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Summary

This work focuses on the development of a flow-type photocatalytic reactor and its
applications in both photodecomposition of organic air pollutants and photocatalytic
conversion of alkenes into industrially important epoxides. Particular importance was given
to commercial viability of the developed technologies.

Nanostructured semiconductor photocatalysts including TiO2, BiWQs, TS-1 and CeO>
were synthesised through hydrothermal and sol-gel methods. In addition, several
modifications of the materials including doping and coupling with metal ions and metal
oxides were performed to enhance their photocatalytic activities. The powders obtained from
these syntheses were coated on glass beads through a novel technique with high adherence
efficiency. These coated glass beads filled the entire space in the photo-reactor which

afforded high packing density. The streamline design of the reactor made it possible for all



the reacting species to be in contact simultaneously, while the transparency of the glass beads
provided an excellent UV light penetration to even the innermost part of the reactor.

The functionality of the reactor was first tested by performing photodecomposition of
acetone in gas phase. Using commercially available P25, acetone was successfully
mineralised in to COzand H2O.

Photo-epoxidation of propylene was achieved using the designed reactor with
increased light intensity. Typical reaction mixture of propylene:oxygen:nitrogen
corresponding to the ratio 1:1:15, afforded propylene oxide (PO) in addition to other products
such as acetone, acetaldehyde and propanal, observed by Fourier transformed infrared
spectroscopy (FTIR) in tandem with gas chromatography mass spectroscopy (GCMS). It was
established from the results that coupled Bi.WQe-TiO2 photo-catalysts were preferable for
selectivity of PO peaking at 64%. This was achieved in a typical flow reaction for 1hr at the
temperature of 345 K at atmospheric pressure under UV illumination.

An interesting colour change in the synthesised Bi.WQOg nanoflowers was observed
during the series of experiments. As such, further study was performed on the photochromic
property of the catalyst. Upon exposure to UV irradiation, light-induced photochromism was
observed to be highly dependent on the amount of coating on the glass beads; and the colour
change from pale yellow to black is reversible. Further test on the effect of photochromic
behaviour of Bi;WOs on the photocatalytic epoxidation of propylene was performed. The
results revealed enhancement of PO selectivity by 17 %.

The kinetics of the epoxidation of cyclohexene in gas-phase using the product of
reaction with a mixture of H, and O was investigated. The results showed that the gas-phase

reaction mechanism follows the Eley—Rideal mechanism. The physisorbed cyclohexene
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reacted directly with the intermediate formed through reaction between Ti base and the OOH
species, to produce the cyclohexene oxide. Reaction activation energy was measured to be
approximately 31 kJmol™.

Further experiments focused on in-situ reaction of the partial photo-oxidation products
of photo-epoxidation of 1-hexene were performed. The exhaust of the photo-reactor was
passed directly through methanol which acted as a nucleophile under acidic condition for
several hours. This made it possible to establish the features of some of the reactive species
formed during the partial photo-oxidation of 1-hexene process, ultimately demonstrating the
high versatility of the developed photo-reactor.

Finally, a “pseudo” in-situ photo-oxidation of styrene in liquid-phase using NMR
spectroscopy was developed. Using molecular oxygen as the oxidant, Co-doped CeO:
showed the highest conversion of 48% with a selectivity of styrene oxide of 78%. As revealed
by the kinetic study in this work, the photo-oxidation reaction proceeded according to

Langmuir-Hinshelwood model.
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Chapter 1: Introduction

In recent years, concerns about climate change and energy security have prodded
research and development of more energy efficient technologies in all fields of human
endeavour. About 54 % of the world’s total energy produced is consumed by the industrial
sector.* However, the amount of fuel used by the industrial sector largely depends on the
region as well as country, based on the economic activity and level of technological
development. The chemical and petrochemical industry energy demand across the globe is
estimated to account for about 10 % of total energy consumption.® These industries are also
responsible for 7 % emissions of greenhouse gases across the globe, which makes them the
biggest contributor to the global industry energy demand.®

Greenhouse gases are known to trap heat in the atmosphere, which causes a rise in the
global temperature. This results in variation of ‘normal’ atmospheric conditions across the
globe, making weather predictions less reliable. CO is the dominant greenhouse gas
accounting for 76 % of emission of global greenhouse gases.® Fossil fuel and industrial
processes have been reported to be responsible for 65 %, while forestry and other land use
account for 11 % of the total global CO, emissions.® As seen in Figure 1.1, other greenhouse
gases including methane, nitrous oxide and fluorinated gases contribute 16 %, 6 % and 2 %
respectively. Methane is mainly generated from agricultural activities, waste management,
biomass decomposition and energy use. Nitrous oxide can be generated from fossil fuel and
agricultural chemicals such as fertilizers.'® Industrial processes and use of products such as
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexfluoride (SFe) are all

known to contribute to generation of fluorinated gases.’®
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Figure 1.1: Global greenhouse gas emissions™*

Looking at the dependence of modern global economy on production of finished goods,
the high energy demand of industrial sector could be traced. The end products that satisfy
human need such as fertilizers, composite items, plastics, cement etc. are products of
fundamental chemical syntheses of some basic intermediates.*? Since the global industrial
revolution that began in the 1760s, industries have competed with one another, driven by the
global market. As a result, the world has seen unprecedented investments in various
processing plants, with the United States of America (USA) and China in the lead.®? The
Middle East has also earned global attention due to concentrated deposits of natural gas and
oil within the region that has largely contributed in strengthening their economy.® It is not
surprising therefore, that over the years, the global industrial energy demand was estimated
in 2011 to be 40 EJ (1 EJ = 1x10% J).13 What is more worrying is that the industrial sector
energy demand has been projected to increase on an average by 1.2 % annually. That means

by the year 2024, the energy demand would be approximately 326 EJ.*4



Fortunately, since the introduction of green chemistry over two decades now, the
amount of chemical waste released to water, land and air has reduced drastically. For
example, the United States’ Environmental Protection Agency (EPA) Toxic Release
Inventory (TRI), shows that between 2004 and 2013 a 7 % decrease in the release of some
chemicals such as trichloroethylene, methyl isobutyl ketone and hydrochloric acid.'® Green
chemistry is applied to a wide range of field including the pharmaceutical industry. It
provides new approaches for the reduction or elimination of use of solvents, or make them
more efficient and safer.’® Also green chemistry has inspired increase in number of synthetic
techniques for the production of petroleum-based chemicals from biogenic sources (mainly
plants or waste).!’

Among the most abundant and important organic products of the chemical industry are
the alkenes. Due to heavy dependence on alkenes as key chemicals for the production of
economically important polymers such as polyethylene and polypropylene, alkenes are
produced in large quantities. As production of alkenes by the petroleum industries is on the
increase, the quest to conserve natural resources is also on the increase, which makes it
imperative to use such products as starting materials in other industrial processes.*®° This is
the main objective of this research work. Hence, alkene production and reactivities are

discussed in detail in the next section.

1.1. Alkenes and their production
Alkenes are a group of hydrocarbons that contain at least one carbon-carbon double
bond. They are sometimes called olefins due to their oily nature.?’ They are used in a wide

range of finished goods from rope to car interiors. Due to their resistance to sunlight as well



as relative ease of production, alkenes are very useful.?* Non-cyclic alkenes have the general
molecular formula C,H,,, while that of cyclic alkenes is C,H,,_,, Where n denotes the
number of carbon atoms. The carbon-to-carbon double bond of alkenes displaces two
hydrogen atoms. As a result, they do not have the maximum number of hydrogen atoms per
carbon, hence they are termed unsaturated. The double bond structure of alkenes makes them
chemically different from alkanes. They are more acidic and reactive than alkanes. They also
can easily undergo polymerization reactions, a property that makes their industrial
applications of high value.*®

Alkenes are produced by the petroleum industries as by-products through the cracking
process.'® The cracking process involves the breaking up of large molecules of hydrocarbons
(mainly alkanes) into smaller and essential molecules with lower viscosity and lower
vaporising and igniting temperature. By the application of high temperature and pressure in
the absence of catalyst or low temperature and pressure in the presence of a catalyst, the
cracking process can be achieved by breaking C-C bonds.?? The fraction of naphtha or the
gas oil, which is a fractional distillation process of crude oil (petroleum), is often the source
of the large hydrocarbon molecules.? These obtained fractions are in liquid phase, which are
then re-vaporised prior to cracking. As no specific reaction occurs during the cracking
process, the breaking of the large hydrocarbon molecules are fairly random.?? As such, a
mixture of several smaller hydrocarbons is produced, some of which have C=C double
bonds.?

By breaking several C-C bonds, additional H atoms are needed to terminate the
fragmented hydrocarbon chains. If the H atoms are not available, then either the C=C double
bonds or the cyclic C-C bonds have to be formed. Thus, small alkene molecules are formed

in the cracking process.



1.1.1 Commercial importance of alkene

Due to the ability of the double-double bond to readily convert to other functional
groups, alkenes are important intermediates in the synthesis of polymers, drugs, pesticides,
and other valuable chemicals.?* Among all alkenes, ethylene is produced in the largest
volume, at around 26 million tonnes yearly as at 2013.2° About 62 % of the ethylene is
polymerized to form polyethylene annually, according to IHS Markit report of 2018.2° The
next largest derivative of ethylene is the ethylene oxide. Ethylene oxide is reported to account
for 15 % of the ethylene produced in 2018 and is the primary source of ethylene glycol. The
remainder is used to synthesise a wide variety of organic chemicals including ethanol, acetic
acid, and vinyl chloride. On a similar note, the heavy demand on the production
polypropylene and propylene oxide has caused a surge in the production of propylene.
Propylene, which is the second largest volume of chemical produced around the world is the
key raw material for the production of a wide variety of organic chemicals.?® Polypropylene
is reported to consume about 65 % of the total propylene produced globally in 2016.
Propylene oxide accounted for 8 % while the rest is used to make acetone, isopropyl alcohol,
and a variety of other important organic chemicals.?®

Generally, the largest use of alkenes is for the production of polymers, which are used
in consumer products from shoes to plastic bags to car bumpers. An alkene monomer can
polymerise by a chain reaction where additional alkene molecules add to the end of the

growing polymer chain to form what is known as addition polymer.?’

1.1.2 Reactions of alkenes
Alkenes tend to undergo various reactions with various reagents under different

conditions. Some of the basic reactions of alkenes are displayed on Table 1.1. In general, the



reactivity of alkenes arises from the reactivity of the carbon-carbon double bond. The concept
of the functional group helps to organize and simplify the study of chemical reactions. By
studying the characteristic reactions of the double bond, it is possible to predict the reactions

of alkenes.

Table 1.1: Some reactions of alkenes, examples of co-reactants and the corresponding
products. (Ethylene is alkene reactant)

Reaction type Functional group/co- | Product
reactant
Hydration H20 T TH
Hydrogenation H: T T
Hydroxylation HOOH T” o
Oxidative cleavage (0)) \c:o e
4 ~
Epoxidation @) VAN
Halogenation X2 T |X
Halohydrin formation HOX T T”
HX addition HX T T
S N

The double bond of alkenes which is also their functional group, consist of a strong o
bond and a weaker & bond. The &t electrons have relatively lower bond energy (enthalpy) than

the o bond and as such are easily attracted to a variety of reagents. This results in the breaking



of the @ bond and the two carbons form a new o bond with the reagents as illustrated in

Scheme 1.1.

\c——c + X—Y >

|
/T\ jl__

The double bond comprising a Broken 7 bond formed new ¢ bonds
o and a © bond

Scheme 1.1: Representation of breaking of m bond to form two new ¢ bonds upon reacting
with reagent termed ‘XY’

As 7 bond is the weaker among the double bond, it is likely to break more easily in a
reaction. Because single bonds (o bonds) are more stable (possess higher bond energy/
enthalpy) than the = bonds, it is expected that the double bond will react and transform the =
bond into a o bond. In fact, this is the most common reaction of double bond. For example,
catalytic hydrogenation converts the C=C = bond and the H-H ¢ bond into two C-H sigma
bonds.

There are three major types of alkene reactions: addition, elimination and substitution.
During an addition reaction, two molecules combine to form one product molecule. When an
alkene undergoes addition, two groups add to the carbon atoms of the double bond, resulting
in the carbons becoming saturated. A molecule can also split into two fragment molecules.
This is referred to as elimination reaction, and is in many ways, the reverse of addition
reaction. In a substitution reaction, one fragment replaces another fragment in a molecule.

These major reaction types are illustrated in Scheme 1.2.



Addition ‘ ‘
\C:C/ + X—Y —» —C—C—
VAN |

X Y

Elimination

Ll N
| 7N\
X Y

Substitution

\C:C/ + Y — —‘C—l—Y + X

/N |

Scheme 1.2: Schematic of addition, elimination and substitution reactions of alkene.

Addition reaction is the most common reaction of alkenes, as a wide variety of
functional groups can be formed by addition of suitable reagents to the double bonds of
alkenes. Due to its relevance to this work, it is discussed in detail.

Alkenes are nucleophilic in nature and would therefore readily react with an available
electrophilic reagent.?® For example, if a reagent like HBr is combined with an alkene, the
alkene reacts with the partially positively charged H of the HBr and as a result, a carbocation

is formed as shown in Scheme 1.3.

&t ~ + _
H Br H
Carbocation

2-bromobutane
An alkyl halide

Scheme 1.3: Nucleophilic attraction of an electron-deficient molecule



The carbocation, which is an electrophile in the second step, then reacts with the
negatively charged ion to yield an alkyl halide. This type of reaction is referred to as an
electrophilic addition reaction since its first step involves the attraction of an electrophile
(H") by the alkene. This type of reaction is characteristic to alkenes?® and is therefore

discussed in detail in the next section.

1.1.2.1 Electrophilic addition to alkene
In principle, more stable products can be formed by the addition of many different
reagents to a double bond; i.e., the reactions are energetically favorable. Some reagents react
with C-C double bonds without the aid of a catalyst. To understand what types of reagents
react with double bonds, it is important to consider the structure of the = bond. Although the
electrons in the sigma bond framework are tightly held, the = bond is delocalized above and
below the sigma bond (Figure 1.2). Due to their farther distance from the carbon nuclei, the
7 bonding electrons are more loosely held. This makes them susceptible to being pulled away
by a strong electrophile that has an affinity for the loosely held electrons, resulting in the
formation of a new bond. As such, one of the carbon atoms is left with only three bonds and
a positive charge.
half of
/III,,,,.?g?,\‘\\\\\
7 N O\
half of

pi bond

Figure 1.2: Representation of = bond delocalisation above and below the ¢ bonds (colored red)
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The double bond is said to have effectively reacted as a nucleophile, by donating a pair
of electrons to the electrophile. In most additions reaction of alkene, a nucleophile attacks
the carbocation, resulting in the formation of a stable addition product. The product, contains
both the electrophile and the nucleophile bonded to the carbon atoms that were in the double
bond. However, for this type of reaction a strong electrophile is required to attract the
electrons of the = bond and generate a carbocation in the rate-determining step (RDS).
Majority of alkenes reactions are classified under electrophilic additions. There are other
several types of additions to the alkenes using a wide variety of reagents including halogens,
water, borane, oxidizing agents, and other alkenes; most, but not all, of which will be
electrophilic additions.

It is also important to understand the orientation of addition, which helps to determine
which part of the reagent adds to which end of the double bond. This is the Markovnikov’s
rule and it states that the addition of a proton acid to the double bond of an alkene results in
a product with the acid proton bonded to the carbon atom that already holds the greater
number of hydrogen atoms. Many addition reactions of alkenes follow the Markovnikov’s
rule and they are often referred to as following the Markovnikov orientation and give the
Markovnikov product. Other additions to alkenes as well as some examples of this additions

are given in the next series of sections.

1.1.2.2 Addition of water: hydration of alkenes
In the presence of a strongly acidic catalyst, an alkene can react with water to form an
alcohol. In this reaction, a hydrogen atom adding to one carbon and a hydroxyl group adding

to the other. Hydration of an alkene is accomplished by adding excess water to drive the
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equilibrium toward the alcohol. The two complementary reactions in an equilibrium will be
the hydration and dehydration reactions. As such, they must follow the same reaction
pathway, such that the lowest energy transition state and intermediates for the reverse
reaction are the same as those for the forward reaction, except in reverse order.?

The principle of microscopic reversibility, states that a forward reaction and a reverse
reaction taking place under the same conditions (as in an equilibrium) must follow the same
reaction pathway in microscopic detail. According to this principle, the hydration mechanism
can be written by reversing the order of the steps of the dehydration as seen in Scheme 1.4
below. In the first step, a carbocation is formed by protonation of the double bond. Secondly,
the carbocation undergoes a nucleophilic attack by water, and finally, by the loss of a proton,

an alcohol is formed.

Step 2 T
}|1 H :0—H
_T_C+ + H26: — _%_(::_
Step 3
H
1|{ (:)*D—Hr\ H :OH
I A SR B S

Scheme 1.4: Hydration and dehydration mechanism of alkene
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1.1.2.3 Catalytic hydrogenation of alkenes

Hydrogenation of alkene is another form of reduction, where the addition of H, across
the double bond gives an alkane. The process usually requires a catalyst such as Pt, Pd or Ni.
Indeed, for most alkenes, hydrogenation can only take place using hydrogen gas at ambient
temperature and pressure due to the presence of a catalyst. Normally, the alkene dissolves in
an alcohol, an alkane or acetic acid. By adding a small amount of Pt, Pd or Ni catalyst and
shaking or stirring the reaction proceeds. The actual hydrogenation occurs at the surface of
the metal, where the liquid solution of the alkene comes into contact with hydrogen and the
catalyst.?°

During catalytic hydrogenation of alkenes, the hydrogen gas is adsorbed onto the
surface of the metal catalysts, consequently causing the H-H bond to weaken. In effect,
combining Hz and D- in the presence of a catalyst such as Pt, will result in the two isotopes
quickly scrambling to produce a random mixture of HD, H2 and D,. However, in the absence

of a catalyst, no scrambling can occur.

B>
H

Scheme 1.5: Catalytic hydrogenation of alkene

Scheme 1.5 is an example of hydrogenation of alkene. Here, one face of the alkene
(1,2-dideuteriocyclopentene) © bond binds to the catalyst, which has adsorbed hydrogen on
its surface. The H inserts into the = bond, and the product is freed from the catalyst. Finally,

the two H atoms add to the face of the double bond that is complexed with the catalyst.
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1.1.3.6 Addition of halogens to alkenes

The molecule of a halogen (Brz, Cl> or 1) is electrophilic, which makes it susceptible
to a nucleophilic attack resulting in the displacement of a halide ion. For example, in Scheme
1.6, the nucleophile attacks the electrophilic nucleus of one bromine atom, and the other
bromine serves as the leaving group, departing as bromide ion. Many reactions including
those of alkene follow this pattern. The last reaction in Scheme 1.6 shows how the & electrons
of an alkene attack the bromine molecule, removing a bromide ion and forming a three-

membered ring with a positive charge (bromonium ion) on the bromine atom.

R .o . .o
HO: + :Br—Br: —— HO—Br: + Br:

-

:Br:

H,C==CH, + Br—\f.r- —>  H,_C—CH, *+ Br:

bromonium ion

Scheme 1.6: Halogenation of alkene

Contrary to a normal carbocation, all the atoms in a halonium ion such as seen above,
have filled octets. However, the three-membered ring has a considerable amount of ring
strain, which combines with a positive charge on an electronegative halogen atom resulting
in a strong electrophilic halonium. A stable product is obtained when a nucleophile such as
a halide ion attacks and opens the halonium ion.

Among the halogens, Cl and Br more commonly add to alkenes using the halonium ion
mechanism and produce a stable product. Diiodide products decompose easily, hence is used

less frequently.
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In alkenes generally, oxidation refers to the reaction that forms carbon-oxygen bonds.
As many common functional groups contain oxygen, these reactions are particularly
important. Moreover, alkene oxidations are some of the best methods for introducing oxygen
into organic molecules.

The reactivities of alkenes presented in this work show that they can be used as starting
materials in the synthesis of a great variety of products. Due to the excessive amount of
alkenes produced annually across the globe, which contributes to environmental pollution, it
becomes important to convert them into other industrially useful chemicals. One of such
chemicals is the epoxide. The epoxidation of alkenes forms the basis for this work and so is

discussed in detail in the next section.

1.1.3 Epoxidation of alkenes

This is one of the many reactivities of alkenes, the product of which is called an
epoxide. Epoxides, also known as oxiranes are versatile intermediates in organic synthesis.
They are highly important building blocks for the manufacturing of pharmaceuticals, flavors,
perfumes as well as plastics.?® Epoxides, which are cyclic ethers are made up of three atoms
that form triangle. Their basic chemical structure consists of two carbon atoms of a

hydrocarbon molecule attached to an oxygen atom as shown in Figure 1.3.

/ \

CcC—C

Figure 1.3: Chemical structure of epoxide



15

Ethylene oxide is the most economically important epoxide used in manufacture of
ethylene glycol, antifreeze agents and as fumigant. Across the globe, epoxides are produced
in large scale annually. The production of ethylene and propylene oxides have been estimated
to reach 28 million tonnes and 18 million tonnes respectively in 2018%.

Alkenes can be oxidized into epoxides in a reaction that consists of the transfer of an
oxygen atom from the oxidizing agent to the alkene. Several methods for synthesising
epoxides from alkenes exist. Typically, peroxyacids are used to achieve epoxidation
reactions as the oxygen-oxygen single bond of the peroxyacid is weak and can be easily
broken.?® Scheme 1.8 shows an epoxidation reaction process involving an alkene and a

peroxyacid.

RCH——=CH, + RCOOH —> RCH——CH, + RCOH

N
(0]

Scheme 1.8: Epoxidation of alkene with peroxyacid

The mechanism for the addition of oxygen to a double bond to form the epoxide begins
with the oxygen atom of the OH group of the peroxyacid accepting a pair of electrons from
the = bond of the alkene. This results in the breaking of the weak oxygen-oxygen single bond.
As in Scheme 1.9, the electrons from the oxygen-oxygen bond are delocalized onto the
carbonyl group while the remaining electrons of the OH bond break and add to the carbon of
the alkene that becomes electron deficient when the = bond breaks. However, this process is

very dated and employs relatively inefficient stoichiometric oxidation chemistry, and
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requires a lot of work in order to isolate and purify products. It also suffers low safety and

environmental acceptability.

S :
A - f } 5
H\\\ II”////

Scheme 1.9: Mechanism for the formation of epoxide with peroxyacid

In addition to the epoxidation of olefins with peroxyacids, several other alternative

processes are known and are discussed in the following series of sections.

1.1.3.1 Chlorohydrin process

Alkenes can react either with hypochlorous acid or with chlorine and water to give
chlorohydrin, which can be treated with base to yield epoxide. As shown in Scheme 1.10, the
epoxide obtained during this process is not formed by direct addition of oxygen but by initial

reaction of the alkene with hypochlorous acid.

OH fe)

H,c==CH, —19Cl, H2C—TH2 —E A

Cl

Scheme 1.10: Chlorohydrin process


http://www.chemgapedia.de/vsengine/vlu/vsc/en/ch/2/vlu/oxidation_reduktion/and_epoxi.vlu/Page/vsc/en/ch/2/oc/reaktionen/formale_systematik/oxidation_reduktion/oxidation/addition_sauerstoff/andere_epoxidierungsverfahren/chlorhydrin.vscml.html
http://www.chemgapedia.de/vsengine/glossary/en/epoxide.glos.html
http://www.chemgapedia.de/vsengine/glossary/en/addition.glos.html
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In a similar fashion, alkene can react with chlorine and water to generate the hypochlorous
acid in situ. This is an industrial synthetic procedure for the production of epichlorohydrin,
which is mainly an intermediate for the synthesis of epoxy resins as well as glycerol.3! The
industrial preparation of epichlorohydrin is in two steps: first allyl chloride is reacted with
hypochlorous acid at 30 - 50°C to form dichlorohydrin, which in the second step is reacted

with excess calcium hydroxide to yield epichlorohydrin as shown in Scheme 1.11.

/\/Cl + HOCl ——> KH _or Clv<]

allyl chloride
epichlorohydrin

Scheme 1.11 Addition of hypochlorous acid reaction with calcium hydroxide

1.1.3.2 Halcon reaction

The Halcon reaction is another way of producing epoxides. It involves reacting olefins with
alkyl hydroperoxides, mainly tert-butyl hydroperoxide in the presence of a catalyst such as

vanadium, titanium or molybdenum complexes (Scheme 1.12).

\/ -BuOOH /<‘ + ¢-BuOH
Mo(VI) complex (o)

Scheme 1.12 Halcon reaction

Allylic alcohols can be used as starting materials for the Halcon reaction due to the

activating and directive influence of OH groups. By using catalytic amounts
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of VO(acac): and tert-butyl hydroperoxide as epoxidation agent, it is possible to obtain high

yields as reported by Mimoun et al.*?

During this reaction, the allylic alcohol first forms a complex with the metal compound
in which the allylic alcohol is coordinated to the metal atom through the hydroxyl group. If
the alcohol is acyclic, two different epoxides can be formed. As shown in Scheme 1.13,
the (Z) isomer is preferentially added to the oxygen atom in anti-position to the OH group
while the syn derivative is formed by (E) isomer. If however, a cyclic alcohol is used,

epoxidation with tert-butyl hydroperoxide takes place cis to the hydroxyl group.

H OH
\C
l””l
// H —
H—C R'
\
R”
H OH
\C
l””l
// H —_—
R'—C R’
\
Rll

Scheme 1.13: Epoxidation of the (Z) and (E) isomers

Industrially, this procedure can be applied in the preparation of propylene oxide.
Propylene (as well as other olefins) can be reacted with tert-butyl hydroperoxide in non-

aqueous solvents in the presence of catalytic amounts of V°* or Ti**complexes.®


http://www.chemgapedia.de/vsengine/glossary/en/isomerism.glos.html
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1.1.3.3 Sharpless epoxidation

The Sharpless epoxidation, which is also known as asymmetric epoxidation is another
method of preparing epoxy alcohols with high enantiomeric purity. Nevertheless, this
reaction is specific for the conversion of allylic alcohols.* During Sharpless epoxidation of
allylic alcohols, tetraisopropoxy titanium is used alongside one of the two enantiomers of
diethyl tartrate in catalytic amount, while tert-butyl hydroperoxide serves as oxidizing agent

and dichloromethane as solvent.

COOEt
AN CH,OH o <O mpocHeHy) N\ & SN
P HOWY s\l (CHy),COOH ‘
0 R i COOEt CH,Cl, H R'
COOEt . R CH,0H
R\ /CHZOH R \\\\}.H Ti[OCH(CH;),]4 ?
pr— + Yy = g
Je=c_ P R o0 chy),coon
H R ud COOEt CH,Cl, H 0O R

Scheme 1.14: The enantioselective epoxidation of achiral primary alcohols. Chiral primary allylic
alcohols preferentially form one of the possible diastereomers.

It is possible to achieve stereochemical control by forming a complex of the titanium
compound with the alkene, the tartrate and the peroxide as reported by Heravi et al.®* As
shown in Scheme 1.14, the formation of epoxides with different stereochemistry is possible
since the differences in the spatial arrangements of the two enantiomeric tartrates in the
complex can allow for this. The overall process begins with the formation of a complex by

the catalyst, tetraisopropoxy titanium and diethyl tartrate (+ or -) through rapid ligand


http://www.chemgapedia.de/vsengine/glossary/en/epoxidation.glos.html
http://www.chemgapedia.de/vsengine/glossary/en/alcohol.glos.html
http://www.chemgapedia.de/vsengine/glossary/en/chirality.glos.html
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exchange. This can be seen in the transition state shown below, where X could denote CH3

or H:

OH OH

The use of enantiomerically pure diethyl tartrate is crucial for controlling the
configuration of the target molecule. As mentioned earlier, the structure of the epoxide
formed depends on the enantiomer of the diethyl tartrate used. Generally, enantiomerically
pure epoxides are useful as starting materials for various compounds especially those that are
optically active. This is because, such epoxides can easily convert to compounds with two

adjacent chirality centers due to the fact that they are susceptible to attack by nucleophiles.
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Attack by a nucleophilic substance on an epoxide is highly stereoselective. As such, only one
stereoisomer can be formed.

The epoxidation of alkenes presented here are only representative examples of the
several techniques in the literature. However, green production of epoxide at an industrial

scale is still a major challenge.

1.4 Volatile organic compound removal

Although simple alkenes may be emitted from biogenic sources (mainly trees), it was
estimated that they account for approximately 7—8 % of anthropogenic non-methane volatile
organic compounds (VOCs) emissions.®® VOCs constitute the major source of indoor air
pollution. The presence of VOCs as components of a wide range of domestic products such
as cleaning products, paints and varnishes, results in an increase in indoor air concentration.
Although, their concentration may be perceived to be low, prolonged exposure can result in
adverse health consequence referred to as “the sick building syndrome”.**The enormous
amount of health and environmental threats posed by these compounds has led to various
research work to degrade them into less harmful chemicals. Myriads of reports on the
oxidation of hydrocarbons, especially VOCs exist.313"3 Currently, different methods of
oxidising and degrading various organic compounds including alkenes have been reported.
Some of the commonly used methods are: adsorption by activated carbon,® biofilteration*®
and thermal oxidation.'® All these techniques have series of drawbacks. Activated carbon for
example merely changes the phase of compounds from gaseous to solid instead of complete
mineralisation or destruction. Biofilteration is a very slow process that involves the
utilization of microorganisms immobilised on a porous filter bed. Several conditions

including optimal microbial environment, large specific surface area, high moisture
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retention, high porosity and low bulk density are all required to operate an efficient biofilter
reactor.*! In thermal oxidation, high temperatures ranging from 200°C to 1200°C are required
to operate efficiently.*? These procedures are often performed in a batch system, which means
that the amount of the desired product is limited. Moreover, aside their inherent limitations,
these techniques are not cost-effective. As such, a more environmentally benign, energy
efficient and cost-effective alternatives to the conventional synthetic reactions is required.
By contrast, the use of light to initiate chemical reaction otherwise known as
photochemistry is a much milder technique with minimal environmental consequences.
Photochemistry gained traction following the establishment of the law of photochemical
equivalence by Albert Einstein and Johannes Stark in the early 1900s.43-*® This law provides
a relationship between quantum theory and the effects of photons on chemical reactions. As
a result, there has been great improvement in understanding of the molecular adsorption of

photons and its effects.

1.5 An overview of electron excitation phenomena

Light can only have an effect on a system if it is absorbed by the system. This is known
as the Grotthuss-Draper law.*® It is the expansion of this law that leads to the modern
understanding of photonic excitation of electrons in molecular systems. The excitation of
electrons within a molecule is known to occur when the electrons absorb photons. This is
accompanied by the transition of the electrons from a low energy ground state, So, to a higher
energy state. Subsequent processes of the excited electrons eventually results in the loss of

energy, which is also known as relaxation and return to the lower energy state.*’ Figure 1.5
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Shows the relative energy levels as well as the different processes undergone by theses

electrons as presented by Alexander Jabtonski in 1933.4

—— d
8 —_— N\ e —— 80—

Energy
e
o
\_

Sy 1 =

Figure 1.4: Representation of Jabtonski diagram revealing the various pathways from by which
photoexcited electrons relax.

The absorption of photon by a molecule leads to excitation of electrons from the highest
occupied molecular orbital, (HOMO), to an excited state as indicated by a, (Figure 1.4).
According to Kasha’s rule,*® the excited electrons in a higher energy state undergo a non-
radiative internal transition to the lowest unoccupied molecular orbital, (LUMO), indicated
by b, in Figure 1.4. If the transition of the photoexcited electron is directly to the LUMO, its
direct transfer to the lowest vibrational energy state of the orbital will be prohibited as
stipulated by Franck-Condon principle. Instead, the electron undergoes a non-radiative decay
process to reach the lowest vibrational energy state of the LUMO before further undergoing
electronic transitions as indicated by c in Figure 1.4. The next process which involves the
relaxation of the excited electron from LUMO to the HOMO, can occur by following two
different pathways. The more facile pathway is through a radiative decay process from S; to
So in Figure 1.4. This process is accompanied by emission of excess energy in form of photon
through fluorescence as indicated by, ¢ in Figure 1.4. However, if the excited electron
undergoes a change in spin state from a singlet to a triplet, (T1), which occur through

intersystem crossing (ISC), the second pathway will result as indicated by d, in Figure 1.4.
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When the electron in Ti loses energy, it returns to So while emitting photons through
phosphorescence indicated by e. There are more excited electrons undergoing fluorescence
than those undergoing phosphorescence due to the intersystem crossing occurring in the case
the former.*8

The efficiency of a photochemical reaction can be estimated by determining the
quantum efficiency, (QE). QE is defined in terms of the amount of incident light and photo
generated electrons over a specific period of time. It can be expressed mathematically as in

Equation (1.1).

__ Photogenerated electrons

QF = (1.1)

Incident photons

Although Equation (1.1) is significant, it is mainly applicable to systems where electric
currents can be generated by direct light irradiation as in photovoltaic cells. Nevertheless,
photovoltaic cells are known to be selective to wavelengths of specific energies. As such, it
is important also to determine the internal quantum efficiency, (IQE), which is preferential,
owing to the fact that it takes into account only the amount of photons absorbed by a given
material. It is worth noting that excited state population is equally significant in
photochemical reactions. Photoexcited electrons are required to perform photocatalytic and
photosynthetic reactions as would be discussed in subsequent sections.

Light induced photochemical reactions are known to undergo series of different
reactions. These chemical interactions between the reacting species was of paramount
importance in this work. This is because, toxic compounds are being transformed into less

toxic, yet industrially useful chemicals.



25

Due to the intensive interactions between several chemical species, the overall
efficiency of a photochemical reaction could also be limited by the rate of these interactions
between reagents. Typically, quantum yield, (@) which is the ratio of the number of
molecules undergoing reactions to the number of photons absorbed during the photoreaction
is used to determine the efficiency of a photochemical system. It is expressed as in Equation

(1.2).

