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Abstract

This work explores the changes in chemical structure to polystyrene upon treatment with
oxidising agents and to monitor the oxidation in situ on addition of these agents using
FTIR spectroscopy technique in order to understand the oxidation mechanisms. The
electrochemical oxidation of TBP, unsubstituted phenol and o,m,p-cresols presented as
defect sites in surface microstructure of the polystyrene was first studied using cyclic
voltammetry and a combined technique of chronoamperometry and in situ ATR-FTIR
spectroscopy. The results obtained showed that the oxidation of TBP involves a one
electron per proton transfer, leading to the formation of 2,4,6-tri-tert-butylphenoxy radical.
Additionally, enhanced electron-transfer kinetics was observed at the EPPG in comparison
to the GC and BDD electrodes and this was attributed to the presence of the edge sites in
the surface microstructure of the EPPG. The electrochemical oxidation of the unsubstituted
phenol studied under the same experimental conditions as the TBP reveals that the
oxidation proceeds by a one electron transfer, leading to the phenoxy radical then to
polymeric, dimer link through O—O and quinone as oxidation products. The oxidation
reaction was found to be dependent of the experimental conditions. The results obtained
from the electrochemical oxidation of the cresols indicate that the oxidation is influencing
by the substitution pattern in the phenyl ring and this was confirmed by the different
oxidation products obtained for each cresol. While polymeric, dimer link through O—O
and quinone products oxidation products were obtained for o-cresol, the oxidation of
m-cresol produces polymeric and dimer link through O—O as oxidation products. Only
dimer link through O—0 oxidation product was obtained for p-cresol. The formation of
quinoid compound was not observed in both the m-cresol and p-cresol and this was

probably due the fact that the molecule being too sterically crowded.

The electrochemical oxidation of these phenolic compounds was monitored using a
combined technique of chronoamperometry and in situ ATR-FTIR spectroscopy in order
to confirm the mechanism proposed for these phenolic compounds. IR peaks consistent
with the vibration stretch of the oxidations product resulting from the oxidation of these

phenolic compounds were identified.



The changes to polystyrene structure after chemical treatments using oxidising agents such
as iridium (1V) tetrachloride, iridium (IV) hexachloride and hydrogen peroxides were
investigated. Carbonyl and hydroxyl groups were observed on the surface of the
polystyrene and this is indicative of oxidation. These oxygen containing groups were also
observed in the in situ study of the PS in water on addition of Iridium (IV) hexachloride
in oxygen and oxygen free environment. This shows that polystyrene can be oxidised in
situ on addition of mild oxidation agent such as Iridium (IV) hexachloride regardless of
the presence or not of oxygen.



Impact Statement

Polystyrene (PS) due to its attractive properties (low cost, durability, appearance, etc.) is
one of the most used polymers in the manufacturing industry. However, the accumulation
of polymer waste in the environment has become a great source of concern, leading to a
long term environmental waste management problem. Therefore, it is essential to
understand the oxidative degradation chemistry of PS to understand how it persists in the

natural environment and to assist in preventing or reducing environmental pollution.

The first part of our project was focussed onto the electrochemical oxidation of
unsubstituted and substituted phenols such as phenol, TPB and cresols that were presented
as a defect site in the polystyrene structure, therefore understanding the oxidation of these
phenolic compounds will allow us to determine at what potential PS is more susceptible
to undergo oxidation. This study has shown that these compounds can be successfully
detected using cyclic voltammetry in solution and this can have a positive impact in waste

water treatment where phenols are present.

In the second part of this project, in situ experiments were designed to monitor the
oxidation mechanism of these compounds in order to confirm the oxidation mechanism
proposed for the different phenols previously. This study showed that FTIR can be
successfully used to detect oxidation product and to confirm the oxidation mechanism of
these compounds at one hand and at the other hand phenol of concentration lower than

20 mM can be detect with this technique and this was not shown before.

In the third and final part of our work, the chemical oxidation of polystyrene was
investigated. In this work oxidation mechanisms were proposed for polystyrene treated
with oxidising agents such as H20, iridium (IV) tetrachloride and iridium (IV)

hexachloride.
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Chapter 1

Chapter 1

Introduction

Polystyrene (PS) due to its special properties (thermal stability, low cost, durability, etc.)
is one of the most used thermoplastics in the manufacturing industry. PS is employed in
various applications ranging from food packaging, electronic, construction, automobile
and medical ware [1]. However, the inadequate disposal of the polystyrene waste in
environment had led to serious pollution problem [2]. Polystyrene material persists in the
nature without decomposition for a long period a time owing it to its exclusive properties
and this had caused serious problem to marine life and ecosystems. As the waste plastic
materials has become a great source of concern, recycling appears as one of the solution

to prevent or reducing environmental pollution [1], [2].

Polystyrene degradation has been the subject of intensive researches over the years and
it has been reported that the polymer undergoes degradation under the effect of
environmental factors such as light, high temperature, tensile stress, chemical reagents
(acids, base, oxidizing reagents) [3]. All these modes of degradation have been reported
to be very similar since they all involve chemical reactions that lead to bond scission and
depolymerisation (decrease in molecular weight), which lead to the deterioration in

physical properties of the polymer [3].

In the past studies on polystyrene degradation thermal analysis techniques such as
Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) were
widely used to monitor the degradation process [4]. However, some advanced techniques
such as nuclear magnetic resonance (NMR), High performance liquid chromatography
(HPLC) and Fourier Transform Infrared spectroscopy (FTIR) were also used to

successfully monitor the degradation process [4].

From this study, we wish to gain more insight into the degradation of polystyrene to
understand how it persists in the environment. The better understand of the degradation

will facilitate the better use of the alternative waste disposal strategies.
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Chapter 1

1.1 Polystyrene

Polystyrene is a long chain hydrocarbon belonging to the group of standard
thermoplastics that also includes polypropylene (PP), polyethylene (PE) and polyvinyl
chloride (PVC). Polystyrene due to its desirable properties is widely used in the
manufacturing industry. Polystyrene is produced via the polymerization of the monomer

styrene with the most popular being free radical polymerisation of the styrene.

1.1.1 Free Radical Polymerization of Styrene

Free radical polymerization is often the preferred mechanism for forming polystyrene
due to its economical and practical advantages over other forms of polymerization (such
as anionic polymerization, etc.). However, one of often cited problems is the range of
undefined defect structures and other form of structure irregularity that may be present
in polystyrene prepared by this mechanism. Free radical polymerization mechanism
requires the presence of an initiator, such as a peroxide compound that can react with the
monomer to produce reactive compounds which begins the polymerisation process [5].
The most commonly used peroxide initiator, benzoyl peroxide, can initiate the process
by firstly producing a pair of benzoyloxy radicals in the presence of heat by cleaving the
oxygen- oxygen bond (scheme 1.1). The benzoyl radical thus formed can then react with
the monomer to produce a reactive radical which can start the linking process [5]. There
is also a possibility that the benzoyloxy radical formed might decompose to give a phenyl
radical and carbon dioxide. This phenyl radical might also initiate the polymerisation
process. Once the polymer chain reaches a desirable length or molecular weight, the
polymerization is terminated. The mechanism of free radical polymerisation of styrene
using benzoyl peroxide as initiator is shown below [5]. This reaction mechanism is
divided into three important stages describing the initiation (scheme 1.2), the propagation
(scheme 1.3) and termination steps (schemes 1.4 and 1.5).
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N—0 0
Yo-d 0
A /2
— 2 =R
O.
benzoyloxy
radical l-CO2
Benzoyl peroxide

Phenyl radical

Scheme 1.1 Mechanism showing the formation of the radical initiator

The polymerisation reaction starts by the initiation steps where the benzoyloxy radical
formed reacts with the monomer styrene to produced radicals R?, R® and R* as shown in
scheme (1.2).

T mﬂﬂ 4
C—0" + H,C=CH

i
@c—o—CH—CH; =R
-CO,
R,
O E= O

Scheme 1.2 Initiation step of polymerisation of styrene

All these three radicals (R?, R®, R* can start the linking process following the same
pathways, therefore the linkage of radical R? will be shown as an example for the others.
This linkage process is characterised by the reaction of the radical R? with the monomer

styrene to form a long molecular weight radical and the reaction proceeds until the
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polymer reaches a desirable molecular weight. This process called propagation step is

shown is scheme 1.3.

i e

Il
Ph—C—0O—CH,—CH’ + H2C= [ — = ph—C—o— CHp—CH—CH,~CH’

0O ©©

Ph—C—0—CHy—CH—CH,—CH’ + H2C CH ——= Ph—C—0— —CHy—CH—CH,—CH—CH,—CH’

Y slole

Scheme 1.3 Propagation step of polymerisation of styrene

After the polymer reaches a desirable length, the polymerisation process is terminated,
and this step is shown in schemes (1.4 and 1.5). In this step, either two 2R? (scheme 1.4)
or R and R? (scheme 1.5) radicals can combine and terminate the reaction. The ester
functionalities formed by both mechanisms may be present as impurities at the polymer

surface and can therefore be involved in later degradation mechanisms.

Il . Il I
2Ph—C—O0—CH,—CH ———= Ph—c—o{CHZ—CHHCH—CHz]—o—C—Ph
n n

Scheme 1.4 Recombination of two R?

T > 0
I I
@ —0'+ HC~CH,—0—C—Ph ——= CH CH}O——C—Ph
n

Scheme 1.5 Recombination of R! and R?
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The ether linkage observed at the chain end of the polystyrene is presented as defects site

in the polystyrene structure and this will be review below.

1.1.2 Defect Structures in Polystyrene

There is substantial literature on photochemical and thermal degradation of polystyrene
and it is well established that polystyrene properties are sensitive to the manner in which
a particular sample is prepared. For example, it has been reported that polystyrene
prepared by anionic polymerisation shows better stability with respect to that prepared
by free radical polymerisation [5]. This has generally been associated with the presence
of ‘weak links’ in the latter polymer. In some cases, the ‘weak links” may be peroxidic
linkages. Such groups may become incorporated in the polymer formed by radical
polymerisation through copolymerisation of adventitious oxygen. These groups may
either be at the chain ends or they may be part of the backbone (as a consequence of
initiation, termination by combination or impurities). Head- to- head linkages, such as
those formed by termination by combination (see scheme 1.4 above), have been proposed
as a source of thermal instability [5]. However, there is also evidence that thermal
behaviour depends on the particular radical initiator or reaction conditions (temperature,

solvent, etc.,) used in the polymer preparation.

It also appears that in some cases the thermal degradation of radical polystyrene can be
interpreted in terms of initiation by random chain scission facilitated by processes
initiated at weak links. As discussed above benzoyl peroxide is commonly used as an
initiator and it has been reported that its use can lead to yellowing and impaired stability
in polystyrene [5].

Nuclear magnetic resonance (NMR) studies on polymers prepared with **C-labelled
benzoyl peroxide have shown that the primary benzoyloxy and phenyl end group formed
by tail addition to styrene monomer are thermally stable under conditions where the
polymer degrades. Thus, these groups are unlikely to be directly responsible for the poor
thermal stability of polystyrene prepared with benzoyl peroxide as initiator. On the other
hand, the secondary benzoate end groups formed by head addition appear extremely
labile under these conditions (scheme 1.5).

Studies with model compounds such as 2-phenyl butane show that secondary benzoate

esters eliminate benzoic acid to form unsaturated chain ends which have long been
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thought to be also a ‘weak link’ in polystyrene [5]. It has been found that for benzoyl
peroxide styrene polymerization at high conversion most chain termination may be by
way of primary radical termination. Therefore, if these groups are responsible for
initiating the chain degradation process, it provides a good explanation for high
conversion polystyrene formed with benzoyl peroxide initiator being less thermally
stable than either a similar low conversion polymer or a polymer prepared with different

initiator.

1.1.3 Polystyrene Degradation

Polystyrene degradation is characterised by the changes in the polymer properties due to
physical, chemical and biological reactions, leading to the rupture on the long
hydrocarbon chain [6]. Different modes of polystyrene degradation exist depending on
the nature of the factors involved, but in this work, we will be interested in the chemical

degradation induced by chemical reagents.

