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Abstract

Recent increased environmental awareness and the stimulus of greener chemistry has
driven the rapid development of heterogeneous catalysts, particularly solid acids, for a
wide range of organic synthesis applications. Typical homogenous acids suffer drastic
drawbacks in terms of their corrosivity, toxicity, and reusability, in addition to their
separation that generates large amounts of industrial wastes which exceeds in many
cases the amount of the formed products.

Crystalline aluminosilicate inorganic polymers (zeolites) have successfully replaced the
typical homogenous Lewis acids in many industrially important applications, the
majority of which are in the petrochemical industries, e.g. production of olefins and
aromatics. The fine chemical industries, however, are more challenging and still mainly
use homogenous catalysts. Typical zeolite catalysts are hindered by their restricted
micropores, and the low hydrothermal stability of other mesoporous M-silicates (such
as MCM-41) results in structural deformation in aqueous solutions at elevated
temperatures. Other highly promising solid catalysts suffer drawbacks of high cost,
sophisticated synthesis procedures, and environmental risks from the use of toxic
reagents. Thus, there is still a need for new cost-efficient reactive heterogeneous solid

catalysts that are also environmentally benign.

This thesis reports the development of amorphous aluminosilicate inorganic polymers
(known as geopolymers) as a novel class of heterogeneous solid acid catalysts. These
geopolymers can be synthesised with the desired acidity and porosity in a very energy-
efficient and simple procedure which does not involve lengthy thermal treatments or
the use of costly and sometimes toxic structural directing agents that are required for

the synthesis of zeolite or other mesoporous aluminosilicates.

Microporous, mesoporous and hierarchical geopolymer-based catalysts were
synthesised from different precursors with high surface area and acidic sites (Bronsted

and Lewis) generated within their structure by ion-exchange with ammonium ions



followed by thermal treatment, allowing the nature of these acidic sites to be
tailored to specific applications. Furthermore, some of the resulting geopolymer
catalysts were subjected to post synthetic treatments (demetallation) which

provided improved acidity and porosity.

In the first instance, the geopolymer-based catalysts were synthesised from a naturally
occurring clay mineral and their catalytic performance was evaluated in the industrially
important Beckmann rearrangement of cyclohexanone oxime to e-caprolactam. High
catalytic reactivity and selectivity was achieved over the geopolymer-based catalysts
that possess high surface area and weak surface acidities consisting of H-bonded silanol

nests and vicinal silanols.

The catalytic reactivity of the clay-based geopolymer catalysts was further evaluated in
the Friedel-Crafts alkylation of large substituted arenes with benzyl halide as alkylating
agent, where typical microporous zeolites show poor reactivity due to diffusional
limitations. In this reaction, the thermal treatment was adjusted to generate the required
Bronsted and Lewis acidic sites. High reactivity was achieved over several mesoporous
geopolymer-based catalysts, with the best performance being observed over a
hierarchical geopolymer-based catalyst that exhibits the highest acidity of all these new

catalysts.

In another approach, highly reactive geopolymer-based catalysts were synthesised from
industrial wastes precursors (fly ash). Several fly ashes were collected from different
sources and the influence of their chemical and physical properties on the resulting
geopolymers was investigated. These fly ash-based catalysts demonstrated excellent
catalytic performance in the alkylation of benzene and substituted benzenes and their
active sites were ascribed to a combination of Fe>Oz present in the raw fly ash, together
with the Bronsted and Lewis acid sites that were generated within the geopolymers

framework by the ion-exchange process followed by thermal treatment.

The use of the fly ash-based catalysts was also demonstrated in another highly
demanding catalytic process, the Friedel-Crafts acylation of aromatics. High reactivity
and selectivity was achieved in the acylation reactions of anisole and mesitylene using
benzoylchloride as the acylating agent. In addition to their excellent catalytic

reactivities, the fly ash-based geopolymer catalysts provide a valuable approach of the



utilisation of industrial wastes such as fly ash, the vast production of which is becoming

a world-wide concern.

The geopolymer-based catalysts developed in this work are reusable without
significant loss of reactivity and their catalytic performance is superior to other
commonly used solid acid catalysts. The results presented in this thesis
demonstrate a great potential for geopolymers as active candidates in the field of
heterogeneous catalysis, representing as they do a new class of solid acids with highly
desirable features such as catalytic efficiency as well as ecological friendliness, cost
effectiveness and ease of synthesis.
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Chapter 1

Introduction and literature review

1.1 Catalysis

Catalysis is one of the most important fields in chemistry in which around 90% of the
chemical industries involve catalysis in at least one step of their reactions ™. It is a
chemical process where a substance (the catalyst) influences a reaction rate and thus
controls the path of the reaction without being itself consumed. Catalysis plays a crucial
role in the production of pharmaceuticals, fine chemicals and petrochemicals.
Moreover, increased environmental awareness makes catalysis even more important as
it limits the production of undesirable by-products, thus decreasing industrial wastes

and producing energy-saving benefits.

The term catalysis was first coined by Berzelius in 1835 based on his analysis of the
role of sulfuric acid on the conversion of ethanol to ether, the reaction devised by
Eilhard Mitscherlich 1. In fact, catalysed processes were carried out more than a
century earlier, in the 16th and 17th centuries, in the fermentation of sugar to produce
alcoholic beverages and in the production of soap by fat hydrolysis 1. In addition, the
synthesis of sulfuric acid by the oxidation of sulfur dioxide to the trioxide using nitrogen

oxide, the “lead chamber process”, was first achieved in around 1750 [,

Berzelius defined catalysis as “a phenomenon that allows a reaction to occur faster
when non-reactive species are present”. In the 19" Century, Mitscherlich introduced
the term ““contact catalysis” by studying the acceleration of reactions by solids. In 1895

Ostwald described a catalyst as “a substance that accelerates or retards a reaction”,
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and received the 1909 Nobel prize for his work. In 1912, another Nobel prize winner,
Paul Sabatier, introduced the “Sabatier principle” which states that the adsorption
energy of a reactant adsorbed on the surface of a catalyst should be strong enough to
cause activation, but not so strong as to inhibit product desorption. A very important
concept, that of “active sites”, is still used today in heterogeneous catalysis and was
introduced by Taylor in 1925. This states that a chemical reaction does not occur on the
whole surface of a catalyst but rather on specific active sites on the surface of the
catalyst. Further details of the history and subsequent developments of catalysis have

been extensively reviewed elsewhere 2351,

The first industrial breakthrough in catalysis was the production of ammonia from
hydrogen and nitrogen under high pressure by Haber and Nernst in 1908, using osmium
as the catalyst B, Thus, catalysis has played a vital role in the commercialisation of
NHz production and other chemicals that are essential in such diverse fields as energy,
industry, the environment, and life sciences. Consequently, the turnover of the

industrial production of catalysts reached 33.5 billion dollars in 2014 [©],

Catalysis can be classified in three different categories; heterogeneous, homogeneous
and bio or enzymatic catalysis. The latter occurs either naturally in vivo, where proteins
or RNA molecules act as catalysts, or in vitro using enzyme catalysts [). An example
of this type of catalysis is the synthesis of polysaccharides, in which hydrolases catalyse
the formation of glycosidic linkages between glycosyl molecules ["8l, Homogeneous
catalysis, by definition, describes the type of catalysis where the substrate and the
catalyst are in the same phase, often the liquid phase. Lewis acids, organic and inorganic
bases and organometallic complexes all are examples of homogeneous catalysts. A
common example of such a catalytic system is the hydroformylation of olefins to give

the corresponding aldehydes using Co and Rh carbonyls ©l.

By contrast, in heterogeneous catalysis, the substrate is most often in the gas or liquid
phase and the catalyst is in the solid phase. Although homogeneous catalysts are highly
reactive, heterogeneous catalysis is often preferable in industrial processes, in which
~90% of the catalytic reactions are carried out using heterogeneous catalysts !, The

present work has focussed on heterogeneous catalysts, particularly solid acids.
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1.2 Heterogeneous Catalysis

Recent increased environmental awareness and the stimulus of greener chemistry has
driven the rapid development of heterogeneous catalysts for a wide range of organic
synthesis applications %, The separation of the homogenous catalysts from reaction
mixtures remains their main limitation, adding to the cost and generating large amounts
of industrial wastes. For example, when AICIs is used as a homogeneous acid catalyst,
it is separated from the reaction mixture by breaking down the catalyst-product complex
using water (water quenching), generating a large amount of acidic aluminium
hydroxide (Al(OH)s) as waste 1. In addition, some homogeneous catalysts are toxic
and corrosive; these include AIClz, BFs, H2SO4 or liquid HF which are difficult to
handle and dispose of and are not reusable. By contrast, solid catalysts are reusable,

easy to separate from the reaction mixture and usually generate less by-products 12,

Different types of solid catalysts have been developed in the last few decades. These
include solid acids, bases, acid-base bifunctional and redox catalysts. Of these
materials, solid acids are the most commonly used in industry, particularly in petroleum
refining and cracking processes ™31, An overview of the heterogeneous solid acid

catalysts is presented below.

1.3 Solid Acids

Since the early 1930s, solid acids with different acid strengths have been used in
industry, the first of which were clays, followed by amorphous silica-alumina and then
by zeolites. Unlike homogenous catalysis or bio-catalysis, there is a lack of fundamental
understanding, on a molecular level, of the mechanisms associated with heterogeneous
catalysis. This remains the main challenge in heterogeneous catalysis, and is required
to understand the structure-activity relationship and thus design more refined and
predictable heterogeneous catalysts [* 2. The active sites in solid acids are usually
described as Bronsted or Lewis acid sites. The nature of these active sites has been
studied in terms of their strength, density and location. Typically, this has been
investigated by spectroscopic analysis such as FT-IR, solid state MAS NMR, and
adsorption experiments using probe molecules. The strength of these sites, and hence

their catalytic activity is affected by their environment, which varies in different solids,
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depending on their surface structures, chemical composition, electronic effects, etc. I,

What follows is an overview of the most commonly used solid acid catalysts.

1.3.1 Zeolites

Zeolites are the most common solid acids, being extensively used in oil refining and the
petrochemicals industry since 1962 151, These are solid crystalline microporous
aluminosilicate inorganic polymers with three-dimensional frameworks forming
channels and cages of up to 1 nm in diameter, consisting of SiO4 and (AlO4) tetrahedral
units with ion-exchangeable cations to compensate for the negative charge on the
(AlOy)" tetrahedra 261,

Zeolites are conventionally synthesised via hydrothermal processes at a temperature of
80 - 200 °C, using inorganic or organic structural directing agents (OSDAS) in alkaline
or fluoride media 71, These templates are usually removed by heating at high
temperatures, which increases the environmental burden, especially in view of the
large-scale production of zeolites. The synthesis usually is carried out in an autoclave
at high pressure for up to 20 days (8. In the last few years, however, studies have
suggested alternative routes to synthesise zeolites in a more environmentally friendly

manner [17-18],

Zeolites exhibit remarkable features compared with other solid acids, such as high
surface areas, highly crystalline structures with well-defined pores and cavities (Figure

1.1), which result in shape-selectivity, and strong acidity ™51,

MFI Framework FAU Framework

Figure 1.1 Zeolite frameworks; MFI e.g. ZSM-5 zeolite, and FAU e.g. Y zeolite

[Database of Zeolite Structures (http://www.iza-structure.org/databases/)].
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The acidity of zeolites and other aluminosilicates is in the form of Bronsted and/or
Lewis acid sites. Bronsted acid sites can be generated in the zeolite by ion-exchanging
with NH4" followed by degradation of the ammonia by thermal treatment (usually
around 500 °C) to form the H-form of the zeolite. Literature reports agree that the origin
of the Bronsted acid sites in zeolites arises from the bridging hydroxyl groups where
the oxygen supporting the acidic hydrogen is associated with Al and Si, as shown in
scheme 1.1 9 According to Pines Theory % the acid strength of a given site is
increased when the number of Al atoms in the next-nearest-neighbour (NNN) positions,
indicated as red square in Scheme 1.1, decreased. Thus, acidic sites with 0 NNN Al

possess the highest acidity.

Scheme 1.1 llustration of a Bronsted acid site in zeolites (redrawn from ref. [2°°1),

Bronsted acid site

By contrast, the exact nature of Lewis acidic sites in the crystalline aluminosilicates
(zeolites) is not clear at present. Generally, Lewis acidity is believed to be caused by
extra-framework Al (EFAL), 5- and 6-coordinated Al. These EFAI are generated by
thermal and/or acidic treatment during the preparation of the catalyst, in which the
tetrahedral Al is transformed to penta- and octahedral Al 2%, In addition, tetrahedral

and tri-coordinated framework Al can also act as Lewis acidic sites 22,

Due to their special features, zeolites currently play a major role as industrial catalysts,
mainly in the petrochemical industries. Examples of zeolite catalytic applications are
numerous, and include the cracking of hydrocarbons over zeolite X, Y or ZSM-5 and
the isomerisation of o-xylene to p-xylene, the precursor for terephthalic acid, over H-
ZSM-5 231 |n addition, the synthesis of ethyl benzene (the precursor of styrene and thus

polystyrene) by alkylation of benzene with ethylene over H-ZSM-5 and the production
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of cumene (an intermediate to produce phenol and acetone) are other examples of large-

scale industries using zeolite catalysts 241,

An excellent example of the use of zeolite catalysts in economically valuable
applications that are important in daily life is the production of gasoline, olefins and
other hydrocarbons from methanol which is obtained from various resources (Figure
1.2) 251,

Biomass

Figure 1.2 Conversion of methanol to olefins and other hydrocarbons over a zeolite

catalyst (taken from ref. (251 with permission).

Although zeolites are very efficient catalysts for many widespread applications, their
use in the field of fine chemicals such as pharmaceuticals or even in the catalytic
cracking of heavy hydrocarbons remains limited. This is because of their restricted
micropore diameter (<1 nm) which is their main limitation 28, This can be described
as the confinement effect of the molecular sieves or mass-transfer constraints, in which
small pores prevent larger molecules entering the pores and reducing the diffusion rate
of smaller molecules being released out of the pores 263, For example, microporous H-
ZSM, H-Beta and H-Y zeolites exhibit poor catalytic reactivity for the benzylation of

aromatics (Friedel-Crafts type alkylation reactions) 271, Attempts to overcome this
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limitation in zeolites have resulted in the development of a great diversity of materials

with controlled porosities and a variety of functionalities.

1.3.2 Mesoporous silicates and aluminosilicates

The discovery of a new family of mesoporous silicates (M41S) by Mobil Corporation
researchers in 1992 with well-defined pores in the range of 2-50 nm has provoked much
interest and raised expectations that these materials might be useful catalysts 28],
The most representative materials from this family are MCM-41 (with a hexagonal pore
structure) and MCM-48 (cubic structure), as shown in Figure 1.3. These materials, with
properties intermediate between amorphous silica-alumina and zeolites, have much
larger pores compared with zeolites and therefore overcome the diffusional limitations

associated with microporous zeolites.

MCM-41

Figure 1.3 Structural representation of MCM-41 (without surfactant), and MCM-48

(with surfactant) 2],

Despite their well-defined mesopores, these materials suffer from their low or medium
acidity compared with zeolites, which is ascribed to a larger (Si—O—M) bond angle
[11 In fact, pure mesoporous silicas are non-acidic, but the incorporation of another
metals such as Al or metal oxides into the silica framework generates the active sites.
Nonetheless, their main drawback is their low hydrothermal stability, which is ascribed
to the amorphous nature of the internal walls, in fact on a microscale level these
materials are actually amorphous ™ 28l For instance, MCM-41 has very good thermal
stability in which a structure collapse could only occur at ~1123K, but it has very low
hydrothermal stability even in boiling water £°. These limitations hinder their use in a
number of applications such as catalysis or ion-exchange in aqueous solutions even at

mild temperatures.
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What seemed to be more promising, however, are the mesoporous zeolites or the
hierarchical zeolites, which contain both micro and mesopores. These materials are
prepared by creating mesopores, (2 nm < pore diameter (Dpore) < 50 nm) inside the
zeolite crystals which have the high acidity and thermal stability of the microporous
zeolite while maintaining the advantage of being mesoporous (no mass transfer
hindrance) B, These have been used in several applications where the microporous
zeolites are inactive or show very poor activity, for instance, in the catalytic cracking
of heavy hydrocarbons, alkylation of bulk aromatics and condensation reactions (see
scheme 1.2) B21,

Scheme 1.2 A comparison of the catalytic performance of micro- and mesoporous
zeolite with MFI topology (redrawn from ref. (321

0] (0]
MOH + Ph/\OH —>/\/\)ko/\Ph
Conversion Selectivity
MFl-meso 759, 79%
MFI 5% 100%

Two approaches are usually followed for the synthesis of mesoporous or hierarchical
zeolites; these are the “top down” and “bottom up” approaches *%l. The former approach
introduces secondary mesopores into the zeolite structure via post-synthetic treatments
which include dealumination, removal of Al from the zeolite framework by thermal or
acid treatments, and desilication, which is usually achieved by base treatments, e.g.
with NaOH. Although this approach is relatively inexpensive, it usually causes

structural deformation leading to loss of crystallinity B2,

In the “bottom up” approach, the zeolite is synthesised with the desired porosity by
employing templating techniques such as soft or hard templating, similar in principle

to the techniques that is used for synthesising mesoporous silicates (Figure 1.4).

In the hard-templating strategy, a secondary meso-scale template such as carbon
nanotubes or mesoporous carbon is used to introduce the mesoporosity in the zeolites
crystals. In the soft templating strategy, self-assembly surfactants are used which

aggregate in aqueous solution to form micelles and then act as structural directing
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agents. In another type of soft templating, the mesoporosity is generated by an
interaction between the silicates and the surfactant, forming inorganic-organic
composites. These templating agents are removed from the mesoporous structure by
calcination. Further details of these synthetic procedures have been well reviewed
elsewhere 261,

These sophisticated synthetic procedures require the use of expensive and sometimes
toxic OSDAs which may militate against the large-scale production and
commercialisation of hierarchical zeolites despite their excellent features [1733al,

Surfactant/inorganic self-assembly

- R : 5'." :

. "« Self-assembly see Po,

Soft e # .'o: o

Templating ¢ e
\ Surfactant + Inorganic precursor Composite

True liquid-crystal templating

A8 oo
- - 0
&S s
. 3 9 O
Q -
.o
s
3,
oL

Inorganic precursor Precursor transformation/

Hard introduction crosslinking
Templating Nano-casting
Precursor I i i Template
introduction elimination

Figure 1.4 soft and hard-templating methods for mesoporous silicates synthesis

(reproduced from ref. B4 with permission).

1.3.3 Clays and clay-supported catalysts

Clays have played a significant role in heterogeneous catalysis since their original use
as acids in the early 1930s, and have also been used as supports for stoichiometric
reagents *°1. Subsequently they were replaced by amorphous silica-alumina and then
by zeolites in the mid-1960s due to the negative impact of their impurities such as

metals; furthermore, zeolites show better selectivity and stronger acidity ¢, However,

-9-
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the restricted pore size of zeolites, as mentioned above, has revived an interest in clays

as catalysts.

Clays are crystalline layered silicate minerals, with structures composed of two types
of layers as the main building blocks; these are an uncharged tetrahedral silica layer and
a negatively charged octahedral layer formed very commonly by Al. These layers are
arranged either in an alternating manner (1:1) such as in kaolinite and halloysite, or in
a sandwiched manner in which the octahedral layer is sandwiched between two
tetrahedral layers (2:1) such as smectite 71, as described in Figure 1.5. In the latter case,
some of the tetrahedral silicon is substituted by Al, generating negative charge that is

compensated by the interlayer cations and can undergo ion-exchange.