Molecules undergoing reactions

Absorbed photons (12)

Photonic efficiency of reactions, (&), is preferentially considered since it is often not
easy to determine the precise amount of species undergoing reactions experimentally. The
photonic efficiency can be defined as the ratio between the number of product molecules to
the number of photon absorbed and is expressed using Equation (1.3). The extent of photonic

excitation effect in chemical reactions can also be quantified using Equation (1.3).

Reaction products

~ Absorbed photons (13)

There exist several forms of photochemical reactions which for simplicity can be

categorised into two: photocatalysis and photosynthesis.*®
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1.5.1 Organic photosynthesis

Photosynthetic method has been used to perform certain chemical reactions where
thermal procedure is prohibited. Photosynthetic technique first came to academic limelight
in the late 1960s.%°“° Since then, there has been many studies performed especially on
photosynthetic organic chemistry. Based on the reports on organic photosynthesis, three main
types of photoreactions can be identified: radical generation, isomerisation and C-C bond
formation.**

It is important to understand the basic processes occurring during organic
photosynthesis. As such, consideration is given on excited systems in terms of both atomic
and molecular orbitals (MO). When a covalent bond is formed, a pair of molecular orbitals
is formed by the combination of atomic orbitals (AO) of the individual molecule. The
molecular orbitals formed will contain the bonding electrons of the constituting atomic
orbitals. The bonding electrons possess different energies, one higher than the other. As such,
the formed molecular orbital pairs are referred to as the bonding and anti-bonding molecular
orbitals which correspond to lower and higher energy systems. As illustrated in Figure 1.5,
two molecular orbitals, which possess lower and higher energies are formed as a result of the

linear combination of atomic orbitals (LCAO) in a H, molecule.
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Figure 1.5: Linear combination of atomic orbital of two hydrogen atoms showing the
bonding and antibonding MOs formation and the relative energies of individual orbital.

Upon transition of high energy electrons to the antibonding orbitals, several chemical
reactions can proceed.?>*4*> One of the various possible reactions is the photoisomerisation
of alkenes. Due to its ability to synthesise chemical species that are thermodynamically
unstable, photoisomerisation technique is considered one of the most important techniques.
It has been successfully applied in various organic reactions such as the photosynthesis of
cis-stilbene. This is achieved by irradiation of UV of about 313 nm to the thermodynamically
stable trans-stilbene. During photoisomerisation, excited electrons transit from S; to T1. As
a result, stereochemical rigidity that exists within the excited bond is loss.*® A cis or trans
configuration can be obtained as electronic decay occurs from T to S; resulting in the
relaxation of the molecule. Additionally, since the cis and trans configurations of the
molecule are known to exhibit different spectral absorption, one molecular isomer could be
selectively excited while the formation of the other is promoted.>*>! Figure 1.6 shows the
various energy positions of electrons during the selective photoisomerisation of stilbene.

Note that as the MOs exist in pairs, the low energy bonding orbitals are represented as ¢ and
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m, while ¢* and * correspond to high energy antibonding orbitals. During the photonic
excitation of stilbene (as other organic molecules), electrons are promoted from the bonding
orbitals to the antibonding orbitals. The electronic configuration of the C-C bond during each

step of the photoisomerisation process can be seen below the reaction scheme (Figure 1.6).
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Figure 1.6: Mechanistic pathway showing the selective photoisomerisation of stilbene.

C-C bond formation during photoreactions are numerous. Among the most important
ones is the [2+2] cycloaddition of unsaturated molecules such as the alkenes.
Photocycloaddition reactions are very important for a number of reasons. For example, photo
excitation can lead to easier formation of cyclobutanes systems thereby breaking the
thermodynamic barrier that otherwise renders their thermal synthesis difficult.>? Also,
products derived from [2+2] photocycloaddition reactions tend to minimise backward
reactions owing to their less absorbing nature relative to synthetic reagents. The ability of the

organic compounds to undergo these reactions forms the basis for the development of
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purification technique during this work. Decomposition reactions of organic compounds are
now known to proceed by interacting with highly reactive radical species that are generated

as a result of photonic excitation of photocatalytic materials.

1.5.2 Photocatalytic oxidation

The use of light to excite the electrons of a catalyst leading to a reaction otherwise
known as photocatalytic reaction is well known. Photocatalytic oxidation has over the years
been keenly studied and interesting successes have been recorded. This method had gained
favour by researchers owing to its numerous merits: it is suitable for oxidising both
organic®3%5% and inorganic®® compounds, only requires low temperature and pressure and
more interestingly, it employs the use of inexpensive, readily available semi-conductor
materials such as TiO2, ZnO, ZnS, CdS, Fe;0s3, SnO; etc.***>" So far, photocatalytic
oxidation has been used to degrade several VOCs in order to improve indoor air quality.36-°8:°
Some of these indoor air pollutants include nitrogen oxides, formaldehyde, carbon oxides,
acetone, m-xylene, butylaldehyde, 1,3-butadiene, 1-butanol, toluene and trichloroethylene.
These pollutants are known to be carcinogenic, mutagenic or teratogenic.®0-52

An incomplete photocatalytic degradation of VOCs can result a mixture of undefined
products.®® Han et al.® identified up to 11 gaseous products including 2-methypropene,
acetaldehyde, methylcyclobutane etc. in their photocatalytic oxidation of benzene over TiOa.
Although, all of the by-products which they reported to be probably due to hydrogenation
reactions on the surface of the catalyst, are less toxic than benzene, it demonstrates the
complexity of the photocatalytic oxidation process. Farhanian and Haghighat®* investigated

the products of UV photocatalytic oxidation of aromatics, alkanes, alcohols and ketones



30

using a large scale pilot reactor. They observed more products from photocatalytic oxidation
of alcohols relative to the other hydrocarbons tested. Two products: formaldehyde and
acetaldehyde were formed in all the tested hydrocarbon. Other by-products including
propionadehyde and crotonaldehyde were also reported during their study. Such complexity
is due to the partial fragmentation and oxidation of the organic molecules. Therefore, the
control of the product selectivity from a photocatalytic reaction can be a great challenge and
so far there is very limited reported results. In the light of this, a series of selective organic
reactions using semiconductor photocatalysts have been developed, which proved to be
efficient even if performed in regular glass reactors.

In a typical photocatalytic reaction, the excited photocatalyst react with H>O and/or O
to create reactive radicals. Due the position of the redox potential for H>O and Oz, normally
the photocatalyst with wide band gap are used. Hence, UV irradiation is required. However,
large molecules with multiple functional groups can also be directly excited by the UV light.
This offers other reaction pathways through photoexcited molecules and results in multiple
products through the molecular fragmentation. Semiconductor photocatalyst requires only
UV irradiation to be directly excited if organic reactions are to be successful. When high
concentration molecular oxygen (O>) is used, the Oz can attach to free radical intermediates,
resulting in uncontrolled autoxidation products. Meanwhile, the photogenerated hole (h™) in
the semiconductor is highly oxidative. If the organic reactants or their intermediates are
directly adsorbed on the semiconductor surfaces, they can also be directly oxidized with little
control. For these reasons, it becomes a major challenge to improve the selectivity and yield
of photocatalytic reaction. In this thesis, I will try to control the reaction conditions by

reducing reaction temperature, managing gas mixture and modifying the surface electronic
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structure of the photocatalysts in order to improve the selectivity of the photocatalytic

oxidation process for specific reaction.

1.6 Semiconductors as photocatalysts

Photocatalysts are crystalline semiconductor solids that can initiate reactions in the
presence of light but are not consumed in the overall reaction.®® For an efficient
photocatalytic reaction, the catalyst needs to be photo-active, and ideally able to be
effectively activated by solar light (near-UV light), biologically and chemically inert, photo-
stable, inexpensive and non-toxic.

Most of the reported photocatalysts have some limitations. For instance, GaAs, PbS,
and CdS readily undergo photocorrosion and are toxic rendering them insufficiently stable
for catalysis in aqueous media. ZnO is unstable due to its ability to readily dissolve in water
yielding Zn(OH), on the particle surface, which renders the catalyst inactive over time.%®
Fe»0O3, SnO2, and WOs all have a conduction band edge at an energy level below the
reversible hydrogen potential.®’%® So the photo excited electrons from these photocatalyst
does not have enough reduction power for water and form the bottleneck for overall process.

In a semiconductor particle, electrons can be excited from a region of highest occupied
energy band, also known as the valence band (VB) to that of the lowest unoccupied energy
band, the conduction band (CB).%*"® Normally, the VB states are dominated by the anion
species, such as O2" in oxides since it is the frontier occupied states, while the CB states
are dominated by the empty states of the metal cations. Figure 1.7 illustrates the electronic

excitation and transition that occurs within the bands of a semiconductor. For the electrons

to be excited, energy must be supplied to the particle. The supplied energy has to be equal to
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or greater than the energy gap between the valence band maximum, (VBM), and the
conduction band minimum, (CBM).”*-"3 This energy gap is also referred to as the band gap,
(Eg). Upon excitation of electrons by photons or heat, they transit from the VB leaving a
positively charged hole (h™), to the CB, denoted by a in Figure 1.7. As a result, an electron-
hole pair is generated which requires energy to dissociate into free electrons in the CB and
holes in the VB. Without the dissociation of the electron-hole pair, they are considered as a

single particle known as exciton.

CB

1,0, O, d
H2, 027 ; e_

CBM

VBM

Hzo; h
OH ¢ VB

Figure 1.7: lllustration of the band transition during electronic excitation in a

semiconductor.

Excitation is determined by the light intensity with appropriate wavelength and
material thickness. For a photocatalyst to remain active, it is important that e /h* pair
generated due to photonic excitation are trapped quickly by the targeted molecules. Trapping
helps to separate charges and reduce recombination, denoted b. Trapping could also reduce
the charge mobility resulting in charge recombination/fluorescence. Finally, the photoexcited
electrons and holes travel to the surface of the photocatalyst particle. Such electrons and holes

will carry out surface redox reactions if they have sufficient redox potential left. Surface
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redox create radicals if H2O and O are used as the reaction media. In the reaction process,

the "OH coming from the oxidation of adsorbed water or OH™ is highly reactive. Similarly,

the reducing power of the electrons can induce the reduction of molecular oxygen to

superoxide (037). These highly reactive species, ‘'OH and O3~ demonstrate strong ability to

drive organic reactions such as photo epoxidation of alkenes, degradation of micro-
organisms’* as well as organic pollutants. 7

The high charge mobility is an essential property of the semiconductors; hence, their
variety of applications in fields of photovoltaics, photodegradation as well as
photoelectrolysis.”®"8 The photoexcited electrons will need to travel towards the cathode
while the holes need to travel to the surface to facilitate oxidation before the electron and
hole recombine. Such traveling within the solid materials will cost energy and reduce the
redox potential of the electron and hole. Therefore, if the mobility is not high enough, the
overall reaction kinetics will be restricted by the travelling of the electrons and holes.

Generally, the photocatalytic activities of semiconductors depend on their band gaps
which is determined by the electronic configuration of the atoms (ions) and the arrangement
of the atoms, i.e. the crystal structure. Different semiconductors exhibit different band gaps
as shown in Figure 1.8. The lower edge of the CB represented in blue and the upper edge
of the VB represented in orange are shown with the corresponding band gap in units of
electron volts (eV). Using the vacuum level or the normal hydrogen electrode (NHE) as
reference, the various energy scale of the semiconductors are indicated. The standard
potentials of several redox couples are also presented on the right relative to the standard

hydrogen electrode potential (Figure 1.8)."°
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Figure 1.8: Band positions of several semiconductors together with some selected redox
potentials measured at pH 7. Adapted from Michael G™

Interest in heterogeneous semiconductor photocatalysis has surged over the past
decades.®%8! Fujishima & Honda first demonstrated photocatalytic ability of TiO2 in their
water splitting experiment using UV light and TiO, anode in an electrochemical cell.22 Upon
irradiating the TiO: electrode, they recorded the evolution of O and H at the TiO; electrode
and the Pt counter-electrode respectively. This novel observation has sparked unprecedented
interest in the semiconductor-mediated chemical utilisation of solar energy conversion.
Several applications including CO, reduction,®®%'selective oxidation,®8® reduction of
nitroorganics,®®® removal of toxic ions,®®? and C-C bond formation,®® have been
investigated and reported in the literature. Nevertheless, The main areas of research in this
field remain in the production of Hz through photoelectrochemical splitting of water®*-°7and
the photocatalytic decomposition of organic pollutants in both residential and commercial

areas in air®®?° and wastewater.1°°
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1.6.1 Titanium dioxide photocatalysis

Among the various photo-catalysts currently used, TiO. remains one of the preferred.
This is because of its hydrophilic properties and its ability to degrade many compounds, both
organic and inorganic under irradiation of UV or near UV-light.1%:192 Moreover, due to its
appropriate valance band maximum (VBM) and conduction band minimum (CBM) relative
to the redox of H20 and O, TiO- readily carry out oxidation of most indoor air pollutants at
ambient temperature without requiring any chemical additives.®% It is low cost and
abundant, since it is readily available as Ti constitutes 0.63 % of the earth’s crust. It is
environmentally friendly and chemically stable with very little solubility in most of the strong
acids or alkalis (except in hot concentrated base, hot H>SO4 or HF), thus, the morphology
and crystal structures do not change upon activation/reaction. This chemical stability is very
important for the long working life of photocatalysts which are subject to constant excitation-
reduction oxidation cycles during a photocatalysis process.®®% Due to the above merits,
there have been reports of several novel heterogeneous photocatalytic reactions using TiO>
as the photocatalyst for solar cell, photocatalytic hydrogenation and environmental cleanup
app|iC&tiOﬂS.58’98’103’105’106

TiOy exists in various crystal phases, but only three are stable and hence are commonly
studied. These are: anatase, rutile and brookite. %97 They exhibit different crystal structures
(Figure 1.9) and therefore different chemical and electronic properties. These three natural
polymorphs of TiO, are known to be photoactive at different wavelengths based on their
respective band gaps: 3.11, 3.06 and 3.30 eV, corresponding to wavelengths of 399, 405 and
376 nm.”® These band gaps are considered to be fairly wide and are unable to utilise most of

the solar spectrum because the majority of the solar energy is in the visible range.
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Figure 1.9: Representation of crystal structures of the three main crystal phases of TiO;

Among the three common phases of TiO2, brookite has the highest reported
photoactivity which perhaps is likely due to its large band gap energy and its ability to form
defects easily. These defects are believed to inhibit the recombination of exciton.0810°
Anatase has been reported to exhibit higher photoactivity than rutile for most reactions.*
This can be attributed to the higher Fermi level, lower O adsorption capacity and/or higher
level of surface hydroxylation of the former over the latter.!%!! However, there are
suggestions that combination of anatase and rutile phases in a given ratio enhances the
photoactivity.133* Although disputed, the possible reason was that the electron-hole
separation efficiency could be improved because of contact between the separate crystalline
phases with different positions of Fermi level,’8107112

A highly efficient commercial product of TiO2 known as P25 is frequently used as a
standard in order to assess the photoefficiency of new photocatalyst. 317 P25 is a

commercially available TiO, powder with an anatase/rutile ratio of approximately 3:1 with
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consistent photoactivity.!**14 Ohno et al.*® and Su et al.}*® both reported that Aeroxide®
P25 exhibited higher activity than either anatase or rutile alone.

TiO2 was used in most part of this work, either as standalone or modified with other
metal oxides, such as WO3 (Chapter 7). The reason for the choice lies within the fact that the
photocatalyst is one of the most important and popular compounds for a wide variety of
applications.’811%122 Although TiO2 has been widely used as photcatalysts, its application in
selective organic reaction is still very limited. This work aims to explore the possibility of
controlling the photocatalytic kinetics in order to obtain industrial important chemicals, such
as epoxides.

The major limitation of using TiO> as a photocatalyst driven by sunlight is that it does
not absorb visible light due to its wide band gap (~3.2 eV for anatase and 3.0 eV for
rutile).110123.124 1t also suffers with the high recombination rate, low charge mobility as well
as uncontrolled photo selectivity.%

During photocatalytic oxidation using TiO: as a photocatalyst, upon irradiation of TiO>

particle, it generates an exciton as expressed in Equation (1.4):

Ti0O, - e~ + h* (1.4)
An electron is transferred from the adsorbed molecules H2O or the OH 5 ion, to the

electron-hole as in Equations (1.5) to (1.7).

K+S,,— S (1.5)
ad ad

K+ H,0,; — OH,4+ H" (1.6)
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K+ OH; —» 'OH,, (1.7)

Molecular oxygen in the electron-transfer reaction (Equation 1.8) acts as an acceptor

species resulting into a superoxide, 03~.

e+ 0, —> 05 (1.8)

The subsequent reactions (Equations 1.9 and 1.10) involve the superoxide anions

formed in Equation 1.8 yielding hydrogen peroxide as follows:

O;+H* — HO, (1.9)

H*% O; + HO; — H,0, + 0, (1.10)

The generated hydrogen peroxide can reversely convert to oxidative "OH free radical

groups under the light illumination (Equation 1.11).

hv .
H,0,—=2'0OH (1.11)
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Finally, the organic molecules in the vicinity of the active radicals are oxidized to form an

intermediate (Equation 1.12).

‘OH,4 +S,y — intermediate (1.12)

The "OH radicals in Equation (1.12) are very reactive and attack the substrate molecule
degrading it into mineral acids including CO, and H20.1® Nevertheless, during the above
reactions, there is also the tendency that electron and hole could recombine. This
phenomenon leads to reduction in photo-efficiency of the photocatalytic oxidation, which
corresponds to decreased population of photo excited electrons and holes.®612°

Similarly, during the reactions, some of the various intermediates produced have
potential of poisoning the active sites resulting in deactivation of catalysts.**?® In order to
improve the visible light absorption and to improve the charge separation, as well as charge
mobility, TiO, can be modified by introducing other metal ions (Fe,”>!2" Cr,128129 \py130-132

Rh’l337135 A|136,137) and main group elements (C,138 N'1397141 B,142’143 8,3’16'144).

1.6.1.1 Semiconductors-TiO- heterojunctions

When a semiconductor forms a heterojunction with TiO2, the two can be excited,
leading to generation of excitons. However, transition process depends on the respective
positions of CB and VB of the semiconductors relative to the NHE. Generally,
semiconductor-TiO heterojunctions are divided into three categories (Figure 1.10).1° For
the first category denoted C-I, both semiconductors are either n-type or p-type in which CB

of TiO: is higher than that of semiconductor, X, and at the same time the VB of TiO2 is lower
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than that of X. This means that both CB electrons and VB hole of the TiO2 would migrate to
those of X. An example of X is Fe>Os. In the second category, C-II, the electrons in CB of
TiO2 would migrate to that Y, such as SnO, while the holes migrate the opposite direction,
from VB of Y to that of TiO.. This type is more preferable as the excitons are well separated
thereby extending the lifetime of the doped catalyst. In the third and final category C-I1l, the
direction of migration of charge carriers is identical to that of C-11. However, there is a huge
gap between the CB and VB positions of the two semiconductors, TiO2 and Z. this implies
that a high amount of energy is required to effectively separate and migrate the charge

carriers.1#®

Figure 1.10: Carrier charges migrations between band gap structures of three categories of
semiconductor-TiO, heterojunctions*

There are several reports on heterojunctions between two wide band gap
semiconductors such ZnO-TiO.. Pan et al.}* reported fabrication of TiO, nanobelt/ZnO
nanorod heterojunction with improved charge separation, which they attributed to decrease

in quasi-Fermi energy level. ZnO has a band gap of 3.37 eV**¢ which means its CB and VB
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potential is slightly more negative than that of TiO2 (3.2 eV).*’ In heterojunction, the Fermi
levels are aligned, and this alignment will determine the relative position of CBM and VBM.
Irradiating the heterojunction of these semiconductors generates electrons in the VB, which
are excited to the CB and migrate to the CB of TiO. owing to the difference in potential
between the two semiconductors. This is accompanied by migration of holes from VB of
TiO, to that of ZnO.148:14°

In this work, only semiconductors with narrower band gap than TiO> were used to
achieve partial oxidation of alkenes. This is because such semiconductors are known to be
easily photoexcited by solar spectrum (A < 590 nm). TiOz-semiconductor heterojunctions
were created using BiWOe (Chapter 5) and WO3 (Chapter 7). From economical point of
view, the benefit of using semiconductor photocatalyst can be maximised by limiting their

choice to only those with band gaps that allow solar photoexcitation.

1.6.2 BixWOs

Due to its physical and chemical properties, BioWOs has attracted attention of
researchers significantly. Bi.WQOs is desirable also for its ability to effectively drive
photocatalytic degradation of organic pollutants as well as water splitting for the evolution
of 0,.72731%0.151 |15 excellent photoactivity could be attributed to the corner—sharing
structure of WO octahedron, which is sandwiched between (Bi.02)?* layers. This layered
network configuration is known to be enhance the transfer of electrons to the surface of
the photocatalyst ultimately suppressing the recombination of photogenerated electron-

hole pairs.’t151-153
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Kudo and Hijiit® reported photocatalytic evolution of O, from AgNOs solution
using Bi;WOs. Similarly, Zou et al. reported the photoactivity of BiWOs for both
evolution of Oz and mineralisation of CHCIl3 and CH3CHO to CO; under visible—light
irradiation.’® Many research activities have been performed to study and enhance the
efficiency of Bi;WOs photocatalyst. Some example include F-Bi;WQs,”* Ce and F co-
doped Bi,WO¢'*® Co030s,~Bi;W0Qs,*2 AgBr-Ag-Bi,W0g, ¢ Er¥*—-Bi,W0s,*>" Gd-
Bi,WOs,%8 Ceo—Bi2W0Os,'*° C-Bi;WOs,'%° Ag-Bi.W0Os,®° etc. Although these composite
photocatalysts have demonstrated high photocatalytic activity, they also suffer certain
drawbacks. Some contain toxic ions such as Co®", some contain expensive ions/metals
such as Er®*, Ceo, Ag, While some others are difficult to synthesise. As such, the fabrication
of an environmentally benign and economically facile high—efficient Bi.WOQOs—based
photocatalysts is still a challenge.

One of the factors that determine the photocatalytic performance of a material is its
defect structure. In order to achieve this, some researchers have introduced oxygen
vacancies to the photocatalyst framework such as TiO, and ZnO.'®%1%2 Zhy et al.”
reported successful fabrication of high UV photoactive ZnO and BiPO4 with surface
oxygen vacancies. The group observed improvement in the UV photoactivity as well as
extended photoresponse wavelength range.

In the present work, Bi:WOQOs photocatalyst was synthesised and utilised for the
photo-epoxidation of propylene. To improve the efficiency of the synthesised material,
different molar ratios of TiO2 were incorporated into the BiWOe. This afforded improved

charge separation as well as enhanced reactant adsorption.
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1.6.3TS-1

Zeolites are a group of inorganic materials with high crystalline nanoporous structures.
They have well-defined channels or cavities (of sizes between 0.5 and 2 nm), that are
interconnected.'®® Silicalite-1, with an MFI topology structure, is an all-silica zeolite that
only contains Si, O and H in the framework. MFI is a framework type derived from ZSM-5
(Zeolite Socony Mobil, with sequence number five), which is a member of the pentasil family
of zeolites. The Si atoms of zeolite in the framework can be substituted by metal ions such
as V, Mn, Zn and Ti.*84 By incorporating heteroatoms such Ti (and other transition metals),
zeolites can exhibit photocatalytic activity.!®® Titanium silicate (TS-1), with the MFI
structure is one of the most commonly used zeolites. Due to the substitution of Si atoms with
the tetrahedral Ti atoms which allows the transfer of an electron in ligand-to-metal (-O-T),
TS-1 exhibits a characteristic absorption band at 225 nm. There have been many researches
aimed at studying the photoactivity of TS-1. Lee et all® reported successful
photodecomposition of 4-nitrophenol over TS-1 catalyst using 500 W high pressure Hg lamp.
Ban et al.'® also investigated the photocatalytic activity of TS-1 for degradation of
monoethanolamine (MEA). In comparison to TiOz, this group reported that the activity per
Ti atom in TS-1 was higher than in TiO2. They attributed this observation to higher
adsorption of MEA on the TS-1 due to its microporous structure.

The use of H> and Oz to form H20> in-situ over TS-1 is widely investigated. This
reaction circumvents the challenges of H.O. decomposition in gas-phase reactions.!6-168
However, to achieve in-situ generation of H2O2 with H2 and Oz over TS-1, a noble metal such
as Au or Pt is added during the synthesis of TS-1.164166-169 The noble metal on TS-1 is
reported as the active site for the conversion of H> and Oz in to H20., while the formed H>0>

interacts with the TS-1 to form an intermediate, titanohydroperoxyl (Ti-OOH).168170 This
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procedure was adopted in this work (Chapter 6). H2 and O were simultaneously introduced
into the photo reactor containing Au-TS-1. It was possible to achieve epoxidation of

cyclohexene using this technique, hence the validity of the designed photoreactor.

1.6.4 CeO;

CeO> is one of the widely studied metal oxides that has gained the attention of the
academia and industry for decades.'’* Some of its advantages include the Ce**/Ce*
reduction-oxidation cycle as well as the ability to store oxygen, otherwise known as Oxygen
Storage Capability (OSC). The oxidative properties of CeO> is dependent on the reduction
step between Ce®" and Ce*" also referred to as the Ce**/Ce** redox cycle.’%"2 This property
is mainly caused by its high reduction potential as well as the OSC, the extent of which is a
function of the size, morphology, shape as well as surface area of the material.'”® At an
average size between 10 and 15 nm, CeO2 nanomaterial exhibits a phenomenon known as
quantum confinement effect.}’#1° They also exhibit an appreciable growth of cell parameters
owing to the oxygen vacancies present as a result of the increase in number of Ce®*. It has
been reported that due to enhancement of the ratio of Ce®* to Ce**, the OSC can be improved
by coupling CeO, with ions of a transition metal or another rare-earth metal.}’®1"" Higher
surface energy also plays a crucial role in the enhancement of the material’s activity, as it is
responsible for the improved activity of the observed (100) surface of cubic CeO,. In
descending order, the surface energy of cubic CeOy is as follows: (100) > (110) > (111).1"
The surface energy, particularly of nanoparticles, represents an important quantity in
understanding the thermodynamics of particles. In terms of particle size, different approaches

such as, molecular dynamics simulations, ab initio as well as classical thermodynamics
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calculations have been used by researchers to predict this quantity. For example, in classical
thermodynamics, it is possible to predict change in surface energy since it corresponds to
change in particle size. Increase in particle size is accompanied with increase in surface
energy and vice versa. This phenomenon is attributed to change in the number of next
neighbours of surface atoms as the particle size changes, which leads to partial compensation
by a corresponding change in the binding energy between the atoms.!

The ability to control some of the most desirable properties of CeO2 nanostructures has
justified their interest over the conventional aggregated nanoparticles. Some of these
physicochemical properties include architecture, morphology and growth direction. There
exist several morphologies of CeO> nanostructures in the literature. Among these, one-
dimensional nanorods, aggregates, and wires have drawn a lot of attention owing to their
high specificity of both surface area and active crystallography in the direction of

grOVVth.l73’l79

1.7 Developing a photocatalytic reactor

For a photocatalytic reaction, a simultaneous continuous contact between the reactants,
catalyst and light (photons) is necessary. Several types of photo-reactors have been created
and used in the literature some of which include static/batch reactors for gaseous reactants.
Solid catalysts were either used as a free powder or immobilised on some support such as
quartz wool and mesh etc.28 Another type of photo-reactor intensively used in the literature
is to suspend the powder catalyst in a suitable solvent to form a slurry which is coated on the
walls of reactor tube. Photoreactions have also been reportedly performed in a continuous

flow system in which the catalyst is immobilised on several materials such as glass rods, 8
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sponge, 18218 silica gel, 84 activated carbon'® and a lot more. Although a good combination
of catalyst-substrate surface area can be achieved, using the first generation of reactors, the
main challenge is the difficulty in separating the catalyst from the reaction mixture, making
purification and analysis difficult.

The small the particle, the high the recombination and fluorescence. In addition to the
electronic properties of the photocatalysts, the reaction rate is normally determined by the
light absorption of the density of surface area. Large surface area allows good contact
between the reactants and the photocatalysts. Therefore, many particles at nanometer sizes
were used. However, this renders conventional filtration ineffective. Certain coupled
catalysts such as FezOs-TiO> core-shell however, can be separated from the reaction mixture
using magnetic separation. This type of reactor is used for wastewater treatment especially
where post-reaction purification can be carried out easily. For gas phase applications, similar
challenge for the collecting particular photocatalysts can be encountered, although the good
mixing of light, reactants and catalysts can normally be satisfied. Nevertheless, gas-phase
systems are known to suffer loss of surface are, reduced light absorption and penetration, and
inhomogeneous illumination. Loss of catalyst and deactivation due to accumulation of less
reactive intermediates are also possible issues. 18107

For a functional flow reactor, immobilisation of catalyst is required. There are a number
of advantages associated with this procedure. The main advantage however, is that the
catalyst/product separation problem can be circumvented. Also, different ratios of products
could be obtained by simply tuning the flow rate/contact time and it is possible to operate
continuously. This type of reactors can be considered suitable for industrial applications for

both wastewater systems and large-scale gas phase synthesis.
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It is possible to monitor reactions spectroscopically as they proceed in situ.8-19t Also,
considering the fact that catalyst separation is not a problem the reaction products can be
easily collected and analysed directly using instruments such as gas chromatograph (GC).
Furthermore, only a low radiation amount is required to attain optimal reaction rates in the
case of a gas-phase reaction due to low concentrations of substrate (often much lower than
in the liquid phase) which makes adsorption negligible.'8 However, since the concentration
of gaseous pollutants are typically low (in order of 10° M)¥21% diffusion-limitations of
reactions,*®* is not an issue for most domestic applications. The major disadvantage of this
type of reactor is the low rate of reaction owing to the low concentrations of substrate
effectively rendering this reactor type unsuitable for synthetic applications. Interestingly,
using an adsorbent catalyst support can improve the performance of this type of reactor as
the adsorbent support can increase the concentration of substrate near the catalyst relative to
the gas-phase. This act as a storage for the reactants that can diffuse to available active sites
on catalyst while preventing the escape of reaction intermediates and driving the reaction to
completion. This suggests that choice of support can influence the rates of adsorption, surface
diffusion as well as desorption.

In this work, a flow type reactor was designed to achieve a uniform illumination. In
order to ensure the catalyst was uniformly distributed across the entire reactor without
restricted gas flow or reduced light illumination, powdered photocatalysts were immobilized

on glass beads.
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1.8 Other photocatalytic applications

1.8.1 Photocatalytic oxidation

No doubt, photocatalytic reactions have now found expression in both the academia
and industry. Several photocatalysts have been created and applied for oxidation of organic
compounds. Fujihira et al.”® investigated the effect of the addition of Cu?* and Fe?* on the
heterogeneous photocatalytic oxidation of some aromatic compounds in air using powdered
TiO». They found that the nature and concentration of the added oxidant played a significant
role on the ratio of organic products formed. ca. 20 times more increase in the quantum yield
of toluene photooxidation was achieved when Cu?* was added than in an additive-free
system. Similarly, higher ratio of hydroxylated products (cresols) over side-oxidation
products (phenol, benzaldehyde) was also obtained, which suggested a higher production of
"OH radicals by the heterogeneous pathway as well as by a Fenton-type reaction.

Dutta et al.%° studied photocatalytic oxidation of Arsenic (l11) in order to provide
evidence that "OH is the main oxidant for the oxidation of As (I11). They used benzoic acid
as a ‘'OH scavenger. The formation of salicyclic acid from the oxidation of benzoic acid by
"OH suggested the involvement of ‘OH in the mechanism of As (I11) oxidation. The effect of
Fe (111) on As (111) oxidation at different pH values with and without TiO, under UV light
studied suggested that ‘OH is the dominant oxidant for As (111) oxidation.

Sclafani et al.? studied the influence of Fe3*, Fe?* and Ag" on photo degradation of
phenol and nitrophenol in anatase and rutile aqueous dispersions. They observed that the low
photoactivity of anatase in the absence of oxygen or other electron scavengers increased
significantly in the presence of both Fe3* and oxygen, with an optimum value at 0.5mM Fe3*.

At higher amounts of Fe3*, the results were unpromising. The rutile, though inactive in the
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absence of metal ions, was observed to function effectively in the presence of 0.5mM Fe®".
However, the authors found no effect of Fe** in deaerated systems. They attributed the

enhancement to contributions of the photo-Fenton reaction.

1.8.2 Photocatalytic reduction

Photocatalysis has also been studied extensively in the field of photocatalytic reduction. With
tonnes of toxic chemicals in use globally, it becomes inevitable for humans to come in contact
with these chemicals, most of which are mutagenic and carcinogenic. An example of such
chemicals is the chromium solution. Heterogeneous photocatalytic reduction of chromium
with semiconductors such as TiO2, Pt/TiO., ZnO, CdS, ZnS and WOs has been widely
investigated. Tesla et al. successfully reduced Cr (VI) to Cr (V) to Cr (1V) and to Cr(llI)
through a one electron transfer process using heterogeneous photocatalysis over TiOx.
Rongxin et al.**® investigated photocatalytic phenol degradation and Cr (V1) reduction over
Elongated TiO2 nanoparticles with high aspect ratio. Their homemade TiO2 nanoparticles
showed high catalytic activity examined for both photocatalytic phenol degradation and Cr
(V1) reduction. Tan et al.'% investigated photocatalytic reduction of selenate Se (V1) ions
using unmodified TiO2 and Ag-loaded TiO: (Ag-TiOz) photocatalysts. They observed that in
the presence of formic acid, both photocatalysts were effective in reducing Se(V1). According
to this group, the reaction proceeded through the reduction of Se(VI) ions to elemental
selenium Se and then to hydrogen selenide gas (H2Se). Over unmodified TiO. photocatalyst,
the Se formed from the reduction of Se(V1) was further reduced to Se*” in the form of H,Se
when Se(V1) in solution was exhausted. Using Ag-TiO2 photocatalysts, the reduction of

Se(VI) was accompanied by simultaneous generation of hydrogen selenide gas.
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1.8.3 Photocatalytic reduction of CO>

A promising application for the chemical process of CO> reduction is the implementation
of artificial photosynthesis through photoreduction. This is by far more environmentally
friendly than the conventional energy intensive method. Currently, there are many research
works aimed at utilizing the solar energy for direct transformation and storage of chemical
energy. The photo reduction of CO. with H20 to produce chemicals, such as methane or
methanol (CH3OH), is an example.

