5.6. As the crystallisation period was
prolonged (to 48 hours), the crystallinity of zeoliteordenite was slightly enhanced as
expected. However, analcime crystallisation was also enhanced as the crystallisation period

increased (up to 72 hours) and peaks corresponding-RilNeere no longer observed.
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Figureb5.6: XRD diffractograms of asynthesised zeolite mordenite products synthesised
under hydrothermal temperature of I'8from a fixed synthesis mixtufé SiG2.02

Al,030.57Na0A30.1H,0), monitored over time between 24 and 72 hokgg.MOR - zeolite
mordenite ANA - Analcimeg GIS - zeolite NaP1
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Figure 5.7 depicts XRD diffractograms of-synthesised zeolite products crystallised at
190°C at 24 hour intervals up to 72 hours.
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Figure5.7: XRD diffractograms of asynthesised zeolite mordenite products synthesised
under hydrothermal temperature of P@from a fixed synthesis mixtufé SiG,A.02

Al,030.57Na0A30.1H,0), monitored over time between 24 and 72 hokgg.MOR - zeolite
mordenite,ANA - Analcime

The cacrystallisation of analcime and mordenite was observed under hydrothermal
conditions of 190C between 24 and 72 hours, as depicted in Figure 5.7. At prolonged
crystallisation period of 72 hours, diffraction peakd €21.0 and 26.%) associated with

alpha quartz were also observed (marked by an * in Figure 5.7). The enhancement of
crystallisation processes at prolonged periods at a hydrothermal temperature of 180 and
190°C therefore resulted in the formation of madense mineral phases such as analcime
and alpha quartz. The relative crystallinity ofsgmthesised zeolite products crystallised
under hydrothermal temperature of 180 and @®etween 24 and 72 hours was calculated
relative to a highly crystalline néte mordenite sample (Morl7); crystallisation curves for

zeolite synthesis at hydrothermal temperatures ofIBOXC are depicted in Figure 5.8.
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Figure5.8: Crystallisation curves for zeolite mordenit@thesised from a fixed synthesis
mixture (1 SiG0.02A1,0;0.57Na,0A0.1H,0) at hydrothermal temperatures between 170

and 190°C.

As depicted in Figure 5.8, the crystallinity of zeolite mordenite was highly dependent on the

crystallisation temperatur®etween 24 and 48 hours of crystallisation, the crystallisation of

zeolite mordenite (as well as zeolite crystallinity) was relatively similar at hydrothermal

temperatures of 170 and 180. After 72 hours of crystallisation, zeolite mordenite

crystallisagion was enhanced at 17GQ, while zeolite mordenite formation reached a plateau

at 180°C and the formation of analcime was enhanced. At a relatively higher crystallisation

of 190°C, zeolite mordenite formation was supressed and a plateau in the iciyptaths

observed between 24 and 72 hours of hydrothermal treatment and analcime formation was

favoured. The most crystalline zeolite mordenite prepared from the FASE material was

therefore achieved after 72 hours of crystallisation at’Cz0

The crystilisation of zeolite mordenite from standard chemical reagents was possible in a

wide range of hydrothermal temperatures (260°C) as discussed previously (Aono et al.,

2016;Choudhury

et al ., 1998; Hi ncapi e,esiset al

Commi s si okKim and Rh@,11¥01; Li et al., 2009; Singh et al., 2018; Zhang et al.,

2009). The crystallisation of highly crystalline zeolite mordenite from FASE was more

favourable at a hydrothermal temperature of AZ0this may be due to diffences in the

properties of the FASE material compared to standard chemical reagents (as discussed in

Section 4.3.2). The OSD#ee synthesis of highly crystalline zeolite mordenite, using FASE

as a silicon source, was achieved from a synthesis mixtutie fualar regime 1 Sigx.02
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Al,030.57 Na,ORB0.1 H,O) under hydrothermal conditions of 170 for 72 hours.
Subsequent optimisation experiments for the synthesis of zeolite mordenite were therefore
carried out at hydrothermal conditions of T for 72 hairs. The effect of aluminium
content (by sodium aluminate addition) was investigated once again using the optimum

synthesis conditions (sample Morl17) as the starting point for the investigated.