-m

m ~ Silica layers
m 2 Alumina layer
H,O and M*

m

Kaolinite Smedctite

Figure 1.5 Representation of kaolinite and Smectite clays structure, showing the

arrangements of silica and alumina layers (reproduced from ref. B8]),

Clays have interesting properties such as the ability to act as ion-exchangers and
catalyst supports, in addition to their ability for “pillaring” (Figure 1.6). Pillaring is a
technique in which the two structural layers are held apart by using a pillaring agent
such as inorganic polyoxocations [Ali304(OH)24H2012]"* 12, Pillared clays have the
advantage of greater thermal stability, since the presence of the pillaring agent prevents

the layers from collapsing at elevated temperatures.
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m Organoammonium Cations mmm

.\ 8
= i (C152C4N*) i g
o

m b s i e o it d

Smectite
Figure 1.6 lllustration of clay pillaring (reproduced from ref. [8),

Of the several clays such as halloysite and kaolinite that have been tested as catalysts
for several catalytic processes, the commercially available montmorillonite (K10), an
acid treated form of bentonite, has proved to be the most successful candidate %1, Since
the base clays show very poor catalytic activity, a post treatment such as thermal

activation, acid treatment and ion-exchange, is necessary.

However, in order to improve their catalytic performance, most clays have been used
mainly as supports for other catalytically active reagents such as AIClz and ZnCl, or
metals such as Fe or Cu 353739 |n the early 1980s two active supported-clay catalysts
were developed by impregnating Fe 11l and Cu Il nitrates on K10 clay, commonly
referred to as “clayfen” and “claycop” respectively 1%l These are efficient catalysts for
the oxidation of alcohols to aldehydes, dihydropyridines to pyridines and regeneration

of carbonyls from their protected forms such as phenylhydrazones 7,

An important breakthrough in the development of clay-based catalysts was the
discovery in 1989 by Clark and co-workers of a very active clay-based catalyst
“clayzic” [ which uses K10 as a support for ZnCl,. This catalyst is very active, mainly
in the Friedel-Crafts alkylation of benzene in which it is able to catalyse the benzylation
of benzene with benzyl chloride with 100% conversion in 15 min at room temperature

and over 80% selectivity for diphynelmethane (DPM) 351,

This catalyst received much interest to explain its high activity, which is surprising
since ZnCl; is a relatively weak acid and AICIs is very active, although in the supported
form with K10 the latter is inactive. One explanation for the higher reactivity of clayzic
compared to its components is its ability to thermally dehydrate ZnCl; in the presence
of a support, forming Lewis acid sites, while similar treatment of ZnCl, alone causes

partial decomposition of the salt leading to poor reactivity 1.
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Clay-based catalysts, whether in their acidic form, the acid post-treated clay, or as
supports have been used to catalyse a wide range of reactions such as the
oligomerisation of alkenes, addition reactions such as addition of alcohols to olefins to
form ethers, Beckmann rearrangements, and Friedel-Crafts alkylation reactions 37421,

However, limitations of such catalysts arise from a weak interaction between the
support and reagent, which is basically a physical attraction (physisorption). This
results in leaching of the reagent in aqueous solutions 131, In addition, some of these
catalysts are surprisingly inactive in certain reactions, which limits their suitability for
many applications. For instance, clayzic is not active in the alkylation of anisole, or in
acylation reactions. It is also inactive to carboxylic acids (e.g. benzoic acids) and alkyl
halides (except benzylic species) [“**4l. Drawbacks have also been reported in the use
of clayfen in oxidation reactions; these include the need for excessive amounts of
solvents, long reaction times, high ratios of reagent to substrate, and the generation of

solid wastes 141,

1.3.4 Oxides and mixed oxides based catalysts

In order to overcome the problems of catalyst instability and the limited reusability of
the traditional physisorbed supported reagents, efforts have been made to develop true
catalysts in which the reagent is chemically bound to the support. For this purpose,
several materials were developed in the late 1990s, including organic-inorganic hybrid
composites (e.g. Nafion-silica) and Lewis acids supported on modified mesoporous
silica (e.g. HsPO4-SiO2 and AICIs-SiOy) 143 461,

The former materials possess interesting properties such as high acidity, high surface
area, and large pore volume (20-60 nm), but although they appear promising for low-
temperature reactions such as aromatic alkylation, nitration and acylation and alcohol
dehydration, their use is relatively uncommon, possibly due to the high synthesis cost

of such catalysts (46471,

Acid treatment of surface hydroxylated mesoporous silica with AICIs reported by
Wilson and Clark 8 has led to acidity, interpreted by these authors in terms of the
complexation of Lewis acid with the neighbouring oxygen as a base, to produce the

highly acidic Bronsted site as shown in Figure 1.7. The catalytic activity of this catalyst,
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mainly for Friedel-Crafts benzylation of benzene, gave higher activity and selectivity

over the homogeneous AICIs catalyst.

Lewis site X X Bronsted site
S S
M. H
0 \O/ at+

/\/\/ \/S'\

Figure 1.7 lllustration of Bronsted acidity induced by coordinated Lewis acid site I,

Another type of catalyst developed during the past decade is based on transition metal
oxides such as SnO», TiO2, and ZrO». Although the acidity of such oxides is very low,
it was found that functionalising their surfaces with sulfuric acid or ammonium sulfate
(sulfated metal oxides) produces very high acidity (super acidity, -13< H, <-16.3) and
therefore they show very high activity ). Among these oxides, mesoporous ZrO:
(zirconia) is the most popular and useful catalyst due to its excellent thermal and

chemical stability.

The nature of the active sites is a matter of debate 3¢ 4959 however, Figure 1.8 shows
a widely accepted structure to describe the acidic sites of the sulfated zirconia (SZ).
This model illustrates the formation of a sulfate bridge between two Zr atoms, and some
of the Lewis acid sites are then transformed to Bronsted acid sites by absorption of

water.

Bronsted site 5 o: Lewis site
| N7~
L R

~ \
N N SNy Z
Zrﬁ

N ZN
/

Figure 1.8 lllustration of the surface acidity of sulfated ZrO, 54,

SZ shows very high activity for some organic synthesis applications e.g. Friedel-Crafts

acylation of benzene, isomerisation of 1,2-epoxides and unsaturated hydrocarbons, and
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condensation of hydroquinone with aniline 19521, However, many studies have reported
that these catalysts seem to suffer from leaching of the S during calcination and
regeneration which affects their activity and reusability 1. For that reason, attempts to
find an alternative to SZ have led to the development of tungstated zirconia (WZ),
WO3/ZrO,. This catalyst gave the same activity as SZ but appears to be more stable and
suitable for industrial applications 6 5% The active sites in this catalyst are not well
understood at present 531 but a recent study claimed that the active centres consist of

WO clusters incorporating zirconium cations 41,

1.3.5 Heteropolyacids

Heteropolyacids (HPAs) consist of heteropoly anions (oxoanions) with a central unit
composed of typically Si or P. This central metal is tetrahedrally coordinated with
oxygen and surrounded by 2-18 oxygen atoms connected hexagonally to metal atom,
usually Mo or W. Figure 1.9 shows the structure of the phosphotungstate anion, the
conjugate base of phosphotungstic acid (Hs[PW12040]) ®°.. Various acidic centres exist
in HPAs, for instance, protonic acidic sites such as H3[PW12040] or Lewis acid sites

such as La""[PMo012040] in which a metal counter-ion acts as a Lewis acid [,

Figure 1.9 phosphotungstate anion %

Due to their low surface area (5-8 m?/g), HPAs are most often used as supported
catalysts rather than in the bulk form B, Various supports such as amorphous silica,
zirconia and mesoporous silica MCM-41 have been employed for this purpose 57-°81,
The supported HPAs are of scientific interest and their use has been reported in several
applications such as Friedel-crafts acylation and Fries rearrangement of aryl esters for

which they show very high catalytic activity 1.
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Nevertheless, their use is still limited, even in the supported form, due to some
drawbacks. For instance, a high loading of HPAs may cause framework destruction of
the support, or blockage of the pores of the support by the formation of clusters, thus
negatively affecting their catalytic performance 8. In addition, HPAs may leach from
the support and catalyse the reaction homogeneously as a result of their high solubility

in polar solvents 71,

1.3.6 Amorphous silica-alumina (ASA)

ASAs are some of the earliest heterogeneous solid acids after the clays, having been
used from the 1940s until recently in the petrochemical industries for hydrocracking,
isomerisation and alkylation reactions %, They are usually prepared by mixing sources
of Si and Al oxides (commonly commercially available silica or sodium silicate with
aluminium nitrate or ammonium aluminium hexafluoride salt), followed by filtration
of the solid, drying at ~400K and finally calcination at a high temperature (750-1000K)
6% 1f one or both of the sources contains sodium, ion-exchange with NH4" is necessary

in order to remove the alkali cations.

ASA consists of various weight percentages of Al in three different forms (tetrahedral,
octahedral and Al,Os) grafted onto a silica backbone which is usually tetrahedral ¢,
The ratios of the aluminium in the various coordination states depend on the preparation
method as well as the weight % of Al. For example, when ASA is prepared by grafting
Al into silica gel most of the Al is in the form of Al.O3, whereas preparation by
cogelation produces Al as Al'Y and AIV' 8% |t has been found that ASA with a higher
Al content contains a higher proportion of octahedral Al which is believed to result
from the formation of AlOs clusters . The small fraction of tetrahedral Al is formed
due to the substitution of Si by Al during the preparation or subsequent calcination, and
these species form Bronsted acidic sites which are the bridging hydroxyl group (Si—
OH—AIY), as described earlier %, The strength of these sites increases with increasing
Al'V/AIV! ratio. These two coordinated Al sites are also responsible for generating Lewis
acidic sites %1, This may explain the weaker activity of ASA compared with zeolites,

in which, in some cases, only a few Al atoms substitute for Si, resulting in weak acidity.

Similar to clay based catalysts, ASAs have been replaced by synthetic zeolites which

have higher activities and longer lifetimes than ASA. The larger pore volumes of the
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ASA sometimes result in higher selectivity compared to zeolites, by allowing more
molecules to enter the active sites ©2. However, the large pores allow increased coke
deposition in the active sites, causing deactivation of the catalyst. It is not only the large
pore volume which causes greater coke formation, but it has also been claimed that the
presence of Al,Os in the ASA is responsible for coke formation 3, In addition, the
complexity of the ASA’s surface compared to zeolites prevents the ability to tailor the
acidity of the ASA, providing another reason why such catalysts became less desirable
after the introduction of synthetic zeolites.

In summary, this chapter describes the most common solid acid catalysts in terms of
their preparation techniques, their structural properties, and the nature of their active
sites. Their catalytic activities in some important industrial applications have also been
discussed, together with some of the limitations associated with these catalysts. This
chapter also outlines some of the wide range of applications where homogeneous

catalysts have been replaced by more environmentally friendly heterogeneous catalysts.

Nonetheless, ~95% of heterogeneous catalytic processes are in the bulk petrochemical
industries with only very limited applications in the fine chemical industries (~3-5% of
fine chemicals are produced via heterogeneous catalysts) %4, This is ascribed to the
limitations of the solid catalysts such as the zeolites, where their applications are
hindered by their restricted micropores. The low hydrothermal stability of mesoporous
M-silicates (such as MCM-41) causes structural deformation at high temperature in
aqueous solution. Other highly promising solid catalysts suffer drawbacks of high cost,
sophisticated synthesis procedures, and environmental risks from the use of toxic

reagents.

Thus, there remains a need for the development of new efficient and
environmentally benign solid catalysts that can be prepared readily with tailored

chemical and physical properties.

1.4. Scope of this thesis

This thesis describes the synthesis and characterisation of amorphous aluminosilicate
inorganic polymers (also known as geopolymers) as a novel class of solid acid

heterogeneous catalysts for liquid-phase organic synthesis applications.
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The similar chemical and thermal stability of geopolymers to their crystalline
analogues (zeolites) %9 suggests the possibility that they may be suitable
candidates for heterogeneous catalysis. Moreover, geopolymers can readily be
prepared at ambient temperature from environmentally friendly natural raw
materials, or from industrial wastes such as fly ash. Unlike zeolites or
mesoporous silicates, micro, meso or even hierarchical porosity can be
introduced into the geopolymer structure by varying the synthesis composition
without the use of costly, and sometimes toxic, OSDAs %81 In this research,
acidic active sites will be generated in the geopolymer framework by ion-
exchange with ammonium ions followed by thermal treatment, allowing the
nature of these acidic sites (Bronsted or Lewis) to be tailored to specific catalytic
applications 671, These possibilities suggest that geopolymers may have
considerable potential as cost-effective, efficient, readily synthesised and

environmentally friendly heterogeneous solid acid catalysts.

1.4.1 Geopolymers

Geopolymers are X-ray amorphous aluminosilicate polymers, first described by Joseph
Davidovits in late 1970s 8. Their structure consists of randomly organized three-
dimensional arrangements of tetrahedral silicate and aluminate units joined through
their common oxygen atoms %1, Charge balance in the tetrahedral aluminate units is
achieved by the presence of (usually) monovalent alkali ions, Figure 1.10 illustrates a

schematic representation of the geopolymer framework.

Figure 1.10 Schematic representation of the geopolymer framework
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Davidovits and his team have described geopolymers as polysialates (sialate is an
abbreviation for silicon-oxo-aluminate) [, They have also identified three different
building blocks based on the alternating silica and alumina tetrahedral units that form

the geopolymer framework (scheme 1.3).

Scheme 1.3 Three different main building units of a geopolymer

| o

Polysialate %TI/ \,TI%
(0] __0O

Polysialate-siloxo %Si/ ~a” \Si%

o_|._o ¢}
Polysialate-disiloxo—QSi/ \AI/ \Si/ \S|i9—

Geopolymers are usually prepared by mixing a solid aluminosilicate such
dehydroxylated kaolin clay with an alkali metal silicate under alkaline conditions, the
mixture setting to a hard mass at ambient temperatures. The process starts with
dissolution of the aluminosilicate clay in the alkaline solution, and therefore the
crystalline clay must typically be thermally activated to break down the crystalline
structure, causing the coordination of Al to change from 6 to a mixture of 4, 5, and 6 which
facilitates the dissolution process . The resulting deconstructed Si and Al species then
polymerise into a gel composed of monomers. As the concentration of these monomers

increases, they grow to form the geopolymer framework 4,

The setting properties of aluminosilicate geopolymers are dependent on their
composition, particularly their SiO2/Al,O3 molar ratio, which is normally stated to have
an optimum value of about 3, although geopolymers with higher and lower silica

contents have been shown to be viable 4,

Due to their excellent mechanical properties, geopolymers have conventionally
been applied as environmentally friendly alternatives to Portland cement "3l In

previous work, we have developed natural fibre-reinforced geopolymer-based
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composites, using wool and flax fibres, for low-technology applications such as
construction or insulation materials ['“l.  Due to their porous three dimensional
framework, geopolymers have been used as adsorbents in waste water treatment
applications and for the storage and immobilization of heavy metals and

radioactive wastes [/,

More recently, geopolymers have been investigated for more advanced
applications such as drug delivery media [, and we have demonstrated their use
as a novel stationary phase for open-column chromatography where silica or alumina
would commonly be used [, The chromatographic performance of the geopolymer
was comparable with or superior to the conventional stationary phases silica and
alumina, with greater chemical stability to polar solvents than silica and lower
preparation costs. However, geopolymers have only very rarely been used as supports
in heterogeneous catalysis rather than catalysts in their own right.

1.4.1 Geopolymers in heterogeneous catalysis

Despite their desirable properties, only very few recent studies have reported the
possibility of using geopolymers in the field of heterogeneous catalysis. Sazama et al.
have reported the use of geopolymers as redox catalysts for the reduction of NOx by
ammonia and the oxidation of volatile hydrocarbons where the active catalyst was Pt,
Fe, Cu or Co, supported on a geopolymer matrix ["®l. The performance of the
geopolymer catalysts was superior to conventional vanadium oxides supported on
alumina (V20s/Al203). Geopolymers have also been used to support other catalytic
nanoparticles such as TiO2 ["®), CuO 8%, and a combination of both 821 for photocatalytic
degradation of organic pollutants. Sharma and co-workers have also reported the use of
geopolymers loaded with Ca?* as base catalysts for the generation of biofuel 21, Of
these studies, only Sharma et. al. has reported the reusability of their prepared catalysts,
showing that deactivation began to occur after the third reaction cycle. As mentioned
above, the main drawback of supported catalysts is the tendency of their active species
to leach from the host in aqueous solutions, causing deactivation and affecting the

catalyst reusability.
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1.4.2 Novelty and research approaches

The aim of this research is to synthesise and characterise geopolymers with properties
suitable as novel solid acid catalysts, in which the active sites are generated within their
structure rather than simply using the geopolymer as a support for other catalytically
active species. The formation of these acidic centres as part of the geopolymer
framework, and the investigation of their catalytic properties for several industrially
important organic reactions has not previously been reported. The catalytic properties
of these new materials were shown to be markedly improved by applying post-synthetic
treatments to tailor their acidity and porosity, making them suitable for a number of

organic reactions, each of which requires different active sites.

This project followed three different approaches. Firstly, clay-based geopolymer-based
catalysts were synthesised with high surface areas and weak surface acidities, H-bonded
silanol nests and vicinal silanols, these are the properties required to catalyse an
important class of organic reactions, the Beckmann rearrangement reaction. In this
section of the work, the new geopolymer catalysts were tested in a model Beckmann
reaction, the rearrangement of cyclohexanone oxime to caprolactam. This part of the

work is described in detail in chapter 3.

Secondly, it was shown that mesoporous and hierarchical clay-based geopolymer
catalysts could be synthesised which contain both Bronsted and Lewis acid sites such
as required for the catalysis of another class of important organic reactions, the Friedel-
Crafts benzylation reactions. The performance of the new catalysts with acid sites
tailored for this purpose was demonstrated in a systematic study of the Friedel-Crafts
benzylation of several relatively large aromatics. This part of the work is presented in

chapter 4.

Thirdly, several geopolymer catalysts were prepared from fly ash, a waste material from
the combustion of coal. This contains Fe>Os, which could potentially provide active
sites in addition to those synthesised within the geopolymer structure itself. The
synthesis and characterization of these catalysts is reported and their performance in
Friedel-Crafts benzylation and Friedel-Crafts acylation reactions were demonstrated.

This work forms chapters 5 and 6 of the thesis.
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Experimental

This chapter describes the synthesis of the parent geopolymers and the subsequent
preparation of the catalysts. It provides a full description of the characterisation
procedures and a brief description of the techniques commonly used to characterise
solid catalysts. The last part of the chapter (section 2.3) describes the analysis of the
catalytic reactions in which the reaction outcomes were identified and quantified. In
addition, it discusses some common models that provide valid and accurate
measurements of the heterogeneous catalytic reaction kinetics by evaluating the heat

and mass transfer effects.

2.1 Synthesis and catalysts preparation

2.1.1 Geopolymer synthesis (the section was rearranged)

The geopolymers in this study were prepared from two different sources; clay and fly
ash. The clay was a New Zealand kaolinite-type halloysite clay (Imerys Premium
Grade). Four different fly ashes (FA) were collected from different sources; a C-class
(high CaO content) fly ash was collected from the Huntly power station, New Zealand.
The three other fly ashes were F-class (low CaO content), and were from Australian
power stations; Gladstone in Queensland, Hyrock from Bayswater station, and Mount
Piper station both the latter located in New South Wales. Table 2.1 summerises the

composition of the halloysite clay and the four fly ashes.
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Table 2.1 Chemical composition of the halloysite clay and the fly ashes ?