Lui et al.*®” reported CO, photoreduction with water vapor using three TiO2 nanocrystal
polymorphs (anatase, rutile, and brookite). They demonstrated the production of CO and CH4
from CO; photoreduction with a remarkable enhancement of up to 10-fold on defective
anatase and brookite TiO,. Wang et al.?®® achieved an efficient photochemical reduction of
CO- under mild reaction conditions using ZnCo.04 nanostructures. Similarly,

Li et al.®® reported an efficient and stable photocatalytic CO; reduction process with water
over NaTaOs. They achieved this by introducing an electron donor (H>) into the reaction
process. Using Ru/NaTaOs, they demonstrated high activity in CH4 formation rate (51.8 mol
h'tgh).

Due to ever-growing change in climate, and the need to curb greenhouse gas emission,
the photocatalytic reduction of CO- has recently seen a surge in interest.® Inoue et al.!®
successfully reduced CO> with H>O over various semiconductor photocatalysts. Formic acid,
formaldehyde and methanol were obtained as products. Li et al.?°® achieved photoreduction
of CO2 to CH4 when they studied the effect of concentrating light and pre-treatment over g-
CsNa. They attributed the high yield of CH4 to change in surface oxidation state of the catalyst

due to either oxidation of the catalyst or the activation of surface oxygen.


https://www.sciencedirect.com/topics/engineering/artificial-photosynthesis
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It is important to note that photocatalytic reaction mechanisms are generally very
complicated. Several factors have been outlined in the literature that affect the behaviour of
the technique. Some of these factors include but not limited to phase and concentration of
substrate,? catalyst morphology/structure,?22% [ight source,2°6%°" humidity,2%2° O
concentration?23 and pH.2**2There is also the difficulty in detecting reaction
intermediate radicals as well as their extent of involvement in the reactions.?'® Kinetics and
intrinsic quantum efficiency are often complicated due to competition between
substrates.?4219.220 Although large amount of research has been carried out in the literature
as at present on the subject of photocatalysis, there is yet to be a specific guiding philosophy.
This can be observed in the amount of inherent problems often arising in reports.
Nevertheless, the field of photocatalysis is interdisciplinary, which requires broad
background knowledge as well as experience if a meaningful and thorough discussion on the

subject matter is to be made.

1.9 Thesis aims

This thesis aimed to design a continuous green chemical process for the epoxidation of
alkene with high commercial viability. The technology is operated under low temperature at
atmospheric pressure. The heterogeneous design of the reactor eliminated the need for
product separation. It does not require any solvent, and oxygen in air can be directly used in
combination with Hz or H>O (depending on the substrate). The designed technology is highly
efficient and selective. Its components are cheap and commercially available which reduces
the production costs. It is also effective for total mineralisation of VOCs into CO» and H>O.
Partial photocatalytic oxidations can easily be achieved by using an appropriate photocatalyst

as well as regulating the flow rate of reactants. This also suppresses the formation of
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byproducts as the chemicals have controlled contact time in the photoreactor. It is easy to
control reaction temperature, thus providing a reliable kinetic data. Overall, this technology
can provide alternative air purification process as well as convert hydrocarbons into useful
starting materials for other chemical processes, hence contribute to improving the quality of

life.

1.10 Thesis overview

In Chapter 1, general background the major sources of industrial greenhouse emissions
such as petroleum industries was discussed. As photocatalytic epoxidation of alkenes was
the main application of the designed reactor, it became imperative to refresh memory on the
basic chemistry of alkenes and epoxides. An overview of photocatalysis of semiconductors
including TiOz, Bi2WOe, TS-1 and CeO; as base catalysts as well as their various
modification techniques in the literature have been highlighted.

Chapter 2 presented some of the main instruments used for the characterisation of the
synthesised photocatalysts as well as those used for product analyses. During catalyst
analyses, XRD, SEM, EDX, Integration sphere and BET were used. FTIR, GC-MS and NMR
were utilised for the products analyses. The basic principles of operation of these instruments
were discussed in this chapter.

Chapter 3 focused on the developmental design of the photo-reactor. Through a
complimentary catalyst coating technique designed for this work, all the synthesised
photocatalyst powders were immobilised on silicon glass beads. The immobilisation
technique is discussed in detail in this chapter. Although, the first reactor designed was

effective in decomposing acetone (Chapter 4), it underwent series of modifications in the
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subsequent chapters in order to achieve the desired products. Aeroxide P25 was the
photocatalyst used in this chapter to test the functionality of the designed reactor.

Chapter 5 contains the photoepoxidation of propylene. Epoxidation was firstly,
attempted with our homemade TiO,. The synthesised catalyst was further improved by
coupling with Bi;WOs. The epoxidation was achieved with the designed reactor using
molecular oxygen as the only catalyst. Also in this chapter, the synthesised Bi,WOs was
observed to undergo photochromism during the epoxidation reaction. As such, its effect on
the epoxidation of propylene was investigated.

In Chapter 6, a kinetic study was attempted on the photoepoxidation of cyclohexene.
A catalyst known in the literature to be effective in the epoxidation reaction of cyclohexene,
TS-1, was synthesised and utilised for this purpose. Mixture of H, and Oz was crucial in the
photoepoxidation of cyclohexene. Since no epoxide was observed in the absence of H», a
mechanism was proposed in this chapter. During the Kinetic study, the effect of reaction
temperature and partial pressure of the reaction gases was investigated.

Chapter 7 presents photoepoxidation of hexene in gaseous phase. Here, pure TiO2 and
WOs coupled TiO> were utilised for the epoxidation reaction. Further experiments focused
on in-situ reaction of the partial photo-oxidation products of photo-epoxidation of 1-hexene
were performed in this chapter. The exhaust of the photo-reactor was passed directly through
methanol, which acted as a nucleophile under acidic condition for several hours. The features
of some of the reactive species formed during the partial photo-oxidation of 1-hexene process
are discussed in this chapter, hence the versatility of the developed photo-reactor.

Chapter 8 demonstrated another application of the catalyst coating technique. A
“pseudo” in-Situ photo-oxidation of styrene in liquid-phase using NMR spectroscopy was

performed and discussed in this chapter. CeO, and Co-doped CeO> were used as
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photocatalysts and molecular oxygen as the oxidant. It was possible to demonstrate in this
chapter that the photo-oxidation reaction proceeded according to Langmuir-Hinshelwood
model.

The general conclusions of the findings during this work as well as further work are

presented in Chapter 9.
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Chapter 2: Instrumentation

Different nanostructured materials were prepared in this work according literature
reports with modifications. The key instruments utilised in the characterisation of the
materials are discussed in this chapter. Powder X-ray diffraction (XRD) was used to study
the crystal structures as well as crystal orientation of the materials. Scanning electron
microscope (SEM) was used for the study of the morphology of the created materials while
their composition was analysed by energy dispersive X-rays spectroscopy (EDX). UV-
visible spectrophotometer was employed for the study of the optical properties of the
materials while their surface area analysis was performed using Brunauer—Emmett—Teller
(BET) analysis.

The products of reaction in this work were analysed using Fourier Transform Infrared
Spectroscopy (FTIR), which provided information based on the absorption of infrared light
that caused excitation of vibrations of bonds of molecules. Gas chromatography mass
spectrometry (GCMS) was also used for separation and detection of reaction products by
ionisation of the products as they elute the GC column and the separation of the ions
according to their mass-to-charge (m/z) ratio. Finally, Nuclear magnetic resonance (NMR)
was used to determine the molecular structure of products of liquid-phase epoxidation
reactions.

Here, | will discuss about the principle and application of each instruments used in

this project.
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2.1 Powder x-ray diffraction

X-ray diffractometer is an essential instrument for identification of crystal structure
and orientation of nanomaterials. The technique utilised by this instrument are subject to
interference of waves reflected from periodic rearrangement of atoms constituting the
crystals. The atoms on the lattice partially refract the X-rays that strike the surface of a crystal
structure. As a result, diffraction of waves at certain angles occurs due to constructive or
destructive interference.??! Constructive interference occurs at angle formed by the distance
between the crystal planes of the lattice and the wavelength of the X-ray according to Bragg’s

law:

nd = 2dsiné (2.1)

Where n denotes an integer number as the diffraction order, A denotes the wavelength of the

x-ray (given by CuK, = 1.54056A), d denotes the distance between the planes in the atomic

lattice and 6denotes the angle of incidence x-ray.

Figure 2.1: A schematic diagram illustrates of Bragg’s law.



57

Figure 2.1 shows a schematic illustration of the diffraction geometry according to
Bragg’s law. The interaction of x-rays with the atomic planes of crystal can be seen. The
emission of the diffracted x-rays at the same angle 0 where the incident beam strikes the
sample can also be seen in Figure 2.1. As such, in relation to the incident beam, the x-rays
are diffracted by an angle value of 26. This arrangement is commonly referred to as Bragg-
Brentano geometry.

Constructive interference pattern can be built by irradiation of a crystal on all its faces.
However, different materials have different crystal structures and so will produce a mixed
XRD pattern. The characteristic peaks generated are used for identification of the sample
since the peaks positions are determined by the lattice spacing of the sample which is used
for calculation of the lattice constants of the nanostructures. Correlating the obtained XRD
pattern with the database can also help in identification of the unknown samples. The
crystallinity of the sample is typically studied by two different types of XRD: powder and
single crystal XRD.

Samples with no known crystalline configuration, and therefore no database entry, can
be analysed using both single crystal XRD or powder XRD. However, single crystal XRD is
normally more reliable since it involves much more data set. During this technique, all
possible orientations of a sample are investigated using a single crystal. Constructive
interference spots with 3D orientation are formed in this case from which the base unit cell
composing the crystal provides information on the nature as well as the configuration of the
studied sample. Due to the time-consuming nature of this technique and the need for large
crystals to obtain efficient result, this technique has certain limitation.

Powder XDR on the other hand, is a fast technique compared with the single crystal

technique. This technique only studies the diffraction of the incident x-ray along a single axis
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of the sample thereby making it much quicker than the single crystal XRD technique.
Furthermore, miller indices corresponding to the constructive interferences in a spectrum of
a powder XRD can be used for identification of the unknown samples. The miller indices
specify directions and planes which could be in lattices or in crystals. The number of indices
corresponds to dimension of the lattice or crystal.

In addition, information on the crystallinity of a sample can be obtained by studying
the broadness of a diffraction peak. The broadness can be caused by the presence of
impurities in the crystalline structure of the sample which leads to distortions in the lattice
separation. As a result, the distortions can cause the constructive interference to occur at a
slightly different value of 0, resulting in broad diffraction peaks in the XRD pattern.
Therefore, sample materials with poor crystals display broad peaks while those with high
crystals yield narrow peaks.

The crystal grain size is directly correlated to the XRD peak width. The smaller the
width of a peak, the larger its crystal size. The relationship between the peak width and its
crystallite size is given by Debye-Scherrer, popularly known as the Scherrer’s Equation’® and

is expressed below:

KA
- B cos6O

(2.2)

where D denotes the size of crystalline domain, K is the shape factor of the sample’s
crystal lattice (raging between 0.62 and 2.08), A is the wavelength of the incident x-ray (Cu

plate, 1 = 1.541 A), @ is the Bragg angle of the diffraction peak and £ is the full width at half
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maximum (FWHM), in radians, of the diffraction peak in consideration of instrument
broadening.

In this work, all of the synthesised photo-catalysts were in powder form. All samples
were analysed using powder XRD technique in /26 mode, on a Siemens Powder D500

diffractometer equipped with Cu X-ray source at the wavelength of 1.541 A,

2.2 Scanning electron microscopy

The scanning electron microscope is one of the most important instruments used for
the visualization of nanostructured materials. It provides information on the morphology of
synthesised material. SEM share similarities with optical microscopy (OM) in terms of
operation. However, a much higher resolution can be obtained with SEM compared to OM.
Unlike OM that uses photon for imaging, SEM uses high energy beam of electrons that
interact with atoms of sample. The signals generated due to this interaction are characteristic
of the sample’s surface composition as well as topography. During this work, tungsten
filament was used through thermionic emission to generate high energy electrons accelerated

between energy range of 10 and 30 kV under high vacuum condition (10 to 10*°torr).
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Figure 2.2: Schematic of the scanning electron microscope revealing the main components

The structure of a typical SEM is shown in Figure 2.2. The highly energetic electron
beam is finely focused as it passes through a series of electrostatic (condenser) and
electromagnetic (deflector) lenses before contacting the sample. The point of contact of the
beam on the sample can be controlled by either coarsely adjusting the mechanical stage which
holds the sample or by finely shifting the potential on the deflector lens. Upon collision of
the electrons on the sample surface, two types of interactions can occur. The interaction of
electron that occurs through elastic scattering produces electrons called backscattered
electrons. These electrons are reflected from the sample and move in the backward direction,
hence, the back scattered electron detectors are positioned almost vertically from the sample
stage to maximise detection of these electrons. The intensity of the back scattered electrons
is determined by the mass of the atoms in the sample. Heavier elements reflect more
electrons. Thus it forms good contrast between heavy (such as metals) and light elements

(such as C, N and O). Therefore, it is used to identify metal elements in organic materials,
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typical required in forensic analysis. However, back scattered electrons have the high kinetic
energy as the incident bean. At higher energy, electrons have large interaction profile as they
have large mean free path. Hence the back scattered electrons have large interaction profile
as they have large mean free path. Therefore, the back scattered electrons only produce low
resolution images. This is one of the reasons why most SEM machines are not equipped with
the backscattered electron detectors.

Secondary electron detection is the second form of detection in an SEM. When the
incident beam (primary electrons) bombards the surface of the sample, the core electrons on
the surface of the atoms of the sample are emitted, leaving a hole at the core level. Upper
level electrons will relax and fill this hole which emits energy in the form of X-Ray,
determined by the energy difference between the upper level and the involved core level.
Such X-ray can excite an upper level electron, which has much lower kinetic energy. The
process is called Auger process and the emitted electron is called Auger electron, or the
secondary electron, since they were excited through a secondary excitation process. Due to
the low energy of the secondary electrons (1-300 eV) they can be easily deflected by applying
potential difference. This allows flexibility in positioning the detector that can avoid the back
scattered electrons with lower resolution. Typically, the secondary electron detector is
mounted horizontally, perpendicular to the back scattering electron detector. Low energy
electrons have short mean free path, so the secondary electrons are originated from very small
interaction profile. Hence, secondary electrons produce high resolution images. Unlike
backscattered electrons that penetrate deep into the sample due to their high energy, typical

secondary electrons only shallowly penetrate the sample approximately 10 nm deep.
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2.3 Energy dispersive x-ray spectroscopy

SEM instrument can also provide information on the elemental composition of the
samples if equipped with an energy dispersive x-ray energy (EDX) detector. This technique
adopts the use of x-ray fluorescence. As | have mentioned before, X-ray is emitted during
the electron scattering process and the energy of such X-ray is specific to individual element.
As such, every individual constituent element of the sample can be identified. It is also
possible to obtain quantitative information from EDX using the relative intensity of the X-
ray. As a result, the element distribution can be analysed by the technique of element
mapping.

During this work, SEM analysis was performed to investigate both the morphology and
elemental composition of the nanostructured synthesized materials in Chapters 4to 7. A Jeol-
JSM 820 Scanning Microscope equipped with a cryogenically cooled EDX detector was used

for all SEM analyses.

2.4 Diffuse reflectance spectroscopy

One of the desired properties of materials that is essential for generation of charge
carriers is the size of its band gap. This property can be measured through a variety of
analytical techniques, one of which is the diffuse reflectance spectroscopy. This method was
used in this work to study the band gap of the synthesised material.

The conventional technique used in determining the band gap of a material is through
ultraviolet-visible (UV-Vis) absorption/transmission spectroscopy. This technique involves

monitoring the wavelengths of light absorbed by a given sample. As a result, the minimal
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energy required for the photonic excitation of the sample can be determined and presented in
form of a spectral pattern.

The technique first developed by Jan Tauc in 1968 is widely used to determine the band
gap of a material by applying Tauc’s mathematical model which correlates the absorption

coefficient of a material and its band gap energy, Eg (Equation 2.3):

ahv = A(hv — E;)" (2.3)

where a denotes the absorption coefficient of a sample, hv denotes the energy of incident
light, A denotes a proportionality constant of the studied material and n is a constant whose
value depends on the studied electronic transition. n has a value of 1/2 and 2 for direct and
indirect electronic transitions, respectively.??

When Equation (2.3) is applied, the band gap energy of a material can be determined
from its UV-vis spectrum by plotting a graph known as Tauc plot. A linear section of the
obtained curve of (ahv)? plotted as a function of hv, corresponds to the absorption of the
sample. Extrapolating this linear region to the abscissa gives the optical band gap of the
studied material.

However, the traditional UV-Vis spectrometry is limited in application as it is only
suitable for measuring absorption spectrum of gaseous, liquid, and thin film solid samples.
This is so because the absorption spectrum of a sample (and consequently its absorption
coefficient) is obtained by monitoring the wavelengths of light transmitted directly through

the sample. Therefore, the development of an alternative technique suitable for analysing the

band gaps of powders, bulk materials and thick films became necessary, since the light
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transmitted through these materials is too weak to measure. Kumar et al. in 1999 determined
the band gap of thick films through reflectance UV-vis spectroscopy successfully.??® This
alternative technique involves monitoring the wavelengths of light absorbed by a material
through the by analysis of the diffuse reflection of a beam of light from the surface of the
material sample. Typically, irradiating light onto a material results in two types of reflection:
specular reflection and diffuse reflection. In the case of the former, light incident on a smooth
surface directly reflects in a single direction. This type of reflection is limited if the studied
materials have uneven surfaces where specular reflection occurs only in small quantities.
Unreflected light is either refracted or undergoes internal reflection where it suffers loss of
intensity through continuous scattering or emission back into air.

It is the emission of unreflected light that give rise to the second type of reflection, the
diffuse reflection. Here, the emitted light moves in several of directions, hence the name
diffuse reflection. UV-vis absorption of a material can be determined by monitoring its
diffuse reflectance spectrum since the diffusely reflected light will have lost intensity relative
to the light absorption properties of the studied material. Using the Kumar et al.??® model
(Equation (2.4)), the absorption coefficient of a thin film sample can easily be determined

from its diffuse reflectance spectra as follows:

20yt = In(Frex=Rmin) (2.4)

Rp—Rmin

where o denotes the absorption coefficient of the material under study at a given wavelength,

t denotes the thickness of the material, Rmax and Rmin denote the maximum and minimum
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observed reflectance intensity in the spectrum, respectively and R; is the reflectance intensity
at a given wavelength.??3

A Tauc plot can be generated by combining Equations 2.3 and 2.4, which can be used
to determine the band gap of a sample from its diffuse reflectance.

The intensity of the diffused light might not only be affected by light absorption, but
also by the sample morphology, texture, shape and size. In order minimize such sample
effects and to maximize light reflection, absorption and diffusion, an integrating sphere is
used. Its advantage is that, it can converge the diffuse reflections from across all directions
and form a single strong signal that can be detected spectroscopically. The basic principle of
operation of an integrating sphere is illustrated in Figure 2.4. It can be seen that to measure
the diffuse reflectance of a given sample using this instrument, light is irradiated onto the

sample under study through an aperture in the integrating sphere.

Light
source

Baffle —

Integrating
sphere

UV-vis
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Figure 2.3: Schematic of the operation of an integrating sphere for the measurement of diffuse
reflectance of a sample.
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When the light beam strikes the sample, it undergoes diffuse reflection, scattering in
all directions until collision with the walls of the integrating sphere occur. Further scattering
occurs at walls of the integrating sphere owing to the white diffuse reflecting coating of the
integrating sphere. As no energy is lost during collision with the walls of the sphere, the
concentration of the diffusely reflected light within the sphere is increased and the detector
can detect it. Once detected, a spectrum of the diffuse reflectance of the sample, which
corresponds to the wavelength of the incident light is produced. A baffle is positioned
between the light source and the detector to protect the latter from being ‘blinded’ by the
former.

In this work, diffuse reflectance spectroscopy was used to determine the band gap of
the materials synthesised. An Ocean Optics ISP-REF integrating sphere equipped with an

inbuilt tungsten-halogen illumination source (300 nm <A < 1000 nm).

2.5 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is another technique that shares similarities with UV-Vis
spectroscopy. Like UV-vis, IR spectroscopy involves the study of the energies absorbed by
materials over a specific wavelength range. FTIR spectroscopy measures the absorption
capacities of molecules in the IR region of the electromagnetic spectrum between 2 and 25
pum. The photon energy is much smaller in comparison to UV-vis. The low energy photon
is absorbed by molecules. As a result, an excitation in vibrational energy levels within the
same electronic state occurs. FTIR can be used obtain preliminary information about the
structure of molecules. Such information includes the functional groups and their positions

in the molecule or the adsorbed structures of the molecular species. Furthermore, FTIR can
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be used to analyse materials in different states (gas, solid, and liquid samples), and can be

operated at room and pressure.

Figure 2.4 shows a schematic illustration of an FTIR spectrometer. It can be seen that
the instrument is made up of mobile and stationery optical parts. The presence of limited
mobile parts seen in the Michelson interferometer in the instrument is perhaps one of the
many practical advantages of FTIR.
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Figure 2.4: Schematic of the principal components of FTIR spectrometer showing the path of
a single IR wavelength.

The operation of FTIR spectrometer begins irradiation of infrared from its source
heated at 1200 K. The source which is a filament usually made of silicon carbide, emits a full
spectrum of IR radiation at this temperature. The emitted radiation is then collimated to
minimize spreading of the radiation as it propagates through the spectrometer. After
collimation, the IR radiation then enters the Michelson interferometer to carry out oscillating

modulation, which is equivalent to the mechanical Fourier transformation. Once in the
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interferometer, the radiation comes in contact with the beam splitter which splits into two
equal parts. One part is channeled toward the stationery mirror where it is reflected back to
the splitter. The other beam part is channeled toward the mobile mirror and also reflected to
the splitter. The two reflected beams now at the splitter, are combined to form a single beam
which is then directed out of the interferometer.

The path length traversed by the IR radiation is controlled by the mobile mirror which
produces a difference in path length known as the optical path difference (OPD). It is this
OPD that causes the beam coming from the mobile mirror to undergo constructive and
destructive interferences as it meets the beam coming from the stationery mirror. The
difference in wavelengths of the combined beams exiting the interferometer results in a
display of different maxima at different OPDs, which corresponds to the constructive
interference of specific wavelengths. This makes it possible for the interferometer to isolate
each wavelength.

The combined beam from the interferometer is channeled toward the sample and passes
through. Different design of sample holders can be used according to the state of the sample.
Attenuated total reflectance (ATR) is often used for solid and liquid samples, where the
sample is placed on a sample plate and pressure applied to it with the help of a pressure lever.
This allows the IR reflected through the surface of the sample, which carries the information
about absorption. However, in the case of gaseous samples, as in this work, a cylindrical cell
of known path length with NaCl, CaF> or KBr windows is used. The gas sample is placed in
the cell, which is placed within the IR radiation path. The cell can be modified in a continuous
gas flow system, with inlet and outlet ports for the gas flow. After passing through and
interacting with the sample, the intensity of residual IR beam is measured by the detector and

an interferogram is generated. The generated interferogram is difficult to interpret in it its
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raw form. As such, a mathematical model called Inverse Fourier Transform is applied to
generate a plot of IR spectral absorbance or transmittance versus the beam frequency. The
frequency is inversely proportional to wavelength. Generally, IR spectrum is made of a plot
of absorbance versus the number of waves per cm, which is also referred to as wavenumber
and has a unit of cm™.

In order to determine the IR absorbance energy of a sample, a background run is made
without a sample and the obtained spectrum is compared with that of the sample. To achieve
this, the instrument subtracts the spectrum of the blank sample from that of a real sample.
Different molecules exhibit different vibrations, hence the IR spectrum of a given sample is
a fingerprint of that molecule.

Quantitative data can also be obtained from FTIR spectra. This is achieved by
applying the Beer-Lambert law, Equation 2.5, which provides the correlation between the

absorbance of the FTIR spectral peaks and the concentration of the sample as follows:?%*

A = Ecl (2.5)

where A denotes the absorbance of a given peak in the IR spectrum, E denotes the molar
absorptivity of the molecule, ¢ denotes concentration of the sample and | denotes the path
length of the IR beam through the sample.

The unknown concentrations of samples can also be determined by calibrating the
FTIR peak areas of known concentrations of a given sample.

For alkene samples, various modes of vibration are introduced into the hydrocarbon.
These are: C=C stretching vibration, C-H stretching vibration where the carbon atom in the

alkene linkage is present also in in-plane and out-of-plane bending of the alkene C=C bond.
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In linear unconjugated alkenes, the C=C stretching mode is usually a moderate to weak
absorption at 1667-1640 cm™. In the case of cycloalkenes, the C=C stretch vibration is
coupled with the C-C stretching of the adjacent bonds. From Figure 2.5, as the bond angle,
a, decreases the interaction becomes influenced. In cyclobutene for instance, the interaction
becomes smaller until at a minimum of 90, whereas in cyclopropane, the interaction
increases thus, increasing the absorption frequency.

(0
-

H,C CH,

A

Figure 2.5: C=C and C-C stretch vibration coupling

In this work, FTIR spectroscopy was utilized to analyse gas streams in Chapters 3 to
7. A Perkin Elmer SpectrumOne FTIR spectrometer with a gas phase IR cell equipped with

NaCl windows was used to collect IR spectra.

2.6 Gas chromatography-mass spectrometry (GC-MS)

2.6.1 Gas chromatography

One of the ways of investigating the photoactivities of the synthesized catalysts is by
monitoring their effectiveness in a reaction. During such reactions, the concentration of all
reacting species can be monitored before, during and after reaction. Most often, the chemical
reactions contain a variety of substances mixed together that need separation in order to
identify and quantify them. Gas chromatography (GC) is one of the most popular
instruments used for both qualitative and quantitative analyses of complex chemical

mixtures. The technique was first developed by A.T. James and A.J.P. Martin in 1952. Ever
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since, GC has gained wide acceptance as an essential tool for analytical chemistry.??

In GC, two phases are involved in the separation of compounds or mixtures: the
mobile phase and the stationery phase. Upon injection of the sample through the injector
port, a carrier gas (usually He, H> or N>) carries the sample through the mobile phase. The
mobile phase containing the sample is passed over a stationary phase and then interact with
it. They then proceed at different speed, based on the volatility of individual compound and
more importantly based on the interaction with the stationary phase. Thus, an effective
separation of the different chemicals in the mixture occurs.

The basic components of a GC are shown in Figure 2.6. It comprises a carrier gas
source, an injector, through which the sample is admitted into the instrument, a column
(housed in an oven) where the separation takes place and a detector. As the carrier gas flows
through the GC, a small quantity of sample (~0.01 - 100 uL for liquids and ~100 pL for
gases) is introduced into the system through an injection port. The vaporization of the
sample begins in the injector which is maintained at high temperatures.

The vaporized sample is carried into the column by the carrier gas through a split or
splitless injection (depending on the concentration of the sample). This allows for the
introduction of a controlled fraction of the sample (liquid or gas) into the system while the

excess is purged through a separate port (vent) by the carrier gas.
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Figure 2.6: Schematic of the basic components of a gas chromatograph.

Carrier gas

Once in the column, the sample begins to interact with the stationary phase of the
column. GC column is usually made of fused silica (but could be made from other
materials), which consists of a stationary phase in form of a liquid coating on the inside of
the column. Through adsorption and desorption of the sample within the column, the
different chemicals in the sample are separated at different rates. As such, the separated
sample components elute the GC column at different times. This time is referred to as the
retention time and is usually expressed in minutes (depending on the operating conditions
of the GC). The retention times of the sample components and their extent of separation
from each other are determined by several factors. These factors include the nature of the
stationary phase, the temperature of the GC oven which houses the column and the flow
rate of the carrier gas.

Increasing the temperature during GC analysis can reduce the retention time as a result
of lowering the rate of adsorption of the sample components onto the stationery phase. So
the overall detection time is reduced while the peak resolution is also reduced with certain

distortion in the peak shape. Similarly, at low temperature, retention times are longer and
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peak resolution could be better. Inconsistencies in the oven temperature can result in some
chemical components eluting the column at similar time since their level of interaction with
the stationery phase can be affected by temperature differences. In this type of situation, an
inefficient separation is obtained. This is the GC oven becomes highly significant as it
allows for total control of the column temperature leading to a well separated sample
composition. Another factor that affects the retention times of sample components is the
nature of the stationary phase within the column. Different compounds interact with the
stationery phase in a different way owing to the differences in their properties due to their
functional groups. Non-polar molecules will preferentially adsorb on a non-polar stationery
phase, and the same applies to a polar molecule as it will be preferentially adsorbed on a
polar stationery phase. This means that the choice of column is made based on the nature of
the sample in order to achieve an efficient sample separation on a GC machine.

All separated sample components that elute the column are detected by a detector,
which is positioned at the other end of the column. GC machine can be equipped with
several types of detectors, the choice of which depends on the species to be analysed. During

this work, only mass spectrometry (MS) detection method was used.

2.6.2 Mass spectrometry

Mass spectrometer is extensively used in both qualitative and quantitative analyses of
organic compounds. This is simply because MS provides a great deal of information about
a molecule in comparison to other GC detectors such as the flame ionization detector, (FID).
FID is the basic detection method, but it can only measure the concentrations and cannot
directly identify the chemical species. So it is used in well-defined chemical systems with

known chemical components. The peak retention time can simply be estimated from
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standard parameters. Also, FID has limited dynamic detection range defined by the
resolution output voltage signal from 1mV to 1000 mV.

Although MS is expensive, it remains a useful tool for identification of chemical
species. It measures the mass of the molecule together with its ionisation fragments. It has
significantly large detention range starting from several hundred counts, determined by the
noise level to millions of counts. Hence, it allows the measurement from very low
concentration to very high concentration.

The basic structure of a typical ion trap MS is shown in Figure 2.7. There are several
designs available, but all MS machines have three main components. These are: the ion

source, where molecules are ionized, the mass selector and the detector.
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Figure 2.7: Schematic diagram of an ion trap used in GC-MS

Its operation involves ionizing the eluents of GC and separating their ions with respect
to their mass-to-charge ratio. One of the ionization techniques used in MS is electron
ionization (EI). This technique has gained popularity as an ion source in GC-MS due to its

high efficiency and high reliability. GC column eluates are introduced into MS through a
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transfer line, and are bombarded with high-energy electrons in the ionization chamber to
become ionised. Both the transfer line and the ion source in GC-MS are usually maintained
at high temperatures between 250 and 300 C, to prevent condensation of the GC eluates.
The high-energy electrons are generated through thermionic emission of a heated filament.
The molecules are fragmented into smaller species due to the high energy of the electron
beam. Depending on the instrument nature, ions are either formed within or injected into
the ion trap assembly from an external source. The trapped ions are then influenced the
applied RF potential to perform ion ejection, excitation and mass selective ejection.

The principle of ion transfer under electric and magnetic fields in a vacuum in MS
follows the Newton’s second law of motion and the Lorentz force law. These laws are

expressed mathematically and presented in Equation (2.6) and Equation (2.7) respectively:

F =ma (2.6)

F=q(E+v) X B (2.7)
where F denotes the applied force, q denotes the ion charge, E denotes the influence of the
electric field on the ion, a denotes the acceleration of the ion, B denotes the magnetic field

and v denotes the ion velocity. Combining Equation (2.6) and Equation (2.7) gives Equation

(2.8), which defines the working principle of the mass selector in filtering ions.
m —
a(;)—E+v x B (28)

Once at the detector, the ions will be collected by a channeltron, a device turning the
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ion scattering into electrical pulses. The concentration of the ions is measured from the
number of the pulses and correlated to their respective mass-to-charge ratio at a given time.
A plot of signal intensity versus the mass-to-charge ratio for a given species, known as a mass
spectrum is generated. Due to difference in nature of fragmentation of different species,
different mass spectra are generated for different species. By comparison with the mass
spectrum database, the unknown chemical species can be identified. The concentration of the
unknown can also be determined by measuring the peak area for specific species.

Another important aspect of a MS worthy of mention is its vacuum system. MS
instruments only function efficiently when equipped with vacuum pumps. This is important
since the average free path of ionic molecules in air is very low. In addition, the ionisation
filament would have a very short lifetime if the vacuum is poor. As such, high vacuums (low
pressure = high vacuum) are required in MS to ensure the detection of the ions. The presence
of a vacuum system in GC-MS contributes to the cost of the instrument as it is often coupled
with expensive vacuum pumps such as the turbomolecular pumps.

The molecular ion peak of alkenes is typically distinct due to the double bond location.
This can be attributed to the ability of alkenes to produce stronger molecular ion peaks than
alkanes as a result of the lower ionization energy of a n electron than a o electron. Double
bonds can easily migrate upon ionization, which makes it almost impossible to determine
isomers. For acyclic alkenes, it is especially difficult, as the double bond tends to migrate
during fragmentation. It is easier in the case of cyclic alkenes since the location of the double
bond is readily evident due to presence of strong tendency to undergo allylic cleavage without
necessarily suffering any double bond migration. Double bond can also be fixed in a position
through conjugation with a carbonyl group.