5.2.4 The effect of aluminium content (by sodium aluminate additionzeolite mordenite
crystallisation

The effect of aluminium content (by sodium aluminate addition to the synthesis mixture) on

the formation of zeolite mordenite was investigated, as described in Table 3.2, Section

3.4.1.1. Figure 5.9 depicts XRD difttmgrams of asynthesised zeolites crystallised at

170°C for 72 hours from a synthesis mixture (1 SOAI,O34 NaO&0.1 H,O) with

varying amounts of aluminium content (x = 0008, y = 0.56).63) achieved by sodium

aluminate addition.
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Figure5.9: XRD diffractograms of asynthesised zeolite mordenite products synthesised
under hydrothermal conditions of 170 °C for 72 hours with different aluminium content
(achieved by sodium aluminate addifiam the synthesis mixture with molar regirheSiOA

Al,034 Na,OA0.1H,0 (x = 0.0:0.08, y = 0.560.63. Key: MOR - zeolite mordeniteANA -
Analcime GIS - zeolite NaP1
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The crystallisation of zeolite mordenite was significantly influenced by the amount of
additional aluminium content (achieved by sodium aluminate addition) present in the
synthesis mixture, as described in Figure 5.9, under these synthesis conditions. At relatively
low additional aluminium content (x = 0402, y = 0.560.57), zeolite mordete
crystallised as the major phase with minorlaand analcime peaks present (as observed for
samples Mor28vor27 and Morl7 in Figure 5.9). At relatively intermediate additional
aluminium content (x = 0.028.04, y = 0.570.59), analcime crystallised #s major phase
together with zeolite mordenite and/or -R& (as observed for samples Moi28r31 in

Figure 5.9). Whereas at relatively higher additional aluminium content (x = 0.08, y = 0.63)
for sample Mor32, analcime crystallised as the major mindrake under the synthesis
conditions investigated. The highest relative crystallinity of zeolite mordenite was achieved at
x = 0.02, as observed for sample Morl7 in Figure 5.9; this synthesis mixture composition (1
Si0,:0.02 AbO3-0.57 Na&0O-30.1 H,0O) was tlerefore used in subsequent optimisation

experiments.

The crystallisation of zeolite mordenite from standard chemical reagents was possible in a
relatively wide range of SAR values (of the synthesis mixture) from x =@I8 with x >

0.12 resulting inhe favourable crystallisation of analcime and/orPaat relatively high
hydrothermal temperature® (70°C) and amorphous material or analcime and/oiPiaat
relatively lower hydrothermal temperature8 170°C) (Aono et al., 2016). Another study
which utilised colloidal silica (Ludox AM30) and sodium aluminate as feedstock, reported
the crystallisation of highly crystalline zeolite mordenite in the SAR range (as investigated in
this study) with x = 0.01-8.079 under hydrothermal conditions of IIDfor 72-96 hours
(Zhang et al., 2009). The synthesis of zeolite mordenite from the FASE material was more
sensitive to the SAR value of the synthesis mixture and highly crystalline zeolite mordenite
crystallised in the lower range of SAR values; this rangeely narrow compared to
literature. In this study, the crystallisation of analcime was favourable; this may be due to the
high sodium content in the FASE material. The next synthesis parameter that was
investigated was water content in the synthesis mextat constant [Of) and the optimum
synthesis conditions for zeolite mordenite crystallisation (sample Mor17) was utilised as the

starting point for subsequent optimisation experiments.
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5.2.5 The effect of water content on zeolite mordenite crystallisation

The effect of water content (at constant [Qhh the synthesis mixture on the crystallinity of
zeolite mordenite was investigated by varying the amount of 1.6 wt% NaOH solution used in
the synthesis mixture (1 Si©.02 AbOsA Na,O& H,0), as describedchiTable 3.3, Section
3.4.1.2. This was done in order to keep the overall/ly@ ratio of the synthesis mixture
constant. Figure 5.10 depicts XRD diffractograms efwghesised zeolites crystallised at

170°C for 72 hours from a synthesis mixture witfffelient water content.
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Figure5.10: XRD diffractograms of asynthesised zeolite mordenite products synthesised
under hydrothermal conditions of 170 for 72 hours with different water contdat
constam alkalinity) in the synthesis mixtusgith molar regimel SiG0.02 ALOzA Na,Ok
H20 (z = 15.260.2). Key: MOR - zeolite mordeniteANA - Analcime GIS - zeolite NaP1