Oxide (wt. %) Halloysite Hyrock Huntly Gladstone (G.S.) Mount piper

SiO2 49.5 66.68 46.48 43.61 69.23
Al,03 355 22.46 19.1 31.28 23.89
Na20O 0.04 0.18 0.76 0.46 0.22
K20 0.01 1.05 0.69 0.31 2.23
MgO 0.02 0.56 2.85 1.62 0.24
CaO 0.02 1.09 15.56 3.73 0.23
Fe20s 0.29 5.79 10.2 12.74 1.15
TiO> 0.09 0.99 1.19 1.76 0.92
MnO 0.00 0.09 0.08 0.17 0.02
P20s 0.00 0.18 0.27 1.10 0.11
SO3 0.00 <0.01 0.45 <0.01 <0.01
L.O.l. 13.8 0.72 1.04 2.51 1.07
SUM 99.27 99.78 98.67 99.3 99.29

& determined by X-ray fluorescence analysis (XRF).

2.1.1.1 Clay based geopolymer

Geopolymers with two different alkali cations (Na* and K*) were synthesised in this
project. The masses of all the components used in the synthesis of all the prepared
geopolymers are shown in Table 2.2. The weighed amounts of analytical grade NaOH
or KOH (Panreac) were dissolved in distilled water and then sodium silicate (Sod-Sil-
D) (FERNZ Chemical Co, NZ, Type “D”, Na,O/SiO2 = 0.48, solids content = 41.1 mass
%) or potassium silicate (Type K66, Ineos Silicas, UK) was added to the mixture. The
solution was cooled to room temperature in an ice bath. The dehydroxylated clay,
prepared by heating at 600 °C for 12hr was then gradually added to the mixture. After
thorough manual mixing for 10 min. the geopolymer resins were cured in covered
plastic molds at 80 °C for 6 hr., then uncovered and oven-dried at 40 °C overnight. The
hardened blocks were then broken into pieces and ground in a vibratory mill (Bleuler,
Switzerland) fitted with a tungsten carbide pot and milling rings and sieved to pass a

105 pm mesh.
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Table 2.2 weights in grams (g) of all the components used in the geopolymers synthesis

Geopolymer NaOH KOH H:O Na-silicate K-silicate Halloysite Corresponding-FA Silica-fume Alphabond

Na-N 16.1 0.0 323 64.2 0.0 80.0 0.0 0.0 0.0
Na-hiSi 40.0 0.0 801 80.0 0.0 80.0 0.0 60.0 0.0
K-N 0.0 9.0 180 0.0 32.0 40.0 0.0 0.0 0.0
K-hiSi 0.0 11.0 20.0 0.0 20.0 30.0 0.0 15.0 0.0
Geo-Hyrock 7.0 00 17.0 0.0 0.0 0.0 21.0 0.0 2.0
Geo-Huntly 4.0 00 80 15.0 0.0 0.0 30.0 0.0 2.5
Geo-G.S. 4.0 00 80 15.0 0.0 0.0 20.0 0.0 0.0
Geo-Mt. piper 4.0 00 80 15.0 0.0 0.0 30.0 0.0 4.0
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Two sodium and two potassium-based geopolymers were prepared with “normal”
compositions (e.g. SiO2/Al,03 ~3.5), designated Na-N and K-N, and two silica-rich
compositions, containing twice this amount of silica, designated Na-hiSi and K-hiSi
were also prepared. The compositions of the high-silica geopolymers were adjusted by
the addition of fine silica fume (Elkem 971-U, Elkem, Norway) simultaneously with
the clay (see Table 2.2 for masses). The composition of all the clay based geopolymers

is shown in Table 2.3.

Table 2.3 Chemical composition of the synthesised clay based geopolymers #

Molar ratio Na-N Na-hiSi K-N K-hiSi
SiO2/Al;03 3.54 6.40 3.59 5.19
Na2O/Al>O3 1.26 2.27 0.02 0.02
K2O/Al;03 0.01 0.00 1.11 1.30
H20/ Al,O3 13.59 22.88 13.26 14.81
Zr0,/Al, O3 0.00 0.07 0.00 0.05
CaO/Al03 0.00 0.00 0.00 0.00
Fe203/Al203 0.00 0.00 0.00 0.00

ddetermined by XRF.

2.1.1.2 Fly ash based geopolymer

Unlike hydrated crystalline clay minerals, fly ash is a product of a thermal process
(burning coal) and it is composed of a heterogeneous mixture of metal oxides, making
thermal pre-treatment unnecessary. Thus, all the fly ash samples were used as received
with no further chemical or thermal treatments. Only one geopolymer composition (the
“normal” composition, SiO2/Al,03 ~3.5) was prepared, and only in the Na form.
Accordingly, the four fly ash based geopolymers were designated with the name of the
fly ash, plus the abbreviation “Geo” (e.g. Geo-Hyrock). The chemical compositions of
all the synthesized fly ash geopolymers are shown in Table 2.4. The fly ash-based
geopolymers were synthesised by exactly the same procedure as used for the clay-based
geopolymers (see section 2.1.1.1 and Table 2.2), but in some of the compositions the
SiO2/Al;0s ratio had to be adjusted by the addition of amorphous Al.O3 (Alphabond
300, Alcoa).
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Table 2.4 Molar compositions of the synthesised fly ash-based geopolymers @

Molar ratio  Geo-Hyrock  Geo-Huntly Geo-G.S. Geo-Mt. piper
SiO2/Al;03 3.55 3.79 3.56 3.84
Na>0O/Al,03 1.34 1.10 141 0.79
K>0/AlLO3 0.04 0.03 0.01 0.00
H20/ Al2O3 14.32 11.23 14.81 8.31
ZrO2/AlL O3 0.00 0.00 0.00 0.00
CaO/AlO3 0.06 1.04 0.22 0.01
Fe,03/Al203 0.12 0.24 0.26 0.02
TiO2/Al,03 0.04 0.60 0.07 0.03

determined by XRF.

2.1.2 Catalyst preparation

The acidic form of each geopolymer was obtained by converting it to the NH4" form by
ion exchange, followed by thermal treatment to decompose the ammonium and produce
the H-form of the geopolymer. Throughout the thesis unless otherwise stated, the
heating, for both NH4* decomposition and clay dehydroxylation, was performed in a

regular lab furnace under static air atmosphere with a starting heating rate of 15 °C/min.

lon-exchange of the alkali for NH4" was carried out by the method of O’Connor et al.
(831 One gram of geopolymer powder was treated with 100 ml of 0.1 M NH4ClI solution
(Panreac) with vigorous stirring at room temperature for 12 hr., washed thoroughly with
a freshly prepared solution of 0.1 M NH4CI, filtered, then washed again with distilled
water to remove any remaining alkali ions and dried at 40 °C overnight. Zeolites H-
ZSM-5 and Y were used for comparison purposes in the catalytic reactions and were

ion-exchanged in the same manner.

The ion-exchanged catalysts were then heated at a range of temperatures between 300
— 550 °C to determine the appropriate temperature to produce acidic sites necessary to
catalyze the particular organic reaction being studied; accordingly, the NH4"-ion

exchanged geopolymers were heated to 450 °C for use as the catalyst in the Beckmann
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rearrangement, while catalysts that were used in the Friedel-Crafts alkylation and
acylation reactions were heated to 550 °C. The heating time was generally 15 min unless
otherwise stated; a range of heating times up to 5 hr. was investigated but longer heating
times were shown unnecessary for some the tested reactions. This is an advantage over
zeolites which require several hours of thermal activation. Both zeolites used in this
study were thermally treated in exactly the same way as the geopolymers.

2.1.3 Post synthetic treatment

Dealumination is routinely employed with zeolitic materials to introduce secondary
mesopores or remove the EFAI B4, This is commonly achieved by applying strong acids
such as HCL or HNOs or chelating agents such as Na;HEDTA. The latter has been
shown to selectively remove the EFAI rather than the FAI and thus having minor
influence on the zeolitic crystallinity . More recently, desilication by base treatment
(usually NaOH) has been widely applied to zeolites (mainly with high Si/Al ratio) as it
introduces connected intracrystaline mesoporosity that cannot be achieved by
dealumination %, However, this basic post-synthetic treatment was found 3
not effective when applied to zeolites with low Si/Al ratios (e.g. Y zeolite), and
therefore a pre-dealumination step is necessary to introduce mesoporosity in the
framework of these high-Al zeolites. Furthermore, Verboekend et. al. have reported
that an additional step of mild acid treatment after the alkaline treatment
(desilication) further improves the porosity by removing any remaining Al-rich
debris that could block the pores 3%, In this study these sequential treatments (see
below) were applied to the geopolymers to improve their porosity and acidity and thus

their catalytic activity.

It should be noted that post synthetic treatments were only applied to the clay based
geopolymers. These were sequentially dealuminated and desilicated after ion exchange,
following the procedure of Verboekend et al. 3% in which a weighed amount of the
NH.4"-geopolymer catalyst was first dealuminated by treatment with 20 ml/g 0.11 M
NazH2 EDTA (Merck) for 5 hr. at 85 °C; these samples were designated DA (e.g. Na-
hiSi-DA). This was followed by desilication by treatment with 30 ml/g 0.1 M NaOH
for 30 min at 65 °C. The desilication was carried out in a plastic container placed in a
thermostatic bath. The third step of the treatment was washing with 0.11 M NazH.-

EDTA, performed as in the first dealumination but for only 2 hr. Between each of these
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steps, the solid was filtered, washed with distilled water and dried at ~50 °C overnight.
Finally, these samples were exchanged with NH4" as described above, but in three 6-
hr. treatments with NH4CI solution. The geopolymer samples treated in this way are
designated Seq (e.g. Na-hiSi-Seq).

As discussed above, the initial step of the treatment (dealumination) was carried out
with the NH4"-form of geopolymer. This is based on the reported experimental finding
that the disodium form of EDTA (Na2H2EDTA) has no significant effect in terms of
dealumination on the sodium form of zeolites with low Si/Al ratio (e.g. Na-Y zeolite)
[332 871 Therefore, when Na:HEDTA is used, it is commonly applied to the ion-
exchanged form of the zeolite, whereas the acid form H4sEDTA is usually applied to
either form (the alkali cation and the ammonium ion-exchanged zeolite). Thus, in this
study, Na;H,EDTA was used in conjunction with the NH4"-geopolymer. It should be
noted that the catalysts preparation, including NH4* ion-exchange and the sequential
treatment, was repeated several times and no significant change in their reproducibility

in terms of catalytic performance was observed.

2.2 Catalyst characterisation

2.2.1 X-ray diffraction (XRD)

XRD is a very useful tool, widely applied to the characterization of solid materials,
typically used to identify the structure of solid crystalline phases. A diffracted X-ray
from a crystal results in a distinctive diffraction pattern that can be used as a fingerprint

to identify that particular crystal structure.

On the other hand, amorphous materials such as geopolymers do not possess a
crystalline structure with long range order and therefore XRD does not provide useful
information about their structure. In practice, X-ray interaction with an amorphous
material produces a broad background feature of the scattered X-rays. However, even
for amorphous materials such as geopolymers, XRD is a very useful technique since it
demonstrates the formation of the amorphous material. In addition, it reveals the
presence of any crystalline phases that may be present either as deliberately introduced
phases (e.g. nanoparticles) loaded on the solid or present as impurities. Moreover, in

applications where amorphous materials are subjected to thermal treatments, XRD is
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useful in measuring their thermal stability by indicating whether or not a
recrystallization process has occurred. Below is a brief description of the principle of
the XRD.

Atoms within a crystal are arranged in a repeating array with long range order forming
a three-dimensional lattice. Since the X-ray wavelength is of the order of the
intracrystalline spacing, it is diffracted by the crystal, providing information about its
structure. The arrangement of the atoms in the lattice can be described in terms of planes
of atoms, defined by three integers (hkl), called Miller indices. When an X-ray beam
interacts with the surface of a crystalline solid, a unique diffraction pattern is obtained
in a form of peaks. Each of these peaks is related to a diffracted X-ray from a specific

plane.

The condition for a diffraction to occur is illustrated in figure 2.1. A constructive
interference is obtained when Bragg’s law is satisfied (8. As the wavelength of the X-
ray (A) is fixed by the nature of the target material in the X-ray tube, a diffracted X-ray
from particular parallel planes of atoms with spacing (d) will be in phase only at a
specific angle. The incident angle (0) is the angle between the X-ray source and the
sample, the diffracted angle (20) is defined as the angle between the incident angle and

the detector, and thus the detector is set at an angle of 26.

Bragg’s law: nA = 2dsin®

Detector
X-ray source

Figure 2.1 Illustration of XRD theory.

The X-ray source is basically a vacuum tube containing a metal filament (usually W)

and a cathode target, commonly Cu or Mo. When the filament is connected to a high
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voltage it generates high energy electron beam (30 — 50 kV) which is accelerated
towards the anode by the potential difference. When the beam strikes the cathode, it
causes expulsion of an electron from the inner shell (K shell). When an electron from a
higher shell (the M or L shells) fills the electron hole, the energy difference is released
mostly in a form of heat and a characteristic X-ray whose energy and thus wavelength
is specific for each individual atom. The resulting X-ray beam is passed through a

collimator, producing a monochromatic X-ray beam.

Where powder samples are exposed to the X-ray beam, in all the possible diffraction
reflections are observed, as there will always be crystals in the beam that satisfy Bragg’s
law for a specific set of atomic planes.

In this work, X-ray powder diffraction was used to characterize the formation of
geopolymer as well as the structural stability of the thermally treated geopolymers and
the spent geopolymers catalysts. A Bruker D8 Avance X-ray diffractometer with Ni-
filtered Cu Ka radiation operated at 45 kV and 40 mA was used, and the XRD data
were analyzed by comparing the diffraction peak patterns with those collected in the
International Center for Diffraction Data (ICDD) database.

2.2.2 X-ray fluorescence (XRF)

The compositions of the raw materials from which the geopolymers were synthesised
as well as all the synthesized geopolymers were obtained by XRF analysis. The
principle of generating X-rays is as described in section (2.2.1). The sample is presented
to the X-rays which cause ionization of the inner shells of the different atoms present.
The resulting characteristic emitted X-rays are detected, allowing qualitative and
quantitative analysis of the sample’s composition. This technique is applied only for
atoms heavier than Ne due to the low X-ray yields for lighter elements . The present
XRF analyses were carried out by a commercial analytical company, SpectraChem

Services, Seaview.

2.2.3 27Al and 2°Si MAS NMR

Magic angle spinning nuclear magnetic resonance (MAS NMR) experiments are routinely
applied in characterisation of solid catalysts, providing key structural data that cannot be

obtained by XRD. In aluminosilicates such as zeolites or geopolymers 2’Al and 2°Si MAS
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NMR experiments are essential to determine the coordination environment of the Al and
the Si, and thus giving insight to the arrangement of the aluminate and silicate units within
the framework. Moreover, it is useful in evaluating the impact of post-synthetic treatments
on the structure of the solid catalyst, by showing the transformation of a metal from one
coordination state to another, or leaching of an element from the framework. 2’Al, *H and
0 MAS NMR spectra are also very useful tools to study the acidity of solid acid catalysts
22,901 A brief description of the theory behind MAS NMR s outlined below.

When a nucleus with a spin, (containing an odd number of protons and/or neutrons) is
placed in a magnetic field, its spin energy states are split (Zeeman interaction).
Transition between these states requires the absorption or emission of a photon in the
radiofrequency (rf) range. In the NMR experiment the aim is to detect this rf resonance,

which is unique for each nucleus in a different bonding environment.

When the nucleus is placed in an external magnetic field (Bo), its spin magnetic moment
precesses around the axis of B, at a specific frequency called the Larmor frequency (Lf)
that is a characteristic of each nucleus. At this stage, the spin energy levels are split due
to B, by the Zeeman effect and the nucleus magnetic moment is aligned in the lower
energy level (at the same direction as the external Bo). Pulsing the nucleus with a rf
pulse at the Lf causes the magnetic moment to incline from the axis of B, (the nucleus
absorbs the rf and is transferred to higher spin energy levels with its spin magnetic
moment aligned against Bo). When the pulsing ceases, the spin magnetic moment
returns to its original axis (at the lower spin energy level) with a characteristic relaxation
time, thereby inducing a voltage that is recorded as a function of time called a free
induction decay (FID). The FID is transformed from the time domain to the frequency
domain using a mathematical process called Fourier Transform (FT) as described in

figure 2.2.

FT
_
t v
_ <
FID NMR Spectrum

Figure 2.2 A representation of the Fourier transformation of FID to NMR spectrum [,
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Usually a nucleus is not only affected by the external B, but also by magnetic effects
from neighbouring nuclei and shielding from neighbouring electrons; therefore it
absorbs or emits slightly different frequencies from a single nucleus. Thus, it is difficult
to measure the absolute NMR frequency, so the resonance frequency is measured

relative to an external standard.

The complexity of solid state NMR compared to the liquid analogy is due to the
broadening of the resulting peaks in the solid state NMR spectrum. This is due to a
number of interactions around the nuclei, between dipole moments, between
quadrupole moments (in quadrupole nuclei) and the electric field gradients at the
nucleus, and also to anisotropy shielding effects Y. In the liquid phase the rapid
movement of the atoms cancels the impact of these interactions, resulting in narrow
peaks, but in solids the atoms are not as free to move, giving rise to broadening by the

various mechanisms listed above.

Some of these interactions in the solid sample are related to the angle between the
sample and the magnetic field, expressed in terms of Legendre polynomials such as
(3cos? 8-1). This term becomes zero at the “magic angle” of 54.7 ° to the axis of the

magnetic field (figure 2.3a).

(b)
J\
|
Static |
WM‘ * L% *
!_\15_5_ Avd N
200 100 0 -100 -200

Figure 2.3 (a) magic angle spinning probe and (b) 2’ Al NMR of a mixer of Al,O3 and
Y20 measured for unspun (upper spectrum) and spun at the magic angle (bottom

spectrum) Y. The peaks marked with asterisks are spinning side bands.

Spinning the sample at high speed (up to 15000 revolutions/s) at the magic angle

cancels broadening associated with non-quadrupolar (I = %) and second order
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quadrupolar nuclei, resulting in narrow peaks (figure 2.3b); therefore, this technique is
referred to as magic angle spinning, or MAS NMR.

Broadening that cannot be cancelled by MAS such as fourth order quadrupolar
broadening can be removed by applying other techniques such as double angle spinning
NMR or multi quantum MAS NMR, described in detail elsewhere %21 but these

techniques were not used in this work.

2T Al and 2°Si solid state MAS NMR spectra were acquired at a magnetic field of 11.7 T
using a Bruker Avance | 11 500 spectrometer operating at a 2’Al frequency of 130.24
MHz and a 2°Si frequency of 99.29 MHz. The 11.7 T #’Al solid-state spectra were
acquired using a 4 mm Doty MAS probe with a silicon nitride rotor spun at 10-12 kHz,
a 1 ps pulse and a 1 s recycle time, the spectra referenced with respect to Al(H20)%*.
The 2°Si spectra were acquired with a 5 mm Doty MAS probe and a zirconia rotor spun
at ~6 kHz. The excitation pulse for 2°Si was 7 us with a recycle time of 30 s and the

spectra were referenced with respect to tetramethylsilane (TMS).

2.2.4 Electron microscopy

Electron microscopy is another useful tool and widely applied in several fields such as
medicine, biology and materials science. In the field of heterogeneous catalysis, it
provides useful information about the morphology and porosity of the solid catalyst
particles. In addition, it provides qualitative and quantitative elemental analysis of the

catalyst.

The principle of electron microscopy is that electrons are used instead of light to
produce images. The wavelength of an accelerated electron beam is 10° times shorter
than light wavelength °31, therefore providing images of much higher resolution, down
to few angstroms. Electromagnetic lenses are used in electron microscopes instead of
glass lenses as in regular optical microscopes. The electron microscope techniques used

in this work are described below.