Acyclic alkenes are known to form clusters of peaks at 14 units interval, in which the
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CnHzn-1 and CnH2n peaks have higher intensities than those of ChHzn+1.2%°

In this work GC-MS was used extensively to monitor the photo-oxidation products
over various catalysts in gas flow reactors, as discussed in Chapters 5 to 8. A Varian gas
chromatograph, CP 3800 equipped Saturn 2000 mass spectrometer was used. The GC was
equipped with two different columns to achieve separation of products. In Chapter 5,a PLOT
column, Rt-QS-BOND 30 m x 0.53 mmID x 20 pum was used. The MS (detector) end of this
column was coupled with 25 cm of a 0.25 mmID x 0.25 pumdf column using a RESTEK siltite
micro union to trap the particles coated within the PLOT column and prevent contaminating
the MS trap assembly. A Restek RXI-5ms column 30 m x0.25 mmID x 0.25 pumdf was used
in Chapters 6 and 7. Helium was used as a carrier gas. Samples were injected into the GC
columnusing an automated split injection with a split ratio of 100, an injection volume of 0.2
ul and an injector temperature of 250 C. MS was performed by El in combination with a
quadrupole mass selector. The MS scanned the mass region between 40 and 300 m/z (amu/e)

for a total of 22 minutes with a 0.5 minute solvent delay.

2.7 Proton nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is another important analytical tool for
identification of organic compounds. It is useful for quality control as well as research for
determination of the chemical content, purity and molecular structure of a given sample. Like
IR or UV, it operates under the principle of absorption of electromagnetic wave. As
illustrated in Figure 2.8, a sample can absorb electromagnetic radiation in the radio frequency
(rf) region, under appropriate conditions in a magnetic field. The absorbed electromagnetic

radiation is characteristic to the sample.
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Figure 2.8: Illustration of Fourier Transform NMR showing direction of magnetic
field perpendicular to rf

However, absorption is a function of certain nuclei within the molecule of a sample.
All nuclei are known to be charge carriers, which causes them to spin on the nuclear axis
resulting in the generation of a magnetic dipole moment along the axis. The angular
momentum of the spinning charge is often described in terms of quantum numbers, I, which
have values expressed in increment of %2 (i.e 0, 1/2, 1, 3/2...). When | is zero it indicates no
spin occurs. The generated dipole has an intrinsic magnitude, which is expressed in terms of
nuclear magnetic moment, . The atomic mass and atomic number can be used to determine
the spin number, I. As such, it is easy to obtain the spectra of some nuclei such as
1H,3H,3C, 15N, 13F, 31P, owing to their Y2 spin numbers as well as a uniform spherical
charge distribution. Examples of some nuclei and their spin number are displayed on Table

2.1.
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Table 2.1: Spin numbers of selected nuclei according to their atomic mass and numbers

Spin number, | Atomic mass Atomic number Example
Half-integer Odd Odd/even Loy Y sy B o1
15 06G) +G)
1 \2) g \2/ 7 \2
Integer Even Odd iH(l), 1;‘1\1(1)123(1)
12 16 34
Zero Even Even 5C(0), 750(0), 1,S(0)

However, if the | value of a nucleus is equal to or greater than one, the nucleus will
have a non-spherical charge distribution. This results in generation of an electrical
quadrupole moment that affects the relaxation time. Consequently, broadening of signal
peaks and coupling with neighboring nuclei are affected. The orientation of a nucleus in a
magnetic field is determined by its spin number, and is expressed as 21 + 1.

A proton has a spin number %2, which according to Figure 2. 9 represents two energy
levels labeled a and . In the lower energy level, there is a higher proton population (N) in

accordance with Boltzmann distribution.

T E Spin=-1/2, B N[?

1=1/2

M4 s Na

Ba

Figure 2.9: Two proton energy levels, from quantum mechanics, in a magnetic field of

magnitude B,. The direction of the magnetic field (T TT ) is up, parallel to the ordinate, and
Bo increases to the right.
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The change in energy between « and § spin states is given by:

_
AE =7LB, (29)

where h denotes Planck’s constant, which as shown Figure 2.9, states that AE is directly
proportional to the applied magnetic field, B, since the other parameters are all constants.
y, called the magnetogyric ratio is the proportionality constant between the magnetic

moment, u and the spin number, | and is expressed as:

— 2
Y == (2.10)

Upon establishing two energy levels for the proton, energy in form of rf radiation (v,)
can be applied in order to initiate transition between the two energy states in a stationary
magnetic field of strength, B,. The rf radiation and magnetic field of strength are related as
shown in Equation (2.11):

v = %BO (2.11)
Since

AE=hv (2.12)

v, is expressed in units of megahertz (MHz). Thus, a frequency of 100 MHz in a magnetic
field strength of 2.35 tesla (T) is necessary to bring a proton into a state of resonance. The

state of resonance is that in which a proton absorbs energy and transits from lower energy
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level, or a spin state to higher energy level, or § spin state. At this point a signal

corresponding to this transition is measured and a spectrum is obtained for the nucleus.
Among the various spectra of nuclei commonly used in NMR, the H and *C dominate.

In this work, only the proton NMR was studied for the determination of photo-oxidation

products of styrene.

2.7.1 Chemical shift

This is the difference in the resonant frequency of a nucleus relative to a reference
signal. Under the influence of a magnetic field, electrons are known to circulate around a
nucleus, which results in the generation of their own local magnetic field in the opposite
direction to the applied field. As such, the nucleus is said to be shielded to a very small extent
by its electron cloud. The density of this cloud varies with the chemical environment. The
absolute resonant frequency of the transition between energy states depends on the effective
magnetic field surrounding the nucleus. The level of electron shielding as well as the
chemical environment of nuclei determine the effect of this field on the nuclei. Thus,
information on the chemical environment of a nucleus can be obtained from its resonant
frequency. However, certain factors such as electronegativity, ring current (also referred to
as anisotropy) as well as bond strain associated with a nucleus, can cause a higher resonant

frequency.

Vers = %30(1 —0) (2.13)
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Equation (2.13) can be used to determine the effective frequency at resonance, v,rs, where

o denotes the shielding constant with value proportional to the degree of shielding. At a given
value of By, v, is less than the applied frequency v,. The degree of shielding depends on
the thickness of the electron cloud circulating the nucleus. The degree of shielding of a proton
of a carbon atom depends on the effect induced by the other group attached to the carbon
atom.

As the chemical shift is the difference in the absorption of a particular proton relative
to that of a reference proton, the choice of reference is important. Tetramethylsilane (TMS)
is traditionally used as the proton reference compound. This is because of the many plausible
advantages that render this compound suitable. Some of the advantages include being
chemically inert, volatile, solubility in most organic solvents and symmetrical (Figure 2.10).
Its protons are more shielded than those of almost all other organic compounds. As a result,
TMS vyields a single, sharp and intense absorption peak which has been assigned a chemical

shift of zero.

CH,
H3C_SI_CH3
CH,

Figure 2.10: Chemical structure of TMS

Deuterated chloroform (CDCls) is another reference compound, often used as a solvent.
It has a chemical shift of 7.26 and 77 for 'THNMR due to normal chloroform impurity and
13CNMR respectively. Chemical shifts can be expressed in dimensionless units, which does

not depend on the applied frequency using the Equation (2.14):



83

rquency of signal — frequency of reference
6=(fq y of sig freq y of ref )x106 (2.14)
frequency of spectrometer

where § is expressed in units of parts per million (ppm).

The concept of electronegativity is a good guide for determination of chemical shift of
a proton. Proximity of a proton to an electronegative substituent provides information on the
electron density around the proton. For example, the high electron cloud in TMS renders its
protons highly shielded owing to the electropositivity of silicon relative to carbon.

NMR was used in Chapter 8 of this work to analyse reaction products of styrene photo
oxidation over CeO.. This reaction was carried out in liquid phase in order to test the stability
of the coating technique.

This Chapter presented an overview of the scientific instrumentations used in this work
for characterising nanostructured photocatalysts as well as those for analysing chemical
species from the photocatalytic reactions. The design and construction of gas phase

photocatalytic reactors will be discussed in the next Chapter.
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Chapter 3: Photo reactor design and setup

3.1 Introduction

For a photocatalytic reaction, a simultaneous contact between the reactants, catalyst
and light (photons) is necessary. In order to minimise the e—/h* recombination rate, the
catalyst particles must be sufficiently small (tens of nanometres),®” which renders
conventional mechanical filtration ineffective. Certain coupled catalysts such as Fe3s04-TiO:
core-shell however, can be separated from the reaction mixture using magnetic separation.
This type of reactor is used for wastewater treatment especially where post-reaction
purification can be carried out easily. For gas phase reaction applications, it is possible to
monitor reactions spectroscopically as they proceed in situ.*®"-1%* However, the catalysts have
to be immobilised in order to achieve homogeneous illumination. Meanwhile, the supporting
medium needs to be transparent to avoid light absorption and blocking by the solid substrates.
The chemical reactants and products can be effectively separated from the immobilised
catalysts which is essential for a flow reactor.

Several types of photo-reactors have been created and used in the literature. Some of
which include closed static reactors for gaseous reactants and solid catalyst which is either
used as a free powder or immobilised on some supports such as quartz,??® wool, 8 mesh??’
etc. However, the light illumination in such photoreactors is less homogeneous. In order to
overcome this problem, photo-reactors with powdered catalyst suspended in a suitable
solvent to form a slurry or (usually) coated on the walls of reactor tube have been
developed.??822° |n such situations, the light illumination is improved, but the contact

between the gaseous reactants and catalysts is significantly reduced.
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Photoreactions have also been reportedly performed in a continuous flow system in
which the catalyst is immobilised on several materials such as glass rods, mesh, sponge, silica
gel, activated carbon and a lot more. To maximise the contact between reactants and catalysts
without sacrificing the light illumination.

Since the concentration of gaseous pollutants are typically low (in order of 10° M)192193
diffusion-limitations of reactions,’® are not an issue for most domestic applications.
Interestingly, using an adsorbent catalyst support can improve the performance of the
photoreactor as the adsorbent support can increase the concentration of substrate near the
catalyst relative to the gas-phase. This acts as a storage for the reactants that can diffuse to
available active sites on catalyst while preventing the escape of reaction intermediates and
driving the reaction to completion. This suggests that choice of support can influence the
rates of adsorption, surface diffusion as well as desorption.

For a functional flow reactor, immobilisation of catalyst is required. There are several
advantages associated with this procedure. The main advantage is that the catalyst/product
separation problem can be circumvented. Different ratios of products could be obtained by
simply tuning the flow rate/contact time and it is possible to operate continuously. This type
of reactors can be considered suitable for industrial applications for both liquid and gaseous
samples. Nevertheless, in gas-phase systems, catalyst/substrate contact area is reduced which
is a drawback, although the light illumination is maximised. Loss of catalyst and deactivation

due to accumulation of less reactive intermediates are also possible issues. 86107
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3.2 Catalyst support

Different supports have been reportedly used from different applications. Some of the
popular ones include wire mesh,¢52%fipres 82 Raschig rings (pieces of tube of similar
length and diameter used as a packed bed in columns),*8¢23sjlica gel?*!?32and glass beads.?®
The first two have been applauded for providing adequate contact area, but are limited in
application as they must be designed specifically to fit appropriately-sized reactors. They
also suffer from low UV/Vis transmittance in comparison with glass supports. These
drawbacks render there supports less efficient. The latter three supports are more
advantageous as they exist as several separate aggregates which are more convenient to
transport, store, transfer as well as re-use. They are also more flexible in terms of reactor
shape/size. Using glass as support tend to increase the radiation path length leading to
improved contact with the catalyst and therefore improved quantum efficiency.?3

Before finally settling for the choice of glass beads as the appropriate support for this
work, a computational simulation was considered. Using Flowsquare Flow Dynamic
Simulation Software, 2D flow dynamic simulations were carried out, taking into account the
experimental gas flow rate and temperatures. In comparison to use of glass rods as catalyst
support. Although the gas flow is much more effective for the glass rod system, the gas
molecules will not have sufficient contact with the catalyst. This can be seen in the cross-
sectional image of gas flow simulation in Figure 3.1, which leads to generation of a laminar
flow around the surface of the glass rods. The flow velocity is reduced at the glass rod
interface, which means that only limited number of molecules of the gaseous substrate

actually come in contact with the catalyst (Figure 3.1A).
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Figure 3.1: Flow dynamic simulations results showing the velocity of the gas flow. The 2D cross-
sections of the photo-reactors over (A) glass rods (250 mm long and diameter of 0.5-2 mm) and (B)
glass beads (diameter of 1-1.5 mm), both coated with TiO, catalysts are shown.

However, in a spherical system, a turbulent flow is observed when gases meet the
catalyst. As shown in Figure 3.1B non-preferential flow paths are taken by the gases while
maintaining a homogeneous velocity throughout the cross section of the entire reactor. The
close packed coated glass beads form the hexagonal arrangement which force the gas
molecule moving between the gaps. The size of the spheres determines the volume of space
between the spheres. For large spheres, the flow is fast and the contact duration is short. For
small spheres, the contact duration can be significantly increased. In this way it is possible
to achieve a greater contact between the gases and the catalyst considering that the velocity
at the surface of the catalyst is closely like that of the bulk of gas. In their calculations, Patil
and Lidbury?®® observed a turbulent flow pattern when they investigated fluid flows in a
randomly packed porous reactor beds. This is consistent with the observation made in this
work which is particularly important for the epoxidation of alkenes as it provides a good

contact between all the reacting species.
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3.3 Catalyst immobilisation

In order to achieve high analytical simplicity as well as industrial relevance, a flow-
type reactor for gas-phase photoreaction was developed and used in this work. To achieve
this, immobilisation of catalyst was necessary. There are several methods for this in the
literature, most of which involve immobilising pre-synthesised catalyst in powdered form. It
involves making a suspension/slurry of the powdered catalyst followed by dipping?26:236:237
or spraying®%23 on to the support. Often the suspension is an aqueous,?*!*° or organic
solvent.?® To improve the dispersion of particles, use of surfactants as well as sonication
have been reported.?*° There has also been report of catalyst and certain supports synthesised
simultaneously.?*! Dip coating was considered unsuitable for the glass beads support used in
this work due to the difficulty to achieve uniform coating. As established in our group, when
removing the glass beads from the suspension, the solvent tends to dislodge the catalyst to
the bottom of the beads leaving the top with less amount of catalyst. If a thick suspension is
used, it could be difficult to achieve thin layer coating. This can create a barrier for achieving
a sufficient catalyst/light contact. Moreover, the adherence of the catalyst on the glass beads
support may be weak, making it difficult to handle.

It has been reported that in the presence of surface OH group on glass surfaces, catalyst
tend to bind more stronger.?*$24? Pre-treatment of the glass support with NaOH can lead to
an increase in density of the OH group on the support.*®? The adherence stability can also be
enhanced by using organic coupling agents in the surface treatment which is then followed
by a calcination at high temperature.'%243 However, the drawback with this procedure is that
at high temperature catalyst may suffer a change in phase and it is likely that transference of
ion between catalyst and support may occur.?%° Light transmittance can also be inhibited if

the catalyst is loaded in excess leading to a reduced efficiency.24+24°
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As it has already been established that dip-coating method of immobilizing catalysts
has a number of drawbacks hence, less efficient, a new and reliable Gyratory-Induced
Adhesive Coating (GIAC) technique was used throughout this work since the glass beads
(soda-lime glass beads; 1.0-1.5mm diameter, Glass Sphere S.R.O) offer the advantages
mentioned above. Prior to pre-treatment, the glass beads were washed with acetone (Fisher
Scientific) and then refluxed for 2 hours in 6M NaOH (Fisher Scientific). The glass beads
were rinsed with deionised water until the washings were neutral, then rinsed with ethanol
and allowed to dry in air. This was followed by weighing to account for any loss in mass that
could have resulted from the base treatment. The glass beads were then left in a rotating drum
overnight with appropriate amounts of catalyst (TiO) to give loadings of 1-7 MQcatalyst/Qbeads,
followed by a second weighing to check the catalyst loading.

The success of this novel catalyst immobilization technique can be seen on the
Scanning Electron Micrograph (SEM) images in Figure 3.2. A stable, well-dispersed and
controllable catalyst loading was achieved. The 1 mg/g coating was the most homogeneous
among the various catalyst loading amounts studied. An increase in size of the aggregates of
the catalyst as loading amount was increased was observed under SEM (Figure 3.2). A
noticeably denser coating was also observed because of the base treatment initially carried
out on the glass beads (Figure 3.3). It can be physically observed that the base treatment
influenced adherence of the catalyst on to the glass beads due to increased OH density as

mentioned earlier.



Figure 3.2: Glass beads coated using the GIAC method as observed under SEM.
(a) 1 mg/g; (b) 3 mg/g; (c) 5 mg/g; (d) 7 mg/g
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Figure 3.3: Comparison of the coating density (0.3 mg/g) with and without prior base treatment.
Left to right: uncoated bead, bead coated without prior base treatment, bead coated with the standard
GIAC method.

Only a negligible amount of the catalyst was left in the GIAC apparatus after
performing coatings of up to 5 mg/g suggesting that an excellent adherence stability was
achieved. Above this coating amount, significant amount of catalyst left over was noticed

indicating overload of the catalyst on the glass beads surface.

Figure 3.4: Glass beads of Figure 3.2 before (A) and after (B) mechanical abrasion, in the
same order. Catalyst loading from left to right are: 0,1, 3, 5 and 7 mg of TiO; per g of glass
beads. The 7 mg/g loading showed a noticeably lower stability than the others.
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A stability study performed on the coated glass beads showed that much of the coated
catalyst of more than 5 mg/g would detach from the beads surface by simple mechanical
abrasion between a finger and thumb. It can be seen from Figure 3.4 the visual similarity of
the resultant coatings to the 1 mg/g loading. This suggests the 1 mg/g loading was the most
suitable for repeated handling and use; and therefore, the most suitable for industrial
applicability. However, the 1 mg/g loading was the least active during photo-decomposition
of acetone test in Chapter 4 of this work. Interestingly, the highest loading studied here i.e.

7 mg/g was not the most active which can be attributed to increased opacity of the coating.

3.4 Photo-reactor design considerations

Ideal reactors are normally referred to model reactors that have been simplified by
making various approximations. Usually, by these approximations, it is possible to describe
or predict the behavior of the reactor with simple mathematical expressions. There are
basically three types of reactors:'8%246 the batch reactor, the continuously stirred tank reactor
(CSTR) and the plug flow reactor (PFR). However, during this work, only the PFR was
considered as most of the reagents used were in gaseous phase.

One of the important parameters to determine during the design of a reactor is the mole
balance. In batch reactors, it can be used to determine time required to convert a given amount
of reactants into products. For a flow reactor, the mole balance gives information about the
reactor volume required. Typically, the mole balance can be expressed as in Equation (3.1):

no — 4 G = =L (3.1)
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where n;, and n;denote the molar flowrate of species j as it goes in and out of the reactor
respectively, G; denotes the rate of generation of j through chemical reaction and N;denotes

the number of moles of component j accumulated in the reactor. All variables are expressed
in units of moles per second, except N;, which is in the unit of moles. G; is equivalent to the
typical concept of chemical reaction rate. For reactants, G; is negative, while for products, G;
is positive. The quantity of accumulated chemicals in a flow reactor, N;, is determined by the
gaseous volume and the adsorption behaviour of the gaseous chemicals.?*” Equation (3.1) is
useful for mole balancing within the reactor volume where all other system parameters such
as temperature, concentration distribution and photo illumination are considered uniform. As

such, it is possible to determine the rate of production/generation, G; in a reaction over a

specific volume, V, using the rate of formation of j, 7;, as follows:

Gi=nrV (3.2)

Generally, PFRs are designed for gas phase reactions and are often packed with catalyst. The
reactants are fed continually into a tube (usually cylindrical), at one end while the products
are withdrawn continually. As the reactant stream flows through the reactor, reaction
proceeds. The amount of reactants that react depends on the length (size) of the cylindrical
tube. In order to achieve the desired conversion, the contact time between the reactants and
catalysts need to be optimised. The specific volume, V, is defined by total gas volume within
the reactor and is the difference between the total volume of the reactor and catalysts volume.
If average radius of glass beads is r, the total number of beads is N, which are installed in a

glass tube with inner diameter of R and length of L, the specific volume is defined as follows:
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V = nR2L — 2 Nmr3 (3.3)
3

If the glass beads is closely packed, the maximum packing density is 74% with 26% of
volume counted for the empty space between spheres. Hence, the maximum number of the

glass beads can be calculated by:

N = 0-747TR2L/3W3 = 0.555R2Lr ™3 (3.4)

For a fixed dimension of glass reactor, the smaller glass beads will need larger number of

beads to fill the space. Meanwhile, the gas volume can be calculated as:

V = 0.26mR?L
This indicates that the specific volume is not affected by the dimension of the glass beads
and is only determined by the volume of the glass reactor. The specific volume is important

since it directly affects the contact time between the reactants and catalyst. The contact time,

t, can be calculated as the follows:

t="/p (35)

where F is the gas volume rate. If the reactant gas is diluted by inert gases of x vol %, the

true contact time is:
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t =Y%/100F = 2.6 X 103 nxR2LF (3.6)

The contact time is the time allowed for reactant to react on catalyst surface. Hence it is
directly proportional to the conversion. By increasing the diameter or the length of the
photoreactor, the conversion is expected to increase. However, if the diameter is increased
too much, a uniform gas flow cannot be maintained and therefore, it will be less effective for
the increase in conversion. Although the total specific volume is affected by the beads
dimension, individual space surrounded glass beads is proportional to r3. The total surface

area of the beads within the reactor can be calculated using Equation (3.7):

S = 4Nmr? (3.7)

with N defined in Equation (3.4), the Equation 3.4 can be simplified as:

S = 2.22nR?Lr1 (3.8)

Therefore, the total surface area of the beads is inversely proportional to the dimension of the
beads. This suggests that smaller beads will offer larger number of catalytic centre and result
in higher conversion. So, both the contact time and surface area are important to affect the
reaction efficiency in a flow reactor. The contact time suggests how long the reactant will
stay in contact with catalyst while surface area indicates how many reaction centers are
available for reactions. For a slow reaction with high reaction barrier, increase in the contact

time is essential to increase the conversion. For smaller beads flow reactor, higher gas flow
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rate can be achieved, since there is higher number of reaction centers. However, if the catalyst
IS too reactive or the product is also reactive, longer contact time can result in the decrease
in selectivity and yield.

A CSTR can be considered as operated under steady-state conditions of a PFR reactor.
The starting and shutting down of the PFR are not considered for analysis when sizing the
reactor. A few assumptions are often made during modelling of a PFR, one of which is the
well-mixing of reactants.2*But this is only applicable in a radial direction, where it is usually
assumed that no gradients of composition or temperature is in the radial direction.?*” The
spherical glass beads used to pack the reactor developed in this work means that this
condition is met since the flowing reactants are scattered through closely packed spheres. As
such, the velocity distribution within the reactor was considered constant. That means, it is
better to approximate under turbulent flow conditions. Similarly, it can be assumed that no
axial mixing occurs, which allows for the omission of terms due to dispersion as well as

diffusion in the mole balance.

Jo Wil ] AV ¢ i J
_:_> ' : .—>

V V+AV

Figure 3.5: Mole balance of component j in a differential segment of AV

At steady state, the part of the reactor labeled AV in Figure 3.5 shows the part with

uniform distribution of both temperature and reactants. From Figure 3.5, the mole balance
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can be determined between the region AV. If there is no chemical accumulation within the

volume of AV, Equation (3.3) then applies as follows:

Ny — Njlv+av + T]AV =0 (39)

Taking the limit as AV — 0, then the reaction rate, r;, is defined as:

=21 (3.10)

Therefore, for a reaction A — B, the volume of reactor, V1 required to decrease ny,

to n, can be determined as follows:

dv =284 (3.11)

TA

Taking the boundary conditions of the reactant, A, na = nao when V = 0 (corresponding

to the inlet) and na = nar when V = Vi(corresponding to the outlet) gives:

[rav =y, = [[Ar8a o [raodna (3.12).

Nago T4 NAf -1y

For a 1st-order reaction, —r, = kC, andn, = vC, was obtained, where v is the

flowrate of A, then Equation (3.12) becomes:
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_ (Maodng _ v rnaodna
0= Dy e Ty (3.13)
Equation (3.13) can be integrated to give:
V, =2int4e = 2 fao (3.14)
k naf k CAf

The molar flowrates for reactant A and product B as a function of the reactor volume
follows exponential behaviour and can be represented on a plot as in Figure 3.6. As can be
seen here, for a reaction A to B each mole of A consumed results in the formation of one
mole of B. As such, the total molar flowrate is kept constant. If however, the reactor is not

isothermal, the dependence of v on T also needs to be considered.?*’

A0

4 npe

'Lf 'L,r
(a) (b)

Figure 3.6: Molar flowrate of component A and B as a function of volume in a PFR.

3.4.1 Construction of photo-reactor
Flow reactors with immobilised catalysts have been reported to perform optimally for

gas-phase photoreactions.?3*248 However, the efficiency can be achieved by careful design
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as well as selection of a number of reactor parameters which include source of UV light,
reactor configuration, lamp location, type of catalyst, distribution and impregnation of
catalyst and more importantly, interaction between the light, catalyst and reacting substrate.

The choice of a gas-phase, flow-type reactor was necessary in this work as most of the
oxidations of organic molecules were carried out in gas-phase. More importantly, the gas
phase reactor is highly compatible with photocatalytic reactions, since the light can illuminate
the whole reaction vessel uniformly. The reactors used in this work were similar to that of
Verbruggen et al.?*® but independently modified. The reactor (Figure 3.7) consisted of a
quartz tube (400 mm length, 24/28 mm internal/external diameter) surrounded with 8 cold-
cathode fluorescent UV a lamps (wavelength 365.44 nm) each being; 305 mm length and 4.0
mm diameter. Another lamp was placed in the centre of the reactor tube making it 9 lamps
each having peak intensity of 22.6 mW power output. The reactor was filled with glass beads
covered with coated catalyst. Both ends of the reactor were sealed with rubber bungs which
were pre-installed with steel tubing (6 mm external diameter) plugged with quartz wool, to
give appropriate gas inlet/outlet. All connections were sealed with epoxy glue for achieving
airtight connections. Aluminium foil was then wrapped round the reactor to avoid the escape

of the UV radiation. The dead reactor volume was calculated to be approximately 56 cm?.

3.4.2 Photo-reactor illumination

The source of illumination in photoreactions is very important as it can influence the
activity of the catalyst. A UV light source with a wavelength less than 388 nm is required to
overcome the large band-gap of TiO. in order to generate charge separation, which is

fundamental in the process of photocatalysis.
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Figure 3.7: Image (left) and schematic diagram (right) of the designed photo-reactor showing
all its components. The lower part is exposed for illustration

Traditional mercury UV lamps have high intensities, but heat up very rapidly, as such
they require special cooling in order to maintain the photocatalyst temperature,>24° although
it may only have a negligible effect.?®® Cold-cathode fluorescent lamps, on the other hand,
only warm up slightly after a prolonged illumination period. They were therefore considered
more suitable for use in this work as they are generally suitable for compact, annular flow
reactors. It can be seen from Figure 3.7 that a fully illuminated photoreactor design was

achieved.

3.5 Conclusion
In this Chapter, a new catalyst immobilization technique with high catalyst-support
adherence efficiency have been demonstrated. The key equations used for the design of the

photoreactor were derived. The reactor was designed to achieve a uniform irradiation field
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that affords a plausible control over the average light intensity. The success of the design will
produce more reliable experimental data and provide a more simplified photocatalytic
process. A promising industrial implication is envisaged when an excellent catalyst

adherence on the glass beads with high stability was achieved with the lowest catalyst loading

amount.
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Chapter 4: Photo-oxidation of acetone

4.1 Introduction

The photocatalytic degradation process of volatile organic compound (VOCSs) is widely
investigated. Considering the health hazards associated with prolonged exposure to VOCs, it
becomes increasingly important to degrade them, especially in less ventilated environments.
Acetone is one of the commonly used solvents in a wide range of products such as paints and
varnishes. It is also used widely as a cleaning liquid especially in laboratories. Due to its high
volatility, acetone can easily compromise indoor air quality. As it is known to potentially
cause nose, skin and lung irritation,?? it becomes significant to convert it into less hazardous
compounds such as COz and H2O. In order to develop the application of VOC treatment for
environmental protection, photocatalytic decomposition of acetone was carried out in our gas
flow photocatalytic reactor designed in Chapter 3. Using standard, commercially available

P25 as photocatalyst, acetone was successfully decomposed into CO and H-O.

4.2 Introduction of acetone in the gas stream
Following a modified procedure reported by Stengl et al.® 5 ml of acetone in liquid
form was placed in a Dreschel bottle under a continuous gas stream. Using compressed air

as carrier gas at a flow rate of 4.31 + 0.51 Lh%, the acetone was introduced to the reactor.
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Figure 4.1: (A) Schematic diagram showing the experimental set up, (B) the setup for the
Dreschel bottle and (C) FTIR sampling cell.

Due to the high volatility of acetone, the inlet concentration was controlled by maintaining
the dip tube in the Dreschel bottle at 2 cm above the liquid to diffuse the acetone vapour,
shown in Figure 4.1B. The vapour was collected by the outlet tube on the top. In this
arrangement, if the dip tube is moved closer to the liquid level, the acetone vapour
concentration will increase and vice versa. If the dip tube is below the liquid level, the
concentration of acetone in the mix will be too high for the photoreactor and detection. The

true concentration of acetone introduced in the flow reactor was measured by FTIR where



104

the gas stream was passed through a gas sampling cell mounted in the optical pathway of
the FTIR (Figure 4.1A). The length of the sampling tube is fixed at 15 cm, which was made
from stainless steel tube. Either NaCl, KBr or CaF, discs were used as IR windows, see
Figure 4.1C. After balancing the adsorption equilibrium by the photoreactor and catalysts
in the dark, the lights were turned on and the acetone and CO, concentrations were
monitored. By monitoring these concentrations, it was possible to gain insight in to the
photo-degradation kinetics of acetone by TiO. photocatalysts, thus confirming the

functionality of the designed reactor.

4.3 Results and discussion

4.3.1 Effectiveness of acetone photo-degradation

For the environmental treatment, VOCs have to be mineralized into CO, and H.O
without trace of organic fragments. Otherwise, such fragments might cause more hazardous
than the original VOCs. By applying UV illumination on the photoreactor fed with acetone
and air, CO concentration was increased immediately. The transient plot for the CO;
concentration with light on and off is shown in Figure 4.2. No CO, was observed in the
absence of either light or catalyst. Hence it confirms the nature of photocatalytic mechanism
(Scheme 4.1).

Verbruggen et al.?*® reported similar increase in CO, concentration in their study of
the photodecomposition of acetone. When the light is switched on, the initial concentration
slowly increased to the saturation concentration, while the gas flow is constant. This

suggests that the created CO, might be adsorbed by the catalysts until the surface is
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saturated. By increasing the reaction temperature, the adsorption can be reduced and one

might expect a faster increase in the CO2 concentration.

1.4
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Figure 4.2: Concentration of CO. in a gas stream containing acetone versus flow time with the
UVillumination on and off.

The sharp drop of CO2 concentration when light was switched off possibly reflects
the decaying kinetics of the excited states in TiO2 and desorption kinetics of the adsorbed
COqz. As the desorption is normally slower, hence the decrease of CO2 when light is off is
dominated by the slow desorption kinetics alone. Another likely reason for the decrease in
CO; concentration is that, upon switching the light off, the production of CO; ceased. Since
the IR cell had open ends, it is likely that the accumulated CO2 within the cell was replaced
by fresh unreacted acetone. This is possible as the instrument scanned the content of the cell

at regular interval of 3 or 5 min. throughout the reaction, which is enough time to flush the
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cell in a continuous flow system, hence the observed sharp drop in CO2 concentration in

Figure 4.2.
0,
CB e C
Oy

‘OH + H

HC—C—CH; 0, + B0

Scheme 4.1: Mechanism for the photocatalytic decomposition of acetone

The experimental data provide important information that will help to propose the
mechanism of acetone photo-degradation under TiO2 (P25), UVa and Oz. The initial
photochemical steps result in the generation of -OH radicals as described in Scheme 4.1. This
was then followed by abstraction of hydrogen from the acetone molecules to initiate the

decomposition process leading to the formation of acetonyl radical as in Equation 4.1:

) OH + CH3COCH3 —_— ) CH2COCH3 + Hzo (4 1)

Through diffusion controlled process, the formed acetonyl radical can react with oxygen to

form a peroxyl radical (Equation 4.2).
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"CH,COCH; + 0, — 'OOCH,COCH, (4.2)

The next step is the radical-radical reaction (Equation 4.3), which is followed by f-scission

(Equation 4.4).

2’00CH,COCH; —> 2'OCH,COCH; + O, (4.3)

"OCH,COCH, HCHO + "COCH, (4.4)

[—scission

The formaldehyde formed in Equation (4.4) is then oxidised to formic acid in three reaction

steps (Equations 4.5 — 4.7).