1.1.3.1 Factors Affecting Polymer Degradation

Certain parameters such molecular weight, crystallinity and heteroatom incorporation are
known to affect the rate of degradation of polystyrene. The presence only of the long
carbon chains in the polymers makes them resistant to degradation by microorganisms.
However, when oxygen is incorporated into the structure it becomes more hydrophilic
and susceptible to biodegradation. The presence of heteroatoms such as oxygen in the
polymer chain influences the strength of the neighbouring C—H bonds and encourages
carbanion formation in the presence of base [7]. Additionally, crystalline areas of
polystyrene have been reported to be less susceptible to thermal oxidation than the
amorphous region due to their low permeability to oxygen.

Environments factors such as temperature, moisture and microorganisms can affect
degradation. High temperature and high humidity generally enhance hydrolytic
degradation of polystyrene materials [7]. Moisture promotes photodegradation due to the
fact that under high humidity soluble photo-stabilizers might leach out of the polymer
matrix resulting to its degradation. However, the impacts of these factors are not very

clear.
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Among the different mode of polystyrene degradation, photodegradation is the most
widely studied and more understood; therefore, it will be discussed here as a model for

the other types of degradation.

1.1.3.2 Chemical Oxidation of Polymer Surface

The earliest (and still accepted) surface treatments of polymer were exposure to oxidising
chemicals such as nitric acid, potassium permanganate or chromic acid. In most cases,
these treatments were applied to polymers such as polyethylene, polypropylene and
polyester, leading to general oxidation with formation of hydroxyl, carbonyl and
carboxylic acid groups on the polymers surface. The incorporation of these oxygen
containing functional groups increase the polarity and the potential for hydrogen
bonding, which in turn improves adhesion and wettability. The surface hydrophilicity of
substrates is known to strongly influence the adhesion of proteins. Therefore,
hydrophobic substrates such as polystyrene (PS) have been modified with a view to

improve their biocompatibility.

Arayik and co-workers [8] have conducted a similar study by reacting polystyrene with
sodium with sodium hydroxide (NaOH) in a water-methanol solution at 50°C for 15 h.
Ten samples of PS (disks of PS films) were immersed into a solution of NaOH (4 N; 100
mL) in water: methanol (4:1, v/v), and heated at 50°C for 15 h, under air atmosphere.
The samples were then taken off and washed for 1 h with an aqueous solution of citric
acid (10%; 50 mL), drained over filter paper and dried under nitrogen flow. The resulting
samples of PS analysed by XPS showed incorporation of hydroxyl and carbonyl groups.
Other studies have also shown similar surface functionalisation of polystyrene when

treated with chemical reagents.

Varley and co-workers [9] in their study of the surface redox chemistry and
mechanochemistry of insulating polystyrene have shown that polystyrene undergoes
oxidative degradation when subjected to chemical treatment using Iridium hexachloride
(V) solution. This was confirmed by the presence of oxygen containing groups at the

surface of the polymer detected by XPS analysis.

An interesting feature of oxidised polymer surfaces is that they are higher in free energy
than the original non-oxidised surface and may experience a phenomenon called surface

reconstruction. This is characterised by the reorientation and diffusion of the polar

22



Chapter 1

oxygen groups away from the surface and into the bulk, leaving lower-free energy and
hydrophobic segment exposed [10],[11]. In the case of polystyrene, it has been reported
that the polymer has a high dynamic surface and tend to rearrange in response to change
to hydrophobicity/ hydrophilicity of the interface conditions. When exposed to water, the
oxygen containing groups are more likely to migrate from the bulk to the surface to
interact with the water and reduce the free energy at the interface. Inversely, in a
hydrophobic environment (e.g. in a nitrogen atmosphere) the polar groups are pulled
from the surface to the bulk of the polymer [9]-[11].

Although the surface oxidation of polystyrene using chemical agents has been well
investigated and this shows the formation of carbonyl (—C=0) and hydroxyl (—OH)
groups which can be easily detected by infrared and XPS techniques, the reaction
mechanisms are not well understood. The formation of the intermediate hydroperoxides
which lead to the formation of carbonyl and hydroxyl groups is general accepted, but
there is little agreement on the initiation steps. This may be because different oxidising
agents initiate the oxidation by different mechanisms. Alternatively, the polystyrene
under study may contain different concentrations of impurities and defects, such as
double bonds and oxygen functionalities. This will have an effect on the mechanism and

rate of further oxidation and degradation.

1.1.3.3 Photodegradation Mechanisms of Polystyrene

Among the different mode of polystyrene degradation, the degradation mechanism of
photodegradation is the most studied and well understood, therefore will be used as an
example for the other type of degradation as the only difference between the mechanisms
is known to be the initiation steps [12]-[14]. The photodegradation process was proposed
on the basis of the IR spectrum of the photoirradiated film. This indicates the formation
of peroxy radical and hydroperoxide intermediate. The photochemical reactions cause
the dissociation of a polystyryl radical by creating an electronically excited state. The
polystyryl radical is converted to peroxy radicals by reacting with oxygen. The peroxy
radical undergoes chain scission and formation of carbonyl compound. Although, this
mechanism of photodegradation is general accepted, there still ambiguities on the
initiation steps and the photoproducts formed. A generalised proposed mechanism for

photodegradation is shown in Scheme 1.6.
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Scheme 1.6 Proposed Mechanism of Photodegradation [15].

In this general mechanism, the hydroperoxy groups are assumed to be formed along the
polystyrene main chains. However, the oxidation of phenyl groups in polystyrene with
formation of hydroxyl groups in ortho position following similar mechanism was also

proposed by other authors [16]. These mechanisms are presented in schemes 1.7 and 1.8.
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Scheme 1.7 Peroxy radical reaction by intermediate ring mechanism

In scheme 1.7, reactions (1.1) and (1.2) are two alternatives of peroxy radical reactions
by intermediate ring mechanisms. Both these reactions lead to chain scission and
formation of the same ortho-substituted acetophenone end group and free radical. The
intermediate steps are known and accepted in photo-initiated oxidation of hydrocarbons.
Another mechanism that was suggested was the ring opening reaction occurring by a

five-membered ring mechanism between an alkyl peroxy radical and an adjacent excited
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phenyl group (scheme 1.8). This reaction led to the formation of an aldehyde and a ketone
groups and occurs without polystyrene chain scission. Other ring opening reactions with
formation of ketolactone groups and formation of polyene compounds were also reported
for polystyrene based on model compound (2-phenyl-butane) studies but this will not be

considered here.

—CH — —C' + H —C|:—O\ _?_O\ E— —C—0_
(0] O
L c_ 0—o0—C_ ,
g g g
+RH
| |
—C—0 —c|:—0H
-0 . .
Hofo—c{ ~ g fhv.RH C= _o + R +HO

Scheme 1.8 Ring opening reaction by five-membered ring

1.1.3.4 Fourier Transform Infrared Spectroscopy (FTIR) Study of Polymer

Degradation

IR spectroscopy has been well known as a powerful tool to study polymer degradation
quantitatively. The high sensitivity towards the chemical changes and controlled probing
depth of the technique are important functionalities to elucidate the degradation

mechanisms of polymers by identifying and quantifying the degradation products.

IR technique has been extensively used in the past to investigate the photo-oxidation and
thermo-oxidation mechanisms of polymers. Such mechanisms have shown the formation
of carbonyl and hydroxyl compounds, which may be identified by examination of the
1800 — 1600 cm™ and 3600 — 3100 cm regions, respectively, in the infrared spectra.
Given that there may be a complex mixture of oxidation products; this will result in a
complex infrared absorption band [17]. However, the degradation products may be
identified by treating the oxidised polymer samples with a reactive gas, such as SF4 or
NHa4. Such a derivatization process selectively converts the oxidation products and there
will be subsequent modification of the overlapped infrared bands. Many aldehydes and
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ketones are converted to gem-difluoro compounds with sulfur tetrafluoride (SF4). Esters

and carboxylic acids also give trifluororides and 1,1,1-trifluorides respectively [17].

The role of infrared spectroscopy in polymer degradation is illustrated by its application
to thermo-and photo-oxidised polyethylene (PE). During the thermal-oxidation process
of PE, a range of carbonyl-containing compounds is formed. These decomposition
products give rise to a broad C=0 stretching band at about 1725 cm™, consisting of a
number of overlapping component bands. When the oxidised samples are treated with an
alkali, a shoulder at 1715 cm™ disappears and is replaced by a distinctive peak near
1610 cm™. This band is due to C=0 stretching of the COO" ion of salt, indicating that the
shoulder at 1715 cm™ is characteristic of saturated carboxylic acids. Another shoulder at
1735 cm is characteristic of a saturated aldehyde which does not change on addition of
base but becomes more defined once the 1715 cm™* shoulder due to carboxylic acid is
removed. However, the major contribution to the carbonyl band is due to the presence of
saturated ketones (at 1690 cm™). The broad C=0 stretching band is also present in the
infrared spectrum of photo-oxidised PE samples, which also show additional bands at
990 cm™ and 910 cm™. The latter bands are characteristic of vinyl groups and their
presence show that chain-terminating unsaturated groups are being formed, most likely

as a result of chain scission.

Although Attenuated total reflectance - Fourier transform infrared spectroscopy (ATR-
FTIR) technique gives valuable information on the surface functionalization of polymers,
there are some inherent challenges. One of the biggest challenges is the correct
subtraction of the contribution of water. Water is known to show two intense absorption
bands at 3280 cm™ and 1645 cm™ coming from the solution phase which can make the
signals from other species (— OH groups resulting from degradation) completely
unobservable [17], [18].Therefore, in all the analysis a blank subtraction is carried out.
However, this can lead to spectral artifacts arising from instrumental drifts and thermal
fluctuations. Especially for those requiring data acquisition for a long period of time this
can pose significant impact. Performing the analysis in D>O can help in resolving the
issue but if there is proton exchange with D20 as in the case of acids the challenge can

persist.
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1.2 Phenol Chemistry

1.2.1 Overview

Phenol belongs to the group of organic compounds having a hydroxyl group (—OH)
attached to a carbon atom that is part of an aromatic ring. These compounds can be
synthetized either by hydrolysis of chlorobenzene following the Dow process or
oxidation of isopropylbenzene and similar compounds. An example of the first process

is described in schemel.9 below [19]:

O'Na* OH
NaOH H,O H*
—_—
FeCI 350 C

Benzene Chlorobenzene Sodium phenoxide Phenol

Scheme 1.9 Synthesis of phenol by hydrolysis of chlorobenzene [19].

In this process a molecule of benzene is converted onto chlorobenzene in the presence of
chlorine in iron (I11) chloride solution. The chlorobenzene formed undergoes hydrolysis
in the presence of a strong base such as sodium hydroxide at high temperature to give a

phenoxide salt, which is then acidified to phenol.

Phenols are known to be highly reactive towards electrophilic aromatic substitution due
the presence of the lone pair electrons on the oxygen, which stabilizes the intermediate
cation [20]. This stabilization effect is more effective for attack at the ortho or para

position of the ring and, this effect is shown in the example below in scheme 1.10.

Ortho Position

S+ -4

Para posmon

Scheme 1.10 Resonance structure of phenol phenoxide [20].

Phenols and derivatives are present in effluent from food industries, chemical industries,
the production of resin and pesticides to name only a few. Phenol with a pKa of

approximately equal to 10 is presented as a slightly acidic compound. However, this
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acidity character is influenced by the presence of substitution in the phenol ring. For
example, for substituted phenols such as methylphenols (o,m,p-cresols), the methyl
group produces a positive inductive effect (+1) which increases the negative charge
around the phenolate oxygen. This is the reason why these cresols are less acidic than the
phenol [20]. In addition, meta-cresol compounds are found to be more acidic than para
and ortho-cresol respectively due to the resonance structures, which show a negative

charge in ortho and para, but not in meta- position.