2.2.4.1 Scanning electron microscopy (SEM)

In scanning electron microscopes, the sample surface is exposed to a high energy

electron beam, accelerated by a potential difference, called the primary electron beam
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(10 — 50 kV) which interacts with the sample as shown in figure 2.4. The secondary
electrons are collected by an appropriate detector and processed to provide an image of
the sample. Elemental analyses of the sample can also be obtained by detection and
analysis of the emitted X-rays. Since the SEM data are obtained by collecting the
scattered electrons from the sample surface, the experiment is conducted under high

vacuum to avoid collisions between the electrons and the air.

A scanning electron microscope consists of an electron gun that generates the primary
beam, commonly a heated tungsten filament. Since electrons interact with electric and
magnetic fields, electromagnetic lenses (condenser and objective lenses) are used to
focus the electric beam on to the sample. The primary electron beam is usually scanned
over the sample in two perpendicular directions by a scanning coil, to cover a
rectangular area of the sample called the raster. Different images are produced by
collecting the secondary or backscattered electrons produced from each point of the
raster. Thus, the SEM image is generated point by point, unlike the optical microscope

which provides simultaneous imaging 41,

Primary electron beam

_ EDS analyses
BSE images \

X-ray SEM images

Backscattered electrons

Secondary electrons

Figure 2.4 Illustration of some interactions between the primary electron beam and the

sample in a scanning electron microscope (improved version from %),

SEM images are produced by the secondary electrons (figure 2.4), providing details
about the surface topography and an estimate of the particle size. Up to ~30,000x
magnification with image resolution of ~50 nm is achievable by regular SEM
microscopes, but some SEMs using a field emission cathode in the electron gun produce
a narrower beam of both low and high energy electrons, resulting in improved spatial

resolution up to about 1.5 nm [,
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Backscattered electron images (BSE) are formed by the backscattered electrons,
allowing discrimination of multiphase materials by variations in the contrast which
depend on the atomic weight of the elements in the sample, e.g. the heavier atoms

appear brighter.

2.2.4.2 Energy dispersive X-ray fluorescence spectroscopy (EDS)

As shown in figure 2.4, striking a sample with high energy beam of electrons produces
x-rays with energy characteristic of each particular element in the sample (sections
(2.2.1) and (2.2.2)). Measurement of these x-rays provides qualitative analyses of the
elements in the sample. EDS can be used to map the distribution of the various elements
in the sample.

2.2.4.3 SEM sample preparation and apparatus

The sample must be electrically conductive to avoid surface charging which results in
poor imaging. Non-conductive samples are usually coated with an ultrathin layer of
conductive material (few nanometres thick) such as carbon, Pt or Au. The choice of the
conductive layer becomes important if elemental analysis (e.g. EDS and mapping) is

required.

In this work, the sample powder was placed on a carbon tape and coated with a ~16 nm
layer of carbon using a Quorum Q150T turbo-pumped carbon coater. SEM images were
obtained by using a JEOL JSM-6610 LA analytical scanning electron microscope

operated at 10-20 kV, connected to an energy- dispersive spectrometer (EDS).

2.2.4.4 Transmission electron microscopy (TEM)

Transmission electron microscopes (TEMS) provide direct imaging of the target sample
using electron beams of much higher energy (200 — 300 kV) than in SEMs, thereby
providing much higher magnification (x10% — 10°) with a spatial resolution of 0.2 nm
[931 In the TEM, the high energy electron beam, focussed by a series of electromagnetic
lenses, impinges on the sample surface and the transmitted electrons provide an image
of the sample on a fluorescent screen placed under the sample. The image contains
density variations depending on the thickness of various regions of the sample. TEM
samples must be very thin (a few nanometres thick), and therefore this technique cannot

be used for bulk specimens, for which SEM is more appropriate [°3I,
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In the case of heterogeneous solid catalysts, TEM provides valuable information about
their porosity, particularly their pore shapes that cannot be obtained by other techniques.
Furthermore, the dispersion of nanoparticles supported on solid catalysts can be seen
by TEM.

2.2.4.5 Scanning transmission electron microscopy (STEM)

STEM combines the techniques of TEM and SEM by scanning a very narrow spot on
the sample and collecting the resulting X-rays, secondary, transmitted and
backscattered electrons. Thus, STEM produces qualitative and quantitative elemental
analyses similar to EDS element mapping. Usually TEMs are equipped with scanning
coils to permit both TEM and STEM measurements.

2.2.4.6 TEM sample preparation and apparatus

In this work a slurry of the sample powder was produced by grinding in ethanol using
a mortar and pestle. The slurry then was dispersed on copper grids, Formvar/carbon
coated, followed by exposure of the samples to a low-energy plasma to clean the grids
using a JEOL EC-2000 IC ion cleaner. TEM and STEM were acquired using a JEOL

JSM-2100 F transmission electron microscope operated at 200 kV.

2.2.5 Fourier transform infrared spectroscopy (FTIR)

Vibrational spectroscopy, particularly FTIR, is another routine technique for
characterising inorganic solid catalysts and solid and liquid organic compounds. In the
case of solid catalysts, FTIR provides structural information by identifying the chemical
bonds within the material. Moreover, ion-exchange processes and the subsequent
generation of acidic hydroxyl groups are usually monitored by FTIR, which is also used
to identify compounds adsorbed on the surface of the solid catalysts, thereby providing
information regarding poisoning of spent catalysts or surface acidity by use of probe

molecules (see section 2.2.6.2).

In this work, all the FTIR spectra were obtained by suspending the sample powder in a
KBr disk and the spectra were acquired using a Perkin Elmer Spectrum One FTIR
spectrometer in the range 4000-450 cm™. The resulting spectra were interpreted by

comparison with spectra in the literature.
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2.2.6 Surface acidity characterisation

Several techniques have been developed to qualitatively and quantitatively characterise
the surface acidity of solid acid catalysts . Some techniques provide a direct analysis
of the Bronsted and/or Lewis acidic sites; these include solid-state H, 'O and 2’Al
MAS NMR spectroscopy and FTIR spectroscopy in the characteristic region of
hydroxyl groups (3700 — 3400 cm ). These techniques can also be used to indirectly
characterise surface acidity of a solid by use of probe molecules such as amines or
carbon oxides. When a probe molecule is used, thermal desorption experiments can also
be used to provide information about the amount of the desorbed species to provide an
estimate of the concentration of the acidic sites. In addition, the strength of the acidic
sites can be estimated by measuring the temperature at which the desorption occurs.
Below is a brief description of the most common and viable techniques used for surface

acidity characterisation.

2.2.6.1 Acidity characterisation by solid state NMR spectroscopy

Solid state NMR has been used in various ways to characterise the acidity of solid acids.
!H MAS NMR has been used to distinguish between Bronsted acidic sites (bridging
OH groups with chemical shifts at ~ 4.0 ppm) and other silanol groups in zeolites [*>
971,170 MAS NMR has also been used for the same purpose, but the very low natural
abundance of 'O (0.037%) and its large quadrupolar moment have limited its

application (% 7],

2IAl MAS NMR spectroscopy is used to characterise framework Al (FAI) and extra
framework Al (EFAI) which act as Lewis acidic sites in zeolites and zeolite-like
materials. EFAI is usually in the form of penta-coordinated and octahedral Al, with
characteristic chemical shifts at 30.5 ppm and 0 ppm respectively [2% 691 More
recently, Lewis acidity, which arises from highly distorted tetrahedral and tri-
coordinated FAI, has been detected as broad resonance at ~40 ppm and ~67 ppm
respectively, using advanced solid-state NMR techniques such as 2’Al and 'H
REDOR (rotational-echo double-resonance triple-quantum) and CP (cross

polarization triple-quantum) MAS NMR [22],
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When a probe molecule is used, such as an amine, °N solid-state MAS NMR can be
used to study interactions between the probe molecule and the acidic sites in the solid
catalyst (%I,

2.2.6.2 Acidity characterisation by FTIR spectroscopy

FTIR in the range of (3700 — 3400 cm™) provides direct information about acidic
hydroxyl groups, whether weakly or non-acidic silanols or the bridging hydroxyls
(Bronsted acid sites). Figure 2.5 illustrates the several OH groups that can be generated
on the surface of silicates or aluminosilicates, together with their characteristic IR

absorption (600991,
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Figure 2.5 Illustration of hydroxyl groups in different environments in silicates and

aluminosilicates and their distinctive IR absorption.

FTIR is the tool of choice for characterising the surface acidity using a basic probe
molecule. Several molecular probes have been used for this purpose, the most common
being pyridine 8. Pyridine can distinguish between the acidic sites on the surface,
since it interacts differently with Bronsted and Lewis acid sites, resulting in distinctive
bands for each acidic site. Pyridine coordinated to Lewis acidic sites shows bands at
1448 and 1600 cm™t, while the bands at 1544 and 1638 cm™ are characteristic of
protonated pyridine on a Bronsted acid site [, Furthermore, quantitative analyses

of the concentrations of the acidic sites can be made by integrating the absorption peaks
[101]

-37-



Chapter 2. Experimental

In these experiments, the catalyst must be activated (degassed) prior to its exposure to
pyridine, by heating at temperatures between 300-500 °C under vacuum (up to10° Torr)
for sufficient time to remove the moisture and any other physisorbed species on the
catalyst surface 1% 1003l Since it is important to measure the chemisorbed pyridine,
after exposure of the catalyst to pyridine, the physisorbed pyridine is removed by
heating under vacuum. The temperature and vacuum applied at this stage are
determined by the acid strength of the catalyst, for instance the pyridine that is adsorbed
on strong acid sites requires higher desorption temperature compared to that adsorbed

on weaker acid sites.

These experiments are usually performed in situ to obtain more accurate results. For
this purpose, special IR cells have been developed which are connected to temperature-
controlled heaters and have windows for evacuation and supply of the pyridine [0, In
this equipment, the catalyst is placed in the cell as a self-supported wafer, and its
activation under vacuum is monitored by measuring a background spectrum. The solid
is then exposed to the pyridine for a period of time, followed by heating under vacuum
to remove the physisorbed molecules, and the spectrum recorded. The two spectra are

subtracted to give the final result.

2.3.6.3 Thermal desorption of a molecular probe

Thermal decomposition of a chemisorbed probe molecule does not only provide
quantitative analysis of the amount of acidic sites, but also gives insights into the
strength of the acidic sites, since the temperature of desorption is proportional to the
strength of the acid site. A common technique to achieve this is temperature
programmed desorption (TPD) of NHs 8. Another convenient method is thermal
gravimetric analysis (TGA) in which the probe molecule (gas or liquid) is desorbed and
the weight loss is recorded. Comparison with untreated sample (background) enables

an estimate to be made of both the quantity and strength of the acidic sites 021,

2.2.6.4 Acidity characterisation of the geopolymer catalysts

In this work, qualitative characterisation of the surface acidity of the synthesised
geopolymer catalysts was made by FTIR spectroscopy of adsorbed pyridine, while
quantitative analysis of the total acidity was determined from the TGA profile of

desorbed pyridine. The procedures of both experiments are described below.
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Adsorption/desorption of pyridine on the catalyst surface was carried out using a
Micromeritics VacPrep061 sample degassing system. 0.1 g of the H-form of the catalyst
was degassed at 250 °C for 12hr. at 200 mTorr vacuum. The H-form of the catalysts
was prepared as described in section 2.1.2 by heating the NH4"-geopolymer to different
temperatures. In this case the solid was removed from the oven and immediately
transferred to the degasser. After degassing, the temperature was set to 150 °C and the
sample was exposed to pyridine (100 ul) for 1 hr. The physisorbed pyridine was then
desorbed at 100 °C for 1 hr. under the same vacuum conditions, and the sample was
then removed from the degasser for FTIR and TGA measurements. The FTIR spectra
were acquired as described in section 2.2.5. The resulting spectrum for each solid was
compared with a background sample (without pyridine) that had been prepared and
handled in exactly the same way.

Thermogravimetric analysis (TGA) of the pyridine desorption was obtained using a
Shimadzu TGA-50 thermal analyser at a heating rate of 10 °C min~! up to 800 °C in
flowing air (50 ml min™t). The gradual weight loss of the sample with pyridine was
recorded and compared with a background sample. The difference in the weight loss
between the sample with and without pyridine indicated the total concentration of the

acid sites in the sample.

2.2.7 Porosimetry measurements

The surface and textural characteristics of a solid catalyst, including the surface area
and porous features are crucial factors in heterogeneous catalysis, since they have a
direct influence on the catalyst reactivity and thus the reaction kinetics. Typically, a
solid catalyst should possess a high surface area which in some cases equates to a higher
density of active sites and increased efficiency, especially when the reaction occurs at
the surface or when an active catalyst is used as a support. The pore volume and its
diameter are also critical features in a solid catalyst that controls the path of the reactant
and products into and away from the active sites. Pore volumes are largely responsible
for the deactivation or inactivity of a catalyst. This is particularly important in
microporous zeolites which show poor reactivity when dealing with bulk molecules

despite their other excellent features (section 1.3.1).
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2.2.7.1 Adsorption isotherms (N2 isotherms)

The surface area and the pore volume of a solid is usually measured by determining the
physical adsorption (physisorption) of an inert gas N2, Ar, and Kr on the solid surface
at low temperature, typically that of N> at the boiling point of liquid N2 (77K).
Physisorption occurs due to Vander Waal’s weak attractive forces between the gas or
liquid molecules with the surface of the solid, while the chemisorption results from the
formation of strong chemical bonds. Physisorption of N> (adsorbate) on the surface of
a solid (adsorbent) is expressed by an adsorption isotherm; the relation between the
volume of the gas adsorbed (adsorbate) and the relative pressure (p/p°), where p is the
gas pressure and p° is the saturation vapour pressure at the temperature of the vessel
containing the solid, at a relative pressure range between O and 1 (0 <p/p°<1).

Adsorption isotherms are classified by the International Union of Pure and Applied
Chemistry (IUPAC) into six main types [ (figure 2.6a). The type of the isotherm
depends on whether the material is porous or not, and is related to the size of the pores.
Porous materials are classified into three categories based on their pore diameter (Dyore);
Microporous (Dpore < 2 nm), Mesoporous (2 nm < Dpore < 50nm), and Macroporous (50

nm < Dyore) [103],

The Type | isotherm is related to a microporous adsorbent with monolayers (a few
molecular layers). The gas uptake is hindered and stabilises at high pressure by the
micropore volume. Type Il isotherms are related with a nonporous or macroporous
adsorbent with unlimited gas uptake at the high pressure range. The point (B) indicates
the completion of the monolayer coverage. Type Il and V isotherms are not common
and mostly result from weak adsorptive-adsorbent interactions. Mesoporous materials
exhibit type IV isotherms which are related to type Il isotherms, but with a distinctive
hysteresis loop (figure 2.6b) which results from capillary condensation of the adsorbate
inside the mesopores of the adsorbent. Type VI isotherms show stepwise multilayer
adsorption and are usually associated with adsorption on nonporous materials with

uniform surfaces, e.g. adsorption of Kr on nonporous graphitised carbon black.
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Figure 2.6 Types of physisorption isotherms (adsorption-desorption) (a), and the

hysteresis loops associated with physisorption isotherm type IV (b) [2031,

The type of hysteresis loop (figure 2.6b) associated with type 1V isotherm provides
further insight about the pore shapes. Type H1 loops are obtained from porous materials
that consist of agglomerates and have well-defined cylindrical pores with a narrow size
distribution. Type H2 hysteresis loops, on the other hand, are common in porous glasses
and inorganic gels where the pore shape and distribution is not well defined. Both
hysteresis loops H3 and H4 are associated with porous materials consisting of
aggregates forming slit-like pores. However, H4 hysteresis loops are usually related to

narrower pores and their similarity to type | isotherms indicates the presence of

microporosity.

2.2.7.2 Models for adsorption isotherms interpretation

Several methods have been developed to measure the surface area (S) and pore

dimensions from the adsorption isotherms, the simplest of which is described by

Langmuir equation (1):

n=cp/[1+(cp)] .... (1)
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Where n is the volume of the adsorbed gas (monolayer), c is a constant, and p is the gas
pressure. The main assumptions are; the adsorbed molecules only form a monolayer,
the energy of adsorption on the surface of the solid is uniform, and there are no
adsorbent-adsorbent interactions %41, Although these assumptions have been shown to
be untrue, the Langmuir isotherm still provides reasonable results when applied to
chemisorption or physisorption Type | (figure 2.6). This is because the non-uniformity
of the surface energy decreases the enthalpy of adsorption while the adsorbent-

adsorbent interaction increases it, thus the impact of these two assumptions is cancelled.

However, Langmuir theory fails to describe the multilayer formation which is common
at low temperatures. In addition, if the material is mesoporous, multilayer formation is
usually followed by capillary condensation in which the adsorbed gas condenses to a

liquid-like phase in the mesopores (figure 2.7).

Brunauer-Emmett—Teller (BET) theory, introduced in 1938, provides a model for
multilayer physisorption with the assumptions; the gas molecules are adsorbed on a
solid in layers (interaction between these layers is ignored), and the Langmuir isotherm

can be applied for each layer [1%], The BET equation is shown below (equation 2):

P / Vads(p®-p) = (1/Vm) +[(c-1) p/ (Vmcp9)] .... (2)

Where p is the gas pressure, Vags is the total volume of the adsorbed gas, p° is the
saturation vapour pressure, Vi is the volume of the adsorbed gas for monolayer, and c
is a constant. Plotting the first half of the equation vs (p/p°) produces a linear plot in the
range 0.05 - 0.3 with a slope = ¢-1 / Vimc and the intercept = 1 / Vimc. From these two
equations the value of Vi is obtained. Taking into account the area of N2 = 16.2 A2, the
surface area of the solid is obtained and usually expressed as specific surface area (Sget

m2/g).
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Figure 2.7 Stages of gas physisorption on a mesoporous solid.

Although BET theory is widely used for surface area measurements 8% 101 it fails to
measurement the volume of the micropores because it ignores the surface energy
inhomogeneity, which means the higher energy sites on the surface will be filled faster.
Therefore, the BET plot is non-linear at relative pressures less than 0.05, which is the
area usually associated with the micropore filling. A common method for measuring

the micropore volume is the t-plot.

The t-plot is a plot of Vads vs the thickness of the multilayers (t) at each point of p/p°.
The plot is linear in the range of monolayer to capillary condensation (~0.05 < p/p° <
~0.5). The slope of the linear part of the plot represents the external surface area (Sext),
the area of all the pores and cavities apart from the micropores which do not contribute
to the formation of multilayers. Thus the micropore area (Smicro) is obtained from Smicro
= Sger - Sext. The micropore volume is measured from the intercept of the linear
extension of the plot as shown in figure 2.8. t-plot method can also be applied to

mesopore volume measurements 161,
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Figure 2.8 Illustration of the t-plot method.

The mesopore radius and volume are usually determined from the correlation between
the pore diameter and the condensation pressure in the pore, assuming cylindrical pore

shape. This relation is given by Kelvin as shown in equation (3) below:
In(p/p°) = (V/RT) (2ocosO/rk) .... (3)

Where V is the molar volume of the liquid adsorbate, R is the gas constant, T is
temperature, o is surface tension of the liquid adsorbate, 8 is the angle between the
adsorbate and the adsorption layer on the wall of the pore (8 = 0), r«is the Kelvin
critical radius of the pore B1. Kelvin theory excludes the thickness of the layers formed
prior to capillary condensation. A modified version of the Kelvin equation was derived
by Barrett-Joyner-Halenda (the BJH method), in which the pore size (rp) is taken as the
sum of the Kelvin radius (r«) and the thickness of the physisorbed layers (t) (equation
(4)). The BJH method also allows he pore size distribution to be determined, provided

the desorption branch is measured I,
rp =rtt.... (4)

2.2.7.3 Geopolymer porosity measurements

In this work, the N2 adsorption-desorption isotherms were determined using a
Micromeritics ASAP 2010 instrument. All the samples were degassed at 110 °C down
to 3 mTorr vacuum using the instrument degassing system. The specific surface area

(Seer) was measured by the Brunauer—Emmett—Teller (BET) method over a p/p° range

-44 -



Chapter 2. Experimental

of 0.05-0.3. The total pore volume (Viotar) Was measured by single point adsorption at
p/p° =0.995. Barrett-Joyner-Halenda (BJH) method was used to measure the mesopore
volume (Vmeso), the pore diameters (Dpore), and the pore size distribution.