HCHO + H,0 — CH,(OH), (4.5)
HOCH,0OH + OH — "OCH,OH(HOCHOH) + H,O (4.6)
'OCH,OH(HOCHOH) + 0, — HO, + HCOOH 4.7)

It has been reported that at low concentrations, formic acid can scavenge OH radicals more
efficiently than acetone due to the high rate constant of the reaction process in Equation

(4.8).25

‘'OH + HCOOH (HCOO) —> H,0 + COOH (‘COO") (4.8)

The ‘COOH radical can then be oxidised to CO; (Equation (4.9)).
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‘COOH('COO") + 0, — CO, + HO, (0,) (4.9)

As it has been established that the concentration of CO. in the gas stream is as a result
of the complete mineralization of acetone by TiO» photocatalyst, it became necessary to
evaluate the effect of catalyst loading on the glass beads by monitoring the increase in CO>

concentration for different catalyst loading. This is the focus of the next section.

4.3.2 Effects of catalyst loading

The quantity of catalysts loaded on each beads could affect the photocatalytic reaction
rate. At lower loading, there is not enough TiO. particles to be excited and to contact
acetone, so the overall reaction rate will be low. At higher loading, each bead will absorb
more photons and will result in insufficient, un-uniform light illumination. As a result, the
reaction rate will also be reduced. Hence an optimum catalyst loading exists which balances
the light illumination and contact with reactants. In order to find the optimum loading, the
reaction rate was measured as a function of TiO> loading.

Here the reaction rate was determined at constant gas flow and light illumination. The

CO: production rate, 7¢,,, was calculated as the product of the gas flow rate, f, and the CO-

concentration, [CO-], shown in Equation (4.1). The CO; concentration was determined by
the FTIR signal intensity at 2300 cm™ calibrated with known CO2 concentration. The
intensity of the CO> under dark condition was also subtracted. Similar method was used for
measuring the acetone flow rate. By considering the contributions of gas flow rate to the
concentration, the flow rate of CO> makes a better representation of CO> production in

comparison with to the molar concentration, since the molar concentration can be affected
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by overall gas flow rate, hence the reason for this approach.

re0,=f [CO2] (4.1)

The rate of CO2 production obtained from the photodecomposition of acetone with
different loadings of TiO: is presented in Figure 4.3. During this measurement, the acetone
was fed at the rate of 2.8 mmolh and air flow rate is maintained at 4.3 Lh™. The reaction
was carried out at near room temperature as the cold cathode lamps increase temperature

very slowly to 63 °C.
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Figure 4.3: CO production rates from the photodecomposition of acetone at different catalyst
loading.

As shown here, there was a proportional increase in the production of CO; with
increase in TiO2 loading. This observed increase in CO production continued until a

maximum rate of 5.75 = 0.07 mMCOZh‘1 was achieved with a catalyst loading of 5
mMgg *,..q LOading greater than 5 mgg™ showed a decrease in CO2 production rate which

can be attributed to reduced light/catalyst contact. In this case, only catalyst closest to the
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light source became activated as the coating was too thick. Excess catalyst loading resulted
in enhanced local UV adsorption and potentially, increased the surface area as well as active
sites for the photocatalytic decomposition of acetone. An optimum catalyst loading of 5

MQ/Q,egWas found to be the best TiO, loading for maximum efficiency of

photodecomposition of acetone under the studied conditions.

4.3.3 Decomposition of acetone

To study the photodecomposition process of acetone, the flow rate of acetone with
and without light was monitored. As can be seen in Figure 4.4, upon UV illumination a
rapid initial increase in concentration of acetone was observed until a steady state was
reached; during which the acetone adsorption and decomposition was balanced on the
catalyst surface. When the UV irradiation was turned off, the photodecomposition process
became halted which resulted in a slow rise in concentration of acetone until another steady
state was reached. The increase of acetone concentration at the beginning of light on and
slow increase after light is off suggests there are significant effects of adsorption. The
illumination of light cause the desorption of acetone and when light is off, the feed acetone

is adsorbed back on the catalyst surface.
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Figure 4.4: Acetone concentration in the presence and absence of UV illumination using 5 mg/g
catalysts. The initial acetone concentration was regarded as the background and has been
subtracted. The difference between the two steady state concentrations used to determine the
decomposition rate of acetone is shown by the dotted lines and arrow.

The actual concentration of photodecomposed acetone [A], is given by the difference
between the concentrations in dark and under illumination, [A] ek — [A]yy. Knowing the

gas flow rate, f, allows to determine the rate of decomposition of acetone,—r,using Equation

4.2.

=14 = f([Alaark — [Aluv) (4.2)

In this study, the gas flow rate was 4.3 mMh™ and [A] zqr« is 0.145 mM while [A]yy
is 0.113 mM, reading from Figure 4.4. Thus the acetone decomposition rate is 0.14 + 0.02
mM/h.

The decomposition efficiency can also be characterised using the concept of
conversion. Conversion is defined by the ratio between the decomposed acetone [A] and the

inlet concentration [A] ;.- USiNng Equation 4.3.
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[A]dark_[A]UV (43)

Conversion % =
[A]dark

In the present work conversion of 22 % was achieved for the photodecomposition of
acetone, based on the values of [A] g4, @and [A]yy from Figure 4.4.

Higher conversion value has been reported for photodecomposition of acetone.
Zabova and Dvotak®®® reported 35 % conversion of acetone in their study on the
photodecomposition of acetone in gas-phase over Degussa P25. They attributed the higher
conversion rate to their TiO2 immobilisation substrate (polystyrene mesh) which allowed
for a significant increase in gas-catalyst contact area with respect to the glass beads used in
the present study. However, the ease of handling catalyst makes the GIAC technique used
in this work a more industrially viable choice.

The photocatalytic mineralisation of acetone to CO; is known to proceed through
various stable chemical intermediates and the mechanism largely depends on the
experimental conditions. Several routes have been proposed in the literature for the photo
conversion of acetone, many of which show that acetone undergoes several chemical
transformations before finally mineralizing completely.?>* However, there is likelihood that
many partial oxidation products were formed considering that during photodecomposition of
acetone, the initial oxidation steps are more Kinetically favoured rather than total
mineralization.188197.233 The partial oxidation products include many carbonyl moieties such
as acetic acid,'®2%° formic acid,?*® and mesityl oxide!®*?®25" Most of them are easily
oxidized. In this experiment, variation in CO2 produced was also monitored as shown in
Figure 4.5. The maximum production rate of CO, was found to be 1.31+ mMh™. This makes

it 9.4 times as much as the corresponding decomposition rate of acetone (0.14 £ 0.02 mM/h).



113

].] ] Mig UV off HEHHE}}EEHE

Z 10+ |
§ 08 — |
g 06— |
e |
04 |
0.2 — UV on
UV on Mtﬂﬂtﬂ""““
| | T | | ]
0.0 0.5 1.0 1.5 2.0 2.5

Time (h)

Figure 4.5: CO; concentration from acetone decomposition with and without UV illumination
during the photodecomposition process

Due to stoichiometric ratio (1:3) between acetone and COo, it would be expected that
the CO. concentration would only be 3 times of decomposed acetone. The higher than
expected CO2 concentration suggests there are other factors affecting the CO2 concentration.
The possible reason for this is that there are significant amount of organic species, including
acetone, and its partial oxidation products such as acetic acid,'®2%® formic acid,?®® and
mesityl oxide®®?%625" adsorbed in the photoreactor. They are then gradually released after
being oxidized into COy, since the reaction was carried out at room temperature. The
adsorption behaviour was confirmed with the initial increase in the acetone concentration
when light was switched on. At room temperature, such adsorption is inevitable. As such, the
parameter of conversion could underestimate the performance of the TiO, photoreactor. A
high temperature measurement could eliminate the adsorption and could give more accurate
result.

The existence of intermediates could interfere with the measuring of acetone

concentration. The extinction coefficient of these species will not be the same as that of
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acetone, consequently the carbonyl peak area can increase by unknown amounts due to
contribution of the intermediates. As such, the observed reduction in the concentration of
acetone could be overestimated.

Verbruggen et al.=? reported similar results where concentrations of produced CO-
exceeded the complete mineralisation of the photo decomposed species. They also suggested
that the deposition of organic residue on the photocatalyst surface may be responsible for the
high concentration of COx.

Further experiments were performed to investigate the extent of carbonaceous
deposition on the surface of the catalyst. The amount of CO; output was measured under UV
illumination without the input of acetone immediately after the decomposition of acetone. It
can be seen in Figure 4.6 that by switch on the UV light, the concentration of CO2 rose rapidly
despite the absence of acetone in the system. This observed CO, formation must have resulted from
the oxidation of adsorbed carbonaceous species. After reaching its peak at 3.5 mins, the
concentration of CO> decreases slowly as the adsorbed carbonaceous species became

depleted. The maximum production rate of CO, was measured to be 0.90 +0.09 mMh,
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Figure 4.6: CO, concentration developed during the photocatalytic decomposition of
carbonaceous residues on the TiO, under UV illumination with a clean gas in a flow reactor.
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Having realised that CO> production is contributed from the decomposition of supplied
acetone and the adsorbed organic species, it is possible to evaluate the net contribution of
CO- production from the decomposition of acetone. From Figure 4.5, the maximum CO>
production rate is about 1.31 mMh™. This value is reduced to 0.90 mMh™ without acetone,
in Figure 4.6. Hence, the net contribution to the CO2 production from acetone decomposition
is 0.41 mMh? (1.31 mM/h-0.90 mMh™). From Figure 4.4, the acetone decomposition rate
was found to be 0.14 mMh. In comparison with the CO- production rate of 0.41 mMh, the
stoichiometric ratio of 3 for CO> vs acetone is almost satisfied. Thus, it is much more accurate
to calculate the conversion directly from the acetone concentrations. However, it is difficult
to get meaningful kinetic data from the CO2 production rate, since it is distorted by the
adsorption. This also confirms that the excess amount of CO. produced during the
photodecomposition reaction of acetone can be ascribed to the decomposition of accumulated
carbonaceous species on the catalyst surface together with the decomposition of acetone.
Extended photodecomposition of acetone beyond 20 h also provided an evidence of carbon

deposition resulting in discoloration of TiO> catalyst coated glass beads, shown in Figure 4.7.

Figure 4.7: TiO; coated glass beads before (left) and after (right) photodecomposition reaction
of acetone. Yellowish discoloration is due to accumulated carbonaceous species on TiO;
surface.
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However, irrespective of the complexity associated with quantifying photocatalytic
decomposition of acetone, it is comforting to know that a successful photodecomposition at
a constant rate of 0.14 + 0.02 mMh* was achieved during this work. Interestingly, this value
far outweighs the concentrations of acetone within domestic environments (2.2 - 9.9
nM).1921%Therefore, the photo-reactor so developed in this work can serve as a potential

ambient air acetone removal system.

4.4 Conclusions

In this chapter, the gas-phase, flow-type photo-reactor was successfully tested for
photodecomposition of acetone. The immobilisation method (GIAC) developed in Chapter 3
is indeed complementary and simple to implement. By utilising a highly active, inexpensive
commercially available photocatalyst (Aeroxide® P25) it was possible to achieve acetone
decomposition. The streamline design of the reactor made it possible for all the reacting
species to be in contact while the transparency of the glass beads provided an excellent UV
light penetration to even the innermost part of the reactor, hence the observed high photo
activity. The formation of CO> from carbonaceous species adsorbed on the surface of the
catalyst during the photodecomposition reactions have been observed. Prolonged
illumination in the absence of reactant (acetone) can easily deplete the deposition of these
accumulated carbonaceous species and release more active sites for the adsorption of
substrate.

Since records have shown that the levels of indoor acetone pollution are typically in
orders of magnitude lower than the concentrations used in this chapter, the designed reactor

can therefore be a plausible initial step for the development of air purification devices.



117

Chapter 5: Photo-epoxidation of Propylene

The photo activities of some photo-catalysts including TiO2, Bi2WOe and Bi;WOs-TiO>
(in various mixing ratios) were evaluated for photo-epoxidation of propylene. The
photocatalytic epoxidation reaction was performed in gas-phase under atmospheric pressure.
The reaction products, reaction kinetics and reaction selectivity were monitored by using
inline analysis of FTIR combined with GC-MS in tandem. Typical reaction mixture of
propylene:O2:N2 with ratio of 1:1:15 was used as the feeding gas. Propylene oxide (PO) in
addition to other byproducts such as acetone, acetaldehyde and propanal were observed.

It was established that Bi;WOe-TiO> photo-catalysts were more preferable for better
selectivity of PO with the best value of 64 %. Under the studied conditions, the selectivity of
products was also observed to be very stable. The temperature effects on the photocatalytic
epoxidation reaction were also studied. The change of the reaction temperature influences the
product distribution significantly. Highest selectivity was found to be in the temperature range
of 335-345 K, which was attributed to the inhibition of transformation into propionic acid.
However, by increasing the reaction temperature further, the reduction of reaction rate was
observed. This suggests that the reactions occurred on the surface of the catalysts. As the
temperature increases the residence time of the reactant on the catalyst decreases, hence the
surface concentration decreases. This results in decrease in overall reaction rate.

The photochromic behavior of the Bi,WOs and Bi:WOQOe-TiO, was investigated. Upon

UV illumination, Bi.WQe-TiO, appeared darker than Bi;WOe. This observation is attributed
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to the contributions of TiO» as a result of defects formation on TiO» surface. The darkened

Bi,WOs-TiO2 composite enhanced the selectivity of PO by 17 %.

5.1 Introduction

Epoxidation of propylene (PR) among other alkenes is an important chemical reaction
in the chemical industry. This is so because the corresponding epoxide, propylene oxide (PO)
is an important intermediate for a variety of chemical processes. For instance, PO is used in
the production of polyurethane, PR glycol as well as some fumigants. With several million
tons produced around the globe annually, PO is ranked among the most useful chemical
products in the chemical industry.?%® Conventionally, PO is produced in the industry through
a process known as peroxidation using peroxy acid?® as well as chlorohydrin.?%° The details
of these reactions were discussed in Chapter 1. Unfortunately, these procedures produce large
amount of undesired by-products as well as toxic chlorinated organics.?8* Fundamentally,
both reactions utilize free radical oxidants. There has been reports of successful epoxidation
of allylic olefins with water as the only by-product over titanium silicalite (TS-1) catalyst in
the presence of H,O; as oxidant.?61:2°8.262 | recent times, there have been a lot of effort put
into developing some core industrial processes such as the hydrogen peroxide to propylene
oxide (HPPO) process for the production of PO.2%2 The high pressure and reliance on
availability of H,O>, associated with these processes renders them expensive to run. The use
of bimetallic-supported catalysts with Pd and Pt where Oz and H: are used to generate H>O>
in-situ have also been reported.?®® Similarly, Au doped TiO2 has shown some interesting
result in the generation of H,O; in-situ for photocatalytic oxidation reactions.?424 In such

cases, H-O; is dissociated over the catalyst to create hydroxyl radicals. However, the
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inefficiency of the direct oxidation of PR with molecular oxygen has placed a demand for
continuous research. So far, selectivity of PO has only been improved by modifying the
catalyst significantly, through processes such as addition of alkaline earth promoters, salt and
chlorine.265'26°'258

In order to overcome these challenges researchers are shifting attention toward the field
of photocatalysis as an alternative. During the photocatalyic process, either hydroxyl radicals
or superoxide radicals can be formed using H>O and O as the source. If the reaction can be
driven by solar energy directly, extra saving on the energy costs will be more beneficial.
Considering that sunlight is a renewable source of energy capable of sustaining several
chemical transformations through photocatalysts. With our photocatalytic approach, the use

of H,0, can be completely eliminated. Nguyen et al.?%

investigated the photo-epoxidation
activity of a series of photocatalysts including SiO2, TiOz, V-TI/MCM-41, V.0s/SiOy,
AU/TiO; and TS-1. They report a PO selectivity of 47 % over V-Ti/MCM-41. Pichat et al.?
also investigated PO production over a series of semiconductor oxide photo-catalysts and
reported PO selectivity dependence on the catalyst. They obtained CO and water over TiO>
while SnO and ZrO- produced other partial oxidation products including acetone, ethanal and
acrolein alongside PO. Use of supported systems have also been reported to improve PO
selectivity. 267258 Yoshida et al.?® studied over 50 different silica-supported materials in their
photocatalytic epoxidation of PR and found that Bi-, Zt- and Ti-based catalysts produced the
highest yield for PO. Recently, Bi-based materials have seen surge in interest as promising
photocatalyst for various applications. A number of these materials including BiVOs,

Bi2MoOs, Bi.WOs, and BioW1.x CuxOs-2x have been reported to exhibit high photocatalytic

aCtIVIty 241,270-272



120

Indeed, Aurivillius-based compounds are known for their interesting properties. They
were first reported by a Swedish chemist, Bengt Aurivillius in 1949. They exhibit high oxide
ion conductivity owing to their layered perovskite structure. They have a general formula
(Bi202)?* (An-1BnOsn+1)®, where n denotes the number of BOs octahedral.?”® Bi;WOs is
apparently the most studied among this group. It exhibits hybridisation between O 2p and Bi
6s orbitals in its valence band (VB) which contributes to its high photocatalytic activity
through first, electronic transitions under visible light to the W 5d orbitals in its conduction
band (CB); and secondly, the mobility of holes is highly favoured due to the large dispersion
in the VB.?™* Due to its interesting properties and displayed photocatalytic activity, several
attempts have been made to modify the structure of Bi,WOs in order to control some of its
physical features including morphology and crystal size. As such, several 3D-hierchical
architectures have been synthesised and studied, many of which showed enhanced
photocatalytic activity. Moreover, an improved configuration has been reported by coupling
Bi;WOg with other materials such as TiO,. Murcia Lopez et al.?”™ reported an enhanced
activity with coupled Bi-WOe/TiO heterostructure in their photodegradation of Rh B study.

As such, in this work we aimed to develop a direct gas-phase photo-epoxidation of
propylene under mild conditions with emphasis on the selective production of PO using

molecular oxygen as the only oxidant as shown in Equation (5.1) below:

o]

/\ +120, Photo-catalyst - /<1 (5.1)

Mild conditions
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The main objective of this chapter is to investigate the efficiency of a promising photo
reactor designed and discussed in Chapter 3 of this work; and a photo-catalyst in the direct
gas-phase photo-epoxidation of propylene under mild conditions. Using hydrothermal
synthesis, different photo-catalysts including Bi,WQOs and several coupled Bi:WOe/TiO>
heterostructures were synthesised. Each photocatalyst powder was coated on glass beads
according to procedure in Chapter 3 of this work and tested for photo-epoxidation of
propylene. Furthermore, the effects of temperature and propylene to oxygen ratio were also
investigated. The optimal reaction conditions were determined by comparing the selectivities

of PO for different catalyst modifications.

5.2 Experimental

5.2.1. Preparation of photo-catalysts

Bi;WOg was synthesised using a modified procedure reported by Amano et al.?’® The
bismuth solutions was made by dissolving 0.1 mol Bi(NO3)s-5H,0 (Alfa Aesar) in 10 ml
glacial acetic acid (BDH) and the tungsten solution was made from 0.05 mol Na,WQ4-2H>0
(Agro Organics) in 90 ml water. The bismuth solution was then added dropwise to the
tungsten solution whilst stirring. The milky suspension was stirred for further 1 hour. An
aqueous solution of sodium hydroxide (1.0 mol L™?) was added to adjust the pH of the
suspension to 9. The suspension was then transferred to a hydrothermal vessel where it was
heated at 140 °C for 20 hours. The suspension was filtered under vacuum and rinsed several
times with deionised water and dried in an oven at 80 °C for 4 hours. The powder was then

ground and calcined at 300 °C for 4 hours.
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Bi,WQOs-TiO2 was prepared using the same synthesis procedure as above for the
preparation of the Bi;WOe precursor. TiO2 precursor was prepared as follows: 0.1 mL of
distilled water and 10 mL of isopropanol were mixed. The small amount of water was used
to control the speed of hydrolysis and particle sizes of the Ti species. The solution was added
dropwise to a mixture containing 2.5 g of titanium (IV) isopropoxide (TT'P) (Agros
Organics) as the Ti source dissolved in 10 mL of isopropanol (VWR Chemicals). The
solution was stirred in an oil bath holding at 80 °C for 18 hr. An amount of 6 mL of acetyl
acetone was then added to the TiO2 sol to delay the hydrolysis. The final TiO sol solution
was incorporated into the milky suspension of Bi,WQOs under vigorous magnetic stirring for
1 hr, followed by hydrothermal synthesis at 140 °C for 20 hr. The suspension was filtered
and rinsed with deionised water and dried in an oven at 80°C for 4 hours. The baked powder
was then ground and calcined at 300 °C for 4 hours. The procedure was repeated with
different weight ratios of TiO> to make 10, 30, 50 and 70 wt. %. Based on the concentration
of TiO, the obtained Bi,WOe/TiO. powders were labelled as B-X/TiO., where X represents
the TiO2 weight percentage. TiO2 was also synthesised alone according to above procedure

for comparison.

5.2.2 Characterization techniques

The morphological analysis of the synthesised nanostructure during this study was
carried out using a scanning electron microscope (Jeol, JSM 820). The various dimensions
of the created nanostructures were measured from SEM images using the Image J analytical
software. The band gap of the nanostructure was determined using an integrating sphere

(Ocean Optics ISP-REF) equipped with an inbuilt tungsten-halogen illumination source (300
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nm <A <1000 nm). The Tauc relation was applied in the determination of the band gap of
the studied materials from their UV-Vis diffuse reflectance spectra. Powder X-Ray
Diffraction (Siemens D500 diffractometer) was used for crystalline structure determination
and calculation of crystal domain sizes. A Cu X-ray source was used which emits the X-ray
at wavelength of 1.54 A. The diffraction data were assigned to known crystalline phases by
comparing with those of ICDD database. Brunauer-Emmett-Teller (BET) specific surface
area was measured using nitrogen adsorption at 77 K on a JW-BK122W BET surface area

and pore size analyser.

5.2.3 Direct gas-phase photocatalytic epoxidation of propylene

All photocatalytic epoxidation experiments were conducted in a flow reaction set up.
Typical reaction gas mixture was PR:02:N> = 1:1:15 at a gas hourly space velocity (GHSV)
of approximately 6000 h™! under atmospheric pressure. The GHSV was defined as the ratio
of volumetric flowrate of the gaseous feed in cubic meter per hour to the volume of the rector
in cubic meter. During each run, the photo-catalyst was immobilised on glass beads at a
loading of 5 mg/g according to the procedure discussed in Chapter 3. The packed catalyst
coated beads were brought in contact with the reacting gaseous mixture through the reactor
inlet (Figure 5.1) under the illumination of UVA. In order to maximize uniform illumination,
the entire walls of the UV chamber was covered with aluminium foil. The photo-reactor was
placed on an aluminium block installed with heating cartridges (Figure 5.1) and
thermocouples in order to measure the effect of temperature of the photoreactor. The heating
system was controlled with phase angle power regulator to give accurate power control. The

cold cathode lamp will also heat up photoreactor to the temperature of 335 K, which is the
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lowest temperature that can be achieved without additional cooling. Photoreaction study was

carried out at the temperatures of 335, 345 and 355 K.

UV-chamber

Irradiation source

WhRRRRNYY [
&

— — GC

o N
a 5 IR source

N IR detector

LY r 4
N/

Aluminium block MS

C3Hg Catalyst coated glass beads

Heater

Figure 5.1: Experimental set up for propylene epoxidation reactions

Propylene, oxygen and nitrogen was mixed together in a mixing chamber before
passing over the catalyst. The exhaust from the reactor was analysed directly using a purpose-
built Fourier Transform Infrared Spectroscopy (FTIR) flow cell mounted with NaCl windows
and a Gas Chromatograph Mass Spectrometry (GCMS) auto-sampling system developed in
this work (Figure 5.2); which were controlled by automated system softwares. The GCMS
and FTIR were connected in tendam. So data was collected from both instruments
simultaneously.

PerkinElmer Spectrum One FTIR was used to analyse the concentration of reactants
and products. The alkene peak was measured from 1695-1600 cm™ while the CO; peak area
was measured between the ranges of 2390-2230 cm™. Also, the peak between 3170-2820
cm’ ! which is a common peak for the C-H stretch was monitored for changes. The detection

limit for the FTIR was found to be approximately 3 umol dm.
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Varian CP-3800 gas chromatograph was used to separate the compounds and a Varian
Saturn 2000 mass spectrometer (MS) was used to analyse the separated products. For
separation of epoxidation products of propylene, a PLOT column, Rt-QS-BOND of 30 m
length, 0.53 mm internal diameter and a film thickness of 20 um was used. The end of this
column was coupled with a piece of column of 25 cm length, 0.25 mm internal diameter and
0.25 um film thickness using a RESTEK siltite micro union, before connecting to MS. This
was to trap the particles coated within the PLOT column and prevent contaminating the MS
ion trap assembly. A carrier gas of helium was used at a flow rate of 100 mimin™. The MS
detector scanned from 20 to 300 m/z. with a delay of 1 s for each scan using electron

ionisation (EI) method.

Figure 5.2: Auto-sampling vial modification

The flow rates of the reactant gases were controlled with rotameters before feeding
into the reactor. It was possible to continuously monitor changes in concentrations of all
chemicals as a function of time after every 5 minutes of reaction. Before the light
illumination, the flow and the concentration were stabilised to avoid the disturbance of

concentrations due to adsorption and desorption.
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The following Equations (5.2)—(5.4) were used to define PR conversion, PO and CO>

the selectivities respectively, for the reaction.

mole of inlet PR — mole of outlet PR
: X 100 % (5.2)
mole of inlet PR

PR conversion =

.. moles of outlet PO
P lectivity = X 1009 .
O selectiv ty mole of inlet PR — mole of outlet PR 00 % (5 3)

CO, selectivity = (moles of outlet CO2)/3 x 100 % (5.4)

moles of inlet of PR — moles of outlet PR

5.3 Results and discussions

5.3.1 Photo-catalyst characterization

The synthesised catalysts, Bi2WOs, Bi2WOQOe-TiO2 and pure TiO2 were characterised by
XRD analysis, shown in Figure 5.3. The obtained diffraction peaks were analysed with the
ICDD database in order to assign them. The Bi2WOe only displayed russellite phase (JCPDS

39-0256). The broadness of the diffraction peaks of Bi.WOg indicates poor crystal structures.
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Figure 5.3: XRD spectra of BiWOsg, Bi;WOs-TiO2andTiOx.

The crystal sizes of the prepared Bi:WOs were determined using the Scherrer’s
equation. The FWHM of the strongest (131) peak at 28.8° was analysed. The crystallite size
of 65 nm was obtained. Bi;WOs-TiO2 composite displayed additional peaks associated with
anatase phase of TiO; (JCPDS 21-1272). The peaks from Bi,WOs are generally broader than
those from the TiOz. Using the Scherrer’s equation, the crystallites of TiO2 were determined
to be 28 nm. In all cases, TiO2 showed only anatase phase without rutile phase.

Tauc plot generated from the UV-Vis reflectance spectra of the synthesised Bi,WOQs-
TiO2 composite photo-catalysts is shown in Figure 5.4. The linear nature of the Tauc plot,
suggested that the materials are semiconductive with indirect band gap. In such case, the
excitation and electron-hole recombination will need additional momentum borrowing from
the vibration of the atoms. Moreover, it was possible to determine from the plot that the

created BixWOe-TiO2 nano crystals possessed a band gap of 2.89 = 0.05 eV. The pure
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Bi,WOs powder was used as reference material and similar band gap was found to be 2.95 +
0.02 eV) which is consistent with the reported literature value.'®® The band gap energy from
our nano crystals are slightly higher, which might be related to the crystal domain sizes.
When the crystals become smaller, the quantum confinement effects will increase the band

gap, as observed in quantum dots.
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Figure 5.4: Tauc plot of the diffuse reflectance spectra of Bi,WOQOgand Bi;WOge/TiO,Nano materials.
The linear portion shown in blue segmented lines indicate the extrapolation of the nanostructures’

band gaps.

SEM images of hydrothermally synthesised Bi.WOQs (Figure 5.5) show that the bismuth
tungstate has formed a powder with an average particle size of 2 um. Under closer inspection,

it was possible to observe the formation of uniformly shaped and sized nanostructures (Figure

99276,277 or 13 99278

5.5 A). The nanostructures are known in literature as “nano flowers nano flakes
and are composed of nano sheets. These nano sheets are centred on a nucleation site to
produce this flower like structures, the size of which depends on the mixing ratio of the
reacting species and are well documented in literature. Amano et al. reported similar

hierarchical structure of the nano flakes aggregates and attributed it to strong acidity caused

by the hydrolysis of Bi (NO3)3.2® Figure 5.5 B shows a magnified single Bi,WOs particle
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with a flower-like morphology believed to form through the Ostwald-ripening
mechanism.241:274216279 However, as expected the sharpness of the nucleation sheets
decreased as the concentration of TiO2 within the framework increased (Figure 5.5 C-E). The
most obvious alterations in morphology was observed in the case of B50-TiO> (Figure 5.5
E) where a structure more closely related to TiO, was obtained which clearly shows
disappearance of the 3D hierarchical architectures. This suggests that incorporating TiO> into
Bi,WOs tends to inhibit the growth of nano-flower structures, thus no Ostwald-ripening took
place in this case as a result. On the other hand, by loosing the flaked crystal features, the
surface of the nanoparticles becomes much more fragmented which could offer larger surface

area with higher density of catalytic centres.
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Figure 5.5: SEM images of hydrothermally synthesised Bi;WOgs Nano flowers: (A) Uniform
distribution of Nano flower balls of pure Bi.WOQs; (B) Higher magnification of (A); (C) B-10/TiO;
(D) B-30/TiOy; (E) B-50/TiOzand (F) TiOs.

The surface areas of the synthesised catalysts are represented on Table 5.1. It can be
seen here that the heterostructures of composite BiWOe-TiO2 materials presented higher

surface area than either pure TiO2 or Bi2WOs. However, the respective surface areas are not
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likely to remain the same after coating the catalysts on the glass beads. As such, the surface
areas values of the catalysts presented here were considered of less effect on the overall
photocatalytic activity. Murcia-Lopez et al.?*! have reported a remarkable decrease in the

surface area of their catalyst supported on glass sphere compared to unsupported catalyst.

Table 5.1: Surface areas of the catalysts as determined by BET

Entry Catalyst BET surface area (m°g™)
1 TiO; 36.1
2 Bi,WOs 37.8
3 B-10/TiO; 47.2
4 B-30/TiO; 51.3
5 B-50/TiO; 59.7
6 B-70/TiO; 49.3

5.3.2 Growth mechanism of Bi2WQOs Nano-flower.

In order to monitor the crystal-growth mechanism of the Bi,WOQOs nano-flower, samples
were taken by interrupting a fresh hydrothermal synthesis reaction and were characterized by
SEM (Figure 5.6). It was possible to observe changes in the formation of nano-flower in the
white precipitates prepared according to procedure in section 5.2.1 at ambient temperature.
After an hour of hydrothermal reaction, some irregular shaped aggregates of nano-flower less
than 2um in diameter were observed (Figure 5.6 A). 2 hours later, slight reduction in size of

the particles was observed (Figure 5.6 B). Uniformly shaped spherical particles decorated
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with surface flakes were formed only after 5 hours of reaction (Figure 5.6 C and D). The
diameter of the sphere is about 4 um. From higher magnification images in Figure 5.6 D the
characteristic nucleation sheets (platelets) were clearly observed. There were no further
development of the nanoparticles for hydrothermal reaction beyond 5 hours. The SEM
observation indicates that the synthesised nano-flower spherical particles were formed by
starting from the core and through crystal plane-selective growth continued to increase in
size. This observation agrees with finding of Amano et al.?’® and is contrary to some
suggestions that the formation was through aggregation of individual rectangular platelets.
For less than 5 hours of reaction, the completed spherical particles were not formed due to

the incompletion of hydrolysis of bismuth salt.

Figure 5.6: SEM images of time dependent growth of Bi,WOs after hydrothermal synthesis for: (A)
lhr, (B)2hr. (C)and (D)5 hr.
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In general, an anisotropic crystal growth such as observed here is achieved as a result
of additives being selectively adsorbed on to specific sites.?’®?° Consequently, isotropic
crystal growth becomes significantly suppressed. The anisotropic growth of crystals
observed here could be as a result of the presence of acidic aqueous medium as well as
adequate amount of tungsten precursor, as required for the formation of Nano-flower particle
from cores.?”* Furthermore, it is well known that a diffusion-limited growth condition is also
required in order to form a multi-branch aggregates of polycrystals.?’®

It has been reported that the formation of spherical particles decorated with nano flakes
is the result of Ostwald ripening process. Small crystals have large population of surface
atom which is easier to dissolve. It was observed that after 5 hours of reaction, smaller
particles formed after 2 hour reaction disappeared to form the larger crystals as illustrated in
Figure 5.7. This is the Gibbs-Thomson effect which is expected during nucleation, growing
and coarsening processes.?®! The spherical appearance of the nano-flower is attributed to

formation of minimization of the surface free energy.26282

Low crystal nanoflakes High crystal ripened nano-flowers

Figure 5.7: Schematic illustration of formation process of Bi;WWOs nano-flower.
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The mechanism of formation of Nano-flower ball particle is considered to occur in two
stages. First, anisotropic crystal growth and secondly, Ostwald ripening process, depending
on the overall concentration of dissolved starting materials and the changes they undergo

during crystallization,?276.280.:283-285

5.3.3 Direct gas-phase photocatalytic epoxidation of propylene

During the epoxidation experiments, no activity was observed in the absence of either
photo-catalyst or UV illumination suggesting that the epoxidation reactions over the studied
photo-catalysts were mainly photocatalytic. TiO. is known for its ability to completely
mineralise VOCs to CO; as was also observed in this work. Due to the high sensitivity of
FTIR to CO, it was used to analyse CO, concentration. GCMS was used for analysis of
reactants and product. The FTIR spectra in Figure 5.8 shows the formation of CO; as reaction
progressed. At steady flow of reactant mixture, gradually increased CO; peak was observed
when the reaction was illuminated, and the intensity of the peak increased as the reaction
time increased (Figure 5.8 A). No such increases were observed without illumination
suggesting the significance of light to the oxidation. The high intensity of the CO; peak
observed suggest complete oxidation of PR to COzas was expected of TiO>. However, this
was not the case when BixWOs was coupled with TiO» catalyst. When Bi:WOes was
incorporated into the catalyst, only a small amount of CO, was observed over the same
reaction time (Figure 5.8 B) indicating partial oxidation of PR. Figure 5.8 C shows the plotted

peak areas of CO2 peak (at 2300 cm™) for pure TiO2 and B-50/TiOx.
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Figure 5.8: FT-IR spectra of the beginning of the flow reaction with (A) TiO; and (B) B-
50/TiO,. The IR intensities of the produced CO; are shown in (C).