1.2.2 Electrochemical Oxidation of Phenolic Compounds

1.2.2.1 Overview

Several studies have been carried out and published on the electrochemical oxidation and
detection of phenolic compounds. Different electrode materials were used including
platinum, gold, glassy carbon, boron-doped diamond and others. Mathiyarasu et al [21]
studied the electrochemical detection of phenol in aqueous solution using cyclic
voltammetry and differential pulse voltammetry at glassy carbon electrode. The effect of
pH, scan rate and concentration on the cyclic voltammetry response were investigated
and they found that the peak potentials were distinct for each pH value and a linear
relationship was observed between the peak current and the concentration ranging from
micro-to milli-molar levels. However, a significant decrease in the peak current during
the second cycle was noticed and this was reported to be due to the blocking of the
electrode surface with the phenolic oxidation products. These findings were also reported
by Nady et al [22] in their study of electrochemical oxidation behaviour of some
hazardous phenolic compounds in acidic solution. In their study, the cyclic voltammetry
response of phenol, resorcinol and pyrogallol at different concentrations in the presence
of sulphuric acid on platinum electrode were investigated using cyclic voltammetry. The
blocking of the electrode surface was also reported, and some reaction mechanisms

proposed.

The electrochemical behaviour of compounds such as o-cresol in acidic medium on a
platinum electrode was also investigated by Taleb and coworkers using cyclic
voltammetry and in situ FTIR spectroscopy techniques. The authors reported that the
electrochemical oxidation of o-cresol also leads to the formation of polymeric film on

the electrode surface that prevents further oxidation of the molecule [23].
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Although, different studies are associated with the electrochemical oxidation of phenol
and substituted phenols, the electro-oxidation mechanism is still not well known. The
electrochemical oxidation of phenol is notoriously complex as it can give a mixture of
product in addition to the fact that the same phenol can also yield different product

mixture with different oxidants.

1.2.2.2 Electrochemical Oxidation Mechanism

In most published works on electrochemical oxidation of phenol, the mechanism
proposed includes formation of intermediate phenoxy radicals that undergo further
oxidation and lead to monomeric quinones as oxidation products. One of the issues faced
is that these intermediate phenoxy radicals are highly reactive species and can undergo
diverse chemical reactions, leading to different final products. Therefore, the oxidation
of substituted phenols such as 2,4,6-tri-tert-butylphenol (TBP) producing a stable radical
was viewed as a logical starting point for a series of studies whose aim was to paint a

good picture of phenol electrochemistry [24].

1.2.2.2.1 Electrochemical Oxidation Mechanism of TBP

The electrochemical oxidation of TBP involves the formation of a stable phenoxy radical
through a one reversible electron transfer. This radical can then react with other species
in solution to give a final product. Other investigations have suggested that the radical is
further oxidised to give a phenoxide cation which can undergo further reaction to produce
final products such as quinones or cyclohexadienone depending on the experimental
conditions. Jeffrey and coworkers [24] have reported this type of mechanism (Scheme
1.11) on their work on electrochemical oxidation of 2,4,6-tri-tert-butylphenol in both
acetonitrile and ethanol/ water solvent. In this mechanism the TBP molecule (la) is
deprotonated to give a phenoxide anion (Ib), which is oxidised to the stable phenoxy
radical (Ic) through a one electron transfer reaction. This radical is then oxidised further
to produce a phenoxonium ion (Id) which is attacked by water leading to a final product
such as 2,4,6-tri-tert-butyl-4-hydroxy-2,5-cyclohexadienone. An alternative reaction
pathway is a concerted two electrons two protons transfer oxidation of the phenol (la) to
form the phenoxonium ion, leading to the final product through hydrolysis. It is important

to mention that in the ethanol / water solvent, the oxidation reaction is dependent greatly
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on the pH of the solution. The phenol / phenoxy radical couple is noted to be irreversible
in a solution of pH<10, while reversible in solution of pH > 10. Although the oxidation
pathway leading to the formation of the phenoxy radical (product Ic) is well established,
there are ambiguities on the alternative oxidation mechanism pathways leading to the
formation of compound Il as the oxidation products will depend greatly to the

experimental conditions.

- + +
-2¢e’, -H @ H,0 + H
OH
Id I
la

Scheme 1.11 Proposed oxidation mechanism of TBP [24].

1.2.2.2.2 Electrochemical Oxidation Mechanism of Unsubstituted Phenol

The oxidation of unsubstituted phenol is extensively studied but there are still
ambiguities in the oxidation products due to the reasons mention above. Several
oxidations mechanism were proposed in the literature but here the oxidation mechanism
proposed by William et al [25] in their study on the mechanism of one-electron oxidation
of phenol will be discussed as the mechanism proposed in this paper covers the
mechanism reported by several authors. In this work Williams and Coworkers have used
the Fieser’s critical (Ecrit) which defines as the potential at which the rate of phenol
oxidation become first detectable to predict the one electron oxidation potential of

phenol, but the equation for this critical potential is pH dependent [25]. Therefore, the
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graph potential (E) against pH was plotted below (graph 1.1), where line (1) and (2)

represent the oxidation reaction (1.3) and (1.4) of phenols presented below:

ArOH — ArO"+ H" + ¢ (1.3)
ArOs — ArO* + & (1.4)
12-
RO
1.0t
(2) .
— 0.8t AN
>
o ~

0.6} \.\

*—~__ArOH

0.4t

0 2 4 6 8 10 12 14
pH of Solution

Figure 2.1: Plot of E (V) vs pH (taken from [25])

According to this prediction, for solution of pH < 4 both reaction (1.3) and (1.4) can take
place consecutively at the same potential, leading to the formation of the phenoxy radical
(ArQO") and phenoxide cation (ArO*), while under condition where the potential is below
the critical potential (for solution of pH > 4), the ArOe¢ is metastable and therefore can

undergo further oxidation to give ArO* [25].

1 i i I
O-® O—0
(1) (i)
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On account of this, dimerization of radicals (i) can occur through C-O-C coupling leading
to the formation of a compound (vi) that undergoes one electron oxidation to produce

product (v) and then the polymeric product (vi) as shown in scheme 1.12.

OO0 00
A2 O @

Polymeric Product (vi)

Scheme 1.12 Oxidation mechanism leading to dimers and polymeric products [25].

An alternative pathway is the electrophilic substitution between cation (ii) and the initial
phenol to give the dimer (vii) that undergo one electron oxidation to give product (viii)
and then the dipheno-quinone (ix) (scheme 1.15). Concurrently, the cation (ii) can react
with water to yield compound (X) that then the monomeric quinone (xi) after oxidation.
However, published evidence has indicated that the monomeric quinones (xi) and the
dipheno-quinones but not dimer (iv) or polymer (vi) are obtained in acid solution or with
reagents of high potential, while the formation of polymer (vi) is favoured in alkaline
solution. The complexity of this reaction mechanism results in the fact that different
radicals of (i) type can be obtained due to the delocalisation of the electrons in the ring,
resulting in radicals in ortho and para-position. All these radical can undergo different

reaction mechanisms and coupling leading to the formation of several dimers.
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Scheme 1.13 Oxidation mechanism leading to quinones [25].

1.2.3 In Situ FITR Spectroscopy Study of Phenolic Compounds

FTIR spectroscopy has been widely used in the past to detect the oxidation products of
phenolic compounds. This technique combined with cyclic voltammetry was commonly
used to successfully study the electrochemical behaviour of phenolic compounds.
Webster and co-workers have used this technique to monitor the one electron oxidation
of 2,4,6-tri-tert-butylphenolate in CH3CN. From their results, the authors identified
several IR absorption bands notably in the 1592 —1573 cm™ and 1509 —1505 cm™ ranges
which were assigned to CoCrm (carbon in the ortho-and meta-position) ring and C—0O"
stretching vibration of 2,4,6-tri-tert-butylphenoxyl respectively [26]. Other authors such
as Haracio and co-workers have also reported the use of this technique to detect the
oxidation products for para-, meta-, and ortho-aminophenols while studying the
electrochemical oxidation of aminophenols on platinum electrode in acid medium. In
their study, the authors observed that the three isomers of aminophenols showed different
behaviour with the platinum electrode, leading to different oxidation products. While
meta- and para-aminophenol give polymeric compounds, quinone and CO> as oxidation
products, electroactive dimers were observed as the oxidation product for ortho-
aminophenols and these active dimers can polymerize to form an electroactive layer on

the electrode surface [27].
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Taleb and Co-workers have also used this technique to detect the oxidation products from
the electrochemical oxidation of o-cresol in their study on electrochemical and in situ
study of o-cresol on platinum electrode in acid medium. The results obtained from the in
situ spectroscopy show COz and methyl-p-benzoquinone as the oxidation products [27].

1.3 Thesis Objectives and Structure

The overall aim of this thesis is to explore the changes in chemical structure to
polystyrene upon treatment with oxidising agents and to monitor the oxidation in situ on
addition of these agents using FTIR spectroscopy technique. This will enable us to get
more insight into the oxidation mechanism of PS which is not well understood especially
in chemical oxidation. As phenolic defect sites in the PS structure are indicated as
potential sites of oxidation, this thesis first explores the oxidation chemistry of
substituted phenol compounds using cyclic voltammetry and in situ spectroscopy.

In this thesis, the techniques used such as cyclic voltammetry and ATR-FTIR are
described in chapter 2. Cyclic voltammetry was used to study the electrochemical
oxidation of molecules with structures similar to proposed defects sites (such as phenols)
in the polystyrene. This allows us to determine at what potential they undergo oxidation
in order to identify the sites at which the polystyrene is most susceptible to oxidation
especially upon treatment with mild oxidising such as iridium (IV) hexachloride that has
a potential of 0.75 V (vs Ag / AgCl) which is below 2V (vs. Ag / AgCl) the minimum

potential required to oxidise the benzene ring but enough to oxidise the defect sites.

Chapter 3 present the results obtained for the electrochemical oxidation of phenols and
substituted phenols at EPPG electrodes. In this chapter the electrochemical oxidation of
phenols and substituted phenols such as o-cresol (2-methylphenol), m-cresol (3-
methylphenol), p-cresol (4-methylphenol) and TBP (2, 4, 6-tri-tert-butylphenol) at edge
plane pyrolytic graphite (EPPG) electrode is monitored using cyclic voltammetry. The
pH, concentration and scan rate dependence on the electrochemical responses of these
phenolic compounds are investigated. The activity of various carbon electrodes towards

the electrochemical oxidation of TBP is examined and compared to each other.
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More importantly, a reaction mechanism is proposed for each phenolic compound and
then compared to each other in order to determine how the different substitutions affect

the reaction mechanism pathways.

In order to confirm the mechanisms proposed for the different phenolic compounds, a
combined technique of chronoamperometry and in situ ATR-FTIR spectroscopy was
designed and the results obtained are presented in chapter 4. Chapter 4 studies the
electrochemical oxidation of the unsubstituted phenols, TBP and cresols in situ using
FTIR spectroscopy techniques. These allows us to identify IR peaks that were assigned
to the oxidation products proposed for the different phenolic compounds that can be
compared to the CV results in Chapter 3.

The chemical oxidation of polystyrene was studied using FTIR techniques and the results
are given in chapter 5. In this chapter, PS non- treated and treated with iridium (IV)
tetrachloride, iridium (IV) hexachloride and hydrogen peroxide were characterised first
using FTIR spectroscopy technique. The resulting spectra obtained were analysing and a
reaction mechanism was proposed for each of these oxidising agents. In addition, the
broad band reported in several FTIR studies usually observed in the 3600 — 3200 cm™
region was investigated in the presence and absence of O» and water. The effect of
immersion in water on the spectra of the non-oxidised and oxidised PS was also
investigated. Additionally, the effect of oxidizing agents on the non-oxidised polystyrene
surface in situ with and without the presence of oxygen was also studied in order to
investigate the effect of oxygen on the oxidation mechanism of the PS.

Finally, in Chapter 6 the conclusions are summarised and the implications for
understanding the oxidation mechanisms of PS discussed. Future research directions are
identified.
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Chapter 2

Experimental Theory and
Techniques

2.1 Introduction

This chapter outlines the main experimental techniques employed in this thesis.
Particular emphasis is placed upon the cyclic voltammetry and ATR-FTIR spectroscopy
techniques, as these were used mostly throughout the project. X-ray Photoelectron
Spectroscopy (XPS) was also used to investigate the chemical composition of the

polystyrene beads used in this study.