2.2.8 Particle size distribution

The particle size of a solid catalyst and its surface area are interrelated quantities and
are crucial parameters in heterogeneous catalysis. In addition, the particle size affects
the mass and heat transfer parameters (see section 2.3.3), thus affecting the catalytic
reaction kinetics. Several methods can be employed to measure the particle size of a
solid material; for instance, SEM provides an estimate of the particle diameters. The
size of solid crystallites can be measured by X-ray line broadening and small angle X-

ray scattering (SAXS), these techniques are described elsewhere 8 1071,

Another common technique is based on light scattering. Static laser diffraction is used
for particles in the micro range, while the dynamic light scattering is used for smaller
particles at the nano scale. In the latter method, the sample is illuminated with a laser
beam, and the scattered light is collected by a detector placed at a specific angle. Due
to Brownian motion of sub-micron particles, collisions between these particles change

the intensity of the scattered light, from which the particle size is determined (1%,

In the static light scattering method, the scattered light is collected by a detector at a
wide range of angles. From the intensity and the angle of the scattered light the particle
size is determined, since the larger the particle the smaller the scattering angle and the
higher the intensity. In this method, Mie theory is applied, where the particle is assumed

to be spherical with a known refractive index (1%,

In this work, the particle size distribution of the synthesised geopolymers was estimated
by laser diffraction using a Malvern Mastersizer 2000 instrument. The refractive index
of the geopolymer was taken as 1.55 (similar to an aluminosilicate kaolin clay). The
geopolymer powder was suspended in distilled water. The results were taken as the
average of three measurements. Even though geopolymer particles are not spherical
(rounded particles) and their exact refractive index is unknown, this technique is still
widely acceptable and provides a reasonable estimation of their particle size

distribution.
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2.3 Catalytic reactions

2.3.1 Reaction system

All the catalytic reactions in this study were performed in liquid phase systems under
atmospheric pressure in a magnetically stirred 50-ml two-necked round bottom flask

equipped with a reflux condenser and placed in a thermostatic bath using Silicon oil.

In each run, the solvent and the reactant were mixed together in a specific ratio at a
specific temperature followed by addition of the catalyst. The time at which the reaction
reached the desired temperature was taken as the start of the reaction. The catalyst was
the NH4* ion-exchanged form of the geopolymer that had been thermally treated at
different temperatures for 15 min. before being added to the reaction mixture. It should
be noted that for each reaction, the catalyst was removed from the oven and
immediately added straight to the reaction vessel. In this way, the acid form of the
geopoylmer was formed by decomposing the NH4* simultaneously with activation of

the catalyst by removal of the physisorbed species.

More details regarding the reaction time, the molar ratios of the reactants to the catalyst,
reaction temperatures, the temperatures of the catalyst thermal treatments and the
procedure for testing the reusability of the catalysts will be described in each subsequent

chapter.

2.3.2 Analysis of the reaction outcomes

The outcome of each reaction was analysed by sampling over the course of the reaction.
About 100 pl aliquots were taken from the reaction vessel at specific time intervals
using a syringe connected to a micro-filter. The samples were analysed with a Shimadzu
QP2010-Plus gas chromatograph (Shimadzu, Kyoto, Japan) fitted with an RXI —
5SilMS column (30 mx 0.25 mm i.d. x 0.25 um film thickness, Restek, Bellefonte, PA)
attached to an electron impact mass spectrometer operating at 70 eV in positive ion

mode, scanning from m/z 42-600 every 0.3 sec.

1 pl samples were introduced using an AOC — 20i auto-sampler with a split injection
(20:1) at an injector temperature of 270 °C using He as the carrier gas at a linear velocity

of 43.4 cm/s (1.38 ml/min) at constant flow. Each sample was injected at an initial oven
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temperature of 50 °C for 2 min, followed by a ramp at 20 °C/min to 300 °C with a final
hold for 5 min. The reaction products were identified by comparison of the TIC
fragmentation mass spectra with those contained in the NIST11 library with a similarity
score of >85% in at least two of three replicates. The identity of each compound in the
reaction mixture was then confirmed by comparison of the fragmentation pattern and
retention time with that of authentic standards (positive identification; Sigma-Aldrich,
Castle hill, Australia or AK Scientific, Union City, CA).

Quantitative analysis was performed using conventionally-determined calibration
curves in which five standards were prepared from the reactant and the product which
were analysed with each run. Each reaction was repeated at least three times for
statistical purposes and the reproducibility is expressed as the standard error (SE),

described in equation (5).

SE = (standard deviation) / V(number of replicates) .... (5)

2.3.3 Catalytic activity

Investigating a new heterogeneous catalyst requires a precise characterisation not only
of its chemical and structural properties such as acidity, porosity, etc., but also its
catalytic activity %, This should be done following recommended standard methods
to provide a valid comparison with other existing catalysts. The catalytic activity
measurements such as conversion, selectivity and reaction rates should also be free of
reaction defects such as mass and heat transfer limitations. The ways of expressing the
catalytic activity and the common models for evaluating the presence or absence of

mass and heat transfer limitations are described below.

2.3.3.1 Conversion and selectivity

The activity of a catalyst is related to its ability to convert the reactant (conversion) to

the desired product (selectivity). Based on the IUPAC recommendations [

conversion, selectivity, and the yield of the desired product were measured as follows:
amount of reactant converted (mole)

C ion (%) = 100% .... (6
onversion (%) amount of reactant fed (mole) x % ... (6)

Where the amount converted (mole) = amount fed (mole) — amount remaining (mole).
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. amount of a particular product formed
Selectivity (%) =

x100%.... (7)
amount of reactant converted

) amount of a particular product formed
Yield (%) =

0,
amount of reactant fed x100%.... (8)

Equation (8) can be expressed as Yield (%) = conversion (%) x selectivity (%).

2.3.3.2 Reaction rate

Reaction rate of conversion or formation in a heterogeneous catalytic reaction is usually
normalised to the amount of the solid catalyst being used, which can be expressed as
mass, volume or surface area 1% 1%, Thus, the reaction rate can be expressed in three

ways as described below.

amount of reactant converted

.. (9)

Specific rate (mol/g.s) = —
P (mol/g:s) mass of catalyst x reaction time

amount of reactant converted

Volumetric rate (mol/cm3.s) = ... (10)

volume of catalyst x reaction time

Where the volume of the catalyst is related to the volume of the catalyst particles,

excluding the interparticle volume.

amount of reactant converted

. (11)

Areal rate (mol/cm?.s)= — ..
surface area of catalyst x reaction time
The amount of reactant converted can be replaced with the amount of a particular
product formed, thereby obtaining the rate of its formation. Therefore, one should
specify the way in which these measurements were calculated. In this study, the reaction

rates were measured as specific rates of conversion, unless otherwise specified.

The Langmuir-Hinshelwood kinetic model, which is the most widely applied model
to express the kinetics of a heterogeneous catalytic reaction [**11, was used in this study
to give the reaction rate constants. The activation energies for the catalytic reactions

studied here were obtained from the slopes of the Arrhenius plots.
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2.3.3.3 Turn over numbers

When the reaction rate is normalised to the active component of the catalyst,
particularly the number of active sites, this is called the specific activity or turn over
number (TON) 1%I, Where the TON is expressed per time unit (usually seconds), this
is then referred to as the turnover frequency (TOF). The TON is defined as the number
of molecules reacting per active site, which represents the number of revolutions of
catalytic cycles that a catalyst will undergo, and hence it gives an indication of the
catalyst lifetime (110 112 The difficulty in measuring the TON or TOF lies mainly in
determining the number of active sites. This is usually an approximation made by using
some standard method for measuring the active sites such as chemisorption of a probe
molecule; therefore turn over numbers are approximate values of the overall catalyst
activity [195 112 Despite this, TOF values have advantages for comparing the

performance of a new catalyst with other known catalysts.
In this work, the TON and TOF values were measured as follows 110 113]:

number of moles of reactant converted per gram of catalyst.

TON = - (12)

number of moles of the acidic sites per gram of catalyst.

TOF (s )= . (13)

reaction time

2.3.3.4 Models to evaluate the mass and heat transfer limitations

In a heterogeneous catalytic reaction, it is very important to ensure that the kinetic
data were obtained from a kinetically-controlled system free of mass and heat
transfer limitations. This can be achieved by the use of a valid evaluation of the

impact of these factors using one of the commonly applied models.

The heat transfer limitation in liquid phase reaction systems can be excluded due
to the high heat capacity and thermal conductivity of the liquid phase compared

to the gas phase [195 1141,

On the other hand, when a porous catalyst is used, the diffusional limitations,
whether external (interphase, between the liquid and the solid phases) or, more
importantly, internal (intraphase, within the pores of the catalyst) can alter the

kinetics of the catalytic system. The impact of the external mass transfer can be
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eliminated by ensuring proper mixing of the reaction solution, by increasing the
stirring speed of the reaction until no further increase in the reaction rate is
observed %I, In the present work, a stirring speed of 700 rpm was used, chosen
to be sufficient to avoid the external mass transfer limitations for the tested

reactions.

Therefore, in liquid phase “slurry” reaction systems with sufficient mixing,
internal mass transfer limitation is the main factor that may affect the reaction
kinetics. Several models have been suggested to evaluate the impact of the
internal mass diffusion limitations. Some of the commonly applied models are
briefly described below.

The Koros-Nowak test assumes that in a kinetically controlled regime the reaction rate
is proportional to the concentration of the active sites. In this method, the concentration
of the active sites is diluted and if the TOF remains constant, no internal mass limitation
is present 1151 A version of the Koros-Nowak method developed by Madon and
Boudart ¢ states that if the Koros-Nowak test is obeyed at two different temperatures,
the reaction data are free of heat and mass transport limitations and other artifacts such

as poisoning.

Another common method is the Thiele modulus (¢), in which the mass transfer
limitation is estimated from the ratio between the surface reaction rate and the rate of
diffusion of the reactant within the pores of the catalyst. In this method, a value of ¢ is
calculated, from which an effectiveness factor (n) is determined with values between
0 to 1. The absence of mass transfer limitation is indicated when n is close to 112951,

This method is described in detail elsewhere [105 1141,

Another widely applied test is the Weisz—Prater criterion (¢pw.p.), (equation (14)),
which also represents the ratio of the reaction rate and the diffusion rate of the
reactants within the pores. According to this criterion, if the value of the
dimensionless ¢w.p parameter < 0.3for a reaction of 2" order or less, internal
mass diffusion limitations can be eliminated [1** 1171 whereas a value of pw.pp >

6 indicates significant diffusional control.
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In this study, the internal mass transfer limitation was evaluated by the ¢w.p

criterion as described below (equation 14), paying attention to the units:

ra Rp?
" Ca Desr

bwe. e (14)

Where ra is the reaction rate per catalyst volume (Mol reactant /cM?3.S), Rp is the catalyst
particle radius (cm) and Ca is the concentration of the reactant on the surface of the
catalyst (mol/cmd).

In liquid phase systems, this can be considered as the bulk concentration if the external

mass transfer limitations have been excluded by proper mixing 141,

Desr is the effective diffusivity (cm?/s) which was measured in this work by the Ternan
method (equation 15):

D (1-1)?
eff b 14PA "

. (15)

Where A = radius reactant molecule/radius pores, P is an empirical constant (found by Ternan
to be 16.3) 171 and Db is the bulk diffusivity (cm?/s) which was measured by the
method of Wilke and Chang 14 1171181 (equation 16):

TVXM
D =1.1728x1016———2_ . (16)
b QZV10.6
Where T is the temperature (K), X is the association constant of the solvent, M is the
molar mass of the solvent (g/mol), n is the viscosity of the solvent at the reaction
temperature (Pa.s) [ and V; is the molar volume of the reactant at its normal boiling
point (m%/kmol). This was determined by the method of Grain 2% (equation 17):

T o

31
) (A7)

V—M132
1—d(-

Where M is the molar mass of the reactant (g/mol), D is the density of the reactant

(g/cm?®) at temperature T (K), Tb is the normal boiling point of the reactant (K).
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Activity of geopolymer catalysts In

Beckmann rearrangement reaction

3.1 Introduction

The Beckmann rearrangement is a ubiquitous organic reaction vital to many industrially
important organic syntheses. One such reaction is the production of e-caprolactam, the
precursor of polyamide-6 (nylon-6), which is produced in vast amounts; in 2012 alone,
five million metric tonnes of caprolactam were produced 21, The industrial synthesis
of caprolactam is by a one-pot ammoximation of cyclohexanone, followed by the
Beckmann rearrangement of the cyclohexanone oxime using concentrated sulphuric

acid and/or oleum as the catalyst and solvent as shown in Figure 3.1 [*22],

o) NOH
éa, NH,OH + H,SO, + 2NH; =——= é + (NHg),S0, + H,0

cyclohexanone cyclohexanone oxime

O

NOH 0]
NH
Oleum \H NH3
—_— . H2804 —_— + (N H4)2SO4

g-caprolactam

Figure 3.1 Industrial production of e-caprolactam 221,
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Each tonne of caprolactam produced in this process produces two tonnes of ammonium
sulfate waste, formed by neutralisation of the acid with ammonia 2. Generation of
such large amounts of waste presents serious environmental problems and expense
involved in its treatment and disposal. Therefore, considerable research effort has been
expended in the development of environmentally friendly alternatives to catalyse
Beckmann rearrangement reactions [, Several of the heterogeneous catalysts
employed for the gas phase Beckmann rearrangement of cyclohexanone oxime to e-
caprolactam during the last three decades include zeolites (mainly high-silicon MFI
framework structures % 1241 and nanosheets %)), molecular sieves %1 and
functionalised oxides or mixed oxides 1?1, Large-scale production of e-caprolactam
(~90000 tonnes/year) by the Beckmann rearrangement in the gas phase was achieved

in 2003 by the Sumitomo Corporation, Japan, using H-ZSM-5 zeolite as the catalyst
[127]

However, such vapour-phase systems suffer the drawback of requiring high
temperatures (often >623K) which can also deactivate the catalyst by facilitating side
reactions such as polymerisation, with a deleterious effect on the catalyst life time and
reusability 2% 1281 Although the reusability problem can be solved by introducing into
the reaction system an additional fluidized-bed reactor for regenerating the catalyst
while conducting the reaction 271, such systems are energy consuming. Thus, for both
economic and environmental reasons, interest has recently increased in the liquid-phase
Beckmann rearrangement of cyclohexanone oxime. Various heterogeneous catalysts
have been proposed for this purpose, including zeolites (mainly large pore Y and beta
type zeolites ?°1), molecular sieves 211301 mixed oxides 28 1311 heteropolyacids

[1280] ‘Metal organic frameworks (MOFs) 281 and ionic liquids 1321,

The nature and the location of the active sites responsible for catalysing the Beckmann
rearrangement reaction are in some dispute in the literature. Some reports suggest that
the rearrangement is catalysed by Bronsted acid sites located inside the pores of a ZSM-
5 zeolite catalyst [33] whereas other studies have implicated the strong acidic bridging
hydroxyl groups in the strong adsorption of the product to the catalyst, giving rise to its
rapid deactivation [**¥. However, a more recent general consensus is that the most likely
active sites for this rearrangement are the non- or weakly acidic hydrogen-bonded

silanol groups (silanol nests) and vicinal silanols located on the outer surface of the
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catalyst or just under the mouths of the pores *26-227]. Non-acidic silanol groups (isolated
Si-OH) located on the outer surface of zeolite nanosheets have also been reported to be
active sites for this reaction °*®1. The mechanism of this reaction over solid acids has
previously been suggested to involve the protonation of the oxygen on the hydroxyl
group of the oxime as the first step, followed by alkyl migration, simultaneously with
dehydration giving carbinium and nitrilium cations. Hydrolysis of the resulting cation
by the liberated water forms the amide 351, However, recent kinetic and spectroscopic
studies have shown that the first step of the mechanism is more likely to involve the
protonation of the nitrogen atom followed by a 1,2-H shift from the nitrogen to the
oxygen atom of the oxime forming carbinium and nitrilium cations as shown in Figure
3.2 [13+136] The latter is considered as the key to the rearrangement reaction as it is the

most energy-demanding step [129 1351,

+

H
OH OH OH,
N|/ \+|N/ N
@ H* @ 1,2-H-shift @
— — >

oxime N-protonated oxime O-protonated
oxime
Alk
Alkyl l H,0
migration
¢}
o X
NH Y XN
Hydrolysis + HO
I e
-H*
g-caprolactam nitrilium ion carbinium ion

Figure 3.2 Reaction mechanism of Beckmann rearrangement of cyclohexanone oxime

to e-caprolactam (redrawn from ref.[*34])

The solvent plays a crucial role in the liquid phase Beckmann rearrangement. Solvents
with high polarity have been reported to show poor catalytic activity which is ascribed
to the strong adsorption of the solvent on to the surface of the catalyst, thus preventing
the reactant from reaching the active sites [12% 13031351 Thjs suggests that non-polar
solvents such as toluene should be preferable for this type of reaction, but no activity
was observed when toluene was used, indicating the operation of factors other than

solvent polarity. The solvent acts as a co-catalyst in which it interacts with the N-
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protonated oxime forming a five-membered ring complex (Figure 3.3) 2% This
complex favours the 1, 2 H-shift and thus accelerates the reaction. Therefore, the proton
affinity of the solvent which is related to the dielectric constant is very important; in
other words, a typical solvent for the liquid phase Beckmann rearrangement should

have a moderate polarity and electron affinity.

H
\'J\,‘ _OH
l . H--- 7 AN
O O
\O/H /O/

N-protonated oxime
Q N/(5H2
_c
/N/
—_— <::>:N\O,/H' e
/

H O-protonated oxime

Figure 3.3 Role of the solvent (PhCN) in the 1,2 H-shift during Beckmann

rearrangement of cyclohexanone oxime to e-caprolactam (edited from ref [12%l),

The application of solid catalysts in liquid-phase organic reactions in general, and the
Beckmann rearrangement in particular, is very limited compared with vapour-phase
systems 12881 This is due to the limitations associated with the reactive solid catalysts

as described in chapter 1.

In the present chapter, it is shown that geopolymers can be synthesised with chemical
and textural properties suitable for very efficient catalysis of the liquid-phase
Beckmann rearrangement of cyclohexanone oxime to e-caprolactam. The nature of the
active sites generated within the geopolymer framework was studied qualitatively and
quantitatively. The effect of varying the geopolymer compositions on the textural and
acidic properties of the catalysts was also studied and its influence on the catalytic
activity was examined. Post-synthetic treatments to improve the catalytic performance
of the prepared catalysts were also developed, and their performance over multiple

reaction cycles evaluated. The performance of the geopolymer catalysts was compared
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with zeolites Y, HZSM-5 and with other reported catalysts in which the reaction was

carried out under identical conditions.