The results of photo-epoxidation of PR with molecular oxygen over the studied photo-
catalysts in a flow reactor at mild conditions are summarized in Table 5.2. Pure Bi2WOs
showed higher PR adsorption in the dark compared to TiO2. In the case of composite
materials, the adsorption increased significantly with no much of a difference between them.

This can be ascribed to the increased surface area observed during the BET analysis,

presented in Table 5.1.
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Table 5.2: PR adsorption and conversion during the epoxidation reaction

Entry  Catalyst PR
Adsorbed Conversion
(umol g™) (%)

1 TiO, 0.03 0.6
2 Bi,WOs 0.039 0.4
3 B-10/TiO, 0.051 1.6
4 B-30/TiO, 0.058 25
5 B-50/TiO, 0.083 4.1
6 B-70/TiO, 0.089 3.4

The co-existence of BiWOe and TiO2 in the growth solution has significant effects on
the growth of nano crystals resulting in fragmented structures with high surface areas. PR
adsorption was considered the combination of physical and chemical adsorptions on the
photo-catalysts, which largely depends on surface area as well as TiO, content. Due to the
presence of nucleation sheets on the surface of the Bi,WOs catalyst which is expected to
increase the surface area of the catalyst, a substantial amount of propylene was adsorbed.

PR was observed to attain conversion up to 4.1 % while PO selectivity was up to 64 %
with B-50/TiO. catalyst. Other products observed alongside PO include acetone and
acetaldehyde.

The TiO2 synthesised in this work showed high photo-oxidation activity. The
conversion of PR was 0.6 % with CO> as the major product (selectivity 86 %), while no PO
was observed (Figure 5.9 A). Excess production of CO> can be attributed to the successive
photo-oxidation of oxygenated by-products. As expected, the more favourable photo-catalyst
was the coupled Bi;WQOe-TiO2 (Figure 5.9 B). B-50/TiO; achieved the highest PO selectivity

(64 %) while less than 10 % was observed for B-10/TiO2. From Figure 5.9 C, it can be seen



137

that PO was the dominant product over B-50/TiO2 photocatalyst. All combinations of photo-

catalysts were active and stable for the production of PO.
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Figure 5.9: The time-dependent behaviour of selectivity of products over: (A) TiO,, (B) PO
selectivity over Bi;,WOe/TiO2 and (C) B-50/TiOs..

The different types of products obtained with the Bi;WOQOs-TiO2> composite catalyst
suggests that there are different active sites on the catalysts. In other words, the active sites
are specific for the formation of products. The low production of CO; in the presence of
Bi;WOs indicates a decrease in the active sites of the TiO2 where majority of the CO> is
formed (Figure 5.9 C). The selectivity of acetone doubled from 9 % to 18 % when B-50/TiO:
was used (compare Figure 5.9 A with 5.9 C). Increase in acetone suggests that more active
site for its production were introduced by Bi,WOQs. Indeed, considering that the CBM of TiO-
is more negative than CBM of Bi,WQs,?*! the photo excited electrons will transfer from the

TiO2 to the Bi;WOs (Figure 5.10). The less negative CBM of Bi;WOQOs will reduce the
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possibility of superoxide radicals near the interface between TiO. and BixWOQe. As the
highest formation of CO2 was only observed from pure TiO-, and high PO selectivity from
composite Bi2WQOe-TiOy, it is possible that the superoxide radicals are responsible for the
complete mineralisation of PR. Hence, the Bi,WOQs-TiO- interface plays an important role in
the formation of PO. On the other hand, small band gap of Bi-WOQOg (2.89 eV) can offer a
combination of mild redox power, which is responsible for the formation of organic

intermediates.1°®
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Figure 5.10: A schematic of electron transfer between conduction bands of the Bi;WQe-
TiOa.
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Adsorbed O is reduced to superoxide, O.", as it traps the photo induced electron as
shown in Equation (5.5). Due to the stable nature of Oz (ads) Species, it is not directly involved
in the process. Atomic oxyradicals which are formed during the reaction between the Oz ads)

and the positively charge hole (Equation 5.6), are the active species.?’8:2%

)

(0]
8
+0 SN\F (5-8)

It is well established in the literature that approximately 80 to 90 % of the reaction
products are known to be formed when the surface atomic oxy-radicals react with propylene
in the epoxidation reaction shown in Equation (5.8). 27-2%0 In other word, the amount of PR
converted as well as the type of product obtained depend on the concentration of oxy-radicals
present in the reaction. The oxy-radicals in turn depend on the interaction of a superoxide

with a hole, which is generated as a result of photonic excitation.

5.3.4 Effect of reaction temperature on photo-epoxidation

In order to elucidate how temperature affects the photo-epoxidation reactions,
experiments were performed at different temperatures. Figure 5.11 shows high stability in
the selectivity of products on stream as well as similarity in time-dependent behaviour of the
photocatalytic epoxidation reaction. The selectivities of products gradually increased with

rise in temperature. This is consistent with the Eley-Rideal mechanism for epoxidation. It
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does not need the adsorption of PR for epoxidation. But it also reduce the adsorption on TiO>
and B2WOe/TIO. interface. Overall selectivity is determined by both the Langmuir-
Hinshelwool mechanism on TiO> defects, where the adsorbed PR and adsorbed O reacted
to form CO and H20, and the Eley-Rideal mechanism on the B;WOs/TiO: interface where
the adsorbed O, reacted with PR in a non-thermal surface reaction. According to Langmuir
Hinshelwood mechanism, two adsorbed molecules on neighboring sites can react as
biomolecules on the surface of the catalyst. Eley-Rideal on the other hand describes reaction
of an adsorbed molecule with a gaseous molecule within the vicinity.?2%231:291

At low temperature, the adsorption on TiO> defects result in increased photo oxidation
and reduced selectivity. Although PO was the dominant product when the reaction
temperature was increased from 335 K to 345 K, there was a slight increase in concentration
of acetone and alcohol (Figure 5.11(a)—(c)). Further increase in temperature to 355 K showed
a substantial amount of increase in propanal concentration while that of PO remained
constant. This suggests that temperature can affect the adsorption and desorption of the PR
and reaction products respectively on the photo-catalyst. Increasing the temperature would
inhibit the process though, since adsorption itself is an exothermic process. Nevertheless,
high temperature favours desorption process as it is an endothermic process. However, when
the temperature rose above 345 K, a slight decrease in selectivity of PO was observed (Figure
5.11 b). This decrease is attributed to increased competition of multiple reactions towards
different products as is widely accepted that upon irradiation of a photo-catalyst with UV,
several reactions occur leading to generation of active species. This observations agree with
the result obtained by Nguyen et al.?®2in their study of the effect of temperature on the

photocatalytic epoxidation of propylene with O, over V-Ti/MCM-41 photocatalyst.
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Figure 5.12: The selectivity of epoxide products on stream for different temperature conditions
using B-50/TiO,: (a) 335 K, (b) 345 K and (c) 355 K. Selectivity for PO was not affect by
temperature, hence an Eley-Rideal mechanism.

Photo-reactions are generally known to proceed without requiring any form of heat
because of photonic activation. However, Kim and Lee?®® investigated the effect of pH and
temperature on photocatalytic degradation of organic compounds using carbon-coated TiOx.
They concluded that, since there was no true activation energy, in photo-reaction, thermal
activation energy was not required to activate the reaction. 2°® Therefore, the desorption rate
of the final product was the limiting step while apparent activation energy tends toward the
heat generated as the products were adsorbed within the range of medium temperature.2%32%
Simply put, increasing the temperature enhances efficiency of the photo-catalytic reaction by
increasing desorption of reaction products which in turn releases more active sites for more
reactions. However, increasing the temperature could cause difficulty in adsorption of PR on
photo-catalyst consequently reducing the efficiency of the reaction. This could account for

the observed efficiency decline at temperatures higher than 345 K.
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5.3.5 Changing reactants concentration

Further investigation on the effect of propylene/oxygen ratio was also carried out by
increasing the flow of O, and decreasing that of N2 in the feed while retaining the overall
reaction flow rate. Using B-50/TiO, and keeping the other reaction conditions constant, 4

different ratios were studied as shown in Figure 5.12.
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Figure 5.12: The effect of concentration of oxygen on PO selectivity with B-50/TiOx.

It can be seen that mixing the two gases at a ratio of 100, afforded the optimum
selectivity of PO. As the concentration of Oz in the system increased, the selectivity of PO
increased. However, decrease in the O, concentration i.e. at a higher concentration of N,
total oxidation was favoured resulting in higher CO2 production. Although the results of
preliminary experiments during this study, using air as oxidant has not been presented, no
PO was observed under this condition. Interestingly, at low concentration of O in the ratio
of 0.1, the results obtained were not too different from that of the stoichiometric ratio for
attaining conditions for oxidation.?% This result shows the significant role played by O in

the overall epoxidation reaction.
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5.4 Photochromism of Bi;WOsg
Upon irradiation of the coated sample of Bi2WOg on the glass beads support with UV

light, a dramatic change of colour from bright yellow to black was observed (Figure 5.13).

Figure 5.13: Colour change observed before (left) and after (right) the reaction

Although the colour change was only slightly grey after 15 min of illumination, it
became progressively darker as the reaction continued. Figure 5.14 shows from left to right
the change in colour observed after 15, 30 and 60 min of reaction respectively. Darkened
UV-irradiated Bi;WOs coated on glass beads kept in the dark tend to change colour from
black to grey. However, upon re-illumination with UV light, the sample turned black again.
This shows that the photochromic phenomenon here is easily reversible; going from coloured

to bleached states could be achieved several times.?%
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Figure 5.84: Progressive colour change observed after 30 min of coating of the catalyst

The effect of change in color of catalyst observed during the photo-epoxidation reaction
was investigated. Using B-50/TiO, under continuous UV illumination and constant flow of
N2 at 1.2 L/h for 60 min, the reactor was purged until no peak signal was observed on either
FTIR or GCMS. When the catalyst had turned completely black the reactant feed was
introduced into the reactor while maintaining the same reaction conditions. It can be seen
from Figure 5.15 that relative to the results in Figure 5.9, using black beads resulted in an
increase in selectivity of PO by 17.2 %. Carbon dioxide, acetone and acetaldehyde were all

observed to decrease by 25 %, 77 % and 86% respectively.
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Figure 5.15: Effect of photochromism of Bi2WOs/TiO> on the selectivity of products

of photo-epoxidation of PR using B-50/TiOx.

The increase in PO selectivity shows that darkened BioWOs-TiO:> is more effective for
the production of PO in comparison to pristine (undarkened) Bi,WQs-TiO2. This shows that
black BiWOs-TiO> can effectively suppress the formation of by-products, hence promote
the formation PO. Although pure Bi;WOs coated on glass beads turned dark upon UV
illumination, the result was not as dark as the Bi.WQOe-TiO. composite as seen in Figure 5.16.
It can therefore be assumed that TiO played a role in the chromism behaviour, while still

retaining its activity as seen in the selectivity of CO2 (Figure 5.15).
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Figure 5.16: Comparison of chromism activity between pure BixWOQOs (left) and
BiWQs-TiO> (right), both on glass beads exposed to UV illumination for 1hr.

The observed increase in the selectivity of PO over darkened Bi,WQOs-TiO2 could be
attributed to defect formation within the band gap of BiWOQs. Such defects effectively reduce
the band gap causing the Bi,WOg to turn into grey color.?®” Such defects can trap photo-
excited electrons and decrease their reduction power, since the defect level is below the CBM
of the BixWOs. The consequence of the decreased reduction power is that the reaction
pathways for the formation of organic intermediates is closed and therefore, the PO
selectivity is further increased. Indeed, photo-induced defect on semiconductors is a known
phenomenon. It has been reported that light induces defects formation on the surface or
subsurface of a photocatalyst by trapping photogenerated charge carriers and excitons.?%®
Based on this mechanism, it is possible to establish that TiO. is responsible for the PR
mineralisation, Bi2WOs is responsible for the formation of organic by-products and the
BixWOs-TiO> interface is responsible for formation of PO as illustrated in Figure 5.17.
Hence, we can propose that an ideal catalyst for epoxidation of PR must have maximum
BizWOs interface with minimum isolated TiO2 and Bi.WOQOs phases. To achieve this, the
catalyst must have smaller particle sizes with the maximum coupling between Bi,WOQOs and

TiO,. Alternatively, if BizWOg is in excess, the isolated TiO, phase can be reduced and CO;
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formation can be minimized. If in such case, Bi2WOs is reduced either by chemical or
physical methods, the PO selectivity could also be increased. The chemical reduction
methods could involve adding reduction agents during the formation of Bi:WOe or
calcinating the Bi2WOs in the presence of H,, CO or alcohol. Physical methods include the

photo-dichroism or calcinating the Bi2WOse under vacuum.
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Figure 5.17: Illustration of the active sites for the formation of products of photo-
oxidation of PR over BixWOs-TiO2 composites.

The mobility and separation of charge carriers is a key factor in photocatalysis. To
elucidate the higher efficiency of dark Bi2WOs-TiO2 composite for the formation of PO, this

factor was considered during this present work and is discussed in the next section.

5.5 Optical properties of Bi;WQs-TiO>

By studying the optical properties of BixWOQOe-TiO2, it was possible to establish the
cause of its high efficiency toward the production of PO. Photoluminescence (PL) was
utilized for this study as the emission spectra could be used to investigate the efficiency of

charge carrier transfer and separation.?®® PL emission results from the recombination of the
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free carriers. By exposing Bi;WOe-TiO2 (white) to UV illumination for 0 min, 30 min and
60 min followed by PL analysis (at emission wavelength 350 nm), it was possible establish
the results in Figure 5.18. It can be seen here that the intensity of broad peak of Bi,WQOs-TiO>
was reduced as illumination time increased (as it progressively became darker). It could be
assumed that as Bi:WOe-TiO2 changed color into black, it resulted in blocking of the

fluorescence transmission and increased light scattering. Hence the decrease in intensity at

30 and 60 min.
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Figure 5.18: PL spectra of the Bi,WOQOs-TiO, (emission wavelength at 350nm) under UV

illumination at 0 min, 30 min and 60 min.

In order to compare the behaviors of the three catalyst under PL, the same experiment
as above was repeated. By applying PL emission wavelength at 406 nm, the results in Figures
5.19-5.21 were obtained for Bi2WOe-TiO2, Bi.WOs and TiO> respectively. The emergence
of a new peak at A = 613 nm was observed for BiWOs-TiO2 and Bi.WOs, but not for TiOx.
As the time for UV illumination increased from 30 to 60 min, the intensity of the peak at A =
613 nm for Bi.WOQs-TiO2 was increased and stable which was consistent with the appearance
of color changed into black. Meanwhile, the phenomenon was also observed for Bi;WOe.
Through the calculation of the intensity ratio of the new peak at A = 613 nm to the peak at A

= 485 nm (which was identified as peak due to the glass beads and was used as an internal
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reference), the ratio in Bi.WQOs was much lower than that in BiWOe-TiO- (Figure 5.19 and
5.20). Although TiO> could not be excited at the wavelength of 406 nm, the higher intensity
of peak at A = 613 nm for BiWOe-TiO> further confirms its role in promoting the chromism
of Bi2WQOe. The higher intensity of peak at A = 613 nm also confirms defects formation on
the surface of the black Bi,WOQe-TiO> catalyst, hence its high efficiency in photo-epoxidation

of PR to PO.
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Figure 5.19: PL spectra of the Bi;WQOs-TiO, under UV illumination (A) 0 min, (B) 30 min,

and (C) 60 min (emission wavelength at 406 nm).
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Figure 5.20: PL spectra of the Bi;WOs under UV illumination (A) 0 min, (B) 30 min, and (C)
60 min (emission wavelength at 406 nm).
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Figure 5.21: PL spectra of the TiO, under UV illumination a) 0 min, b) 30 min, and c) 60 min
(emission wavelength at 406 nm).
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5.6 Conclusions

In this chapter, TiO2, Bi:WOs and Bi:WOs/TiO2 were synthesised through
hydrothermal reaction. The catalysts were then coated on glass beads and used in a direct
photo epoxidation process to produce PO from PR. This study shows that even though TiO>
has high photocatalytic activity, it is not ideal for partial oxidation of propylene to PO under
the studied reaction conditions. Instead, it completely mineralised the reactant into CO> and
H>O as the main reaction products. BiWQOs-TiO2 composite material demonstrated
efficiency of photo epoxidation process. The high PO selectivity observed with this catalyst
relative to pure Bi,WQOs showed that the interface between Bi;WQOgs and TiO- is the main
active site for PO formation. Hence the wider the interface, the more the active sites. This
was demonstrated in the concentration of Bi2WOs and TiO> in the composite material. The
highest PO selectivity was achieved with B-50/TiO, which had the widest BiWQe-TiO>
interface. The photo catalytic epoxidation of propylene can be performed at room
temperature as the reaction can be initiated by photons. However, when the effect of
temperature on the photocatalytic epoxidation of propylene over the studied photo catalyst
was investigated, it was revealed that there exists an optimum temperature that favours the
production of PO, 345 K. The results obtained in this work also show that the effect of
temperature on the photo-epoxidation reaction temperature is two-fold. While increase in
temperature accelerates surface reaction, it can also lead to decrease in the adsorption of
reactants on the surface of the photo-catalyst.

Bi;WOs-TiO2 powdered samples coated on glass beads changed colour from pale
yellow to black within an hour of reaction. The presence of TiO2 in the BiWQOe-TiO2 plays
an important role in the dichroism of the catalyst. The darkenend catalyst was more efficient

in the selectivity of PO largely due to photo-induced defect formation in the composite
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material. This was confirmed by photoluminescence analysis. The results in this study show
that Bi2WOe-TiO2 can be alternative photo-catalyst for the effective production of PO under

mild and more environmentally friendly way.
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Chapter 6: Kinetic Study of Photo-epoxidation of Cyclohexene in Gas-

Phase

The efficiency of the photo-reactor designed in Chapter 3 was further tested in studying
the kinetics of the epoxidation of cyclohexene in gas-phase. Hz and O gases were used as
redox agents. Titanium dioxide (TiO2) and Titanium silicate (TS-1) were prepared and used
as photocatalysts. Stable production of cyclohexene oxide was achieved with the TS-1 while
only total mineralisation to CO, was achieved with the TiO». The kinetic analysis conducted
here showed that the gas-phase reaction mechanism follows the Eley—Rideal mechanism.
Gas phase cyclohexene reacted directly with the intermediate formed through reaction
between Ti base and the hydroperoxyl species, to produce cyclohexene oxide. Thus, this step
was considered the rate-determining step. The effect of temperature was investigated at
various partial pressures of individual gas reactant. An approximate value of 31 kJmol? of
activation energy was achieved. No epoxide was produced in the absence of H2 under the
experimental conditions studied here. Total mineralisation of cyclohexene to CO, was

observed when O, was used alone in the system.

6.1 Introduction
Choice of oxidant during epoxidation reactions of alkenes is often seen as a challenge
for this process. While molecular oxygen remains the ultimate oxidant, a lot has been done

to minimise the total mineralisation through the use of other oxidants such as H.02, H.O and
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in some cases, air. However, other factors such as the environmental hazards, selectivity of
desired products and chemical costs come into play when the choice for the type of oxidant
is made.>® Hydrogen peroxide has been used extensively for epoxidation of alkenes owing
to the fact that it only produces water as a by-product.3°2%2 Higher olefins such as 1-hexene
have been converted to their corresponding oxides using H20,.% Such reactions are typically
performed in liquid phase using batch reactor setup, in which the overall reactivity of the
catalyst can be influenced by the solvent used, which adversely affects the selectivity of
products. Separation of product can also be a challenge.3%4=3% The effect caused by solvent
type can be due to its hydrophilic and hydrophobic interaction with the catalyst, oxidants and
the alkene undergoing reaction.>** However, reactions such as this, can also be performed in
gas-phase with higher reaction rates, high selectivity and high reaction stability at higher
operating temperature and pressure. Furthermore, it is possible to avoid leaching of the active
sites, which is a typical challenge in liquid-phase when gas-phase is used.

In gas phase, H20> can be directly produced by catalytic reaction of H, and O in the
presence of Au-doped Ti.2%* The H,0; is produced on the Au particles while the epoxidation
reaction occurs on the Ti active sites. It was believed that the H.O> was converted to the
hydroperoxyl species on the nearby Ti sites in the form of Ti-OOH.*"® However, most of the
thermal alkene epoxidations have to use H2O: as the main oxidant. The challenge in the use
of H20O> as an oxidant is to maximise the formation of epoxides without mineralisation of the
alkenes.®®” By using H.O, in a gas-phase directly in the epoxidation process, the
decomposition of alkenes can be minimised according to the report by Klemm et al.>® In
another report by Ferrandez et al.3® an epoxidation rate of 10.5 kgpo kgear* ™! and selectivity
of 90 % was achieved when H>O> vapour was used alongside TS-1 to convert propylene to

propylene oxide.
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In this chapter, Kkinetics study of cyclohexene was carried out with emphasis on the
mechanism of gas-phase epoxidation using Hzand Oz to form hydroperoxyl species through
photoexcitations over TS-1 photocatalyst. The direct epoxidation of alkene, using the co-
reactants Hz and Oz and oxygen is highly selective over gold-titania based catalysts and has
gained considerable attention in the past decade.!’® Although this catalytic reaction has been
investigated extensively, the mechanism is still not well understood.

Hydroperoxyl formation can occur by protonating a superoxide radical.>*° The supplied
O is adsorbed on the photocatalyst and is reduced by the photo-generated electrons to form
superoxide radicals. The adsorbed H> is oxidised by the photogenerated holes and forming
protons. This proton reacts with the nearby superoxide radicals to form hydroperoxyl species

(HO2*), which was stabilized by attaching to the transition metal ion, Ti** and forming Ti-

OOH.2 The resulting Ti-hydroperoxyl (Ti-OOH) complex reacts with alkenes to form
corresponding epoxide. Similar reactions in the literature show that a number of oxidation
pathways exist which inhibit the selectivity of cyclohexene oxide.3'23° In this work, I will
try to establish the mechanism for the photocatalytic epoxidation with H, and O, based on

the kinetic measurements.

6.2. Experimental details

6.2.1. Preparation of TS-1
TS-1 was prepared hydrothermally, through wetness impregnation using a modified
procedure reported by Deng et al.*®and Zhang et al.3'The catalyst was prepared in stages

described in the following subsections.
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6.2.1.1 Sol-gel preparation

Sol-gel was prepared by hydrolysing tetraethyl ortho-silicate (TEOS, 98 %, Acros)
with 0.05 M hydrochloric acid (HCI, 32 %, AnalaR) under magnetic stirring at room
temperature. The mol ratio used was 1:4 of HCL: TEOS. Separately, titanium (IV) chloride
(TiCls, Sigma Aldrich) and isopropyl alcohol (IPA, Fisher Scientific) in a ratio of 15:2 of
IPA:TICls were mixed, stirred and added dropwise to the silicate-acid solution under
continuous stirring. The silicalite and Ti mixture were then mixed by adding the former in to

the latter under stirring. The obtained sol was allowed to age for 1 h at room temperature.

6.2.1.2 Gelation

The prepared sol-gel from above was transformed to a solid cogel by dropwise adding
10 mL 20 % solution of tetrapropylammonium hydroxide (TPAOH, Sigma Aldrich).
However, the gel point obtained depends on the amount of base added. The product obtained

was then dried in an oven at 60 C overnight.

6.2.1.3 Wetness impregnation

The impregnated gel was transferred to a Teflon autoclave and heated at 120°C under
auto-geneous pressure for 24 hr. The product was cooled at room temperature and the crystals
were filtered using vacuum filter, washed with water and dried under ambient temperature.
The final product was then calcined at 550°C for 24 hr in air. 87 % yield of the final product

was obtained based on the amount of TiO2 and SiO: in the starting materials.
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6.2.2. Characterization

XRD patterns were obtained using a Siemens powder X-500 diffractometer. SEM
analysis of the synthesised TS-1 was performed using a Jeol-JSM 820 Scanning Electron
Microscope. Elemental analysis was performed using a Leica Stereoscan 420 Energy
Dispersive X-ray Spectroscopy. The surface area BET measurements were performed on

JWK-B122 surface area and pore size distribution analyser 77 K.

6.2.3. Cyclohexene epoxidation reactions

The schematic for the gas-phase epoxidation kinetic studies is shown in Figure 6.1. A
similar setup as used in chapter 5 was also used here but with additional attachment for the
H> source. The reactor consisted of a quartz tube plugged at both ends for inlet and outlet of
reactants and products respectively. All photocatalytic reactions were performed in a flow
system under various conditions. TS-1 and P25 TiO were used as the catalysts. The catalyst
was immobilised on glass beads following the detailed procedure in chapter 3 of this work.
Hydrogen was supplied from a hydrogen generator (SPE300HC Hydrogen Generator, Union
Space Int’l Ltd.) and mixed directly with pure oxygen in a round bottomed flask that was
stocked with quartz wool to ensure adequate gas mixing. The gas mixture was fed directly to
the catalyst coated glass beads. Cyclohexene was admitted into the reactor in gaseous phase
by placing liquid cyclohexene (5mL) in a Dreschel bottle where nitrogen gas was used as a
carrier gas to deliver gaseous cyclohexene into the reactor at a total flow rate of 1.4 + 0.2
Lh-tcontrolled by rotameter. At this point, the concentration of cyclohexene was monitored
through the FT-IR/GCMS tandem analysis. All standard reactions were performed under

ambient conditions. The boiling points of cyclohexene and cyclohexene oxide are 83°C and
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130°C, respectively. In order to minimise deposition of chemicals in transfer tube, all the
connection tubings, particularly the outlet tubings, were shortened as much as possible. Upon
attaining a steady state flow in the reactor, i.e. at adsorption desorption equilibrium, UVA
lamps were turned on to initiate the photoreaction. Changes in concentration of cyclohexene
as well as the products formed were monitored in a tandem FTIR-GCMS analysis, similar to
the one we described in previous chapters. The outlet of the reactor was connected to the IR
sampling cell with NaCl windows which was in turn connected to a modified GCMS auto-
sampler (Figure 5.2). FTIR and GCMS data were collected every 3 min. This sampling

frequency is restricted by the retention time of the targeted chemicals in the GC.
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Figure 6.1: Experimental set up for gas-phase cyclohexene epoxidation with H, and O..

The epoxidation products were separated using an Rxi-5Sil MS fused silica column
with total length of 30 m. The inner diameter of the column is 0.25 mm while the film
thickness is 0.25 um. The column was engineered to be a low-bleed GC-MS column. The
column was set at a pressure of 10 psi for the carrier gas and a constant temperature of 130°C,
similar to the boiling temperature of cyclohexene oxide. The gaseous mixtures were
introduced to the GC through auto-injection at a fixed interval of 3 min. A carrier gas of

helium was used at a flow rate of 200mI/min. Data was collected for at least 1 h under each
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set of conditions to allow attainment of steady state concentrations of the products. During
the Kinetic studies, the effect of partial pressure of individual reactant was studied. Since all
reactants were delivered in gaseous phase there was no consideration to the possibility of
condensation of reactants in transfer line when determining the partial pressures. In a typical
photo-epoxidation reaction, the partial pressures of the reactants were: 3 kPa, 5 kPa and 20
kPa for cyclohexene, hydrogen and oxygen respectively. 5mg of catalyst per gram of glass

beads was found to be ideal for this reaction.

6.3. Results and discussion

6.3.1 TS-1 characterisation

The XRD pattern of the TS-1 sample prepared by the hydrothermal method is shown
in Figure 6.2 in the 26 ranging from 5 to 40°. The diffraction peaks at 26 = 7.8°, 8.8°, 23.1°,
and 23.9° match well with the characteristic MFI-type structure of TS-1. A typical silicate-1
exhibits an amorphous crystallite in its XRD pattern even if it contains low amounts of Ti.
Depending on the content of Ti in the framework, TS-1 shows well defined diffraction peaks
typical of MFI topological structure. % The high crystals of TS-1 may be attributed to the
linear increase in the unit cell parameter and volume relative to Ti content in the framework
as suggested by some literature reports.38-32° |t can be seen in Figure 6.2 that the TS-1
synthesised during this study exhibited high phase purity, judging by the appearance of the

characteristic peaks above.
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Figure 6.2: XRD pattern of TS-1

SEM image of synthesized TS-1 is shown in Figure 6.3. It has a particulate morphology
with particles diameter of about 150 nm. Different morphologies of TS-1 have been reported
in the literature. For instance, Zhao et al.®? reported a spherical morphology of nanosized

crystallites without characteristic hexahedron configuration.

Figure 6.3: SEM image of synthesised TS-1 showing grain-like particles.

To further verify the composition of the synthesised TS-1 in this work, EDX analysis
was performed and the result shown in Figure 6.4. It can be seen that the composite consisted
of Ti, Si and O. The additional peak with high intensity is ascribed to C, which was used as

support material during the EDX analysis.
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Table 6.1 Elemental composition of TS-1

Element Atomic %
0K 73.26
S1K 17.41

TiK 913

0 2 4
ull Scale 357 cts Cursor: 0.000

g

Figure 6.4: EDX showing elemental composition of the synthesised TS-1

The atomic percentages of the constituent elements are given on the inset Table 6.1.
These values agree with the ratio (2:1, Si:Ti) of the input chemicals during the synthesis of

the catalyst, hence confirming the purity of the catalyst.

6.3.2 Gas-phase cyclohexene epoxidation

One of the major challenges associated with using hydrogen peroxide in gaseous phase
is its tendency to decompose under thermal condition.?? Studies on its decomposition rates
show that the nature of the material used for the reaction plays a vital role on the rate of
decomposition. Satterfield et al.®23 reported that the decomposition rate is higher when metals
are used compared to when borosilicate or quartz. This knowledge was an advantage in this
work as it provided the basics for the use of quartz tube packed with catalyst coated glass
beads, hence the stability of the hydroperoxyl species was improved. In this work,
hydroperoxyl species are expected to be formed on the catalyst as the product of the reaction

between H, and O». It is important that these hydroperoxyl species are able to react with
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cyclohexene as soon as it was formed, due to its limited lifetime. To verify that both H> and
O was responsible for the epoxidation of cyclohexene, studies were performed by altering
the partial pressure of individual species during photoreaction. First, the partial pressure of
O was reduced by half while that H> was kept constant. It was not surprising to see that the
conversion of cyclohexene decreased by 80% and zero conversion was achieved when no O
was supplied to the system. Without H», total oxidation of cyclohexene was observed, as CO>
was the main product and no epoxide was observed across the photocatalysts tested. This
indicates that H is responsible for the selectivity cyclohexene epoxidation while O is
responsible for the conversion of cyclohexene. It is also important to mention at this point
that no reaction was observed in the absence of either catalyst or light.

To study the intrinsic behaviour of the catalyst , the reactants’ stoichiometry should not
limit the reaction under specific conditions of differential conversion.?* Therefore, it was of
high significance to ensure that the hydroperoxyl species was constantly formed on the active
sites of the catalyst for the production of Ti-OOH complex and subsequent conversion of
cyclohexene,32°:326

The conversions and selectivities of cyclohexene and products respectively were
quantitatively determined. Turn over frequency (TOF) was determined according to the mole
of cyclohexene oxide produced per mole of Ti per second and was used to represent the
product formation rate. No epoxide was made under standard conditions of reaction with
TiO2, and only CO; remained the dominant product with a selectivity of 96% while ketone
and alcohol were formed with selectivities of 2.8 and 1.2 % respectively.

TS-1 showed activity towards formation of cyclohexene oxide with selectivities of 38.1
%. Unfortunately, the cyclohexene oxide selectivity obtained during this work was lower

than the reported value in the literature. Kwon et al.®?” recorded up to 74.1 % of cyclohexene
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oxide selectivity with their mesoporous TS-1. However, their experimental conditions were
more complex than those used in this chapter. This group used temperature range between
120°C and 160°C at 50 ml/min, while a milder temperature ranging from 60°C to 80°C at 20
ml/min (1.4 L/h) was used in this chapter. Nevertheless, the use of O and H> to generate in-
situ reaction intermediates remains advantageous over the use of more expensive H:O,

which can also decompose easily resulting in undesirable products.?®
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Figure 6.5: Cyclohexene oxide yield (red diamonds) and TOF (blue diamonds) under
different catalyst (TS-1) loading.

TS-1 was tested in different amounts to study the effect of catalyst loading on the
photoepoxidation of cyclohexene. Figure 6.5 shows that the yield of cyclohexene oxide
increased while TOF remained unchanged with increase in the catalyst loading. The highest
yield for cyclohexene oxide was achieved at the optimal catalyst loading of 5 mgg™ and the
yield was reduced as the loading was increased to 6 mgg™. Meanwhile, the cyclohexene oxide
yield decreased from 2.39 % (at 5 mgg™?) to 2.2 % (at 6 mgg™). Such decreases could be
related the increased diffusion path length as the thickness of the catalyst increases. The TOF

is directly determined by the surface concentration of the hydroperoxyl. As TOF is
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independent of TS-1 loading, it suggests that the epoxidation happens on the surface of the
TS-1 catalyst, so the thickness of the TS-1 film is not affecting the reactivity. The effective
surface area can be increased by using smaller glass beads as supporting media. So, it is
possible to increase the epoxide yield using smaller beads. In Chapter 3, | have established
that the total beads surface area is inversely proportional to the radius of the beads. By
reducing the radius by half, one can expect to double the yield. These results are in agreement
with those reported by Kwon et al.’2* in their cyclohexene epoxidation reaction over
mesoporous TS-1. Contrary to the findings of Ferrandez et al.®®® where they found the
conversion is relatively independent of the amount of TS-1 used. They ascribed their
observation to the limited amount of the H>O> present in the system due to its rapid

decomposition. In both examples, H>O. was used as oxidant.