2.2 Cyclic Voltammetry

2.2.1 Theory

Cyclic voltammetry (CV) is an electrochemical technique widely used to conduct
mechanistic investigations. In CV experiment the current is measured as the function of
voltage and this can provide valuable mechanistic information about the electron transfer

process occurring.

CV requires applying a triangular potential waveform (Figure 2.1a) and this involves
sweeping the electrode potential of the working electrode between two potentials, E; and
E- at a known scan rate, v. On reaching the potential E> the sweep is reversed back to the
initial potential E; to give a triangular potential cycle [1] . Figure 2.1b shows a cyclic
voltammogram resulting from a single electron transfer process. Considering the

following reversible reaction:

O+e <R (2.1)
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On reversing the potential back from E> to Ei, the species R formed at the electrode
surface during the forward sweep is re-oxidised back to O. Current in the opposite sense
to the forward scan is observed due to the oxidation of R to O. This oxidation current
increases initially since a high concentration of R is present is the diffusion layer and the
kinetics for the reconversion of R to O become more favourable as the potential becomes
more positive. Gradually, all of R present in the diffusion layer is reconverted to O and

the current drops to zero [2].

(a) (b) 1
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Figure 2.1: (a) Potential-time waveform for CV (adapted from [1]) and (b) A typical
cyclic voltammogram for a single electron transfer. The key parameters are the peaks

potentials, Eg* and Eged and the peaks currents, iy* and i{,ed (adapted from [3]).

In CV experiments, a three electrodes set-up is used as presented in Figure 2.2 and this
consists of working, reference and counter electrodes. The electrochemical process being
investigated takes place at the working electrode. The reference electrode provides a
fixed potential with which the potential of the working electrode can be measured
against. The counter electrode supplies the current requires by the working electrode
without in any way limiting the measured response of the cell. A potentiostat is used to
control the potential at the working electrode with respect to the reference electrode or
the current that flows between the working electrode and the counter electrode.
Experiments can also be carried out in oxygen free environment by purging the solution

with argon or nitrogen.
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Figure 2.2: A typical three electrode cyclic voltammetry set up [4].

2.2.2 Characteristic of Cyclic Voltammograms

The shape of the voltammogram depends on the reversibility of the electrode kinetics for
the redox couple O/R. For reversible couples, significant current flows at small
overpotentials. The heights of the forward and reverse current peaks are equal in
magnitude and are separated by a potential of 59 mV at all scan rates at 298 K (Equation
2.2).

RT
AE, = | ESX — EFed| =2.218— (2.2)

In the irreversible case, the peak separation AE, is bigger, as a larger overpotential is
required to reconvert R into O. The size of the reverse peak is much smaller relative to
the forward peak and depends on the voltage scan rate. The peak separation and
dependence on scan rate are therefore diagnostic of the nature of the electrode Kinetics.
"Reversible’ and ‘irreversible’ electrode kinetics refers to limiting cases of reactions but
intermediate cases exist and these are called ‘quasi-reversible’. In this latter case, the
ratio of the backward and the forward peak current is close to unity, like reversible

reactions, but the peak separation is scan rate dependent [2],[5].

For any system, reversible or not, the current i, is directly proportional to the

concentration of O and increases with scan rate. The dependence of ip with the scan rate
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is explained by the fact that i, is dependent on the flux of material reacting at the electrode
surface, which is controlled by the rate of diffusion of reactant. This is dependent on the
concentration gradient near the electrode surface i.e the diffusion layer thickness. If fast
scan rate is employed, relatively less time is available for the electrolysis of the reactant,
so its depletion close to the electrode is lowered. This results in thinner diffusion layer

and steeper concentration gradient, which leads to increased flux of reactant and higher
ip [5], [6].

The size of the peak current for a reversible reaction is given by the Randles-Sevick
equation (2.3), where ip is the current maximum (in amps); n is the number of moles of
electrons transferred in the reaction; A is the area of the electrode (in cm?); D is the
diffusion coefficient (cm?/ s); C is the electrolyte concentration (in moles cm) and v is
the scan rates of the applied potential (in Vs™?). The peak current is proportional to the

concentration and to the square root of the scan rate.

ip = (2.69 x 10°) n*2 A D¥2 C 12 (2.3)

The characteristic CV features of reversible, irreversible and quasi-reversible electron

transfer kinetics is summarized in table 2.1 below (adapted from [1]).

Table 2.1: Characteristic CV features of reversible, irreversible and quasi-reversible

electron transfer kinetics (taken from[1])

Reversible Irreversible Quasi-reversible
AEp 59/n mv > 59/n mV
i;ed
14
ip o v12 o v12 increase with v'/2
Ep independent of v dependent of v dependent on v
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2.3 Attenuated Total Reflectance - Fourier Transform

Infrared Spectroscopy (ATR-FTIR)

Infrared spectroscopy is a technique based on the vibrations of bonds in a molecule. An
infrared spectrum is commonly obtained by passing infrared radiation through a sample
and determining what fraction of the incident radiation is absorbed at a particular energy.
The energy at which any peak in an absorption spectrum appears corresponds to the
frequency of a vibration of a part of a sample molecule. The selection rule for a molecular

to show infrared absorptions is that its electric dipole must change during the vibration
[71.

In an FTIR spectrometer, the radiation emerging from the source is passed through an
interferometer to the sample before reaching a detector. Upon amplification of the signal,
in which the high-frequency contribution has been eliminated by a filter, the data are
converted to a digital form by employing an analog-to-digital converter and then sent to
the computer for the Fourier transformation ( tools that breaks a waveform into an
alternate representation, characterize by sine and cosines) to take place [7]. The
Michelson interferometer is one of the most important components of recent FTIR
instruments and makes it possible to record high spectral resolution data within a larger
frequency range simultaneously at short time and to also record complicated spectra of

materials.

Furthermore, FTIR is proven to be useful for elucidating the physical and chemical
surface structure, hydrogen bonding, degradation reactions, end group detection,
crosslinking behaviour of molecules and copolymer composition both in solid and liquid
form of polymers [7], [8].

The ATR method is based on the phenomenon of total internal reflection. A beam of
radiation entering a crystal will undergo total reflection when the angle of incidence at
the interface between the sample and the crystal is greater than the critical angle, where
the latter is a function of the refractive indices of the two surfaces. The beams penetrates
a fraction of a wavelength beyond the reflecting surface and when a material that
selectively absorbs radiation is in close contact with the reflecting surface, the beam loses
energy at the wavelength where the material absorbs [7], [9].
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The resultant attenuated radiation is measured and plotted as a function of wavelength
by the spectrometer and gives rise to the absorption spectral characteristics of the sample.

A schematic of a typical attenuated total reflectance cell is presented in Figure 2.3.

Sample in contant

/ with evenescent wave
To detector

AN

Infrared beam ATR crystal

Figure 2.3: Schematic of a typical attenuated total reflectance cell (taken from [9])

The depth of penetration in ATR spectroscopy is a function of the wavelength, A, the
refractive index of the crystal, n,, and the angle of incidence radiation, 6. The depth of

penetration, d,,, for a non-absorbing medium is given by the following:

dy = (A /ny)/ {2nsing — ("/n, )?] %} (2.4)

where n, is the refractive index of the sample.

The crystals used in ATR cells are made from materials that have low solubility in water
and are of a very high refractive index. Such materials include zinc selenide (ZnSe),
germanium (Ge) and thallium-iodide (KRS-5) [7].

One of the key advantages of this method is the analysis of small quantities of samples
and without sample preparation. Despite its numerous advantages, ATR method has a

relatively low sensitivity and susceptibility to the action of environmental factors [10].

ATR-FTIR can be successfully used for the detection and quantification of specific end

groups in evaluating the degree of degradation of polymeric materials.
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This technique also has the advantage of recording spectra in situ in solution and in the

presence of oxidizing agents.

2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) also called Electron spectroscopy for chemical
analysis (ESCA) provides valuable information on the surface elemental and
fundamental group compositions of polymers. In this technique, the sample is irradiated
with soft X-rays, usually MgKa, and photoelectrons are emitted. These photoelectrons
can arise from the core or valence levels depending of the energy of the X-ray source
employed.

XPS analysis is commonly carried out in a high-vacuum chamber. When the sample is
irradiated, the emitted photoelectrons are collected by a lens system and focused into an
energy analyser. The latter counts the number of electrons with a given kinetic energy
(Ex). The binding energies (Eg) of the photoelectrons are obtained by using the Einstein

equation as follows:

Ee =ho— Ex- ¢ (2.5)

where Eg is the binding energy, hv the energy of the X-ray photons being used, Ex the
kinetic energy of the electron as measured by the instrument and ¢ the work function

dependent on both the spectrometer and the material.

2.5 Experimental Methods

2.5.1 CV Experimental Set -Up

Most of the CV experiments were carried out using a convention three-electrode system
immersed in an electrolyte (consisting of 0.5 mM of the corresponding phenol in 50:50
(v:v) EtOH / PBS (pH11)). The three-electrode system is controlled by a computer-
controlled potentiostat (LAutolab PGSTAT, Eco Chemie, The Netherlands) running
GPES (v4.9) software, which allows the current to flow only between the working and
counter electrode. This experimental set-up is shown above in section 2.2 (Figure 2.2)

and the exact experimental conditions are described in the relevant chapter.

47



Chapter 2

2.5.2 ATR-FTIR Spectroscopy Set-Up

This technique was used to monitor the oxidation of the phenolic compounds in order to
confirm the oxidation mechanisms proposed in Chapter 3. All experiments were
performed by using a combined technique of chronoamperometry and in situ ATR-FTIR
spectroscopy. A three electrodes electrochemical cell was used which consists of a
working electrode (EPPG coated with singlet walled carbon nanotubes (SWCNT), a
reference electrode (Ag / AgCl) and a counter electrode (platinum wire) dipped in the
electrolyte. The three electrodes cell system was controlled electronically by a laptop-
controlled potentiostat, which allows a fixed potential to be applied to the system.

Most FTIR spectra were recorded between 4000 — 400 cm™ with a spectral resolution of
4 cm™ using a Bruker Tensor 27 Fourier-transform spectrometer equipped with a
diamond crystal prism and having an Opus data collection program. The exact
experimental conditions are described in the relevant chapter. Figure 2.4 shows a typical

set-up for the combined technique measurements.

Potentiostat [

RE(?]T)WE CE( 5

Gas inlet ——>

N | .
Electrolyte U I =
I / - | I
IR beam IR beam
entry out

Figure 2.4: A typical set-up for the combined technique measurements.
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ATR-FTIR technique was also employed to investigate the changes to the polystyrene
structure in situ in the presence in solution of oxidizing agents such as iridium (1V)
tetrachloride, iridium (1) hexachloride, hydrogen peroxide and potassium ferricyanide.
It was also used to characterise the unoxidised and oxidised polystyrene upon chemical
treatment. All these experiments were carried out using the Bruker Tensor 27 Fourier-
transform spectrometer mentioned above. The experimental set-up is presented in
Figure 2.5 and the experimental conditions and procedures are described in the relevant
chapter.

Gas inlet —— >

Electrolyte ~ PS Adherent film

ATR prism

IR beam IR beam

entry out

Figure 2.5: In situ FTIR spectroscopy set up
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Chapter 3

Electrochemical Oxidation of Phenols
and Substituted Phenols at Edge Plane
Pyrolytic Graphite Electrode

3.1 Introduction

Previous studies on polystyrene degradation have reported the presence of phenol and
derivatives in the structure of polystyrene. These groups are considered as defects sites
in the polystyrene structure and they can easily undergo oxidation. Therefore, studying
the electrochemical behaviour of these compounds will allow us to determine at what
potential these compounds undergo oxidation. This will allow us to identify the sites at

which the polystyrene is most susceptible to oxidation.

A second motivation for this study is that, phenols and derivatives are present in effluent
from food industries, chemical industries, the production of resin and pesticides to name
only a few [1], [2]. However, they present toxicity and bioaccumulation problems.
Therefore, the electrochemical oxidation of these species appears as a promising method

for the treatment of industrial effluents and wastewater remediation.