3.2 Experimental

3.2.1 The catalyst preparation

The catalysts used in the model Beckmann rearrangement reaction were the NH4* ion-
exchanged form of the geopolymers, heated to 450 °C and held for 10 min prior to the
reaction. The catalyst was removed from the oven and immediately added to the
reaction vessel. The acidity measurements of the geopolymer catalysts tailored for the

Beckmann rearrangement were carried out on NH4*-geopolymers heated to 450 °C.

In this chapter, HZSM-5 and Y zeolites were also tested in the Beckmann
rearrangement reaction under identical conditions for comparison purposes. Both the
NH4*-ion exchanged zeolites were heated in the same manner as geopolymers (to 450

°C and held for 10 min), heating details are described in section 2.1.2.

As described in section 2.1.3, some of the catalysts were subjected to post-synthetic
treatments to improve their catalytic reactivity (see section 2.1.2). Of all the
sequentially treated catalysts, only the Na-hiSi-Seq version was found to give improved
catalytic performance for the Beckmann rearrangement reaction; for this reason, only

this particular catalyst was studied in detail.

3.2.2 Catalytic reaction

The rearrangement of cyclohexanone oxime to e-caprolactam was carried out in a
magnetically stirred 50-ml two-necked round bottom flask equipped with a reflux
condenser and placed in a thermostatic bath. In view of the known sensitivity of these
reactions to moisture, some of these experiments were carried out under dry N using a
Schlenk line. In a typical run 0.1 g of cyclohexanone oxime was dissolved in 20 mli
solvent (benzonitrile) and heated to 100 °C followed by the addition of 0.1 + 0.001 g
of the catalyst and the reaction temperature was set at 130 °C under atmospheric
pressure with 700 rpm stirring speed for 5 hr. (wt.% 1:200:1 respectively). Calibration
curves covering the range of 0.044 - 0.009 mmol/ml of each reactant and product were

used for quantitative analysis.
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Specifically in rearrangement reactions, the carbon mass balance is an important tool
to monitor the reliability of the results. This was measured as follows [125;
sum of all products formed + amount of oxime remained

Mass balance (%) = ount of oxime fod x 100%

All the other catalytic measurements were calculated as described in chapter 2, section
2.3.3.

To evaluate the reusability of the catalyst in this particular reaction, the catalyst was
transferred quantitatively to a centrifuge tube after each reaction cycle and separated
from the reaction solution. The solid catalysts were then washed twice with 2 ml
acetone which was combined and analysed by GC-MS to identify and quantify any
adsorbed reactant or product on the surface of the catalyst; the amounts of these
components (which was found to be <7.00 wt.% of the starting material) were combined
with those of the primary catalytic results. After washing with acetone, the catalyst was
dried at ~50 °C overnight then heated again to 450 °C for 10 min prior to the next
reaction cycle. The structural stability of the spent geopolymer-based catalyst was

evaluated by XRD and FTIR after five reaction cycles.

3.3 Results and discussion

3.3.1 Catalyst characteristics

XRD traces of the synthesised catalyst powders are shown in Figure 3.4. All the
geopolymers show the broad background amorphous feature from 20-40 ° 26 typical of
well-formed geopolymers on which are superimposed two sharp reflections arising
from crystalline silica polymorphs quartz and cristobalite present as impurities in the

original clay (Figure 3.4a and 3.4b).

Figure 3.4a shows the diffractogram of the initial clay. Dehydroxylation caused
breakdown of the crystal structure of the clay forming an amorphous material (Figure
3.4b), which facilitates the geopolymerisation process. Traces of Na,COs.H.O are
present in the synthesised geopolymers, arising from reaction of the NaOH with
atmospheric COg; this is most evident in the Na-hiSi sample (Figure 3.4f) which
contains the highest Na.O content (Table 2.2).
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The XRD pattern of Na-hiSi-Seq (Figure 3.4g) shows a slight shift of the broad
background hump that may be due to removal of some of the crystalline phases and Al-
rich debris during washing. The disappearance of the Na,CO3.H.O from this sample is
ascribed to the removal of most the Na cations from the geopolymer framework by ion-

exchange with NH4".

(9)

(a)

10 20 30 40 60 60 70 80
20

Figure 3.4 Fig. 1. XRD traces of the halloysite clay and the geopolymers. (a) halloysite
clay, (b) dehydroxylated halloysite clay, (c) K-hiSi, (d) K-N, (e) Na-N, (f) Na-hiSi, (g)
Na-hiSi-Seq. (h: aluminium silicate hydroxide (halloysite); q: quartz; c: cristobalite; ¢
Na>C0O3.H,0)
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The XRD patterns of these geopolymers are unchanged by thermal treatment (Figure
3.5) which shows both Na-hiSi and Na-hiSi-Seq after heating to 450 °C for 10 min. The
broadening of the amorphous background hump in the traces of both materials can be

ascribed to the removal of some of the crystalline impurities.

(b)

(a)

10 20 30 40 50 60 70 80
20

Figure 3.5 A representative XRD traces for one of the prepared geopolymers after
heating to 450 °C for 10 min. (a) Na-hiSi-450 °C, (b) Na-hiSi-Seg-450 °C. (q: quartz;
c: cristobalite; ¢ Na;CO3.H20)

Solid-state 2’ Al MAS NMR spectra of the geopolymer catalysts are shown in Figure
3.6. The chemical shifts of the Al spectra indicate the coordination number of the
aluminium, which in well-formed geopolymers is almost entirely 4; this is seen to be
the case in the spectra of all the geopolymers, in which the chemical shift of the
principal resonance is typically tetrahedral (~60 ppm) [ %1, The slight shift to lower
frequency in the “hiSi” geopolymers probably reflects their higher Si/Al ratio (Figure
3.6a and 3.6d). Dealumination is also confirmed in the sequentially post-synthetic
treated geopolymer by a further shift to 57.8 ppm (Figure 3.6e). Two additional small,
broad 2’Al resonances at about 4 ppm in the Na-geopolymer samples (Figure 3.6¢ and
3.6d) arise from octahedrally-coordinated AlOg [°Y1, indicating the presence of a small
amount of unreacted clay mineral, in which the Al is in solely 6-fold coordination. The

absence of unreacted starting material in the K-based samples (Figure 3.6a and 3.6b)
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indicates more complete geopolymer formation in these samples, as expected from

previous studies ¢,

” 57.8

(e)“‘——J

(d)

60.1
(C)—"—J
58.1
(b)
(a) = ; ; .
170 70 -30 -130

27Al shift (ppm) w.r.t. Al(H,0)43*

Figure 3.6 2’ Al MAS NMR spectra of the as-synthesised geopolymer catalysts. (a) K-
hiSi, (b) K-N, (c) Na-N, (d) Na-hiSi, (e) Na-hiSi-Seq.

The °Si MAS NMR spectra of K-hiSi, K-N, and Na-N (Fig. 3.7) show a single broad
resonance in the range 85-95 ppm, typical of a well-formed geopolymer containing
tetrahedral Si coordinated to 4 Al atoms . The Na-hiSi sample (Fig. 3.7d) contains
an additional resonance at about -94.4 ppm, indicating the presence of Si (Q®) units in
which the Si is surrounded by 3 Al Y. The Na-hiSi-Seq sample (Figure 3.7€) also
contains these two resonances, but shifted to lower frequencies due to dealumination.
By contrast with the Na-hiSi spectrum, the intensity of the Si Q2 resonance at -97.3 ppm
in the hiSi-Seq sample is greater than that of Si Q* at -92.1 ppm, reflecting a higher

concentration of silanol groups formed in the post-synthetic treatment.
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-92.1/\ -97.3

50 0 -50 -100 -150 -200
23Gi shift (ppm) w.r.t. TMS

Figure 3.7 2°Si MAS NMR spectra of the as-synthesised geopolymer catalysts. (a) K-
hiSi, (b) K-N, (c) Na-N, (d) Na-hiSi, (e) Na-hiSi-Seq. The asterisks denote spinning

side bands.

A well-formed geopolymer structure was also confirmed by FTIR spectroscopy
(Figure 3.8). All the parent geopolymers contain a typical strong broad peak at 1000
cm? ascribed to the Si-O-Al stretching vibration, with a shoulder at around 1080 cm™
due to the Si-O-Si stretch and another shoulder at about 880 from the Si-OH bending
mode 371 Another small peak at 1400 cm™ arises from carbonate formed by
atmospheric carbonation of the geopolymer to form Na,COgs, as detected by XRD
(Figure 3.4). Carbonation is also confirmed by the broad CO, asymmetric stretching
vibration at about 2347 cm™ [!3] A broad peak at about 3500 cm™ is assigned to
hydrogen bonded silanol nests (3500-3400 cm ) [#% 1241 while the small peak at 1640
cm™ is due to the H-OH stretching mode from adsorbed water (39, It is seen that the

intensity of the silanol nests for the Na-hiSi (Figure 3.8d) is the highest of all the
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geopolymers. This is consistent with the 2°Si MAS NMR spectra in which the resonance
at around -94.4 ppm assigned to Si (Q®) surrounded by 3 Al, indicating the presence of

silanol groups.

(d)
© VO
(b)

(@)

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-1)

Figure 3.8 FTIR spectra of the parent geopolymers. (a) K-hiSi, (b) K-N, (c) Na-N, (d)
Na-hiSi.

The SEM micrographs of the morphology of the synthesised geopolymer
catalysts (Figure 3.9) show rounded particles with an average diameter of ~20
um. At higher magnification the geopolymer particles are seen to be composed
of small nanoparticles aggregated to form larger particles, creating voids of

different widths within the particles.

The particle size distribution of selected geopolymers is shown in Figure 3.10.
The average particle size of all the synthesised geopolymers is ~20 um, which is
in agreement with the estimates from the SEM images. The sequential treatment
slightly affects the particle size by shifting its average value to a slightly lower

range, down to 11 um for the K-hiSi-Seq.
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Figure 3.9 SEM micrographs of the prepared geopolymers. (a) K-hiSi, (b) K-N, (c) Na-
N, (d) Na-hiSi.
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- - -Na-hiSi-Seq
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Figure 3.10 Particle size distribution of selected geopolymers before and after the

sequential treatment.

The N2 adsorption-desorption isotherms of the parent and the sequentially treated
geopolymer catalysts are shown in Figure 3.11 and the corresponding porosity values
in Table 3.1.
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Of the synthesised geopolymers, only the Na-hiSi sample shows a type | isotherm
typical of microporous materials, whereas all the other geopolymers show type 1V
isotherms with unique hysteresis loops indicating their mesoporosity. The
hysteresis loop is of type H3 with unlimited gas uptake at high p/p°, which is
associated with aggregates possessing slit-like pores %, This is consistent with
SEM micrographs (Figure 3.9) which indicate the presence of small nanoparticles
aggregated to form larger particles, creating voids of different sizes within the

particles.

Table 3.1 Textural and acidic properties of the various geopolymer-based catalysts.

Catalyst Af:ﬂfg;;;? t SgeT (M?Q) (c\r;tg;;I)b (;/mgj;)c Dpore (NM)°
K-N 0.27 50.0 0.20 0.20 22.1
K-N-Seq 0.33 64.7 0.33 0.32 28.1
K-hiSi 0.30 40.2 0.32 0.32 42.8
K-hiSi-Seq 0.34 59.6 0.39 0.39 50.2
Na-N 0.18 18.0 0.15 0.15 45.1
Na-N-Seq 0.24 42.2 0.25 0.24 47.1
Na-hiSi 0.38 135.0 0.11 0.01 2.7
Na-hiSi-Seq 0.43 211.5 0.28 0.26 16.4

total (determined from TGA profile of adsorbed pyridine)
bsingle point at p/p°® = 0.995
“measured by BJH (adsorption branch).

The pore size distribution of some of the synthesised geopolymers is in the range
of <10 nm to 100 nm, indicating the presence of macroporosity which was also
observed by TEM (Figure 3.12). However, the average pore size distribution of

all the catalysts is in the range of 10 — 40 nm.
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Figure 3.11 N adsorption-desorption isotherms of the geopolymer-based catalysts.

Around 80 wt. % of the solid catalyst originally used was recovered after the sequential
treatment and the impact of the treatment on the porosity and acidity of the catalyst was
investigated. Figure 3.11b shows the effect of the post-synthetic treatment on the
porosity of the geopolymer catalysts. After the sequential treatment, the surface area,
pore volume and pore width are almost doubled for some of the starting geopolymers
(Table 3.1). Figure 3.11b also shows that the sequential treatment on Na-hiSi
geopolymer results in the formation of a hierarchical geopolymer (containing both

micro and meso scale pores).
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The influence of these treatments on the porosity can also be seen in the TEM images
of the geopolymer catalysts before and after the sequential treatment (Figure 3.12).

.‘: 3 ~ Y r
h /
200 nlﬁ"?ﬁf‘

Figure 3.12 TEM micrographs of the parent geopolymers (a-d) and the sequentially
treated geopolymers (e-h). (a) K-hiSi, (b) K-N, (c) Na-N, (d) and (e) Na-hiSi, (f) K-hiSi
-Seq, (g) K-N-Seq, (h) Na-N-Seq, (i) and (j) Na-hiSi-Seq.

Geopolymers K-hiSi, K-N, and the Na-N geopolymers (Figure 3.12a-c) exhibit large
mesopores in the form of voids contained within aggregates; this is consistent with the
N2 adsorption-desorption isotherm of these samples which show an H3 type of
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hysteresis associated with particle aggregates, producing slit-like pores 1%l By
contrast, Na-hiSi (Figure (3.12d) contains small randomly oriented non-uniform
micropores. Figure 3.12f-i shows that additional new mesopores are introduced
into all the catalysts after the sequential treatment, consistent with the results
obtained from N2 isotherms and the corresponding data of Table 3.1. TEM
micrographs at lower magnification for both Na-hiSi and Na-hiSi-Seq (Figure
3.12e and j respectively) show that interparticle voids were introduced,
explaining the high surface area resulting from the post synthetic treatment for

this particular catalyst.

3.3.2 Generation of acid sites for Beckmann rearrangement

The ion-exchange process was monitored by FTIR spectroscopy (Figure 3.13), which
shows selected spectra of a sequence of Na-hiSi samples throughout the various stages

of treatment to produce the catalyst.

3475
3620

4000 3500 3000
Wavelength (cm-1)

4000 3300 2600 1900 1200 500
Wavelength (cm-1)

Figure 3.13 FTIR spectra of (a) as-prepared Na-hiSi, (b) NH4"-ion-exchanged Na-hiSi,
(c) after thermal treatment at 450 °C for10 min, (d) Na-hiSi-Seq after thermal treatment
at 450 °C for 10 min, (e) Na-hiSi after thermal treatment at 550 °C for 10 min.
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After ion-exchange with NH4", additional bands appear (Figure 3.13b); one at about
3200 cm™ is assigned to the N-H asymmetric stretching vibration, while two other
bands at 1455 cm™ and 1400 cm™ are the typical bending modes of ammonium ions.
lon exchange is also accompanied by the disappearance of the CO. asymmetric
stretching band at 2347 cm™. due to the removal of the Na cations. After heating to 450
°C for 10 min. (Fig. 3.13c, d), the principal N-H stretching band begins to broaden and
only traces remain of the N-H bending modes, resulting from decomposition of the
NHs. The bands at 3500 and 3475 cm™ are also slightly broadened after thermal
treatment due to destruction of the silanol nests. Two new peaks appearing at 3700 and
3620 cm™ are attributed to H-bonded vicinal silanols and bridging hydroxyls (Bronsted
OH) respectively % 14% These weak acidic silanols together with minor amounts of
Bronsted acid sites are ideal active sites for the Beckmann rearrangement, suggesting
that these materials should act as efficient catalysts for this reaction. On the other hand,
a total degradation of the NH4" occurs at 550 °C, evidenced by the total disappearance
of the N-H bending and stretching bands, associated with severe destruction of the

structural hydroxyls (Figure 3.13e).

Thermal treatment of aluminosilicates normally brings about dealumination, producing
EFAI which usually acts as Lewis acid sites. Figure 3.14 shows the effect of thermal
treatment at different temperatures on Na-hiSi, in which a higher proportion of EFAI

species is generated by heating at 550 °C.
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53.3
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Figure 3.14 2 Al MAS NMR of a selected geopolymer after thermal treatment at
different temperature. (a) Na-hiSi as-synthesised, (b) Na-hiSi after thermal treatment at
450 °C for 10 min, (c) Na-hiSi after thermal treatment at 550 °C for 10 min.

In the Beckmann rearrangement of cyclohexanone oxime to e-caprolactam, the
presence of Lewis acid sites in the catalyst usually leads to the formation of other by-
products, mainly cyclohexanone 2%l For this reason, the catalysts for use in this
reaction were thermally treated at 450 °C, the temperature at which a reasonable degree
of NH4* degradation takes place, generating the various types of hydroxyl groups that
are required for this particular reaction, and at the same time only generating a small

proportion of EFAL.

Figure 3.15 shows representative FTIR spectra of Na-hiSi and Na-hiSi-Seq
geopolymers activated at 450 °C containing pyridine. The band at 1543 cm™ is
assigned to Bronsted acid sites while those at 1448 cm™, 1600 cm™? and
1620 cm™ ! are assigned to Lewis acid sites. The peak at 1490 cm™ is ascribed to
a combination of both Lewis and Bronsted acid sites 19 26"1 The low intensity
of the peaks in Figure 3.14 is probably due to interference with the N-H stretching
bands at 1400 — 1450 cm™ by the remaining NHa".
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Figure 3.15 FTIR spectra of the activated geopolymer before and after adsorption of
pyridine; (a) Na-hiSi without pyridine, (b) Na-hiSi-pyridine, (c) Na-hiSi-Seq without
pyridine, (d) Na-hiSi-Seg-pyridine.

Figure 3.16 shows the TGA trace of pyridine desorption from selected catalysts, from
which the total acidity was measured (and summarised in Table 3.1). The total acid
amount measured for the catalysts with higher silicon content is higher than the total
acidity of geopolymers with higher Al content, as shown in Table 3.1. This could be
explained by analogy with zeolites in terms of the distribution of framework Al as

described in section 1.3.1.
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The Na-hiSi-Seq sample (Figure 3.16b) shows a larger amount of pyridine desorbed in
the higher temperature range (160-350 °C), indicating a higher pyridine concentration
and stronger acid sites in this catalyst compared to Na-hiSi (Figure 3.16a). The higher
acidity of Na-hiSi-Seq (Table 3.1) can be ascribed to the higher proportion of
EFAI species generated during the thermal pre-treatment. This suggestion is
supported by 2’Al MAS NMR spectroscopy of both catalysts after thermal
treatment at 450 °C for 10 min (Fig. 3.17).

- = = Na-hiSi-background

-
i
LN

0 200 400 600 800
Temp (°C)

- - = Na-hiSi-Seg-background

——Na-hiSi-Seqg-pyridine

Temp (°C)

Figure 3.16 TGA traces of pyridine desorption. (a) sample Na-hiSi, (b) Na-hiSi-Seq.

-71 -



Chapter 3. Geopolymer catalysts in Beckmann rearrangement
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Figure 3.17 2 Al MAS NMR spectra of Na-hiSi (a) and Na-hiSi-Seq (b) both heated to
450 °C for 10 min.

The spectra indicate that the thermal treatment has produced a higher
concentration of octahedrally-coordinated Al (the resonance at 4.2 ppm) and a
more pronounced shoulder at 27.7 ppm arising from 5-coordinated Al in the

sequentially-treated solid compared to the as-synthesised geopolymer.