6.3.2.1. Stability
The stability test was performed by measuring the formation of cyclohexene oxide at

the optimal catalyst loading of 5mgg™ up to six hours of reaction.
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Figure 6.6: Gas-phase cyclohexene epoxidation turnover frequency over time with 5 mg of
TS-1 and total flow rate of 2.8 Lh™*
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Figure 6.6 show that a steady TOF was maintained with no sign of degrading,
suggesting that the catalyst was remaining active. Contrary to the findings on Au-doped TiO-
which was deactivated within a short period of reaction time, the TS-1 used in this work
proved to be stable with no observable sign of deactivation over the period of the reaction.
Although still a subject of debate, the rapid deactivation in Au-doped TiO> is widely believed

to be due to the generation of H.O, which oxidizes surface Au atoms.3?®

6.3.2.2. By-products

During the gas-phase epoxidation of cyclohexene with hydroperoxyl radicals formed
on titanium silicate catalyst (TS-1), high selectivity towards cyclohexene oxide was
observed. Only negligible amount of the ring-opening products, such as 1,2-cyclohexanediol
was observed and so was not considered in determining the yield of epoxide. Ketone and
alcohol were also formed only in small quantities. This observation agrees with reports on
liquid phase reactions under similar conditions.3%#%2° Some reports suggested that
epoxidation reaction proceed through a simple electrophilic oxygen transfer while others
reported that an allylic oxidation proceed through a radical pathway.330302315 Similar
observation was made by Klemm et al.> in their study of propylene epoxidation over TS-1
catalyst and H20,.3% The details of the epoxidation mechanism and competitive pathway for

byproducts will be discussed later.

6.3.3.1. Temperature effect
The dependence of the production rate of the epoxide on temperature was investigated

in order to study the possible reaction mechanism and to evaluate the reaction activation
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energy. With light on, the reactor will reach a stable temperature of 335 K over a period of 1
hr. The reactor temperature was then controlled by applying heat on a purpose-built
aluminium block. This way, the maximum temperature of 433 K can be achieved. Here, we
use TOFs for cyclohexene oxide to represent the reaction rates. A single set of reaction
parameters showed a typical Arrhenius kinetics, as expected. However, adjusting the in-flow
of reactants into the reactor resulted in different trends in the apparent activation energy. In
general, by increasing the partial pressure of all reactants, including cyclohexene, H> and Oo,
the reaction rates increase, as observed from Figure 6.7. All the Arrhenius curves show a
negative gradient, which suggests a positive reaction energy barrier. However, by changing
the cyclohexene partial pressure from 1 to 5 kPa, there was no significant change of the
activation energy with an averaging value of 15.03 kJmol™, shown in Figure 6.7A. On the
other hand, for both Hz and O», the changing of their partial pressure could affect the apparent
activation energy, shown in Figures 6.7B and C. For H> gas, the change of the partial pressure
from 2 to 6 kPa, the activation energy increases from 22.4 to 12.46 kJmol™?. Less effects on

the activation energy was observed for O gas pressure.
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Figure 6.7: Temperature dependence of cyclohexene oxide production rate with different
partial pressures of reactants over TS-1 photocatalyst loaded at 5mgg™.

Such observation, suggests that the final step of epoxidation of cyclohexene is probably

elementary single step, while the reaction of Hz and O are less simple and likely to involve
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multiple steps. In principle, it is impossible to have H> and O directly reacting with
cyclohexene on TS-1 surface under light illumination, since it involves the simultaneous
collision of three chemicals on the same site on the solid surface. Thus, as suggested from
literature®3! and described in the introduction of this chapter, H, and Oz must be adsorbed on
the TS-1 surface, dissociate and photocatalytically form the critical intermediate of
hydroperoxyl species, OOH. The importance of hydroperoxyl in the epoxidation of alkenes
on catalst surface has been well established in the literature 3+166:169.170331 Thjs species is
assumed to be stabilized by attaching to the Ti cations, denoted as Ti-OOH.'® As such, the
reaction Kinetics is related to the partial pressure. The Arrhenius behaviour as a function of
cyclohexene partial pressure suggests that cyclohexene can be oxidized by the formed Ti-
OOH directly in a single step. So, it is likely that the reaction follows the Eley-Rideal
mechanism in which an adsorbed chemical reacts with a gas phase molecule. The adsorption
of water on active sites of the catalyst is competing with the formation of Ti-OOH. Increasing
the reactor temperature however, would cause a decrease in the amount of water adsorbed
consequently, increasing the number of sites available for the formation of hydroperoxyl
species. Hence the TOF for cyclohexene oxide increased as the reaction temperature

increased.

6.3.4. Reaction mechanism
The oxidation of alkenes to corresponding epoxides using a Ti-based catalyst and
hydrogen peroxide is widely reported to proceed through two major pathways. First, the

reaction between Ti site and the hydrogen peroxide species which results in the formation of
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a titanium-hydroperoxo complex (Ti-OOH) and secondly, the closer oxygen atom to the Ti

in the Ti-OOH is transferred to the alkene resulting in the formation of the epoxide.327:3033%2

hv
Catalyst 5 € 4+ h' (6.1)
0, + Catalyst ————— O, (ads) (6.2)
e+ O,(ads)—/ Oj (ads) (6.3)
2h" + H, —— 2H" (6.4)

O;(ads) + H* ——>» Ti-OOH 6.5)

In this work, the overall reaction begins by illumination and generation of photoexcited
electrons (e”) and holes (h*) (Equation 6.1). Oz is adsorbed on the surface of the catalyst
(Equation 6.2). The adsorbed O was then reduced to superoxide radical O2" (Equation 6.3).
Meanwhile H: is oxidised to proton (Equation 6.4). Although it is difficult to confirm whether
H> was adsorbed on the surface before oxidation, the result proton is very likely attached to
the nearby O atoms in the silicate, forming OH groups, holding by the relative weak hydrogen
bond. The proton will react with the superoxide radicals to form hydroperoxyl species, OOH
attached to the Ti*" metal ions (Equation 6.5). Obviously, without Ha, the photoexcited hole
(h*) will oxidise the alkene instead which will lead to the fragmentation and mineralization
of alkene, rather than epoxidation. In this work, no epoxide was formed in the absence of H;
and no significant amount of alkene was observed to adsorb on the active site of the catalyst
(perhaps due to its low BET surface area (21 m?g™)). The structure of Ti-OOH intermediate

is proposed in Scheme 6.1.
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The formed surface Ti-OOH complex reacted with gas phase cyclohexene to form the
cyclohexene oxide as shown in Scheme 6.1. Therefore, the epoxidation of cyclohexene under
our experimental conditions is an Eley-Rideal type.®®® This result is similar to the liquid-
phase epoxidation reported by Sever and Root when they carried out a DFT study of the
epoxidation of ethylene using a Ti-based catalyst in the presence of H,02.232 The desorption
of the epoxide results in regeneration of the active sites, ultimately inducing a recycled

competitive adsorption of water and hydroperoxyl species onto the active site.33

H—O
AN H
o ! f o}
: 1 2 . : .
Si—o0_i O0—Si 4 e Si O\h 0 S‘+ H,0 (6.6)
AT Si—07 No—si
Si—O 0—Si O0—Si
Ti-OOH 1

Si—O O—Si
k N
-k Si—O O—Si

Scheme 6.1. Proposed reaction mechanism for cyclohexene with Ti-OOH species.

Following the proposed mechanism, it is possible to establish the reaction Kkinetics.
Here we assume the O; is adsorbed on the Ti** site while H is attached to the SiO sites. So
there is no direct competition for the adsorption of Oz and H2 on TS-1 surfaces. However, if
element transition metals, such as Pd or Pt, are used, both O, and H, will adsorbed on the
same sites and directly react them to form water. | also assumed that the redox of the adsorbed

O and H> are relatively efficient and are not rate limiting steps.
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KoPo,

0p= — 2
°7 (1+KoPo,)

(6.8)

KyP 1
Oy = 2 X - (6.9)
(1+KyPy,)z  [1+4 (KyPy,)?]

Gases, such as O, and H», are normally weakly adsorbed on silicate surface, due to
their non-polar nature.®* Hence at low gas pressure, the adsorption likely follows the
Langmuir isotherm. The equilibrium is described in Equations 6.8 and 6.9, where 6 and &4
are the surface coverages for Oz and Ha. P,, and Py, are the partial pressures for Oz and Ho.
Ko and Ky are the Langmuir constant for O, and H, on TS-1 surface. For Hy, a dissociative
adsorption on the silicate is calculated. The reduced O2 and oxidised H will react to form
hydroperoxyl species. Assuming an equilibrium is reached with steady state concentration of

Ti-OOH, its concentration can be expressed as:
O1i.00n = konboOu 6.10)

where kon is the equilibrium constant for the formation of Ti-OOH, which includes the redox

process and protonation of superoxide radicals. Equation 6.10 can be extended as:

OTi—oon = . X I (6.11)

1
(1+ KoPo,)(KyPy,)z  [1+ (KyPy,)z]Pc
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Therefore, the reaction rate for the epoxidation of cyclohexene can be described as:

re = KeOrioonFc

kekonKoFPo, 1
= T X T
(1+KoPo,)(KyPy,)z  [1+ (KyPy,)z]F:

k.kouKnP, 1
= eEE S X - (6.12)
(1+ KoPo,)(KuPy,)z  [1+ (KyPy,)z]PcPo,

where Pc is the partial pressure of cyclohexene. Here, | have also assumed that the formed

epoxide will desorb from the site immediately without competitively disturbing the

adsorption equilibrium of hydroperoxyl species. If this condition is not satisfied, significant

amount of mineralization will happen and large quantity of CO2 will be formed.

Equation 6.12 is a typical formula for the Eley-Rideal type reaction. It is clear, that for

cyclohexene, the apparent rate constant is defined as:

k. kouKoP, 1
ke = e OHT0°0 . (6.13)
(1+KoPo,)(KyPy,)z  [1+ (KyPy,)?]

which is independent of Pc. Therefore, the calculated activation energy is independent

of Pc, as we observed from the Arrhenius plots in Figure 6.7A. However, for O, the apparent

rate constant is defined as:
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kekonKoP, 1
o= e®0H™010, x (6.14)

1 1
(1+KoPo,)(KyPy,)2  [1+ (KyPy,)z]Pc

It clearly demonstrated that the apparent rate constant is also affected by the O. partial
pressure Py, . Therefore, the obtained activation energy can be a function of P, as we have
observed from Figure 6.7C. Similar behaviour could be analysed for Ho, although its kinetics

is more complicated, since it follows a dissociative adsorption.

6.4. Conclusions

A successful demonstration of epoxidation of cyclohexene over TS-1 and hydroperoxyl
under UV illumination was achieved. Under the experimental conditions, no cyclohexene
oxide was produced over TiO. even in the presence of H, and O,. TS-1 produced
cyclohexene oxide with high stability only when Hz and O were simultaneously present in
the reaction system. No epoxide was formed in the absence of H,. The gas-phase epoxidation
of cyclohexene is believed to follow the same type of mechanism as that proposed for the
liquid-phase reaction, known as the Eley—Rideal mechanism. The reaction between
superoxide and hydrogen formed the hydroperoxyl which reacted with the Ti site of the
catalyst to form the Ti-OOH complex. Other forms of active oxygen and peroxo species may
be generated within the reaction system from the presence of H, and O, and as such, new
reaction pathways resulting in the generation of different products may be possible. The
effect of temperature and partial pressure was investigated, and the true apparent activation
energy was determined to be 31.5 kimol™. The results obtained in this work provide the

possibility of utilizing H> and O> for various oxidation reactions at elevated temperatures.
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Chapter 7: 1-Hexene Photo-Epoxidation in Gas Flows

The photo-reactor design technology was tested for photo-epoxidation of 1-hexene in
gas flow system. A chemical synthetic reactions application was also attempted. Photo-
epoxidation of 1-hexene and nucleophilic ring opening of 1,2-epoxyhexane under acidic
condition was investigated. During these studies, various partial photo-oxidation products
were formed from the conversion of 1-hexene. The light induced epoxidation potential of
TiO, was first tested by photo-catalytic oxidizing 1-hexene. WOs-coupled TiO2 was also
used to engineer the band gap of TiO.. The chosen photo-catalyst was immobilized on glass
beads as discussed in more details in chapter 3. It was possible to establish oxidation rates of
0.12 + 0.02 mmolh™® for 1-hexene with TiO2/WOs (4 mol %). 1,2-epoxyhexane was
successfully synthesized from 1-hexene achieving 15.9 % conversion and 41 % and 54 %
selectivity for the 1-hexene, 1,2-epoxyhexane and CO: respectively when H>O/O> was used
as oxidant. Selectivity of 96 % and 97 % for CO> were achieved with air and O respectively.
Further experiments focused on the in-situ reaction of the partial photo-oxidation products
of the photo-epoxidation of 1-hexene were performed. The exhaust of the photo-reactors was
passed directly through methanol which acted as a nucleophile in the presence of
concentrated sulphuric acid for 24 hours after which the products were separated, treated and
analyzed. This made it possible to establish the features of some of the reactive species
formed during the partial photo-oxidation of 1-hexene process, ultimately demonstrating the

high versatility of the photo-reactor sodeveloped.
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7.1 Introduction
The photo activity of TiO, in decomposing organics is a well-known reaction,104:114.334
Upon irradiating TiO2 with UV light, high energy electrons and holes are generated which

then react with adsorbed O, and H,O on the surface of the semiconductor. As a result, highly

reducing and oxidising species (O, ~ and OH" ) are formed.* These highly oxidising species

are responsible the total photo-mineralization of organic molecules.’** TiO, gained the
attention of both academia and industry due to its numerous advantages such as high
chemical stability as well as the ability to be activated by light.1®* The major drawback in
using TiO2 however, is its high light energy requirement to activate and the photocatalytic
decomposition techniques often used with it end in complete mineralisation of the organics
to form CO,. Consequently, from a chemical perspective, production of CO2 poses another
challenge, as the stability of the produced CO:x is so high that it does not take part in further
reactions without supplying more energy to the system.'482335 However, overcoming this
challenge can be achieved by conducting partial photo-oxidation of organic molecules
through for instance, coupling of TiO. with a lower band gap semiconductor such as WO3.
Previous reports show that during oxidation process, the initial steps occur faster than the
decomposition steps. The non-selective behavior of TiO, activated photo-oxidation of
organic molecules in the presence of O, is known to be due to the several individual
decomposition steps that occur at different rates, and are essential to achieve total
mineralisation of a molecule.®® For this reason, a gaseous flow reaction system is
advantageous as the created products in addition to CO2, get to be separated from the catalyst
before they undergo any total mineralization. A number of researchers have reported this

observation where several partial photodecomposition products were formed under
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controlled reaction processes. Ren et al." and Taffarel et al.>*® all reported similar scenario
while analysing photodecomposition of styrene.

Another strategy for controlling partial photo-oxidation products is the modification of
the flow rate. This simple technique can be used to adjust the contact time between the
reacting species within a photo-reactor, which will ultimately reduce complete photo-
mineralisation.?>* Other modifications controls include adjusting the reactants concentrations
and the overall reaction temperature, both of which have been reported to enhance the
production of partial photo-oxidation intermediates. ®* Murcia-Lo6pez et al. reported that by
varying both the reaction temperature and the propylene/oxygen ratio in the gas stream, the
production of propylene oxide in their reactor increased by 10 %.24° They further modified
the photocatalyst through doping and as a result enhanced the selectivity of propylene oxide.
Similarly, Nguyen et al. modified their TiO2 by doping with Au and used it to study photo
epoxidation of propylene. Their report showed that as a result of the modification, 54 %
selectivity of propylenene oxide was achieved against the use of pure Ti02.2% Furthermore,
the epoxidation of 2-hexene was shown by Ohno et al.*  to be performed both
stereoselectively and stereospecifically which achieved high selectivity, thus showing the
viability of the technique as a precursor generating procedure. In this chapter, a new photo-
reactor was designed and used to study photo-epoxidation of 1-hexene in gaseous phase over
TiO2 and WOs-coupled TiO2. The pure TiO2 used was commercial Degussa P25. By
bubbling O directly into H>O as an oxidant, it was possible to suppress the formation of CO>

while enhancing epoxide formation according to Scheme 7.1.

. - H’
H,O0+ 0O, Llntermedlate 1heﬂ»Epoxyhexane O—> CO,

Catalyst radicals
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Scheme 7.1: Reaction pathway for photo-catalytic epoxidation of 1-hexene

The relative stability of photogenerated epoxide species are known, although the high
reactivity of the various products of partial oxidation implies that many important
unidentified compounds are often not collected directly during photocatalytic gas phase
reactions. Therefore, during this set of experiments, a tandem system was set up to achieve a
nucleophilic ring-opening of 1,2-epoxyhexane product formed during the reactions. GC-MS
data analysis showed that the one-pot reaction mixture connected to the outlet end of the

reactor, effectively utilized the partial photo-oxidation products in a synthetic reaction.3!

7.2 Experimental section

7.2.1 Catalyst preparation

WOs—coupled TiO, was prepared using a modified procedure reported by Guangjuan
et al.>*? 1 g titanium tetrachloride (TiCls, 99.9 %, Sigma Aldrich) was dissolved in 15mL of
isopropyl alcohol (IPA, Fisher Scientific) and vigorously stirred for 30 min. Separately, 0.028
g sodium tungstate (Na2WQO4-2H,0) was dissolved in 20 mL de-ionised water and then added
dropwise into the first solution while stirring. A few drops of NHs-H2O was then added
dropwise to adjust the pH of the solution to 8. The final solution was stirred continuously for
1 h then transferred to Teflon tube and submitted for hydrothermal treatment for 48 hours at
120°C. The resulting product was washed with DI water followed by ethanol several times.
Finally, it was dried at 90°C for 15 min, and ground into powder using porcelain mortar and
pestle. The obtained powder (60 % yield) was then calcined at 550 C for 2 h in an open

furnace. The final product was 4 mol % WOs3 coupled TiO2 which was denoted WO3(4 %)-
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TiO> in this theses. For comparison, commercially available P25 (Aeroxide) was also tested.

The characterization techniques in this chapter are similar to those used in previous chapters.

7.2.2 Photo-epoxidation of 1-hexene

The 1-hexene oxidation reaction was performed using the modified reactor set up used
in previous chapters of this work. Similarly, catalyst immobilisation technique used in
Chapter 3 was adopted here. The method used for introducing cyclohexene in to the reactor
was also adopted in this Chapter. 20 ml of liquid 1-hexene was placed in a Dreschel bottle
and allowed to continuously flow in vapour phase using nitrogen as the carrier gas. Oxygen
was bubbled directly into H,O and moisture, which served as the oxidant was delivered
simultaneously into the reactor as the 1-hexene, at a fixed flow rate of 2.1 + 0.51 mmolh™.
These steps were repeated prior to each run. By maintaining the length of the Dreschel
bottle’s dip tube at 2 cm above the liquid, it was possible to ensure a stable flow at constant
concentration of 1-hexene in the gas stream.

After attaining a steady state flow through the photo-reactor, the lights were turned on
and the reactor exhaust passed through FTIR gas-phase flow cell to monitor changes in
concentrations of reactants and products.

A PerkinElmer Fourier Transform Infrared Spectroscopy (FTIR) was used to measure
the concentration of 1-hexene and the products of the reaction. The CO, asymmetric stretch
peak area was measured between wavelength of 2390 and 2230 cm™. The C=C stretching
mode of linear alkene (1-hexene) was measured around 1640 cm™, which is common to
monosubstituted alkenes. C-H stretching vibration was looked at from 3170-2820 cm™,

which is a common to peak for hydrocarbons.
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7.2.3 Synthetic trapping and ring opening reaction

Since the high reactivity of some of the partial photo-oxidation products that made it
almost impossible to trap chemically, such products can be involved in other “pseudo” in-
situ photo reactions within the exhaust of the photo-reactor. In this section, the epoxyhexane
formed in-situ during the photo-epoxidation of hexene was first trapped in toluene by directly
bubbling the reactor exhaust into 30 mL of the trap solvent for 24 h, after which eluents were

collected for GC-MS analysis.

UV-chamber

Irradiation source

. ) Reactants feed %%%%%%%% ?g?tggatsi)
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Figure 7. 8: The experimental set up for the chemical trapping of the exhaust of the photo-

epoxidation reactions of hexene in gas streams.
7.2.3.1 Synthetic ring opening under acidic condition

During the synthetic trapping, the epoxide formed in-situ was used as the starting
material under acidic condition to produce two product mixtures. Under this condition, 2
drops of concentrated sulphuric acid were added to 10 ml of methanol, which acted as a

nucleophilic reagent in a 20 mL round bottomed flask, placed in an ice bath as shown in
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Figure 7.1. At steady state flow with illumination, the exhaust stream from the reactor was
bubbled directly through the content of the flask for 48 hours. Loss of trapping agent was
minimized by placing a condenser through the second neck of the round bottomed flask. It is
expected that the epoxide produced during the partial photo-oxidation of 1-hexene would
undergo ring opening reaction as it is formed. After 48 h reaction time, the mixture was
washed with 10 mL of saturated sodium bicarbonate solution (obtained by dissolving 10 g of
NaHCOs powder in 100 mL of H20 at ca. 80 °C) using a separating funnel (Figure 7.2 A).
The products then were extracted from the aqueous solution and washed with double portions
of 10 mL diethyl ether, followed by draining off and combining the ether layers together.
The organic solution was then dried with magnesium sulphate and the liquid was carefully
decanted into a round bottomed flask. Finally, using a rotatory evaporator, the organic extract
was dried by immersing the flask in water at room temperature until a dry yellowish brown
residue was obtained (Figure 7.2. B). The residue was dissolved in acetonitrile and analysed

using GC-MS.



181

Figure 7. 9: The extraction process of epoxidation reaction (A) and the residue obtained after
rotatory evaporation (B)

A Varian CP-3800 gas chromatograph was used to separate the compounds and a
Varian Saturn 2000 mass spectrometer was used to analyse the separated products. The GC
was mounted with Rxi-5Sil MS 30m x 0.25mm ID x 0.25pum df column. An appropriate
method was developed for this analysis in order to achieve good separation of the products.
Helium was used as carrier gas at a flow rate of 40 ml/min. A high injector temperature of
220 C was maintained to ensure that no condensation occurred in the injector. The samples
were injected through autoinjection mode, maintaining 0.2 pl as injection volume with a split
ratio of 30. The initial GC oven temperature of 50 ‘C was held for 4 min then ramped to 200
'C at the rate of 50 CTmin™ and held for another 4 min. Finally the oven temperature was
ramped to 270°C at 50 Cmin and held at this tepmrature for 4 min. The MS was performed

through EI, scanned between 20 and 250 m/z for 21 min. with a delay of 3.5 min.
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7.3 Results and discussion

7.3.1 Catalyst characterization

In order to monitor changes in phase of the as-prepared WOz-coupled TiO2, XRD data
was used. The monitored diffraction peaks revealed particle sizes 9.6 nm, based on the
Scherrer’s equation. It can be seen from Figure 7.3 that the diffraction peaks of the WO3(4
%) TiO2 exhibited both anatase and rutile phases which appears similar as compared with the
structure of P25 powder. The characteristic diffraction peaks were observed to broaden as the
calcination temperature was increased, which indicates a decrease in the average size of the
TiO, anatase crystals. It also suggests that coupling TiO. with WO3 could prohibit phase

transformation as well as control the growth of the catalyst crystallites, 8109342

— P25
WO,(4 %)-TiO,

101 (a)

a = anatase
r = rutile

20 40 60 80
Figure 7. 10: XRD patterns of TiO»/WO3 nanocomposites

The XRD patterns shows that the coupling amount of WOz was sufficient enough to
be detected by the XRD thus implying that all the W®" may have been absorbed into the

titania lattice replacing the Ti**. If this assumption were true, then W—O-Ti bonds would be
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formed or located at interstitial sites as suggested by Jingxia et al.>*® Inability to detected
WO3 in similar material has been reported and attributed to either of these assumptions: (1)
The WOz was present in an amorphous phase or (2) it was well dispersed on the TiO- surface.
Sajjad et al.2® reported that only when the concentration of the WO3 was increased to 6 mol
% from 1 mol % did the crystals become obvious. This signifies that the minimum required
amount for the formation of a monolayer was reached, hence the appearance of the
peaks.3*3%42 Interestingly, in this work, WOj3 diffraction peaks were visible at 4 mol %. As
such, only EDX analysis was further performed. All the constituent elements of the coupled

material were visible on EDX spectrum as shown in Figure 7.4.
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Figure 7.11: EDX of WOs(4 %)-TiO,show the elemental composition of the coupled material

7.3.2 1-hexene photo-epoxidation product analysis

7.3.2.1 FTIR analysis
During the IR analysis, the C-H stretching band of =CH> groups at 3087 cm™ and the

C=C at 1646 cm™ were used to identify alkene (1-hexene). The CH> stretching mode were
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ascribed to the peaks at range 3000 cm™ and 2700 cm™ while those below 1500 cm™ were
considered for bending vibration mode.%%®! The selected peaks were observed increasing and
decreasing as the reaction proceeded with time. Peaks at 1415 cm™, 1260 cm™ and 843 cm’!
were all observed to increase in intensity as time of reaction increased while peaks at 1829
cm!, 1647 cm™, 994 cm™ and 632 cm™! were observed to decrease accordingly. The photo-
oxidation became stable and no other changes were observed after 1.5 h. Figure 7.5 shows
the IR spectra of epoxidation reaction using P25 while maintaining other reaction condition
as mentioned above. It can be seen that a steady increase in the intensity of the peaks was
observed upon irradiation. This was expected due to desorption of molecules adsorbed on the
surface of the catalyst as light is shone.?’!*** It can also be seen from Figure 7.5, the
emergence of a new peak at 2380 cm™ which is attributed to CO».>** Indeed, TiO> is widely
known to mineralise alkenes (and other organic compounds) into CO, and H,0.!01:345.346
Nguyen et al. reported 74.4 % selectivity of CO2 and 0 % propylene oxide in their
photocatalytic epoxidation of propylene with P25. In Figure 7.6, the IR spectra of 1-hexene

epoxidation with 4 mol % WOj; coupled TiO; is shown.

——Steady state hexene
| ——15min
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Figure 7. 12: FTIR spectra of epoxidation reaction 1-hexene with P25
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The emergence of new peaks at 3048 cm™, 1415 cm™ and 1260 cm™ can be seen.
However, the steady state spectrum of the epoxidation reaction was compared with that of a
standard 1,2-epoxyhexane, and a remarkable resemblance was observed, hence confirming
the identity of the reaction product. This further shows the reliability of the designed reactor

for epoxidation of 1-hexene.
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Figure 7. 13: IR Spectral of oxidation of 1-hexene with WO3(4 %)-TiO,

Among the various functions of catalyst coupling agents, their ability to lower the band
gap of the core material (through interstitial band gap states) is of paramount importance.
This is because the amount of energy necessary to activate such materials is reduced. WO3
has been widely used to improve the photo-activity of TiO2 in various forms. When used as
dopant, i.e. present in TiO2 in amounts ranging from 0.1-1 mol %, it acts as an electron trap.
When TiO; is excited by photons of appropriate wavelength (< 387 nm), photo generated
charge carriers are produced. However, in the presence of WO3, the two materials become
excited when irradiated. As such, the conduction band of WOz which is lower than that of

TiO2 becomes a trap for the photo-generated electrons in the conduction band of TiO,. As
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the photo-generated holes accumulate in the valence band of TiOz, the rate of recombination
of these charge carriers is effectively reduced, thereby enhancing the efficiency of the
coupled material. As similar transition of the photo-generated holes to the valence band of
WOs is not energetically favourable, the formation of more hydroxide radicals become
enhanced. Also, the increased amount of adsorbed water in the system means that the holes
are captured in oxidative reaction to produce hydroxide radicals which eventually oxidise the
alkene into epoxide.

Although, no literature report exist to the best of the author’s knowledge, on the use of
WO3 coupled TiO, for alkene epoxidation, it is assumed that the improved efficiency of the
coupled material is based on certain factors: the surface adsorption was increased due to
increased surface acidity. WOj3 is known to be about 15 times more acidic than TiO2%#2, thus
coupling the two promotes their affinity to OH and H.O on the surface leading to formation
of more OH radicals. Similarly, the coupled WO3-TiO- tend to have more affinity toward the
molecules of the reactant. In terms of coupling amount, different reports exist each having
ideal mixing ratio for the studied compound. Sajjad et al. ** found that 4 mol % WOs; on
TiO vyielded the highest adsorption and photocatalytic activity on decomposition of
methylene orange and phenol. Guangjuan et al.>*? reported that the highest reaction rate for
the degradation of rhodamine blue was achieved with 3 mol % WOs3 on TiO,. However, there
are also reports where 1 mol % displayed the photodecomposition of contaminants. Bellardita
et al.®*” and Song et al.22 both observed highest photo degradation efficiency at 1 mol % of
WO3 dopant. These observations have been attributed to some factor including increase in
life span of exciton®*’ as well as the bathochromic shift caused by the WO3 doping.1%?
Nevertheless, in this work, only mixing ratio was tested in order not to deviate from the

objectives of the chapter.
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7.3.2.2 GC-MS analysis

After 1.5 h of reaction, the reactor exhaust was trapped in a Tedlar gas sampling bag
from which a sample was manually injected in GC-MS. Four main peaks were shown at 1.31,
1.65, 2.00 and 2.58 minutes as in Figure 7.7. These observed peaks were identified using the

NIST MS database.

CeHi2, 1.65

r'd

abundance

COz, 1.31
CeH120, 2.58
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Figure 7. 14: Gas chromatogram of the reactor exhaust trapped in a Tedlar gas sampling bag
using WO3(4 %)-TiO, The retention time of the main peaks in the spectrum has been marked.

The peak at retention time 1.31 minutes was ascribed to carbon dioxide. It is worth
noting that this peak had the highest intensity apart from that of the reactant hexene (at
retention time of 1.31 min) suggesting that it is the main product of this reaction. This also
show that the photooxidation rate of 1-hexene over the studied catalyst occurred at a fast rate
which leads to the formation of a relatively stable product. The MS match for the peak at
retention time 1.31 min is shown in Figure 7.8. From the molecular ion peak at 44 m/z,

compound can be confirmed to be CO> and it is consistent with NIST database for CO..
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Figure 7. 15: Mass spectrum of the peak at 1.31 minutes from the gas chromatograph of the
partial photo-oxidation products of 1-hexene

At retention time 2.58 min, a very low intensity peak appeared in the gas
chromatogram of the trapped reactor exhaust using WO3(4 %)-TiO2. This peak was
attributed to 1,2-epoxyhexane, and its mass spectrum (Figure 7.9) correlates to that of
epoxyhexane in the NIST database. This observation is further supported by reports of
academic studies that showed that 1-hexene has tendency to photocatalytically convert into

its corresponding epoxide. 33>
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Figure 7. 16: Mass spectrum of the peak at 2.58 minutes from the gas chromatograph of the
partial photo-oxidation products of 1-hexene.

At exactly 2.00 min, another peak appeared which has intensity approximately similar
to that of epoxyhexane. This peak which barely appears but identifiable by the NIST database
as 2-hexenal. The appearance of this molecule suggest that during photo-epoxidation
reactions, a double bond migration occurred on the organic species, as also reported by Pillai
and Sahle-Demessie.®*! The mass spectrum of the peak is shown in Figure 7.10, which
correlates with the NIST MS database, thus confirming the formation of the compound.

Although there may be other molecules produced during the reaction, which may not
be detected by the GS-MS due to their low concentration or unstable nature, their presence

could be traced partially through chemical reactions.
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Figure 7.17: Mass spectrum of the peak at 2.00 minutes from the gas chromatograph of the
partial photo-oxidation products of 1-hexene.

The residue obtained through the ring opening reaction of epoxyhexane was dissolved in
acetonitrile. The gas chromatograph of the result is shown Figure 7.11. It can be seen that
three major peaks were obtained at 4.10, 5.16 and 5.34 minutes. The peak at 4.10 min is due
to the solvent, acetonitrile. It eluted earlier due to its lower boiling point and higher volatility
relative to the other two species. The observed delay of up to 4.10 min was as set in the GC
analysis method. Figure 7.12 shows the mass spectrum of the peak at 4.10 min, which further

confirms its identity as it correlates with MS database.
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Figure 7. 18: Gas chromatogram of the dissolved residue of epoxyhexane ring opening in
acetonitrile
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Figure 7. 19: Mass spectrum of the peak at 4.10 minutes

Unfortunately, the two species at retention times 5.16 and 5.34 minutes did not find any
match in the available NIST database. As these peaks were not observed in the gas
chromatograph of acetonitrile, they are most likely the products of the ring opening reaction.

From the proposed mechanism (Scheme 7.1) for the photo-epoxidation of 1-hexene,
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the possible formation route for the epoxide precursors can be seen. Moreover, during the in
situ nucleophilic ring opening reaction of epoxide using methanol as nucleophile, a
preferential methoxy substitution was expected to occur at the most substituted carbon of the
epoxide ring.2* In terms of regioselectivity, where two or more different constitutional
isomers could be formed, the nucleophile is expected to attack the most hindered carbon in
an Sn1 reaction.®*%%2 As such, one of the products is formed preferentially. This could be
the reason for the observed high intensity of the peak at retention time 5.16 min relative to

that at 5.34 min (Figure 7.11).
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Scheme 7.1: Proposed scheme for the formation of the epoxide precursors from 1-hexene.
[O] = oxidant/O».