OH
@ Phenol o-cresol m-cresol
p-cresol
TBP

Many studies have been carried out and published on the electrochemical oxidation and
detection of phenolic compounds. Different electrode materials were used including

platinum, gold, glassy carbon (GC), boron-doped diamond (BDD) and others.
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The electro-oxidation of phenolic compounds occurs through the formation of the
phenoxy radical. This radical can either react with other species present in the solution
(e.g. proton, water, oxygen) to generate oxidation products such as quinone species, or
react with other phenol molecules to form a polymeric product. In all cases fouling of the
electrode was reported and this was due to the deposition on the electrode surface of the
polymeric products formed, leading to the passivation of the electrode [2]. Although, the
electrochemical oxidation of phenols has been extensively studied, the electro-oxidation

mechanism is still not well understood under all conditions.

The study of the electro-oxidation of phenolic compound using cyclic voltammetry is a
popular method, due to its sensitivity, low cost and the requirement of only a small
concentration of reactant to obtain a signal with little sample preparation. However, this
technique presents some difficulties with the more common being the rapid passivation
of the electrode after the first cycle using certain electrode materials such as platinum

and glassy carbon.

In this chapter the electrochemical oxidation of phenols and substituted phenols such as
o-cresol (2-methylphenol), m-cresol (3-methylphenol), p-cresol (4-methylphenol) and
TBP (2, 4, 6-tri-tert-butylphenol) at edge plane pyrolytic graphite (EPPG) electrode will
be monitored using cyclic voltammetry. The pH, concentration and scan rate dependence
on the electrochemical responses of these phenolic compounds are investigated. The
activity of various carbon electrodes towards the electrochemical oxidation of TBP is
examined and compared to each other. More importantly, a reaction mechanism will be
proposed for each phenolic compound and then compared to each other in order to

determine how the different substitutions affect the reaction mechanism pathways.

3.2 Methodology

3.2.1 Chemicals and Solutions

All electrochemical experiments were carried out in solutions containing 50:50 (v:v)
ethanol and potassium phosphate buffer (0.1M) consisting of potassium phosphate
monobasic and potassium phosphate dibasic trihydrate (> 99%) in varying proportion to
obtain pH of 5,6,7,8 and 9. Solution of pH 11 was obtained by adjusting the buffer using
NaOH (0.1M).
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All chemicals were purchased from Sigma Aldrich and used as received except the
cresols, which were obtained from another research group within the department. The
potassium phosphate buffers were prepared using a Millipore Milli-Q water of
18.2 MQ cm.

3.2.2 Cyclic Voltammetry Measurements

Cyclic Voltammetry measurements were performed using a pAutolab PGSTAT
potentiostat (Eco Chemie, Utrecht, Netherlands) running GPES (v4.9) software. A
standard three electrode cell configuration was used, which consisted of an edge plane
pyrolytic graphite (EPPG) disk (d = 3 mm) working electrode, an Ag / AgCl (sat. KCI)
reference electrode (BASI, West Lafayette, America) and a platinum wire as a counter
electrode. In some experiments GC and BDD were used as working electrodes. The
solutions were not deoxygenated. The potential was first swept to more positive
potentials (oxidation scan), followed by a reduction scan. The working electrodes were
polished manually with aqueous slurry of alumina powder (0.05 pum) for few minutes on
a polishing pad and thoroughly rinsed with de-ionised water and air-dried before each

measurement. Three scans were performed for each experiment.

3.3 Results and Discussions

The electrochemical oxidation of TBP as mentioned in the introduction section is the
most studied and well understood. The oxidation process including an intermediate
phenoxy radical is well established [3], [4]. Therefore, in this study the electrochemical
oxidation of TBP was investigated first using different electrode materials such as EPPG,

GC and BDD. This allows us to choose the more suitable substrate for our investigations.

In the following cyclic voltammetry experiments, a mixture of PBS buffer and ethanol
was used as the electrolyte. Ethanol was added to the PBS buffer to help in dissolving
the tri-substituted phenol (TBP) which was insoluble in the buffer alone due to the

tertbutyl groups.

53



Chapter 3

3.3.1 Electrochemical Oxidation of 2, 4, 6-tri-tert-butylphenol (TBP) at

Various Carbon Electrode Materials.

The electrochemical response of 0.5 mM TBP in 50:50 (v:v) EtOH / PBS (pH11)
solution at EPPG, GC and BDD electrodes was characterised by cyclic voltammetry
(Figure 3.1). Under these conditions, defined oxidation and reduction peaks are observed
for TBP at the EPPG (Ep* = 0.246 V and E{,Ed =0.146 V) and GC (Eg*=0.276 V and
E{,ed = 0.138 V) electrodes. On the surface of the BDD electrode, the TBP response
appeared weak and sluggish. Fast electrode kinetics exemplified by the small peak
separation is also observed at the EPPG electrode as compared to the GC and BDD
electrodes. Additionally, the magnitude of the reduction and oxidation current (|I§ed/ 13%])
give a peak ratio of 0.8 and 1 for the GC and EPPG electrodes respectively. This indicates
a reversible or quasi-reversible process at the EPPG and quasi-reversible process at the
GC electrode.

The superior electrochemical performance of the EPPG electrode is attributed to the
presence of the edge plane sites in its microstructure. These sites are highly reactive, have

an excellent electronic conductivity leading to high electroactive area for this electrode.

I/ puA

—0.1. 0.0 | 0.1 | 0.2 | 0.3 | 0.4 | 0.5 | 0.6 | 0.7
E/V (vs. Ag/ AgCl)
Figure 3.1: CVs of 0.5 mM TBP in 50:50(v:v) EtOH:0.1M PBS(pH11) at 0.1 Vs scan

rate using: (black solid line) EPPG; (red solid line) GC and (blue dashed line) BDD
electrodes.
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3.3.1.1 pH Dependence

The cyclic voltammetry of TBP at EPPG and GC electrodes was carried out at different

pHSs to gain more insight into the electron transfer process occurring.

2a06a|  PH4

g

—EPPG
—GC
x0°A1 pHS
ir6p|  PH
aba| PR

wo6a| PHO ; ?

! ! ! ! ! ! !
! ! ! ! ! ! !

2x106A| pH10

" " " " "

o106 o PHLL

0100 0102 03 04 05 06 07 0100 01 02 03 04 05 06 07

E/V (vs. Ag/AgCl)

E/V (vs. Ag/AgCl)

Figure 3.2: Cyclic Voltammograms of 0.5 mM TBP in 50:50(v:v) EtOH:0.1M PBS at
different pHs 4 — 11 at EPPG (black) and at GC (red). The potential was scanned from
-0.1 = 0.7 V vs. Ag/AgClL. v=200 mVs™.
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Figure 3.2 shows the forward and backward sweep of the first scans for the oxidation of
TBP at different pH values ranging from 4 to 11. It can be seen that the oxidation potential
decreases with an increase in pH at both electrodes as predicted by the Nernst equation.
At pH 5, Eg* = 0.58 V vs. Ag/AgCI, which decreases to Eg* = 0.23 V at pH 11. This
relationship is shown in the plot of peak potential against pH for both electrodes in Figure
3.3. In Figure 3.3 A, it can be seen that, Eg* (A) = 0.7961- 0.0505 pH (R?=0.9822).
The gradient of the slope was 51 + 2 mV per pH which is consistent with a linear
Nernstian response corresponding to a one electron transfer process where theoretically
at 298 K a slope of 59 mV is predicted. At the GC electrode the equation:
Ep* (B) = 0.8321- 0.0526 pH (R?=0.9662) is obtained (Figure 3.3B) with the gradient
of the slope equal to approximatively 53 £ 4 mV per pH unit which is also consistent
with a one electron / one proton transfer process. However, the value of the slopes
obtained for both electrodes is smaller than the theoretically expected value and this is

indicative of a possible adsorption effect at both electrodes.

The relationship between the peak potential and pH can be illustrated using the Nernst

equation (3.1) and reaction (3.1).

Ph—-OH — Ph-O" + H +¢ (3.2)
_ po _ RT. [Ph-0°][H*]
E=E F [Ph—OH] (3.1)
_ po _ RT, [Ph-0"] & RT +
E=E - In Ph_OH] +5 In[H™]

R [Ph-0°]

- 0I
7 N 5 —op IS constant and equal to E

By assuming that the term E°® —
Therefore,
E=E® + In[H*] = E° + 23 "log[H*]  (with In = 2.3log)
E=E" - 237 pH

The peak potential should shift — 2.3 g which is equal to 59 mV per increase in pH unit

at 298K if one proton is transferred per electron transferred.
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Figure 3.3: pH dependence of 0.5 mM TBP in 50:50(v:v) EtOH:0.1M PBS at pH values
varying from 4 to 11 at: (A) EPPG and (B) GC electrodes.

Based on the results obtained, an oxidation mechanism is proposed for the TBP (scheme
3.1). A one quasi- reversible electron transfer occurs between the TBP and the electrode
to produce 2,4,6-tri-tert-butylphenoxy radical. This one electron reaction corresponds to

the anodic and cathodic peaks in the cyclic voltammetry (Fig 3.1).

OH o
-e, -H*

+e, +H*

Scheme 3.1: TBP electrochemical oxidation mechanism at EPPG electrode

3.3.1.2 Effect of Scan Rates

Figure 3.4 shows the scan rate dependence of the oxidation peak current of TBP at both
EPPG and GC electrodes. It can be seen that the oxidation current shows a linear
relationship with the square root of scan rate at the GC electrode (Figure 3.4 B). This
implies that the redox process is diffusion controlled at the GC electrode. In contrast, the

oxidation current increases with the increasing scan rate at the EPPG electrode but it is
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not directly proportional to square root of scan rate (Figure 3.4 A). This suggests that the
process at the EPPG electrode is not controlled by diffusion alone, but by a mixture of

diffusion and adsorption processes.

This relationship between the current and the square root of scan rate for a diffusion-

controlled reaction is described by the Randles-Sevick equation:
ip = (2.69 x 10°) n¥? A D¥2 Cv'2 (3.2)

where ip Is the current maximum (in amps); n is the number of moles of electrons
transferred in the reaction; A is the area of the electrode (in cm?); D is the diffusion
coefficient (cm?/ s); C is the electrolyte concentration (in moles cm) and v is the scan
rates of the applied potential (in Vs™). Thus, the diffusion coefficient for TBP at 298 K
can be calculated from the slope of the plot iy versus v*2 which is equal to ip / v’ from
the equation.

Slope = ip / v¥2 = (2.69 x 10°) n*? A C D*?, where n = 1 and A = 0.07 cm?

A value of D = 2.291321x10° cm? s and 1.625750x10® cm? s were obtained for the
EPPG and GC electrodes respectively after calculation. These values are consistent with
the diffusion coefficient obtained for molecules of the size of TBP in aqueous solutions
(i.e. D for ferrocene in aqueous ethanol is 9.78 x10° cm?.s1[5]).

16 19
wl PE2x0%VR L0t 4 = 149x10° v - 1672 ©)
R7=09818 10r  RE=09955

0 | I R IR T S R R 0 [ (U R R R R R
01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
V(s )2 Vs

Figure 3.4: Scan rate dependence of 0.5 mM TBP in 50:50(v:v) EtOH:0.1M PBS(pH11)
at: (A) EPPG and (B) GC electrodes.

58



Chapter 3

The difference in electrochemical response observed between the different electrode
materials could be explained by the difference in their surface microstructures. While
glassy carbon comprises of highly random and disordered twisted ribbons of graphitic
planes creating a tight mixture of sp? and sp® carbons domains, the surface of the EPPG
electrode consists of a layer of graphite which lies perpendicularly to the surface and
with interlayer spacing of 3.5 A [6], [7] . These edge sites are highly reactive and allow
strong adsorption tendency and chemical modifications. The enhanced electron-transfer
kinetics observed at the EGGP are attributed to the presence of the edge sites.

These results in general show that the electrochemical oxidation of TBP involves a one
electron per proton transfer, leading to the formation of 2,4,6-tri-tert-butylphenoxy
radical. Additionally, EPPG electrode appears as the more suitable material for our
analysis because of its high sensitivity, excellent electronic conductivity and good
detection limit. However, there is a problem with adsorption due the presence of the edge
sites in its microstructure as mentioned in section 3.3.1. Although EPPG is used in further
studies the effect of adsorption must be considered during analysis.