3.3.3 Catalytic reactivity

No conversion to the oxime occurred when a control sample was tested using the
NH4*-geopolymer without thermal treatment. Moreover, catalysts that were
thermally treated above 450 °C (500 and 550 °C) gave almost 100 % conversion
of cyclohexanone oxime, but with 0 % selectivity to caprolactam. As discussed
above (section 3.3.2), this is ascribed to the EFAI species which act as Lewis acid
sites and facilitate side reactions such as polymerisation, as well as causing
hydrolysis to the oxime in presence of atmospheric H2O resulting in the
formation of cyclohexanone. Since the results obtained from experiments carried
out using a Schlenk line did not show any difference in the catalytic performance,
the bulk of the experiments were carried out under the conditions described in

section 3.2.2.
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A number of other solvents with different basicities and dielectric constants were
used, as shown in table 3.2. However, apart from PhCN, none of the other
solvents used in conjunction with the geopolymer catalyst showed any activity.
This result is ascribed the lower basicity of PhCN compared with DMSO and
acetonitrile which results in reasonable adsorption on the catalyst surface,
thereby facilitating the adsorption of the reactant and desorption of the product,
and at the same time possessing the good proton affinity necessary for the
reaction mechanism (see section 3.1). In addition, PhCN is adsorbed on the Lewis
acidic sites and reacts with water forming benzamide, thus improving the

selectivity to caprolactam [130%4,

Table 3.2 Different solvents used in Beckmann rearrangement reaction

Solvent Dielectric constant®  Basicity ?  Boiling point (°C)
Dimethylsulfoxide
(DMSO) 47.24 29.8 189.0
Acetonitrile 36.64 14.1 82.0
Benzonitrile
(PhCN) 25.20 11.9 190.7
Toluene 2.38 110.6

2 yalues obtained from refs, [12%. 130a]

® donor number (kcal/mol) (2411,

The catalytic performance of all the geopolymer-based catalysts for the
rearrangement of cyclohexanone oxime to e-caprolactam is illustrated in Figure
3.18 and the data, including the catalytic reproducibilities are shown in Table 3.3.
Those geopolymer catalysts with low surface areas and large pore diameters (K-
N, K-hiSi and Na-N, see Table 3.1) gave the highest conversion of oxime but

very low selectivity for e-caprolactam.

The principal by-product resulting from the use of these catalysts was
cyclohexanone, due to hydrolysis of the oxime on the Lewis acid sites in the
presence of atmospheric water. Benzamide was also formed as a hydrolysis
product of the solvent (PhCN) in a reaction which also requires Lewis acid sites,

as discussed above. Traces of other by-products such as of 9-octadecenamide
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were also detected, resulting from polymerisation side reactions facilitated by the

presence of different EFAI species generated during thermal pre-treatment.
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Figure 3.18 Catalytic activity of the various geopolymer-based catalysts compared with

zeolite catalysts in the Beckmann rearrangement of cyclohexanone oxime to e-

caprolactam. (a) degree of conversion of the oxime, (b) selectivity for the caprolactam
product. Reaction conditions: solvent 20 ml PhCN; 0.1 g catalyst; 0.1g oxime; T = 130

°C.

A possible explanation for these results is that when the surface area is too low,

the distribution of the active sites may be very limited, and rather than being

adsorbed on the surface, the oxime will penetrate into the pores where active sites
such as 5- and 6-coordinated EFAI are present, leading to the formation of other
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by-products. Thus, although the Na-hiSi catalysts with higher surface areas gave
slightly lower conversion of oxime compared to the low surface area
geopolymer-based catalysts, they showed higher selectivity towards e-
caprolactam. These results are in contrast to the behaviour of zeolite H-Y, which
despite its high surface area, demonstrates a high degree of conversion that can

be ascribed to its stronger surface acidity.

The influence of the post-synthetic treatment on the textural properties of the
geopolymer are clearly seen; where the surface area was significantly increased
(Table 3.1), this affected the selectivity towards e-caprolactam. As discussed
previously, silanol nests and weakly acidic vicinal silanols are the most likely
active sites for this rearrangement. These sites are present in both the Na-hiSi-
Seq and Na-hiSi catalysts (Figure 3.13); the higher catalytic activity of the former
compared to Na-hiSi can be attributed to the higher surface area and hence better
distribution of these active sites in the former. These factors facilitate adsorption
of the oxime molecules on the catalyst, thereby assisting the rearrangement

reaction.

The performance of Na-hiSi-Seq was evaluated over a longer time period (Figure
3.19) in which the gradual increase in conversion and selectivity suggests that
saturation of the active sites on the catalyst surface is occurring. If this is the case,
it is possible that the problem could be overcome by running the reaction in a
continuous flow system to remove the product as it is formed, making available

further active sites on which the reaction can occur.
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Figure 3.19 Catalytic performance of Na-hiSi-Seq as a function of reaction time.
Reaction conditions: solvent 20 ml PhCN; 0.1 g catalyst; 0.1g oxime; T = 130 °C.

The effect of the reaction temperature and the substrate weight ratio are shown
in Figure 3.18. Oxime conversion increased significantly from ~ 33 % at 90 °C
to ~ 87 % at 140 °C (Figure 3.20a). These results are in agreement with the
literature and can be attributed to the endothermic nature of the Beckmann
rearrangement [126% 1421 - On the other hand, the selectivity to caprolactam is
gradually reduced, which is expected since higher temperatures facilitate side

reactions leading to the formation of other by-products.
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Figure 3.20 The influence of the reaction temperature (a), and the oxime: catalyst wt.
% (b) on the Beckmann rearrangement reaction. The catalyst is Na-hiSi-Seq, solvent
PhCN.

With respect to the influence of the oxime: catalyst weight ratio, Figure 3.20b
shows that the conversion of the oxime is decreased by reducing the amount of
the catalyst. The selectivity to the lactam, however, increases slightly as the
amount of by-products formed decreases. These results can be attributed to the
lower number of active sites responsible for both the rearrangement and
production of the by-products. These results are in agreement with those reported

for similar experiments with H-USY zeolite 2%,
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The reusability of Na-hiSi-Seq catalysts was studied for up to five reaction cycles
and is shown in Figure 3.21. As expected, no significant change was observed in
the yield of e-caprolactam; since the active sites are generated within the
geopolymer structure, these catalysts do not suffer the drawback of supported
catalysts from which the active sites tend to be removed by leaching, deactivating

the catalyst and adversely affecting its reusability.
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Figure 3.21 Reusability of Na-hiSi-Seq over five reaction cycles. Reaction conditions;
1:1:200 oxime: catalyst: solvent wt. %; T = 130 °C; t = 24 hr.

The structural stability of the used catalyst, after five recycles, was evaluated by
XRD (Figure 3.22) which shows that there is little or no change in the spent

geopolymer structure, illustrating the stability of the geopolymer-based catalysts.
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Figure 3.22 XRD traces of (a) fresh Na-hiSi-Seq catalyst and (b) the recovered catalyst

after five reaction cycles.

The stability of the recovered catalyst was also examined by FTIR (Figure 3.23),
showing the comparison between a fresh catalyst (Figure 3.23a) and the recovered one

before and after the thermal treatment (Figure 3.23b and 3.23c respectively).

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-)

Figure 3.23 FTIR spectra of (a) fresh Na-hiSi-Seq catalyst, (b) the recovered catalyst

after five reaction cycles, and (c) the recovered catalyst after heating to 450 °C.
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The recovered catalyst (Figure 3.23b) contains small peaks at ~1400 and ~2300 cm*
arising from carbonation of the catalyst surface due to adsorbed species remaining after
washing with acetone. These peaks disappeared after reactivating the catalyst at 450 °C

which removed the adsorbed species (Figure 3.23c).

The performance of the new geopolymer-based catalysts was compared with
other commonly used solid catalysts that have been previously reported for the
liquid phase Beckmann rearrangement of cyclohexanone oxime. For the most
meaningful possible comparison, only those studies are considered in which the
reaction conditions were identical to the present work. These are shown in Table
3.3. The yield of caprolactam obtained by Na-hiSi-Seq is superior to the H-ZSM-
5 and H-Y zeolites tested in this study. The catalytic kinetics of Na-hiSi and Na-
hiSi-Seq compared to HZSM-5 and H-Y zeolites are shown is Table 3.4. The
obtained TON of both Na-hiSi and Na-hiSi-Seq catalysts are higher than those
of the zeolites, indicating that the geopolymer catalysts are more efficient in the

liquid phase Beckmann rearrangement reaction.

Table 3.3 Comparison of the catalytic performance of geopolymer-based catalysts with
other catalysts for the liquid phase Beckmann rearrangement of cyclohexanone oxime
to e-caprolactam. Reaction conditions: solvent 20 ml PhCN; 0.1 g catalyst; 0.1g oxime;
T =130°C; t = 5hr.

Conversion Selectivity % Mass
Catalyst o balance

0 lactam cyclohexanone %

Na-hiSi 84+5 36+3 61+2 98

Na-hiSi-Seq * 7514 70+ 2 21+1 98

H-Y zeolite 85+ 3 58+ 1 40+ 0.1 98

H-ZSM-5 "~ 44 + 5 373 59+ 4 98
WOXZrO, [128a] 49 79
Al-MCM-41[130 51 89
H-USY [12%] 98 75

# Reaction continued for 24 hours

“see section 3.2.1 for the catalysts preparation
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In addition, the catalytic activities of the geopolymer-based catalysts are superior
to those reported for a wider range of solid catalysts which were tested in liquid
phase systems, but under different reaction conditions. These other catalysts
include zeolites (large pore Y and beta type [*28 12%1) 'molecular sieves (Nb-
MCM-41 2 and SBA-15-ar-SOzH [3%1) functionalised silica (H2SO04/SiO;
(13101 and H2SO4/M/SiO; [13%¢1) HPAs such as Cs-phosphotungstic acid 12801
Fe/Cu-1,3,5-benzenetricarboxylate (MOFs) 28 and ionic liquids (cyanuric
chloride in imidazolium-based ILs 3% [Bis-BsImD] [OTf]>-ZnCl,] 3?1 and
[C3SOsHmMim][CI]-[ZnCl;] [132,

Table 3.4 Reaction kinetics of Beckmann rearrangement of cyclohexanone oxime

measured at 5 hr. reaction time over selected geopolymers and zeolites.

Specific reaction rate

Catalyst (X100 MmOl jactam. g cat™.h?) TON  TOF ()
Na-hiSi-Seq 33.51 3.9 0.78
Na-hiSi 27.29 3.6 0.72
H-Y zeolite 43.36 1.2 0.24
H-ZSM-5 21.03 0.6 0.12

The geopolymer catalysts developed in this work have the additional advantage of facile
synthesis from readily available and relatively inexpensive naturally-occurring raw
materials, by comparison with the synthesis of other advanced catalysts which involves
multiple steps and expensive reagents. Since the geopolymer synthesis does not involve
the use of toxic reagents such as OSDASs, the resulting catalysts are more ecologically-
friendly materials. All these factors indicate that these catalysts represent a new class
of materials with advantages in terms of performance, cost, ease of synthesis and

ecological friendliness.

3.4 Conclusion

This work reports the first use of inorganic aluminosilicate geopolymers as
heterogeneous solid acid catalysts for the liquid-phase Beckmann rearrangement
of cyclohexanone oxime to e-caprolactam. The geopolymer catalysts are readily

prepared at room temperature from natural clay and alkali silicates under alkaline
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conditions. The catalytic sites are generated within the structure of geopolymer
by ion-exchange with NH4* followed by thermal treatment. The surface areas and
pore dimensions of the catalysts can be varied by adjusting the starting
composition of the inorganic polymers, and it is found that excellent catalytic
conversion of the oxime is obtained using geopolymers with small surface areas
and large pore diameters; however, these catalysts showed low selectivity
towards the caprolactam product. This was ascribed to the presence of Lewis acid
sites generated by the thermal treatment which produced EFAI species.
Nevertheless, the selectivity towards the e-caprolactam can be significantly
improved by exposing the geopolymer catalysts to a post-synthetic
dealumination and desilication treatment which increases the surface area which
we suggest enhances the distribution of the active sites. The catalytic activity of
the geopolymers in the liquid-phase Beckmann rearrangement is superior to, or
at least comparable with other solid acid catalysts under identical reaction
conditions. These geopolymer-based catalysts were also recycled five times
without deterioration in the yield of e-caprolactam, emphasising their potential
as efficient environmentally-friendly inexpensive heterogeneous catalysts as
alternatives to the solid acids presently used in Beckmann rearrangement

reactions.

The results reported in this chapter also show the feasibility of generating reactive
Lewis acidic sites by applying a suitable thermal treatment to the geopolymer. This
raises the possibility for the application of geopolymers as active catalysts in other
organic reactions requiring Lewis acid sites. This aspect of these materials is

investigated in the following chapter.
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Friedel-Crafts alkylation reactions

catalysed over geopolymer catalysts

4.1 Introduction

In the previous chapter it was shown that geopolymers could be synthesised with
high surface areas and active sites, including weakly acidic silanol groups and
minor amounts of Bronsted acid sites which could successfully be generated on
the surface of the geopolymer, giving it high activity and selectivity for the

Beckmann rearrangement of cyclohexanone oxime to e-caprolactam.

In addition, it was also shown that Lewis acidic sites could be generated during
thermal treatment, the concentration of which depended mainly on the
temperature of the thermal treatment. These sites were active in facilitating side

reactions resulting in the formation other by-products.

In this chapter, porous geopolymers were modified and their catalytic activities
were evaluated for application to the industrially important Friedel-Crafts

alkylation reactions where both Bronsted and Lewis acid sites are required.

Friedel-Crafts reactions are one of the oldest methods of introducing substituents into
aromatics, demonstrated in 1887 by Charles Friedel and James Crafts for the synthesis
of amyl benzene from benzene and amyl chloride using AICIs as a catalyst [143]. The
Friedel-Crafts reaction, which can be used either for alkylation or acylation, is one of

the most important industrial organic reactions; for instance, the global market revenue
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of the production of ethyl benzene (produced by alkylation of benzene with ethylene)
accounted for 18.28 billion USD in 2015 with an expected rise to 23.31 billion USD by
2021 441 Sych reactions are catalysed mainly by conventional homogenous
Lewis acids such as AICl3, H2SO4, HF, or ZnCls, but these catalysts possess
drastic drawbacks in terms of toxicity, corrosiveness, handling difficulty and

reusability (11 391,

Zeolites such as HZSM-5 and more recently MCM-22 have successfully replaced
the homogenous catalysts, and are now commercially used in applications
involving alkylation reactions including the production of ethylbenzene, cumene
(by alkylation of benzene with propylene), and p-ethyltoluene. The latter is used
as a precursor for production of poly-p-methylstyrene, a material that possesses
superior properties to polystyrene [2 1451,

On the other hand, zeolites are not very efficient in the Friedel-Crafts alkylation
of aromatics with benzyl substituents (benzylation reactions using benzylhalide
or benzyl alcohol as the alkylating agent) (scheme 4.1). Although some
microporous zeolites such as the beta-form have been used in this reaction and
show high reactivity in the alkylation of benzene with benzyl alcohol, they show
poor reactivity in the alkylation of relatively larger molecules such as substituted

benzenes due to their restricting micropores 271,

Scheme 4.1 Friedel-Crafts alkylation of benzene or substituted benzene with benzyl

halide.
X H*
+ —_— R

R-DPM

Aromatic benzylation is an important type of organic reaction, being used to
synthesise a number of industrially valuable synthetic intermediates for the
production of pharmaceuticals and fine chemicals [l For instance,
diphenylmethane (DPM) or substituted DPM (such as benzyltoluene) are very

important industrially, with wide applications as pharmaceutical intermediates
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(Figure 4.1), heat-transfer fluids, dyes and fragrances 1471, They have also been used to
improve the thermal stability of polyester, in adhesion and insulating applications, and

as curing agents for epoxy resins (141,
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Figure 4.1 Several diaryalkanes and their biological activities 143,

This class of reaction is still catalysed predominantly by the use of traditional
homogenous Lewis acids. For this reason, several mesoporous solid catalysts
have been developed to replace their homogenous analogues; these new catalysts
include mesoporous zeolites [27* 1481 ' mesoporous silicates 4?1, supported oxides

(1501 ‘and ionic liquids [*51,

Various active sites can catalyse the Friedel-Crafts alkylating reaction,
depending on the alkylating agent used. For instance, Lewis acid sites are
required with benzyl halides while Bronsted acid sites are needed with benzyl

alcohol 101,

The Friedel-Crafts alkylation reaction is an electrophilic substitution reaction, in which
the initial step involves the formation of the benzyl carbocation (CeHsCH.")
electrophile in the presence of a Bronsted and/or Lewis acid. The electrophile then
attacks the activated benzene or substituted benzene to form the product (Figure 4.2)
[1521 The reaction can also proceed via a free radical mechanism when an M-support

catalyst is used. This mechanism will be discussed in the following chapter.
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In this chapter, geopolymers were prepared and modified so as to contain both Bronsted
and Lewis acidic sites within their structure, as required to catalyse reactions such as
Friedel-Crafts alkylations. Their catalytic activity was evaluated in liquid-phase
Friedel-Crafts alkylation of a series of relatively large substituted benzenes
(alkylation of toluene, anisole, p-xylene and mesitylene) using benzyl chloride
(BzCl) as the alkylating agent. The present work also investigated the effect of post-
synthetic dealumination and desilication treatments on the structural and acidic
properties and thus the improvement of the catalytic activities of these geopolymer-

based catalysts.

R
CH,X CH,*
-HX
(= (O
l H

©/\© +
— R <
Z

R

substituted DPM

Figure 4.2 A mechanism of Friedel-Crafts alkylation of benzene or substituted benzene

with benzylhalide as alkylating agent.

4.2 Experimental

4.2.1 The catalyst preparation

The catalysts used for the Friedel-Crafts alkylation reaction are similar to those reported
in Chapter 3, but with different thermal pre-treatment. As in Chapter 3 the catalysts
were the NH4" ion-exchanged form of the geopolymers, but as described in section
2.1.2 were heated to 550 °C to generate the required acid sites and held for 15 min prior
to the reaction. The acidity measurements reported in this chapter were of these NH4*-

geopolymers heated at 550 °C.
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In this work, the catalytic performance of Y zeolite was also determined for comparison
purposes, by being treated in exactly the same manner as the geopolymer catalysts in

terms of ion-exchange and thermal treatment.

4.2.2 Catalytic reaction

The reaction system is as described in chapter 2 (section 2.3.1). In a typical run, 1ml of
BzCl was mixed with 13 ml of the aromatic compound (Analytical grade toluene,
anisole, p-xylene or mesitylene). 0.1 g of the catalyst was added to the reaction mixture
at 85 °C and the temperature was raised to 110 °C, this being taken as the starting time
of the reaction. Calibration curves covering the range of 0.027 - 0.005 mmol/ml of each
reactant and product were used for quantitative analysis. The reaction analyses and the
catalytic calculations are described in Chapter 2 (section 2.33).

To test the reusability of the catalyst in Friedel-Crafts alkylation reaction, the catalyst
was separated from the reaction mixture using a micro filter. The solid then was
activated by heating to 550 °C for 1hr prior to each run. The structural stability of the
spent catalyst was investigated by XRD.

4.3 Results and discussion

4.3.1 Catalysts characteristics

The structural characteristics of the synthesised geopolymers are described in
detail in Chapter 2 (see section 3.3.1). To generate acid sites suitable for the
Friedel-Crafts alkylation reactions, the geopolymer catalysts were heated to a
higher temperature (550 °C) than was required for the Beckmann rearrangement.
The structural stability and acidic properties of these catalysts are described

below.

The structural stability of the heated geopolymer was evaluated by XRD as
shown in Figure 4.3. The broadening of the original background hump (Figure
3.4) can be ascribed to the breakdown of the crystalline structure of some of the
silicate or aluminate impurities in the geopolymer framework. Most importantly,

no sign of recrystallization was seen, emphasising the thermal stability of the
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geopolymers at 550 °C even after heating for 5hr. In addition, there was no
noticeable effect of the thermal treatment on the sequentially treated catalysts
compared with the untreated ones (see for example Figure 4.3d and 4.3e which

shows Na-hiSi and Na-hiSi-Seq respectively).