In Scheme 7.2, the step-by-step acid catalysed ring opening of epoxide leading to the
formation of a product is shown. In the presence of an acid, the epoxide oxygen is protonated
to create a leaving group, step 1. In step 2, the C-O bond breaks, creating a partial positive

charge on the most substituted carbon due to carbocation stability. The nucleophilic CH3OH
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then attacks the electrophilic carbon in step 3. This step prevents the formation of a complete

carbocation intermediate. As the C-O bond still is yet to break completely, the O prevents

attack from the front leading to preferential attack from the back as seen in step 3.
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Scheme 7.2: The Schematic of a nucleophilic ring opening of epoxide in an acid catalysed reaction

As no matching species were found for these newly created molecules either on the

spectra of standard samples or the NIST database, attempts were made to identify them using

basic knowledge. It can be seen from Scheme 7.2 that the two species are likely to be some
compounds with molecules that contain OCHs.
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Figure 7. 20: Mass spectra of peaks at retention times 5.16 min (A) and 5.34 min (B)

Figure 7.13, shows the MS of species at retention times 5.16 min (A) and 5.34 min (B).
A close look at the MS spectra of these unknown species A and B, shows that they contain
odd m/z peaks which implies fragmentation by loss of CH2.1%” Moreover, both have a
difference of >14 amu between the fragments in their MS spectra suggesting that both
molecules are sourced from molecules that only differed from each other by a CH> group.
Therefore, considering the ring opening reaction of epoxide (Scheme 7.1), it becomes

apparent that the two unknown species are products of the ring opening reactions of epoxide.
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Photo-oxidation of organics over TiO, based materials is known to lead to gradual
fragmentation of the molecules, hence the observed difference of CH. group between the
epoxides formed in situ (Scheme 7.1). Nevertheless, it is worth mentioning that even though
the photodecomposition of organics over TiO2 has been widely studied, the reaction is
perceived to proceed in a complicated manner. Several different pathways have been
proposed in the literature. The proposed scheme in Scheme 7.2 is only considered as a

potential mechanism for this reactions which is still open to further research.

7.4 Conclusions

In this chapter, the designed reactor has successfully demonstrated capability for photo-
epoxidation reaction. During this study, 1-hexene was successfully converted to
epoxyhexane through photo-epoxidation reaction using WO3 coupled TiO.. Whereas TiO:
was effective in mineralizing 1-hexene to COz, addition of WOs3 to TiO> resulted in partial
oxidation of the substrate.

This shows that several important chemical compounds can be synthesized using
simple, less energy demanding system such as the one used in this chapter. Although the
designed photo-reactor could be optimized to enhance the product yield, the simplistic design
and operation of the reactor makes it industrially attractive. Other side products were also
formed alongside the desired epoxide. Some of these products were envisaged to be very
unstable or very low in concentration which made them difficult to detect. Two novel
compounds were successfully synthesized when the exhaust of the photo-reactor was reacted
directly with a nucleophilic methanol catalyzed by acid. Although these compounds were not

identified due to the NIST database, their sources as well as molecular structures could be
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suggested based on MS data. Only a handful of information about the synthesis procedures
for these two structures seem to exist and sadly, they are overly complicated. Therefore, the
reactor design technology presented in this chapter offers a potentially low cost synthetic
procedure for species that are difficult to synthesise non-photocatalytically.

Finally, the photo-reactor designed in this study could be significantly improved if it
will be applied to industrial scale. Nevertheless, photocatalytic reactions remain
environmentally benign, cost effective, alternatives to conventionally high energy systems.
It is therefore imperative that the designed reactor is potentially an initial step towards the

manufacture of more sustainable chemical industry.
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Chapter 8: NMR Study of Photo-Oxidation of Styrene

In this chapter, CeO, and several Co metal ion doped CeO, were synthesised through
hydrothermal method and tested for photocatalyzed oxidation of styrene. The
characterisation data obtained on XRD, EDX and SEM showed the formation process of the
synthesised nanoparticles of various sizes as well as the structure of the crystals. Catalyst
immobilisation technique utilised in previous chapters of this thesis was adopted to perform
a “pseudo” in-Situ photo-oxidation of styrene using NMR spectroscopy. Using molecular
oxygen as the oxidant, 0.3 mol % Co-doped CeO- showed the highest conversion of 45 %
while the selectivities for styrene oxide and benzaldehyde were 38 % and 51 % respectively.
As revealed by the kinetic study in this work, the photo-oxidation reaction proceeded
according to Langmuir-Hinshelwood model. The synthesised catalyst showed high stability
and reusability over several photo-oxidation cycles. CeO: is indeed a promising catalyst ideal

for photo-oxidation reactions to produce styrene oxide.
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8.1 Introduction

As the demand for new techniques for screening semiconductor photo-catalysts keep
rising, a significant amount of research into this field are also increasing. The use of oxides
of rare-earth metals is yet another significant area that has received much attention due to the
attractive properties such as optical and magnetic properties’® of these materials. This group
of materials has also demonstrated appreciable catalytic properties. One of the highly studied
is cerium oxide (CeOz). CeO: is one of the widely used rare-earth metal oxides that has
gained the attention of the academia and industry for decades.'’* Some of its advantages
include the Ce3*/Ce** reduction-oxidation cycle as well as the ability to store oxygen,
otherwise known as Oxygen Storage Capability (OSC). The oxidative properties of CeO: is
dependent on the reduction step between Ce3* and Ce** also referred to as the Ce3*/Ce** redox
cycle.r’ 172 This property is mainly caused by its high reduction potential as well as the OSC,
the extent of which is a function of the size, morphology, shape as well as surface area of the
material. At an average size between 10 and 15 nm, CeO. nanomaterial exhibits a
phenomenon known as quantum confinement effect.1’41® They also exhibit an appreciable
growth of cell parameters owing to the oxygen vacancies present as a result of the increase
in number of Ce3". It has been reported that due to enhancement of the ratio of Ce®* to Ce**,
the OSC can be improved by coupling CeO2 with ions of a transition metal or another rare-
earth metal.r’®"" Higher surface energy also plays a crucial role in the enhancement of the
material’s activity, as it is responsible for the improved activity of the observed (100) surface
of cubic CeOz. In descending order, the surface energy of cubic CeO: is as follows: (100) >
(110) > (111).1"® The ability to control some of the most desirable properties of CeO2
nanostructures has justified their interest over the conventional aggregated nanoparticles.

Some of these physicochemical properties include architecture, morphology and growth
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direction. There exist several morphologies of CeO2 nanostructures in the literature. Among
these, one-dimensional nanorods, aggregates, and wires have drawn a lot of attention owing
to their high specificity of both surface area and active crystallography in the direction of
growth.1®1" However, only the aggregate morphology was synthesised in the work due to
its certain advantages that have been outlined in the literature. Due to its porous structure and
high surface area an enhanced contact between the catalyst and the substrate can be achieved.
Moreover, a significant decrease in sintering could be achieved due to the porosity created
when aggregates are stacked randomly.17%353-3% Effectively, decreasing sintering leads to
sustenance of surface area which otherwise would be reduced at higher temperature. One of
the methods for synthesising aggregate CeO: is the hydrothermal method. However, in order
to achieve precision in width size, aspect ratio as well as accessible surface active sites, a lot
is still required to be done. Nevertheless, high level of control could be achieved when a
suitable precursor, a suitable reaction medium and conditions are carefully chosen.

Styrene epoxidation reaction is one of the most important chemical reactions in the
chemical industry. Due to its commercial value, styrene oxide is extensively used as an
intermediate for production of variety of pharmaceutical and fine chemical products. It is
normally synthesised using two principal methods. The first is the use of a suitable base to
de-hydrochlorinate styrene chlorohydrin while the second method involves the use of H203,
organic peracids or urea-H;O, to oxidise styrene.®**3%® Unfortunately, neither of these
methods is environmentally or economically friendly due to the use of hazardous chemical
substances. In order to synthesise styrene oxide in a “greener” way, the use of heterogeneous
photo-catalyst and molecular oxygen could be employed for the oxidation reactions. In spite

of the efficiency of CeO:. as a catalyst, only a few reports have been made about it.
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In this chapter, hydrothermal method was utilised to synthesise CeO and Co metal ion
doped CeO: nanostructured photo-catalyst. Another application of the catalyst coating
technique has been further demonstrated in this chapter, this time in a liquid phase. NMR
screw cap tube was utilized as the reaction vessel which allowed for the use of economical
quantities (1 mL) of reactants. This novel technique is a possible quick technique for

screening of a variety of organic reactions.

8.2 Experimental
All reagents used in this chapter were used as supplied. No further treatment was

performed on any chemical.

8.2.1 Preparation of CeO; catalyst

Hydrothermal method was used to synthesise CeO> aggregate according to modified
procedure reported by Pal et al.®® 1 g of cerium (l11) nitrate hexahydrate (Ce(NO3)36H-0,
Aldrich Chemicals) was pre-mixed with 10 mL ethylene glycol. 0.3 M ammonium hydroxide
was added dropwise until a pH of 7 was achieved. A straw yellow mixture was obtained
which was stirred vigorously for 3 h. The final mixture was transferred to a Teflon vessel and
an autoclave, placed in an oven for hydrothermal synthesis at 120 °C for 24 h. When the
autoclaves have cooled down to room temperature, the formed precipitates were separated
by centrifuging and vacuum filtering, washed thoroughly with de-ionised water followed by
ethanol and dried at 80 °C for 12 h. The final dried powder was then calcined at 500 °C for 6

h.
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8.2.2. Preparation of Co doped CeO>

1 g of Ce(NO3)36H.0 was pre-mixed with 10 mL ethylene glycol. 0.2 g of cobalt (1)
nitrate hexahydrate (Co(NO3)26H20, 97.5 %, AnalaR) was dissolved in 15 mL ethanol and
added to the first mix under magnetic stirring. 0.3 M ammonium hydroxide was added
dropwise until a pH of 7 was achieved. The obtained mixture was stirred vigorously for 3 h.
The final mixture was transferred to a Teflon vessel and an autoclave, placed in an oven for
hydrothermal synthesis at 120 °C for 24 h. When the autoclaves have cooled down to room
temperature, the formed precipitates were separated by centrifuging and vacuum filtering,
washed thoroughly with de-ionised water followed by ethanol and dried at 80 °C for 12 h.
The final dried powder was then calcined at 500 °C for 6 h.

The same general procedure as above was followed for preparing different mol ratio of
cobalt metal ion doped-CeO>. The various doping amount and their allocated their names in
the thesis are displayed on Table 8.1. The characterisation techniques in this chapter are same

as the ones used in the previous chapters of this work.

Table 8. 1: Amount of Co in Co doped-CeO,

Entry Amount (mol %) Thesis allocated name
1 0.0 CeO2

2 0.1 Co0(0.1)-CeO:

3 0.3 Co0(0.3)-CeO:

4 1.0 Co(1.0)-Ce02

8.2.3 Preparation of catalyst loaded NMR Tubes
Considering the success achieved for photo-epoxidation of alkenes in gas-phase in the
previous chapters of this work, it became imperative to further study the efficiency of the

developed catalyst coating method of this work in a liquid-phase. Using a novel technique,
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NMR screw cap tube was used as the reactor as seen in the set-up shown in Figure 8.1 (left).
Catalysts synthesised in sections 8.2.1 and 8.2.2 were individually immobilised on glass
beads according to the procedure in Chapter 3 of this work and placed in a 600 MHz
frequency, 7 in. and 5 mm outer diameter screw cap NMR tube (Wilmad). A piece of quartz
wool was placed before the catalyst coated beads to keep the latter from falling to the lower

part of the tube as doing so may obstruct the NMR reading.
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Figure 8.1: NMR tube assembly (left); reaction set-up (right)

8.2.4 Styrene catalytic oxidation reaction

When the reactor in Figure 8.1 was ready for reaction, the reactants were added as
follows: separately, 1.5 mL of chloroform-d was placed in a GC autosampling vial and 20
uL of styrene was added and thoroughly shaken to homogeneity. The solution was then

transferred to the NMR tube assembly with the aim of a syringe. A bleed needle was inserted
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through the septum on the screw cap to reduce pressure build-up during this process. 5 mL
of molecular oxygen was also pumped into the reaction set-up as the oxidant. The tube was
then inverted to allow contact between the reacting species and placed in a crosslinker UV
chamber and irradiated with 2.0 mWcm2 of light from a xenon light source as shown in
Figure 8.1 (right). NMR analysis was performed periodically after every 10 min of
illumination by taking the reactor and keeping it vertical for a couple of minutes to allow the
liquid drain to the bottom of the tube, then placed in a 600 MHz Varian NMR. This was
repeated until no further changes in the NMR spectra was observed. The cycle was performed

for all the catalysts.

8.3 Results and discussion

8.3.1 XRD analysis
The XRD patterns of the CeO2 nanoparticles are shown in Figure 8.2. A well resolved

diffraction peaks for CeO> corresponding to a standard data JCPDS 34-0394 can be seen.
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Figure 8.2: Powder XRD patterns of synthesized pure and cobalt impregnated CeO, NP



204

No observation was made for peaks associated with cerium hydroxide. This suggests the
direct formation of crystalline CeO> particles from the cerium nitrate precursor solution.
Interestingly, the peaks intensity ratio of 0.5 was achieved for the (200) and (220) crystals of
CeO2 nanoparticles. Ideally, the peaks intensity ratio should be 0.6.%%" This observation
shows specificity in the growth direction of the crystals of the CeO2 nanoparticles synthesised
and is well documented in the literature.®>¢3%8 Using Scherer’s Equation, it was possible to
determine the average sizes of the crystallites considering the broadness of the diffraction
peak (111). As the calcination temperature was increased the average crystallite sizes also
increased as displayed on Table 8.2. It can also be seen on Table 8.2 that the crystals of the
CeO> nanoparticles synthesised were longer than those of bulk CeO.. This is consistent with
the findings of Pal et al. which they attributed to be due to grain surface relaxation (that plays
a vital role in the line broadening which results in reduction of the dislocation density®°) as

well as the presence of Ce®*, which leads to a high redox potential of CeO2 nanocrystals.3>®

Table 8.2: The crystallinity and unit cell parameters of the synthesised catalysts

Entry Sample Sger (M?g™) Crystallite size
(nm)

1 CeO2 47.21 6.28

2 Co(0.1)-CeO, | 52.47 7.45

3 Co(0.3)-CeO, |51.41 7.78

4 Co(1.0)-CeO, | 64.12 7.86

As Ce** is being replaced with Ce®*", due to the higher atomic radii of Ce3* an
enhancement of the crystal lattice of the CeO. nanoparticles can be observed according to
Vegard’s rule. The XRD patterns of Co—CeO> (Figure 8.2) was not different from that of

pure CeO; as expected, since dopants usually have no effect on XRD pattern.3®® There was
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no additional peak corresponding to cobalt oxide even though the catalyst was calcined at
500 °C. This can be attributed to the low amount of the material present in the final Co-CeO>
material. Another possible reason is that the Co was uniformly dispersed in the overall
material.

Nevertheless, relatively lager crystals size and unit cell parameters were obtained for
pure CeO, compared to Co-CeO, which shows that a successful incorporation of Co ions

unto the CeO, crystal structure was achieved (Table 8.3).

8.3.2 SEM analysis

The synthesised CeO: and its dopants were further characterised by SEM as shown in
Figure 8.3. The SEM images of the CeO> show an irregular shaped material of micro-meter
length. The observed morphology of CeO. did not show any significant change with
calcination. Similarly, due to low amount of dopant used in the syntheses of Co doped CeO>
no difference was observed in the morphology of the base CeO2. As such, EDX analysis was
performed to ascertain the presence of Co ions in the finished material (Figure 8.4). The
elemental composition data on Table 8.1 shows the presence Co up to 0.5 wt % with 0.44 at

%.

Figure 8.3: SEM images of as-synthesized CeO>
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Figure 8.4: EDX spectrum of 0.3 mol % Co-CeO>

Table 8.1: Elemental composition of synthesised Co(0.3)-CeO;

Element Weight%o Atomic%o
OK 22.36 71.42
CoK 0.51 0.44
CelL 77.14 28.14
Totals 100.00

Conventionally, synthesis of CeO. nanoparticles is performed through the formation
of cerium carbonate or hydroxide intermediate which often result in low formation of product
and is not time efficient.3%! Here, a direct formation procedure was adopted by using
cerium (I11) nitrate hexahydrate which under hydrothermal condition nucleates to form CeO;
nanoparticles during the initial reaction. Ethylene glycol also played a vital role in CeO
particles formation as it provided a platform upon which the CeO> particles grew. Ethylene
glycol has been reported to play a role in morphology control'*® as well as crystal growth
direction.?° Weng et al**’ explained that when poly ethylene glycol is used, at the initial
stage of CeO, growth mechanism, nanoparticles independently arrange themselves in such a

way that their crystallographic orientation is the same. After that, the particles combine at a
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planar interface that result in a decrease in the surface energy. As also observed by Pal et al.
the (100) corresponds to the binding of the nanoparticles on the chains of poly ethylene glycol
which led to surface energy reduction. This was followed by the enlargement of the particle
and eventual oriental attachment on the next available reactive surface (110).%° Upon poly
ethylene glycol removal, (100), which is the highly energetic surface became highly exposed.
On the other hand, when ethylene glycol is used, the particles tend to form an agglomerate
by dehydrating and then condensing to form particles with an irregular shape due to the
presence of hydroxyl group on the CeO; surface. This explain the morphology of the CeO-

nanoparticles obtained in this work.

8.3.3 Catalytic activity study

Although the aim of this chapter was to test the coating technique discussed in Chapter
3 of this work using NMR analysis, it became imperative to test the catalytic activity of all
the synthesised CeO, nanoparticles. As such, analysis was carried out to study the photo
activities of the synthesised catalysts by plotting the concentration profile of styrene as well
as those of styrene oxide and benzaldehyde. This data was generated by taking 2 ul of the
NMR reaction tube after each round of illumination, using a micro syringe. The eluent was
injected in to GCMS and corresponding peak of species were analysed. It can be seen from
the GCMS data in Figure 8.5 that all the catalysts were active toward photooxidation of
styrene. Figure 8.5 (A) shows the normalised styrene concentration data according to
catalysts and time of reaction. It can be seen here that the highest decrease in styrene
concentration which corresponds to conversion of 45 % was achieved with Co(0.3)-CeO:..

However, the highest increase in concentrations of styrene oxide was achieved with Co(1.0)-
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CeO2 which corresponds to selectivity of 61%. These modified CeO. catalysts performed
better than pure CeO» with respect to conversion and selectivity.

The incorporation of cobalt to the CeO. catalyst showed an improved activity which
can be attributed to an increase in the sites vacancies as a result of enhanced number of Ce3*
ions which in turn increases the number of active sites to adsorb more oxygen molecules. %
On the other hand, increasing the amount of Co to make 1.0 mol % Co-CeO2, showed a
decrease in conversion of styrene and selectivity of benzaldehyde. This is probably due
excess un-bonded Co ions which could cause surface deactivation.®®? Nevertheless, pure
CeO: achieved the lowest conversion and selectivity showing clearly the superiority of Co
impregnated CeO3, which is most likely due to three major factors as outlined by Pal et al.:
increased surface area, increased number of Ce®" ions as well as revealed surface of active

(100). This observation is in agreement with the literature, 76356359362
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Figure 8.5: Concentration profile for styrene (A), styrene oxide (B) and benzaldehyde (C)
obtained for the oxidation of styrene with O, over all the synthesized CeO; based catalysts.
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8.3.4 NMR analysis

Figure 8.6 represents the distribution and allocation of protons according to their
electronic environments. The position of a proton on the structure determines whether its
peak will appear at a high or low shift relative to a reference. The number of peaks in the
NMR spectrum is equal to the number of protons (or other atoms) in the molecule. Also the
proximity of a proton to an electronegative atom or multiple bond leads to a peak appearing
more downfield. Since *H-NMR spectrum produces peaks according to this classification, it
became imperative to identify these individual peaks and their sources from the three major
molecules present before (Figure 8.6 (A)) and after (Figure 8.6 (B & C)) reaction.
Identification of all peaks was further confirmed by considering their multiplicity as well as

by comparing with ACD/I-Lab database.

AN ¥ AN
‘ 10 ‘ ‘
N N 5
] | | | H
N, ~N, N,
(A) (B) (©)

Figure 8.6: Schematic representation of electronic environments of H atoms within the molecules of
(A) styrene, (B) styrene oxide and (C) benzaldehyde.
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Figure 8.7: *H-NMR of reaction mixture before illumination

Figure 8.7 shows the H-NMR spectrum of reaction mixture before reaction
(irradiation). The peaks at 1.2 and 1.55 ppm are likely due to impurities in the mixture. At
5.2, 5.7 and 6.66 ppm, the peaks correspond to H in the electronic environments labelled 11,
10 and 8 respectively, in Figure 8.6 (A). The multiplet peak at 7.23 corresponds to the CDCls.
However, several peaks appeared almost overlapping with the solvent peak at 7.23 ppm.
These peaks are attributed to the aromatic ring with protons labelled 1 to 6 in Figure 8.6.
After every 10 min of reaction, NMR analysis was performed until no further changes were
observed in the NMR spectra. Figure 8.8 (A) shows the *H-NMR of photo-reacted styrene
using Co(0.3)-CeO>. As can be seen here, spectrum 7, which is the initial reaction spectrum
at time 0 min. shows peaks similar to those in Figure 8.7. This implies that no reaction took

place in the absence of light. After 10 min of reaction, new peaks appeared between 2.0 and
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4.0 ppm which were absent before illumination (Figure 8.8, spectrum 6). Similarly, further
downfield at 10.2 ppm another new peak appeared which can be attributed to protons labelled
8 in Figure 8.6 (C). The downfield appearance of this peak is due to the proximity of the
protons to a double bond as well as O (a highly electronegative atom).*®2 This peak has been

identified as benzaldehyde. 34
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Figure 8.8: Full spectra of *HNMR of styrene epoxidation after irradiation at 10 min interval
for 60 min.
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Figure 8.9: Zoomed in tHNMR of styrene epoxidation showing (A) peaks due to styrene oxide
and (B) peak at 10.2 ppm, due to benzaldehyde
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From Figure 8.9 (A), the emergence of new peaks after reaction can be seen. All the
peaks which were absent at 0 min reaction time, appeared after 10 min of reaction. No other
different peaks were observed after this time. This shows that only one type of reaction
occurred in the system and the products did not suffer any form of decomposition. The
emerged peaks were also observed to retain their intensity between 20 and 60 min of reaction.
Only a slight increase in intensity was observed from 10 min to 20 min of reaction, which
can be ascribed to initial product formation process. Similarly, the proton peak at 10.2 ppm
remained stable within the reaction period tested (Figure 8.9 B). Figure 8.10 shows peaks at
2.80, 3.15 and 3.86 ppm which have been ascribed to protons of styrene oxide in chemical
environments labelled 8, 8 and 7 respectively. These were identified by first stacking the

spectrum of a standard styrene oxide with that of reaction after 60 min.
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Figure 8.10: Comparison between NMR spectra of standard styrene oxide (green) and reaction
product at 60 min (blue).
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The multiplicity of the selected peaks in Figure 8.10 further confirms the identity of
the product. By determining the coupling constant of the selected peaks, it can be seen that
peaks at 2.80 and 3.15 ppm are doublets. Also, form the coupling constant, peak at 3.86 ppm
is a multiplet. Considering protons at C labelled 8 in the styrene oxide structure, their
neighbouring proton at C labelled 7 is 1. As such, applying the N+1 rule results in 2, hence
the doublet peaks observed at 2.80 and 3.15 ppm. Similarly, applying this rule to peak at 3.86
ppm gives a multiplet. Other peaks whose identity could not be confirmed by NMR were
also observed. Around 3.47 ppm a singlet, around 3.63 ppm a singlet, around 3.67 ppm a

singlet and around 3.75 ppm a multiplet.

8.3.5 Kinetic considerations

The oxidation reaction of styrene can be summarised in Equation (8.1) as follows:

o]
k[
/
K o]
4 0, —_— + HCHO
kZ
—2 >

» Side products (8 . 1)

where the rate constants K, ki and k. were estimated at different reaction temperatures. Using

the Arrhenius Equation, K = Ae B¥RT  the plot of In K, In ki and In k» against 1/T (Figure
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8.11) showed linear relationships. From these plots, the activation energies Ea for styrene,
styrene oxide and benzaldehyde were determined to be 12.87 kimol?, 8.52 kJmol™* and

11.96 kJmol ™, respectively.
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Figure 8.11: Arrhenius plot of photo oxidation of styrene over Co(0.3)-CeQ catalyst.

From the Arrhenius plots, the activation energy of benzaldehyde is greater than that of
styrene oxide. This implies that production of benzaldehyde is favoured at higher temperature
more than styrene oxide. This observation is contrary to the findings of Zhang et al.*®® where
they reported higher activation energy for styrene oxide. At lower temperatures, the cleavage
of C=C occurred easily while at higher temperatures epoxidation competes more
preferentially.

The linear relationship obtained in Figure 8.11 strongly suggests that the photocatalytic
oxidation of styrene preformed here using molecular oxygen as the oxidant and CeO»-based

nanoparticles as catalyst proceeded according to Langmuir-Hinshelwood model which
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means that reaction occurred at the surface between adsorbed styrene and oxygen as

illustrated in Scheme 7.1.

8.4 Reaction mechanism

Several possible reaction routes have been proposed for heterogeneous photo-catalysed
oxidations in the presence of molecular oxygen, out of which two models are widely used.
Mars-van Krevelen and Langmuir-Hinshelwood mechanisms have helped to identify the
reaction pathways which is essential in understanding the overall reaction mechanism.
According to Mars-van Krevelen model, the oxidation process occurs by loss of O on the
surface of catalyst which is then replaced by molecular oxygen. However, the model assumes
the reaction can proceed significantly in the absence of O since the lattice O of the catalyst
surface is responsible for the reaction. The Langmuir-Hinshelwood model on the other hand
describes the reaction where the substrate adsorbed on one site and O adsorbed on a different
site of the catalyst react. Since O was an essential reagent in this work as no product was
made without it, it is therefore apparent that the photo catalysed oxidation of styrene studied
here followed the Langmuir-Hinshelwood model. However, more investigations need to be

carried out to confirm this claim.
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Scheme 8.1: Proposed probable reaction mechanism of styrene oxidation with O, over synthesized
CeO, NW based catalyst.

Scheme 8.1 shows a proposed mechanism for the epoxidation reaction of styrene. It
starts by adsorbing styrene onto the surface of the catalyst (CeO2-based nanoparticles) as a
result of p-interaction associated with aromatic ring.*®® Then follows the adsorption of
oxygen onto the surface of the catalyst. On the surface of the CeO2 nanoparticles, some sites
become vacant as a result of the formation of Ce3*. It is these vacancies that are occupied by
molecular oxygen.”® Eventually, the adsorbed species (styrene and oxygen) interact together
to form the product styrene oxide. The other oxygen atom is left to either interact with Ce3*

and participate in the redox cycle or interact with another molecule of styrene. 36¢

8.5 Conclusions

In this chapter, another application of the catalyst coating technique has been
demonstrated. CeO, and Co-CeO2 nanoparticles were successfully synthesised,
characterised and tested for photocatalytic oxidation of styrene. The nanoparticles powder

with highly exposed active (100) surface were coated on glass beads and placed in an NMR



218

tube to make a simple photo reactor. In order to improve the efficiency of CeO> nanoparticles
in photo-oxidation of styrene, different amounts of Co ions were added as dopant owing to
the wide knowledge of Co complexes as efficient catalysts for selective oxidation of
alkenes.®2

The photo catalytic experimental results showed that the catalysts have high activity
towards oxidation of styrene using molecular oxygen as oxidant. Co(0.3)-CeO> showed the
highest conversion of styrene peaking at 45% while the highest selectivity of 61 % for styrene
oxide was obtained with Co(1.0)-CeO,. The kinetic study performed revealed that the
reaction agrees with Langmuir-Hinshelwood model based on which a proposal for the
possible reaction mechanism was made. The technique developed in this work can serve as
a quick screening technique for both catalysts and oxidation of organic materials in the

presence of molecular oxygen.
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Chapter 9: Conclusions and Further Work

9.1 Conclusions

A gas-phase flow-type photo-reactor was developed during the present work. A new
and complementary catalyst immobilization technique was developed. By deriving and
applying the key equations for the reactor design, an excellent catalyst/reactant/light contact
was achieved. The designed photoreactor was tested using a standard, inexpensive and
commercially available TiO> P25 coated on silicone glass beads. Under mild reaction
conditions, it is possible to achieve photodecomposition of acetone into CO2 and H2O . The
effect of catalyst loading investigated during the pilot tests of the reactor revealed an
optimum catalyst loading is required to achieve high decomposition and production rates
for reactants and products respectively. Under the study conditions during this work, 5 mg/g
of catalyst loading gave the highest CO, production rate of 5.75 + 007 mMh™ and acetone
decomposition rate of 0.14 + 0.02 mMh?. This shows that the designed reactor has
capability of photodegrading organic pollutants.

Also during the present work nanostructured semiconductor photocatalysts including
TiO2, Bi2WOs, TS-1 and CeO> were synthesised through hydrothermal and sol-gel methods.
In order to enhance the photocatalytic activity of the catalysts were modified through doping
with metal ions such as Co, which was used in Chapter 8 as a dopant on CeO2. The powders
obtained from these syntheses were coated on glass beads through a novel technique with
high adherence efficiency. The adherence of the catalyst on glass beads depend on the

concentration of OH radicals on the glass support. The streamline design of the reactor made
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it possible for all the reacting species to be in contact simultaneously, while the transparency
of the glass beads provided an excellent UV light penetration.

Using Bi:WOs and Bi:WOe—TiO2> composite as photo catalysts, epoxidation of
propylene was achieved using the designed reactor. Using reaction mixture of
propylene:oxygen:nitrogen corresponding to the ratio 1:1:15, it was possible to produce
propylene oxide with high selectivity of 64 % over B-50/TiO.. The enhanced photocatalytic
activity of B-50/TiO> has been ascribed to its large Bi,WOs—TiO- interface.

Bi,WOs —TiO2 and Bi:WOs are excellent photochromic materials. They turn from a
bright yellow color to a black color. The amount of TiO catalyst present in the Bi,WO¢ —
TiOz play an important role the photochroism of Bi.,WOe by introducing extra defects at the
interface of the composite. The selectivity of PO was 17 % higher when a darkened
composite was used. This increment in selectivity was attributed to the trapping of photo
excited electrons by the formed defects. This consequently decrease the reduction power of
these electrons resulting in change in reaction pathway that produces organic intermediates.
This leads to enhanced selectivity of PO. The photoluminescence results also supports the
likelihood of photo induced defects in Bi;WOs—Ti02, hence its higher activity.

The gas-phase photo-epoxidation of cyclohexene using a mixture of Hz and O, was
investigated. The Kkinetics results showed that the gas-phase reaction mechanism follows the
Eley—Rideal mechanism. The physisorbed cyclohexene reacted directly with the intermediate
formed through reaction between Ti base and the OOH species, to produce the cyclohexene
oxide. Reaction activation energy was measured to be approximately 31 kJmol™.

The designed reactor was also used for the photo-epoxidation of 1-hexene. By bubbling
the exhaust of the photo-reactor as starting material, directly through methanol which acted

as a nucleophile under acidic condition for several hours. This made it possible to establish
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the features of some of the reactive species formed during the partial photo-oxidation of 1-
hexene process.

Finally, the catalyst coating technique was tested in a liquid phase. Using CeO: as
photocatalyst, photo-oxidation of styrene was performed through NMR spectroscopy. Using
molecular oxygen as the oxidant, Co-doped CeO. showed the highest conversion of 48%

with a selectivity of styrene oxide of 78%.

It can therefore be said that during the present thesis it was possible to design a gas
phase reactor which proved to be efficient for photo-degradation of organic pollutants as
well as photo-epoxidation of alkenes. In addition to air purification potential of the designed

reactor, it can also be a means for novel organic synthesis.

9.2 Further work

First, several optimization procedures can help greatly in choosing the best conditions
for optimum results. Time did not allow for such optimization during this thesis work. Such
optimisations should include flow rates, temperature, partial pressure, surface are of catalyst
coated on the glass beads as well as ratio of components in case of composite materials. The
relationship between these parameters should also be determined. Nevertheless, initial steps
have been taken during this work. Novel, more efficient photocatalysts the will utilize visible
light should be synthesised and applied to the GIAC coating technique. By using smaller glass
beads, less than the ones used here (1.0-1.5 mm diameter) the surface area of the catalyst on
glass beads may be improved. The synthetic route presented in Chapter 7 has great industrial
potential application especially for novel materials whose starting material are not easy to
come by. As such, efforts should be made to isolate and identify reaction products as well as

their formation pathways. This case other instruments liquid chromatography be used. Choice
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of photocatalyst should be efforts should be made to isolate and identify the two novel
synthetic products created in order to ascertain their mechanistic formation pathways. This
could be performed through a variety of techniques amongst which liquid chromatography
and cryogenic distillation. Once a solid understanding of the underlying processes is
achieved, the photosynthetic reactor can be developed further in order to study its
effectiveness as a synthetic flow reactor for the formation of rare organic molecules.

Concentration of oxidising agents (such as O;) in the gas streams should be
controlled. As suggested in this work, changing the catalyst’s specific properties may
positively improve the selectivity of the desired product.

Through these modifications, it may be possible to obtain a second generation of
photo-catalysts. These materials would greatly improve the overall performance of the

designed photoreactor for photocatalysis.
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