3.3.2 Cyclic Voltammetry of Phenol

Figure 3.5 shows the electrochemical response of 0.5 mM phenol in 50:50(v:v) 0.1 M
potassium phosphate buffer (pH11) and ethanol at a scan rate of 0.2 Vs at the EPPG
electrode. It is observed that phenol starts to undergo irreversible oxidation at 0.45 V,
rising to two distinct peaks centred at 0.57 V (peak 1) and 0.67 V (peak I1) on the first
scan. A reduction peak at about 0.14 V (peak 1V) is also observed on the reverse scan
and on the second scan a corresponding oxidation peak is seen at 0.22 V (peak I11). The
peak separation of this couple |Epqany — Epqvy| 1s 80 mV and this shows a reversible redox
reaction occurring. The second oxidation peak (I1) observed at 0.67 VV may suggest that,
some of the products formed at peak (I) rapidly undergo further oxidation. A significant
decrease in the oxidation peak current associated with peaks (I) and (1) is observed on
the second and subsequent cycles. This might be due to the blocking of the electrode
surface by the oxidation products formed through polymerization. These polymeric
products tend to stick at the surface of the electrode as a film, therefore preventing the
diffusion of further phenoxide ions to the electrode surface for oxidation, thereby
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resulting in significant decrease in the oxidation peak current during the 2" and

subsequent cycles [1]. This is discussed further in section 3.3.2.3.

|/uA

0.0 0.2 0.4 0.6 0.8
E/V (vs. Ag/AgCl)

Figure 3.5: Cyclic voltammogram for the electro-oxidation of 0.5 mM phenol in 50:50
(v:v) 0.1 M potassium phosphate buffer of pH11 and Ethanol at EPPG electrode at a scan
rate of 0.2 Vs™: (black) 1% scan, (red) 2" scan and (blue) 3" scan.

Under the reaction conditions used here, the reactant is phenoxide species as the pH of
the solution is above the pKa value of phenol (pKa = 10). This can be verified by applying
the Henderson — Hasselbach equation:

= a7
pH = pK, + log HA]

(3.3)
where [HA] and [A] are the concentrations of the undissociated acid and the acid’s base
conjugate respectively. Using this equation, a value of 10 was obtained for ([A] / [HA])
and this mean than the concentration of the deprotonated phenol is 10 times bigger than

the initial phenol at pH = 11.

To further analyse the results obtained, the charge associated with the area under the
reduction peak (IV) (Qred) on the first reduction scan was calculated and divided by the
charge associated with the area under the oxidation peaks (1) and (1) (Qox), and the result

obtained was then multiplied by 100 to give the percentage of phenol converted into the
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species that undergoes reversible reduction at (1V). After calculation, a value of ca.10%
was obtained and this means that only a tenth of the phenol is converted into these
species. The rate of formation of the species that undergo reversible reduction at (IV)
depends on the experimental conditions, as will be explored below (concentration, the

nature of the electrode, the pH, solvent, electrode potential and current density).

3.3.2.1 Influence of pH on the Cyclic Voltammetry Response of Phenol

The CV response of 0.5 mM phenol in 50:50 (v:v) PBS:Ethanol in different pH solutions
varying from 6 to 11 at EPPG electrode is presented in Figure 3.6. These results show a
shift in the oxidation peak potential from 0.77 V to 0.58 V as the pH increases from 6 to
11. A decrease of the peak current from pH6 (20.77 pA) to pH9 (13.17 YA) is observed,
but this peak current increases up to 33.55 pA at pH11.

50

00 02 04 06 08
E/V (vs. Ag/ AgCl)

Figure 3.6: Cyclic Voltammogram of 0.5 mM phenol in 50:50(v:v) EtOH:0.1M PBS
solution with varying pHs: (a) pH6; (b) pH7; (c) pH9 and (d) pH11 at EPPG electrode
and scan rates of 0.2 Vs,

A plot of the oxidation peaks potential against pH (Fig 3.7) reveals a linear response in
the pH 6.0 — 9.0 range (pH dependence) with a slope of 56 £ 4 mV per pH unit which is
close to the theoretically predicted and calculated value of 59 mV for a one electron
transferred per proton transferred process. Above pH9 the oxidation peak potential is
observed to be independent of the pH. As the pKa of phenol is approximatively equal to

10, it is likely to be present in majority as the phenolate anion in the pH range above pH9
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and the oxidation process is likely to be associated with the loss of electron from the

phenolate anion to produce the phenoxy radical as shown in equation (3.4):

Ph—O"— Ph-O" + ¢ (3.4)

The initial oxidation of the unsubstituted phenol at pH below 9 is pH dependent and it is
associated with a loss of proton from the initial phenol, while at pH above 9 the initial
oxidation involves the loss a proton from the phenolate anion to produce the radical. This
IS in contrast with what was observed with the TBP at pH9 where the initial oxidation is
associated with a reversible loss of electron from its protonated molecule to produce the
phenoxy radical, as the pKa of TBP is 12 which is higher than the pH values used in the
study.

0.80

0.75

0.70

IV
@

OX
p

E

0.65

0.60

T
@

055 1 N 1 N 1 N 1 N 1 N 1

pH

Figure 3.7: Plot of the oxidation peak potential at pH values varying from 6 to 11.

The ratio of the charge associated with the area under the reduction peak (1V) (Qreq) and
the charge associated with the area under the oxidation peaks (I) and (I1) (Qox) was
evaluated and plotted against pH (Figure 3.8). It can be observed that the percentage of
phenol which is converted into species associated with the reversible reduction process
at peak (IV) increases from ca.13 % to ca.15 % between pH6 and pH7 before decreasing
as the pH increases to reach a value of ca.10 % at pH11.This suggest that different

oxidation mechanisms proceed at different pH.
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Figure 3.8: Plot of the ratio of the charge associated with the area under the reduction
peak (1V) (Qred) and the charge associated with the area under the oxidation peaks (Qox)
of 0.5 mM phenol at different pHs and at scan rate of 0.2 Vs,

3.3.2.2 Effect of Scan Rates

The scan rate dependence of phenol oxidative and reductive peaks current at the EPPG
electrode was investigated and the results obtained are shown in Figure 3.9. It can be
seen that both the oxidative and reductive peaks current against the square root of the
scan rate shows a linear dependence. This linear relationship is indicative of a diffusion
controlled redox process. This is different to what was observed with the TBP where a
non-linear response was obtained and this difference might be due to the adsorption effect
which is less for the unsubstituted phenol compared to TBP due the absence of the
tert-butyl groups. This makes the interpretation of the phenol results easier as the

adsorption effect does not need to be taken into account.
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Figure 3.9: Linear dependence of: (a) oxidative and (b) reductive peak current with
square root of scan rates for 0.5 mM phenol in 50:50(v:v) 0.1 M potassium phosphate
buffer at pH11 and ethanol at EPPG electrode.

3.3.2.3 Effect of Concentration

The influence of phenol concentration on the CV response at pH11 was also examined

and the results obtained are presented in Figure 3.10 below. These results show that the

peak current increases with the increase in phenol concentration, but this relationship is

hindered in the concentration ranging from 0.5 to 1 mM where a decreasing current is

observed. This result is unexpected but reproducible and this will be discussed further.
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A very little increase of the current is observed as the concentration is increased above
5 mM. This little increase of the current at higher concentration may be related to a
decrease in the activity of the electrode probably due to the formation of larger amount
of phenoxy radicals produced during oxidation. These radicals are known to be involved
in electro-polymerization processes, resulting in the blockage of the electrode active

surface at higher concentration.
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Figure 3.10: Plot showing concentration dependence of phenol in 50:50(v:v) EtOH:PBS
(pH11) at EPPG electrode.

The ratio % Qred / Qox at different phenol concentration is plotted and the results are
shown in Figure 3.11. It can be observed that the ratio decreases initially from ca.4.6 %
to ca.3.7 % between 0.05 mM to 0.2 mM. A big increase is then seen at 0.5 mM (ca.10.6
%), before decreasing with the increasing concentration to reach a value of ca. 6.5 %. An
unexpected result is observed in the concentration ranging from 1 to 2.5 mM where a
little increase of the ratio is observed. This will be discussed further later.
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Figure 3.11: Plot of ratio % (Qred/ Qox) OF phenol at different concentration at pH11 and

scan rate of 0.2 Vs

3.3.2.4 Proposed Electrochemical Oxidation Mechanism of Phenol at EPPG
Electrode

In order to propose a reaction mechanism for phenol, an attempt was made to evaluate
the number of electrons which might be involved in the oxidation process. This was
performed by comparing the oxidation current of phenol with the oxidation current of
TBP and by using the Randles Sevick equation as shown in section 3.3.1.2 which
describes the relationship between peak current and the number of electrons transferred
(i is proportional to n®?). After calculation, the peak current of phenol was found to be
4.38 times larger than the peak current of TBP and by assuming that the diffusion
coefficient calculated above for TBP is also the same for phenol, a 2 or 3-electrons
oxidation should give a current 2.8 or 5.2 times larger respectively. This suggests that
the number of electrons transferred for phenol oxidation can be estimated to be between

2 and 3 electrons per phenol molecule.

As discussed above, at pH11 the dominant solution species is the phenolate. First, a one
electron transfer occurs between the phenolate and the electrode to produce phenoxy
radical (I) alongside radicals (1), (1) and (IV) due to the delocalisation of the electron
in the ring (scheme 3.2). This reaction might be assigned to the first oxidation peak (1)
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observed in the CV response (Figure 3.5). Further oxidation of the phenoxy radical (1) to
give phenoxy cations (V) and (IV) can occur under very acid condition (pH < 4). As
discussed in the introduction in acidic conditions a coupled H" and e™ transfer means 2e
route to phenoxy cations is energetically viable [8]. However, this is assumed not to
happen under the experimental conditions used in this study (pH > 4) as equation (3)

requires much higher potentials than applied in this study.

PhO" — PhO* + & (3.5)

The next step involves the coupling of the different radicals (I to IV) formed to produce
firstly dimers (1) through O—O coupling which terminates the reaction. In addition,
dimers (2) and (3) can be formed and can undergo further two electrons transfer to yield
the dipheno-quinone molecules (XI) and (XII) respectively. This is due to the fact that
dimers (3) and (4) can be easily oxidised at same potential as the original phenolate. The
pathways (C1 and D) lead to the formation of the mono and dipheno-quinones molecules
(XI'and XII) and hence the reduction peak (1V) (Fig 3.5) is assigned to the reduction of
the quinoid molecules on the reverse scan. An alternative pathway is the coupling
reaction of two molecules of the phenoxy radical (I) through ether C—O—C linkage via
the phenoxy group to form the compound (V11). This is followed by a further one electron
transfer oxidation process at the same potential leading to formation of molecule (V1I1)
and then the polymerised product (IX) as shown in pathway (A1). Such products are
responsible for the fouling of the electrode surface through passivation [9]. This
passivation is responsible for the decreasing current on the second and subsequent scan

on the CV response.

Taking the reactions altogether it is clear to see how the number of electrons transferred
per phenol molecule during oxidation is > 1. The exact number of electrons will depend

on the relative rates of reactions Az, B1, C1 and Dx.