10 20 30 40 50 60 70 &0
20

Figure 4.3 XRD traces of geopolymers thermally treated to 550 °C for 15 min. (a) K-
hiSi, (b) K-N, (c) Na-N, (d) Na-hiSi, () Na-hiSi-Seq. (q: quartz; c: cristobalite; ¢
Na2C03.H20)

The surface acidities of the geopolymer catalysts Na-hiSi and Na-hiSi-Seq are
revealed in their FTIR spectra of adsorbed pyridine in Figure 4.4 which show the
characteristic bands of the pyridine molecules coordinated with the Lewis acid
sites (at 1448, 1600 and 1620 cm™) and the Bronsted acid sites (at 1544 cm™),
and the combination of both sites (at 1490 cm™?), as discussed in section 2.2.6.2.
These results show that heating at 550 °C generated higher surface acidity
compared to heating at 450 °C (Fig 3.15). However, the total acidity is shown to
be higher when the catalysts are only heated to 450 °C, which might be ascribed
to the severe destruction of structural hydroxyls that generate Bronsted acidity
when heated at 550 °C.
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1700 1650 1600 1550 1500 1450 1400
Wavelength (cm)

Figure 4.4 IR spectra of adsorbed pyridine over Na-hiSi-550 °C with and without
sequential treatment; (a) Na-hiSi-550 °C-background, (b) Na-hiSi-550 °C-pyridine, ()
Na-hiSi-Seq-550 °C-background, (d) Na-hiSi-Seg-550 °C-pyridine.

The TGA trace of the pyridine desorbed from these geopolymer catalysts is shown in

Figure 4.5, with the corresponding values presented in Table 4.1.

Table 4.1 Total acid amount of the NH4"-ion exchanged geopolymers after heating to
550 °C.

Catalyst Acid content (mmol/g)

K-N 0.20
K-N-Seq 0.23
K-hiSi 0.18
K-hiSi-Seq 0.23
Na-N 0.14
Na-N-Seq 0.20
Na-hiSi 0.32
Na-hiSi-Seq 0.37
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Figure 4.5 shows that, as for the catalysts to 450 °C (Chapter 3, Figure 3.15), the
sequentially treated catalyst shows a slightly higher amount of desorbed pyridine in the
range 100 — 350 °C, indicated by broken lines in Fig. 4.5.

(a)

100% 1 ™., - = = Na-hiSi-background

] ~ —— Na-hiSi-pyridine
99% - Py

98% 1 Tr—

97% 1

Ty . X P

Weight %

96% 3

95% 7
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(b)

100% ]

99% 1
98%

97%
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95%
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Temp (°C)

Figure 4.5 TGA profiles of pyridine degradation of representative catalysts that were

heated to 550 °C for 15 min. before and after sequential treatment. (a) Na-hiSi, (b) Na-
hiSi-Seq.

The data in Table 4.1 and Figure 4.5 show that the total acidity of the catalysts heated
at 550 °C is less than in the catalysts heated at 450 °C (see Table 3.1 and Figure 3.15).
This can be ascribed to the severe dehydroxylation caused by heating the solids at 550

°C, affecting the Bronsted acidic sites (the bridging OH groups) as shown in Figure 4.6.
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Figure 4.6 FTIR spectra in the OH region of NH4*-ion exchanged geopolymers with
and without sequential treatment, after heating at different temperatures. (a) Na-hiSi-
450 °C, (b) Na-hiSi-550 °C, (c) Na-hiSi-Seq 550 °C.

Figure 4.6 shows a higher concentration of hydroxyl groups (particularly bridging OH
at 3620 cm™) in sample Na-hiSi-450 °C (Figure 4.6a) compared with the same catalyst
heated at 550 °C (Na-hiSi-550 °C, Figure 4.6b). Greater destruction of the hydroxyl
groups occurred in the catalyst heated at 550 °C after sequential treatment (Figure 4.6c¢),
but the sequentially treated catalysts still show higher acidity than the untreated ones
(Table 4.1).

The effect of the sequential treatment was investigated further by comparing the
influence of different stages of the sequential treatment in geopolymers of two different
Si/Al molar ratios (Figure 4.7).

Geopolymers with the typical Si/Al molar ratio of ~3.5 (e.g. Na-N) show the
generation of extra-framework aluminium (EFAI) during the dealumination step
(Figure 4.4b), as evidenced by the two resonances at about 30.5 ppm and 3.1 ppm
corresponding to penta-coordinated and octahedral Al respectively %31 After

completion of the sequential treatment, Na-N-Seq (Figure 4.4c) shows a similar
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spectrum to the starting material in which the EFAI species were removed, and

the tetrahedral peak is shifted back to ~60 ppm due to desilication.

57.5 56.6

56.9 | 44

(@) o (d) ‘

170 70 -30 -130 170 70 -30 -130
2Z7Al shift (ppm) w.r.t. Al(H,0)3* 27Al shift (ppm) w.r.t. Al(H,0)**

Figure 4.7 Representative 2’Al MAS NMR spectra of geopolymer catalysts with
different compositions at different stages of post-synthetic treatments. (a-c) Na-N; (a)
Na-N parent, (b) Na-N-DA, (c) Na-N-Seq, (d-f) Na-hiSi; (d) Na-hiSi parent, (e) Na-
hiSi-DA, (f) Na-hiSi-Seq.

By contrast, geopolymers with a higher Si content (Si/Al molar ratio ~6.5, e.g.
Na-hiSi) appear to be more resistant to the acid and the sequential treatments

(Figures 4.4e and 4.4f respectively).

However, by heating the catalysts at 550 °C prior use in the catalytic reactions,
all the sequentially-treated catalysts show larger amounts of EFAI species
(Figures 4.8e-h) compared with catalysts that had not been sequentially treated
(Figures 4.8a-d). This explains the higher acidities of the sequentially-treated

catalysts compared with their untreated analogues.
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53.3
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Figure 4.8 2’Al MAS NMR spectra of heated geopolymer catalysts heated at 550 °C
without sequential treatment (a-d); (a) K-hiSi, (b) K-N, (c) Na-N, (d) Na-hiSi, and with
sequential treatment (e-h); (e) K-hiSi-Seq, (f) K-N-Seq, (g) Na-N-Seq, (h) Na-hiSi-Seq.

4.3.2 Catalytic Reactivity

In the first instance, the catalytic reactivity of the geopolymer catalysts was investigated
using the benzylation of toluene with BzCl as the model Friedel-Crafts reaction. The
results are shown in Figure 4.9. The as-synthesised catalysts show poor reactivity, with
a conversion of BzCl of less than 30%. The dealuminated geopolymer catalysts, on the
other hand, show slightly higher reactivity, with conversions of up to ~50 % in some

cases.
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Figure 4.9 Catalytic reactivity of the various geopolymer catalysts in alkylation of
toluene with BzClI. Reaction conditions: 13.0 ml toluene; 1.0 ml BzCl; 0.1 g catalyst; T
110 °C.

However, after desilication followed by acid washing (the sequential treatment), a
significant improvement of the catalytic reactivity was achieved, the reaction being
almost complete within 3 hr. (Table 4.2), and with 100% selectivity towards
monobenzylated toluene (BzTol). These results indicate that sequential treatment is
essential to obtain optimal catalytic performance. This very significant improvement
can be attributed to both the enhanced acidity, as discussed above, and the improved
porosity (Table 3.1) which provides sufficient access of the reactant to the active sites
in the pores of the solid and facilitates the removal of the products from the pores.
This highlights the important role of desilication followed by washing with
disodium EDTA salt in the improvement of the porosity and the acidity, thereby

leading to higher catalytic reactivity.
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Of the present catalysts, Na-hiSi-Seq shows superior reactivity, achieving ~90%
conversion of BzCl within 1hr. (Figure 4.9). Compared with the other
geopolymer catalysts, Na-hiSi-Seq has higher acidity as well as unique
hierarchical porosity (Figure 3.11b). These superior results appear to be related
to its composition (Table 2.2) which seems to be optimal for catalyst

geopolymers.

Table 4.2 indicates that all the sequentially treated catalysts show comparable
catalytic reactivity to H-Y zeolite in terms of conversion and reaction rate;
however, the TON and TOF values of all the geopolymers are several times
higher than for Y-zeolite, indicating a greater efficiency and superior catalyst
lifetime of the geopolymer catalysts. In addition, the synthesis of the geopolymer
catalysts is a much more energy-efficient and simpler procedure which does not
involve lengthy thermal treatments or the use of costly and sometimes toxic,

OSDA s that are needed for zeolite synthesis, see Section 1.3.1.

Table 4.2. Catalytic reactivity of several sequentially treated geopolymer-based

catalysts in alkylation of toluene with benzylchloride 2

Conversion Selectivity % Specific
Catalyst o reaction TON ;:-mcr:'l:)
0 p-BzTol o-BzTol rate °

K-N-Seq 93 43 57 26.94 351 1.95
K-hiSi-Seq 95 54 46 27.47 358 1.99
Na-N-Seq 90 47 53 26.16 392 2.18
Na-hiSi-Seq 99 52 48 29.53 231 1.29
H-Y ¢ 92 59 41 26.77 45 0.25

& Reaction condition; 13.0 ml toluene, 1.0 ml BzCl, 0.1 g catalyst; T = 110 °C; t = 3 hr.
® mmolgzcr.gear*. ™

¢see section 3.2.1 for catalysts preparation.

The reaction kinetics were studied for the Na-hiSi-Seq catalyst in the alkylation

of toluene (Figures 4.10 and 4.11). The reaction fits the Langmuir-Hinshelwood
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pseudo-first-order kinetic model with R? > 0.996 (Figure 4.10). From the slope

of the linear plot, the reaction constant (k) was found to be 0.027 mint.

Time (min)
0 100 200

5 e
R2? =0.9964

Figure 4.10. Langmuir-Hinshelwood pseudo-first-order kinetic model and for

alkylation of toluene with BzCl over Na-hiSi-Seq.

The influence of temperature on the reaction rate is described by the Arrhenius
plot (Figure 4.11) from which the activation energy was determined to be 152
kJ/mol.
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0.0026 0.00265 0.0027 0.00275 0.0028 0.00285
_2 1 1 1 1
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o))
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-10

Figure 4.11 Arrhenius plot for alkylation of toluene with BzCIl over Na-hiSi-Seq.

This plot shows that the reaction rate constant is proportional to the temperature,
in agreement with the literature regarding alkylation of benzene or a substituted

benzene over various other solid catalysts 272 1541,
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The value of the Weisz-Prater criterion (¢pw.p) parameter in the present study was
found to be 7.43 x 10°® (<< 0.3), which, on the basis of these criteria, indicates
the absence of pore diffusion limitations 114, All the values used in these
calculations are summarised in Table 4.3, and all the relevant equations are
described in Chapter 2, Section 2.3.3.4.

The influence of the substrate: catalyst weight ratio (wt. %) for the Na-hiSi-Seq
catalyst is shown in Figure 4.12. A higher degree of conversion was achieved
when a larger amount of the catalyst was used; ~97% conversion of BzCl was
achieved with 5:1 BzCl: catalyst wt. % in 1hr., while a conversion of ~90% and
~75% was obtained with 10:1 and 20:1 wt.% respectively.

This can be understood in terms of the greater number of active sites available
when a larger amount of catalyst is present in the reaction mixture. However, the
reaction is almost complete at ~3hr. even when BzCl: catalyst wt. % is as high as
20:1.
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Figure 4.12 The influence of the substrate: catalyst wt. % on the alkylation of toluene
with BzCl over Na-hiSi-Seq catalyst. T = 110 °C.
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Table 4.3 Physical and chemical properties of the catalyst, solvent and reactant in

alkylation of toluene with BzClI over Na-hiSi-Seq ?

Variable abbreviation value
Reaction rate (mol/cmd.s) fa 1.3236 x 10°
Catalyst particle radius (cm) Rp 8.30 x 10*
Concentration of BzCl (mol/cmd) Ca 6.6847 x 10
Effective diffusivity (cm?/s) Deft 2.9099 x 10°
Catalyst pore radius (nm) I' pore 8.19
Radius of BzCl (nm) 15 I B2CI 0.4027
constant P 16.30
Bulk diffusivity (cm?/s) Do 5.7983 x 10°
Reaction temperature (K) T 383.15
Association constant of toluene 171 X 1
Molar mass of toluene (kg/kmol) M2 92.14
Viscosity of toluene at 110 °C (Pa.s) [*°] n2 2.47 x 10*
Molar volume of BzCl (m3/kmol) Vi 1.3532 x 10
Molar mass of BzCl (kg/kmol) M 126.58
Density of BzCl at room temperature (kg/ m®) d 1.10 x 103
Room temperature (K) T 293.15
Boiling point of BzCl (K) T 447.15

® Density of Na-hiSi-Seq = 0.80 g/cm®.
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4Reaction condition; 13.0 ml toluene, 1.0 ml BzCl, 0.1 g catalyst; T =110 °C; t =3 hr.

The catalytic reactivity of Na-hiSi-Seq in the alkylation of other larger aromatics
(anisole, p-xylene, and mesitylene) with BzCl is shown in Figure 4.13 and Table
3. Figure 4.13 shows that up to 30 min., the reactivity increases in the following

order: anisole > p-xylene > mesitylene > toluene. These aromatics were tested to
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investigate the confinement effect of the geopolymer porosity when dealing with

bulky molecules.

100%
B80%
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Figure 4.13 Catalytic reactivity of Na-hiSi-Seq in alkylation of mesitylene, p-xylene,
anisole, and toluene with BzCl. Reaction conditions: 13.0 ml of each aromatic; 1.0 ml
BzCl; 0.1 g catalyst; T =110 °C.

The reaction with anisole was complete in less than 15 min., and in the case of
the other aromatics, the reaction was nearly complete after ~3hr, with 100%

selectivity towards monobenzylated products (scheme 4.2).

Scheme 4.2 Monobenzylated products of Friedel-Crafts alkylation of several aromatics

Sogelogolieae

This is as expected for a typical acid-catalysed electrophilic substitution reaction

in which increasing the electron density in the aromatic ring due to attachment of
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the electron-donating groups enhances the reaction rate. However, the lower
reactivity of mesitylene after 30 min. reaction time, compared with p-xylene and
toluene (Table 4.4) may be explained in terms of a confinement effect in which
the resulting monobenzylated mesitylene is larger than monobenzylated p-xylene
and benzyltoluene, affecting the reaction rate. These aromatics were studied

Table 4.4 Catalytic activity of Na-hiSi-Seq in the alkylation of several aromatics at 1

hr. reaction time 2

Anisole p-Xylene Mesitylene Toluene

Conversion % 100 91 82 88

Specific reaction rate
84.67 77.27 69.80 75.94
(mmolezci.gear*.h™)

¢ Reaction condition; 13.0 ml aromatic, 1.0 ml BzCl, 0.1 g catalyst; T = 110 °C; t = 60
min.

The results shown in Figure 4.13 suggest that the performance of the geopolymer
catalysts is significantly better than that of regular microporous zeolites, which

show poor reactivity for the liquid-phase alkylation of such large molecules 27,

The reusability of the Na-hiSi-Seq catalyst (Figure 4.14) shows no sign of

deactivation after five cycles of use of the same catalyst.

These results suggest that geopolymer-based catalysts can readily and simply be
regenerated for reuse, and that furthermore, the geopolymer catalysts do not
display the drawbacks of supported catalysts, which suffer from the weak
interaction between the active species and the host, leading to loss of reactivity

due to leaching of these active sites.
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Figure 4.14 Reusability of Na-hiSi-Seq catalyst in alkylation of toluene with BzCl.
Reaction conditions; 130:10:1 Toluene: BzCl: catalyst wt. %; T 110 °C.

The stability of the reused geopolymer-based catalyst is illustrated in Figure 4.15
which shows little difference between the XRD pattern of the fresh and used
catalyst after three reaction cycles, reflecting the high thermal and hydrothermal

stability of the geopolymer-based catalysts.

Figure 4.15 XRD traces of (a) fresh Na-hiSi-Seq catalyst and (b) the recovered catalyst

after five reaction cycles.
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4.4 Conclusion

This chapter reports the heterogeneous catalytic applications of porous
geopolymer-based catalysts in the Friedel-Crafts alkylation reactions of several
substituted benzenes (toluene, anisole, p-xylene, and mesitylene) with benzyl
chloride. The starting composition of the geopolymer was found to have a direct
influence on the acidity and the porosity and thus the catalytic activity of the

synthesised catalyst.

A very significant improvement in the reactivity of the as-synthesised catalysts
was achieved by applying post-synthetic treatments (dealumination and
desilication) which enhanced the acidity and porosity, resulting in a higher
catalytic efficiency. The geopolymer catalyst could readily be regenerated and
reused without significant loss of reactivity, since the acidic sites are generated
within the geopolymer structure rather than supported on the geopolymer

framework.

This Chapter further indicates the potential of geopolymers as new, cost efficient,
readily synthesised and environmentally friendly heterogeneous solid acid
catalysts for fine chemical applications, particularly for bulk compounds where

regular microporous zeolites show poor reactivity.
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Chapter 5
Activity of fly ash-based geopolymer

catalysts in alkylation reactions

5.1 Introduction

It was shown in the previous chapter that geopolymers based on a dehydroxylated clay
(halloysite) could be prepared with meso, macro and hierarchical porosities and that
Bronsted and Lewis acidic sites could be generated within their framework, making
them capable of catalysing Friedel-Crafts alkylation of several aromatics. However,
aluminosilicate clay is not the only starting material from which viable geopolymers
can be synthesised; another well-known solid reactant for geopolymer synthesis is fly
ash 181 the combustion product from coal-burning furnaces for example, in thermal
power stations. Depending on the coal type from which it was derived, fly ash can
contain a significant content of oxides such as Fe>Os, which are known to be very active
catalysts for Friedel-Crafts alkylation reactions "1 when used in conjunction with a
solid supporting material. This suggests the possibility that a geopolymer synthesised
from fly ash and containing Fe2O3 as one of the components, might demonstrate useful
catalytic properties for Friedel-Crafts alkylation reactions. Such catalysts would have
the additional economic and environmental advantages of being based on an industrial
waste material rather than a clay mineral requiring additional energy for its

dehydroxylation.

In this chapter, several geopolymer catalysts were synthesised from different fly ashes

and their catalytic reactivities were tested in model Friedel-Crafts alkylation reactions.
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Chapter 5. Fly ash-based catalysts in alkylation reactions

5.1.1 Background to fly ash

Fly ash is the solid waste of coal combustion, mainly in thermal power plants
throughout the world. These coal combustion products (CCPs) represent the
incombustible mineral matter (ash) present in the coal. The coal combustion products
(CCPs), account for ~20 wt.% of the feed coal [ and consist mainly of coarse bottom
ash (the ash remaining in the bottom of the boiler during the combustion process),
which represents <15% of the total ash. The remaining ash, which accounts for >85%
of the total ash is called fly ash, and is the finer ash that is carried by the combustion
gases through the boiler and collected by electrostatic precipitators at the boiler outlet
(159 Since the generation of electricity from coal combustion was introduced in 1920s,
the global production of fly ash has grown continuously. The worldwide production of
fly ash in 2000 was estimated to be around 349 million tonnes (Mt) 6% increasing to
about 430 Mt in 2003 (6% and ~780 Mt in 2010 (5%, Some of this fly ash is used in
applications such as an extender for concrete; globally, ~53.5% of the fly ash produced
in 2010 was utilised (Table 5.1) and the remainder was disposed of by dumping into

the sea or int