The water content in the synthesis mixture had a significant influence on the pemlibets

that crystallised, as observed in Figure 5.10. Relatively low water content synthesis systems
(z = 15.230.1) resulted in the crystallisation of zeolite mordenite as the major mineral phase,
with analcime and N&1 present as minor phases (aseoled for samples Mor33 and
Morl7 in Figure 5.10). However, at very low water content (z = 15.1, as in sample Mor33)
the crystallinity of zeolite mordenite was reduced. An intermediate water content (as
observed for samples Mor34 and Mor35 in Figure 5idGhe synthesis system (z = 45.2

60.2) resulted in the eorystallisation of analcime and zeolite mordenite, withRNlapresent

as a minor phase (at z = 60.2). Relatively higher water content synthesis systems (z = 90.4)
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resulted in the formation of puemalcime (as observed for sample Mor36 in Figure 5.10). It

is noteworthy that as the water content was increased, the sodium content in the synthesis
mixture also increased (as listed in Table 3.3, Section 3.4.1.2). However, due to the small
increments bywhich sodium content changed in the investigated range, the sodium content

was considered insignificant compared to changes in the water content.

In general, increasing the water content in the synthesis system dilutes the silicon and
aluminium concentratn in the synthesis mixture, which may impede the achievement of
supersaturation as well as the other zeolite crystallisation processes such as nucleation and
crystal growth (Oleksiak and Rimer, 2014; Yu, 2007). The crystallisation of zeolite
mordenite fron standard laboratory reagents was reported from synthesis mixtures containing
water in the range of z = 7.7 to 60.8. As expected, a longer crystallisation period was required
under high water content (dilution of nutrients) synthesis conditions (Zhaal, €009).
Considerably higher water content (z = ~78) has also been reported for the crystallisation of
zeolite mordenite (Choudhury et al., 1998). However, in this study the opposite effect was
observed; initially the crystallisation of zeolite mordenitas observed and subsequently, the
transformation into analcime was enhanced with increasing water content. This may be due to
the fact that overall O¥H,O ratio of the synthesis mixture was kept constant, which may
have resulted in enhanced dissolutadmutrients as the water content was increased. Under
the condition utilised in this study, zeolite mordenite crystallisation from the FASE material
was favoured in synthesis systems with relatively low water content (i.e. high nutrient
concentration). Wereas, analcime crystallisation was favoured in synthesis systems with
relatively high water content (i.e. low nutrient concentratiofle OSDAfree zeolite
mordenite formation from the FASE material whereforefavoured in a wellefined range

of mola compositions.

5.2.6 Further characterisation of highly crystalline zeolite mordenite

The most crystalline zeolite mordenite sample (Morl7) was characterised further by SEM
EDS, FTIR and TGA/DTAMS. The morphology of zeolite mordenite sample Morl7 (with

the hghest crystallinity) was analysed by SEM microscopy and EDS was used to determine
the average SAR ratio of the synthesised zeolite mordenite crystals. Figure 5.11 depicts SEM
micrographs of asynthesised zeolite sample Morl17, which was composed of niagtily
crystalline zeolite mordenite and minor R4 and analcime peaks (as observed in Figure
5.4).
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(@) Mor17 NG (1) Mor17 [ R
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Figure5.11: SEM micrograph of asynthesised sample Morl7 crystallised at AZ@or 72
hoursfrom a gnthesis mixture with molar regineSiGA 0 . 0 DR 0A 150 A BN@.01 H
(a) 500x and (b) 1000x magnification.

As-synthesised zeolite mordenite (sample Morl7) crystals exhibited the typical prismatic
shape reported for zeolite mordenite. The average lgadize of zeolite mordenite was
calculated to be 1346m using ImageJ software. There was no uniformity in terms of the
aspect ratios for the synthesised mordenite crystals; mordenite crystals were either long and
thin or short and wide prismatic crystals encircled in Figure 5.11 (a) and (b), respectively.
EDS (n = 10)was used to determine the SAR ratio of the synthesised product Morl7, which
was calculated to be 10.3 (comparable to the value of 8.6 reported for zeolite mordenite
synthesised using theerified synthesis method). The structural properties of highly
crystalline zeolite mordenite sample Morl7 was analysed by FTIR spectroscopy; the FTIR

vibrational spectrum is depicted in Figure 5.12.

Figure5.12: FTIR vibrational spectrum of asy/nthesised sample Morl7 crystallised at
170°C for 72 hourdrom a synthesis mixture with molar regimé&iQA 0 . 0 DR 0AI5 7
NaOA3 0,01 H
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