The rate of formation of the quinoid compounds calculated from the Qred/ Qox ratio under
different pH and concentrations above shows that more quinone species are formed under
lower pH, lower concentrations, while lower rate of formation is observed under higher
pHs and higher concentration. These suggest that under condition where more quinone
is obtained, the oxidation reaction tends to follow more pathways C1 and D1 that lead to

the quinoid compounds formation than the pathways which result in the oxidation
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products 1X and dimer 1. Inversely the oxidation reaction follows more pathways Az and
B1, which give the polymeric product (I1X) and dimer 1 respectively under condition
where lower rate is observed (at higher pHs and higher concentration). A further
explanation is that the oxidation reaction is more likely to go via 2e- / 2H" route that
leads to the formation of cation (V) and (V1) at pH values below 9 and via routes C; and
D1 (quinoid formation) but with stronger competition of polymerisation (route A;) at pH
values above 9. Furthermore, less dimerization or polymerisation is observed near the
electrode by any route (A1, B1, C1 and D1) at lower concentration, and this is because less
phenoxy radicals are produced or they diffused away from the electrode before reacting.
At intermediate concentration (~1mM) little polymerisation is obtained as the
concentration is still quite low for dimerization to take place. This might explain the
unexpected results observed in the 1— 2.5 mM concentration range in Figure 3.11. At
high concentration, the polymer formation blocks the response from the quinones on the

reverse scan.
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Scheme 3.2 Proposed phenol electrochemical oxidation mechanism at EPPG electrode.
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3.3.3 Comparative Study between Phenols, o, m, p-Cresols and TBP

Figure 3.12 shows the electrochemical response of o-cresol, m-cresol and p-cresols

obtained under the same conditions (pH11) as the unsubstituted phenol and TBP.
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Figure 3.12: Electrochemical response of 0.5 mM: (A) (black) phenol, (red) o-cresol,
(blue) m-cresol and (olive) p-cresol. (B) TBP in 50:50(v:v) EtOH:PBS(pH11) at EPPG
electrode and at a scan rate of 0.2 Vs,

Two oxidation peaks are observed in the forward scan for meta-cresol similarly to the
unsubstituted phenol at ca. 0.54 V and ca.0.65 V, but no reverse peak is observed on the

backward scan. Para-cresol shows an oxidation response at ca.0.55 V but no reduction
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peak is observed on the backward scan. Ortho-cresol displays an oxidation peak at
ca.0.52 V and two reduction peaks at ca.0.16 V and ca.0.035 V. Furthermore, a higher
peak current is observed for the oxidation of the unsubstituted phenol and meta-cresol
compared to para-cresol and o-cresol respectively.

Similarly, as described in section 3.3.2.4 the number of electrons which might be
involved in the oxidation reaction of ortho, meta and para-cresols was evaluated in order
to propose a reaction mechanism. After evaluation, the peak current of o-cresol, m-cresol
and p-cresols were found to be 2.56, 4.07 and 3.37 times larger than the peak current of
TBP respectively, therefore, the number of electrons transferred during oxidation is
estimated between 1 and 2 electrons for ortho-cresol and between 2 and 3 electrons for
meta- and para-cresols. This suggest that different reaction mechanisms take place

depending on the substitution position of the methyl group on the phenyl ring.

Proposed Reaction for Substituted Phenols

Similarly to the unsubstituted phenol, meta-cresol undergoes a one electron transfer to
produce the phenoxy radical (2) (scheme 3.3). This radical may be delocalised around
the aromatic ring leading to the formation of radical in ortho (3) and para-position (4). It
is assumed that a second electron transfer leading to the formation of the phenoxy cation
does not take place due to the reasons mentioned in section 3.3.2.4. The reaction leading
to the formation of the phenoxy radical (2) can be assigned to the oxidation peak observed
at ca.0.54 V on the CV response (cf blue CV) in Fig 3.13. The generated phenoxy radical
(2) then reacts with other radicals or other molecules of the initial para-cresol (1) to form
a polymeric product (pathway A>). Such reactions are responsible for the fouling of the
electrode through passivation. An alternative reaction pathway is the coupling reaction
of the intermediate radicals (2), (3) and (4) to give dimer (5) through O—O coupling which
terminates the reaction. There is also possibility of formation of dimers (5) and (6) based
on radical coupling reaction, however, these two dimers even if they are formed, are
likely to be present at low concentration due to the fact that the molecules will be too
sterically crowded because of the position of the methyl group, hence unlike the
unsubstituted phenol no quinoid species are formed during oxidation of m-cresol. This
explains for m-cresol the absence of the reduction peak (IV) previously assigned to
quinone reduction on the reverse scan for phenol. The radical coupling reaction which
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leads to the formation of dimers (5) and (6) is therefore likely to be slower than the

polymerization reaction and the reactions leading to the formation of dimer (4).

The fact that the peak current for m-cresol is comparable to that for unsubstituted phenol,
suggests that for both species oxidation primarily proceeds via process A, the formation

of the polymer.
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Scheme 3.3 Proposed oxidation mechanism for meta-cresol at EPPG electrode.
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In scheme 3.4 is shown the proposed electrochemical oxidation mechanism of o-cresol
at EPPE electrode. The oxidation results in either the formation of polymeric compound
through C—O—C coupling of radicals (ii) following pathways (Az) or dimer (7) through
O—O0 linkage, which terminates the reaction. There is also the possibility of formation of
dimers (8) and (9) which lead to the formation of the quinone products (ix) and (x)
respectively as shown in pathways (Cs) and (D3). As mentioned in the oxidation
mechanism of phenol, the formation of these quinone compounds is due to the fact that
the corresponding dimers (dimers (8) and (9)) are easily oxidized at the same potential
as the initial phenolate (1).The first oxidation peak observed at ca.0.52 V on the CV data
can be assigned to the oxidation of the phenolate molecule which leads to the formation
of radical (ii) as well as contributions from further oxidation of dimer 8 and 9. In addition
the generation of the polymer product via route Az will also contribute to the oxidation
charge passed. The much smaller oxidation current for o-cresol compared to
unsubstituted phenol and m-cresol suggests less charge is passed in the Az pathways,
which is consistent with steric crowding resulting in slower polymer growth. The
reduction peaks obtained on the reverse scan at ca.0.16 V and ca.0.035 V can be assigned

to the reduction of compounds (ix) and (x).
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Scheme 3.4 Proposed oxidation mechanism for m-cresol at EPPG electrode
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Finally, for p-cresol shown in scheme 3.5, the formation of the polymeric product
through C—O—C coupling of radicals (b) is not likely due to the presence of the methyl
group in the para-position. However, as seen in the previous mechanism there is
possibility of O—O coupling of two radicals (b) to produce dimer (10) which terminates

the reaction.

The formation of dimers (11) and (12) and their subsequent oxidation to quinoids is also
less probable due to the molecule being too sterically crowded or they might be formed
at low concentration and kept way from the electrode surface by dimer (10). This explains
the absence of quinoid reduction peak on the reverse scan. The first oxidation peak
observed at ca.0.55 V can be assigned to the oxidation of the p-cresol to produce
radical (b).
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Scheme 3.5 Proposed oxidation mechanism for p-cresol at EPPG electrode
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3.4 Summary and Conclusion

In this study, the electrochemical oxidation of TBP, phenol and o,m,p-cresols were
monitored using cyclic voltammetry techniques. In the earlier experiments, the
electrochemical oxidation of TBP at various carbon materials electrode such as GC,
EPPG and BDD was studied in order to choose the suitable substrate for our
investigations. The results obtained show a reversible or quasi-reversible process at the
EPPG electrode and a quasi-process at the GC electrode. The electrochemical response
at the BBD electrode was not taken into account as the response observed was weak and
sluggish. The effect of pH and scan rate on the electrochemical response of TBP at the
EPPG and GC electrodes were also investigated. This revealed that TBP undergoes a
reversible one electron transferred oxidation process at both electrodes as shown in
section 3.3.1.1 and that the process is diffusion controlled at the GC electrode and at the
EPPG electrode a mixture of diffusion and adsorption processes is observed. These
results in general show that TBP undergoes a one electron per proton transfer oxidation,
leading to the formation of 2,4,6-tri-tert-butylphenoxy radical. Additionally, EPPG
electrode was used for our analysis because of its high sensitivity, excellent electronic
conductivity and good detection limit. However, there was a problem with adsorption
due the presence of the edge sites in its microstructure as mentioned in section 3.3.1 and
this was considered during analysis. Thus then an oxidation mechanism was proposed
for the TBP where 2,4,6-tri-tert-butylphenoxyl was obtained as oxidation product (cf

scheme 3.1).

2,4,6-tri-tert-butylphenoxyl

Similarly to the TBP, the electrochemical oxidation of phenol was also investigated in
order to get more insight into the oxidation mechanism (section 3.3.2) and the results
obtained revealed a reversible reaction occurring in the oxidation process. The oxidation
current was observed to be significantly decreasing on the second and subsequent scan

and this was attributed to the fouling of the electrode due to the deposition of the
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polymeric oxidation product at the surface of the electrode therefore preventing the
diffusion of further phenoxy radical for oxidation. In order to find out the amount of
phenol converted into species that undergoes reversible reduction at (1V), the charge
associated with the area under the reduction peak (1V) (Qred) on the first reduction scan
was calculated and divided by the charge associated with the area under the oxidation
peaks (1) and (I1) (Qox). The result obtained was then multiplied by 100 to give the
percentage of phenol converted into species that undergoes reversible reduction at (1V).
A value of approximately 10% was obtained and this suggests that that only the tenth of
the initial phenol is converted onto quinones species. The effect of pH and scan rate was
also investigated in order to detect approximately the number of electron and protons that
could possibly be transferred during oxidation of the unsubstituted phenol. These results
show that the initial oxidation of the unsubstituted phenol at pH below 9 is pH dependent
and it is associated with a loss of proton from the initial phenol, while at pH above 9 the
initial oxidation involve the loss of electron from the phenolate anion to produce the
radical. The study of the effect of the scan rate on the CV response shows a linear
relationship between the oxidation current and the square root of the scan rate and this is
indicative of a diffusion controlled redox process. This is different to what was observed
with the TBP where a non-linear response was obtained and this difference might be due
to the adsorption effect which is less for the unsubstituted phenol compared to TBP due
the absence of the tert-butyl groups.

Based on these findings, an attempt was made to evaluate the number of electrons which
might be involved in the oxidation process. This was performed by comparing the
oxidation current of phenol with the oxidation current of TBP and by using the Randles
Sevick equation as shown in section 3.3.1.2 which describes the relationship between
peak current and the number of electrons transferred (i is proportional to n®?). After
calculation, the peak current of phenol was found to be 4.38 times larger than the peak
current of TBP and by assuming that the diffusion coefficient calculated above for TBP
is also the same for phenol, a 2 or 3-electron oxidation should give a current 2.8 or 5.2
times larger respectively. This suggests that the number of electrons transferred for
phenol oxidation can be estimated to be between 2 and 3 electrons per phenol molecule.
Thus, then an oxidation mechanism was proposed for the unsubstituted phenol at pH11

(cf scheme 3.2) where the oxidation products were found to be:
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OO O
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Finally, the electrochemical oxidation of substituted phenols such as ortho-, meta- and
para-cresols were studied under the same experimental conditions as the unsubstituted
phenol and TBP using cyclic voltammetry technique in order to propose an oxidation
mechanism for each of them. While the CV response obtained for o-cresol shows a peak
assigned to quinoid species reduction on the reverse scan, no such peak was observed for
meta- and para-cresols. Similarly as described in section 3.3.2.4 the number of electrons,
which might be involved in the oxidation reaction of ortho, meta and para-cresol, was
evaluated to be approximately between 1 and 2 electrons for ortho-cresol and between 2
and 3 electrons for meta- and para-cresols. These suggest that different reaction
mechanisms take place depending on the substitution position of the methyl group on the
phenyl ring. A reaction mechanism was then proposed for each cresol compound where

the oxidation products were found to be:

- For o-cresol:
H,C
0] 0] OH 3
n
CH, CH, CH, 0—0
Polymeric product (vii) CH, (dimer 7)
H,C
° HsC

/
o CH, CH,
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- For m-cresol:
CHj
o) 'e) OH
n O0—0
HsC H,C HsC
Polymeric product (8 H3C (dimer 4)
- For p-cresol:

dimer 10

These oxidation mechanisms described above for all these phenolic compounds were
proposed after interpretation of the results obtained. The oxidation mechanism proposed
for TBP agreed well with the mechanism proposed in the literature. However, the
mechanism proposed for the unsubstituted phenol shows some differences in the
oxidation products with the mechanism proposed by other authors. In most published
works on phenol oxidation, a four electron and protons transferred mechanism leading
to monomeric quinone and polymeric product formation were reported and this was due
to the experimental conditions used. In this work, pH11 was used and therefore the
second route leading to the formation of phenoxy cation is not considered in here and
this can explain the difference in oxidation products obtained. It is also important to note
that other possible mechanism pathways that proceeds by formation of intermediate
hydroperoxy compounds are also not considered here. These pathways would result from
reaction with oxygen which has not been considered above. These possible mechanisms

are investigated in chapter 5.

Although the oxidation mechanism proposed for each compound in this work is
consistent with the results obtained under the experimental condition used here (at
concentration of 0.5 mM and at pH11), further experiments needed to be carried out in
order to confirm these proposed mechanisms. Therefore, a combined technique of
chronoamperometry and in situ ATR-FTIR spectroscopy was design in order to confirm

these oxidation mechanisms and this work is presented in the next chapter (Chapter 4).
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Chapter 4

In Situ Spectroelectrochemical Study of
Phenol and Substituted Phenols

4.1 Introduction

In this work, the electro-oxidation of phenol, TBP and cresols were studied in situ using
ATR-FTIR spectroscopy technique in order to gain more insight into the oxidation
processes and support the oxidation mechanisms proposed for these phenolic compounds
in the last chapter. The analysis of the absorption spectra obtained will allow the
identification of several IR absorption bands that could be assigned to the oxidation
products. Infrared ATR-FTIR spectroscopy has been shown to be a useful technique for
monitoring phenols oxidation in situ. Webster and co-workers have used this technique
to monitor the one electron oxidation of 2,4,6-tri-tert-butylphenolate in CH3CN. From
their results, the authors identified several IR absorption bands notably in the
1592 —1573 cm* and 1509 —1505 cm™* ranges which were assigned to CoCm (carbon in
the ortho-and meta-position) ring and C— O° stretching vibration of 2,4,6-tri-tert-
butylphenoxyl respectively [1]. Other authors such as Haracio and co-workers have also
reported the use of this technique to detect the oxidation products for para, meta, and
ortho-aminophenols while studying the electrochemical oxidation of aminophenols on
platinum electrode in acid medium. In their study, the authors observed that the three
isomers of aminophenols showed different behaviour with the platinum electrode,
leading to different oxidation products. While meta- and para-aminophenol give
polymeric compounds, quinone and CO as oxidation products, electroactive dimers
were observed as the oxidation product for ortho-aminophenols and these active dimers
can polymerize to form an electroactive layer on the electrode surface [2]. Others authors
have also used the same technique to successfully monitor the oxidation process of

phenolic compounds such as o-cresols [3] on platinum electrode in acid medium.
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In most of these published works, platinum electrode was used in acid medium and the

limitations of the technique was not mentioned.

4.2 Experimental

The TBP, Phenol and cresols were used as received and the electrolyte solutions were
50:50(v:v) 0.05 M Na2S04.10H20 / EtOH. All in situ FTIR experiments were performed
using a combined technique of chronoamperometry and in situ ATR-FTIR spectroscopy.
In this technique, a three electrode electrochemical cell was used which consists of a
working electrode (EPPG coated with singlet walled carbon nanotubes (SWCNT)), a
reference electrode (Ag / AgCl) and a counter electrode (platinum wire) dipped in the
electrolyte. The working electrode was prepared by drop-coating 3uL of SWCNT
suspension (1.5 mg / mL) onto the electrode surface and leaving it to dry at room
temperature for 30 mins before use. Oxidation potentials ranging from 0.2 to 0.95 V were
applied to the working electrode and the difference spectra collected over time between
4000 — 600 cm™* with a resolution of 4 cm™ in absorbance mode using a Bruker Tensor
27 Fourier-transform spectrometer equipped with a diamond crystal prism and having an
Opus data collection program. All background spectra were collected with the electrode
in solution with no potential applied. The absorption band between 2500 cm™ and
1800 cm™ related to absorption by the diamond prism was cut out from the spectra for
more accurate data analysis. The SWCNT layer was added onto the electrode surface in
order to increase the surface area and hence improve the signal to noise ratio resolution

of the IR spectral features (see section 4.2.2).

4.2.1 In Situ FTIR Experimental Set - up

A schematic diagram of a typical experimental set-up is presented in Figure 4.1. In this
set up, the working electrode (EPPG coated with SWCNT) was immersed in the
electrolyte as close to the ATR prism as possible. The distance limit between the
unmodified electrode and the prism was determined to be around ca.17 um by other
colleagues in our research group while investigating the acid deprotonation and
protonation state at the interface of a BBD electrode modified with graphene nanoflakes
(GNF). The GNF-Ca layer was found to swell when immersed in solution and fills the

gap between the electrode and the prism, thus as the penetration depth of the IR
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evanescence is < 2 um only the region of the GNF layer furthest from the modified BBD

electrode surface is probed [4].

EPPG electrode ——»

Electrolyte ———»

SWCNT 17 um
} <2pm
ATR prism
Evanescent wave
N\
IR beam IR beam
entry exit

Figure 4.1: Schematic representation of the interface region of the in situ ATR-FTIR
experimental set up.

This effect is illustrated in Figure 4.2 below. This graph shows that the spectral intensity
of the GNF-Ca increases considerably after 5Smins of immersion of the electrode in the
electrolyte solution and this was reported to be the consequence of the swelling of the
GNF-Ca layer upon interaction with water and hence filling the gap between the BDD
electrode surface and the ATR. This led to more of the layer been probed by the

evanescent IR radiation and an increase in spectral intensity is observed.

In our work EPPG electrode coating with single walled carbon nanotube (SWCNT) was
used as the working electrode. These SWCNT have an average diameter of
1.4 nm £ 0.1nm and their solubility in water is 5mg / mL. Early experiments in our work
have shown that the SWCNT increase the surface area and increase the noise ratio
resolution of the IR spectral features (see section 4.2.2). This might be explained by the
fact that the SWCNT behave in the same way as the GNF-Ca layer when immersed in
solution as described above. i.e. the SWCNT provides a high surface area electroactive

layer close to the prism and therefore within probing depth of the IR evanescent wave.
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Figure 4.2: IR absorbance difference spectra of GNF-Ca modified electrode after
immersion into 0.1 M K>SO electrolyte at pH 6.8. (black) immediately after immersion,
(red) 5mins after immersion, (blue) 35 mins after immersion. This Graph is taken from

[4].

4.2.2 Effect of SWCNT on the Spectral Response of Na;S0..10H.0
Solution at the EPPG Electrode Interface.

Figure 4.3 shows the FTIR difference spectra of 0.1 M Na,SO4.10H.0 solution at both
the EPPG and SWCNT modified EPPG electrodes interface when 0.5 V was applied. In
these experiments, the modified EPPG electrode was prepared by drop-coating 3uL of
SWCNT solution onto the electrode surface and leaving it to dry at room temperature for
15 mins before use. The background spectra were collected with the electrodes immersed
in the solution along with the counter and reference electrode with no potential applied.
Difference spectra for both electrodes were then collected overtime relative to the
background for 30 mins with a delay time of 5 mins between measurements after
applying a potential of 0.5 V. Two broad and intense positive bands are observed in the
1800 — 1550 cm™ and 1150 — 1000 cm™ ranges on the spectrum of EPPG coated with
SWCNT. These bands are attributed to the bending mode of water and asymmetric SO4>
stretch respectively. The intensity of the later band indicates that application of the
potential results in increase in this band in the IR sampling region. In contrast only weak

features are seen on the spectrum of EPPG only in the same range.
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This implies that the SWCNT increase the spectral intensity and this is explained by the
increased electrode surface area within the IR probing region described in section 4.2.1.
Hence this increase in spectral intensity was our aim so this is why we continue with
SWCNT modified electrodes throughout this study.

AAbsI

1800 1600 1400 1200 1000
Wavenumber / cm'1

Figure 4.3: FTIR difference spectra of: EPPG (Black) and EPPG coated with 3pL
SWCNT (Red) in 0.1 M Na2S04.10H20. 0.5 V was applied and the difference spectra
were recorded for 30 mins with a delay time of 5 mins between measurements. The
background spectra were recorded with the electrodes immersed in the supporting
electrolyte with no potential applied.

4.2.3 FTIR Spectra of PBS and Sodium Sulfate Hydrate

Figure 4.4 shows the FTIR difference spectra of EPPG electrode coated with SWCNT in
0.1M PBS (pH9) and in 0.1M Na2S04.10H20. These experiments were performed in
order to choose the most appropriate electrolyte for more accurate data analysis. In the
early stage of our in situ FTIR spectroscopy experiments, PBS was used as the supporting
electrolyte solution because the main objective of this chapter was to support the electro-
oxidation mechanism of the phenolic compounds investigated in Chapter 3 where 50:50
(v:v) PBS (pH11) / EtOH was used as the supporting electrolyte. However, the spectra
obtained were difficult to analyse as certain bands of the PBS buffer interferes with the
bands expected for the oxidation products of these phenolic compounds. In the spectrum
of PBS several bands are observed in the 1800 — 1600 cm™ range where the C=0
vibration stretch is expected with the more distinct band seen in the 1700 — 1600 cm™

region.
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Bands similar to C=C and C—O stretches are also seen in the 1600 — 1400 cm™ and
1300 — 1000 cm™ regions. The presence of all these bands in the spectrum of the PBS
will make the interpretation of our in situ results difficult. Therefore Na2S04.10H20
solution was used instead of the PBS as its spectrum shows only two distinct bands; one
in the 1800 —1600 cm™* range which have a characteristic of O—H bending mode of water
present in the solution and the second band in the 1200 — 1000 cm™ range which is
attributed to the asymmetric stretch of SO4.This latter band may also interfere with the
C—0 and C—0O-C vibration stretch bands expected for certain oxidation products.
However, the interpretation of our in situ spectra will be less problematic in this solvent.
However, it is important to note the pH in the sulfate solution is ~ 6.8 which is different
to the pH of the PBS solution used in the electrochemical chapter. This implies that the
oxidation mechanism will be expected to be different to the one in the previous chapter
where pH11 was used, therefore the second electron transfer route leading to the
formation of the phenoxy cations should also be considered while using the sulfate as

electrolyte.

AAbsI

1800 1600 1400 1200 1000
Wavenumber / cm™

Figure 4.4: FTIR difference spectra of EPPG coated with SWCNT in: (black) 0.1 M
PBS (pH9) and (Red) 0.1M Na»S04.10H.0. The sample scan was used as background.
Difference spectra were collected for 30 mins between 4000 — 500 cm™ with a resolution
of 4 cm™ with no potential applied.
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4.3 Results and Discussions

In Figure 4.5 is shown the CV of 0.5 mM TBP in 50:50(v:v) 0.05M Na>S04.10H, /EtOH
at the SWCNT modified EPPG electrode. This experiment was performed in order to
determine in which potential the TBP undergoes oxidation in this electrolyte as the
potentials will be different to those determined in pH11. This allowed us to apply the
correct potentials in our in situ experiment. Arrow (1) represents the potential before
oxidation (+ 0.2 V), arrow (2) the potential in which the TBP begins to undergo oxidation
(+ 0.4 V) and (3) the peak oxidation potential of TBP (+ 0.6 V). In this CV the oxidation
potential for the TBP is 0.35 V higher than the oxidation potential observed in the CV of
TBP in PBS (pH11) presented in the electrochemistry chapter and in addition to that less
distinct oxidation and reduction peaks are also seen in this case. These differences can
be explained mainly by the difference in pH observed between the sulfate solution (pH
6.8) and the PBS (pH11) and also the SWCNT maodification, where electron transfer (ET)
kinetics may be slower and the porous nature of the electrode leads to less distinct

diffusion- controlled peaks.

Similar CV experiments under the same experimental condition as the TBP, were carried
out for the phenol and cresols and their oxidation potentials were found to be 0.85 V. A
summary of the oxidation potentials applied in the in situ spectroelectro-chemistry for

the different compounds is presented in table 4.1 below:

-0.2 0.0 0.2 0.4 0.6 0.8
E/V (vs.Ag/AgCl)

Figure 4.5: CV of 2.5 mM TBP in 50:50(Vv:v) 0.05 M Na>2S04.10H.0 / EtOH using EPPG
electrode coated with SWCNT at a scan rate of 0.1 mVs™: (1) + 0.2V, (2) + 0.4 V and
(3) +0.6 V.
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Table 4.1:Oxidation potentials applied in the in situ spectroelectrochemistry experiments
for the different compounds.

Phenolic compounds Oxidation peaks potential (V) vs Ag /
AgCl

TBP +0.6

Phenol +0.85

o-cresol +0.85

m-cresol +0.85

p-cresol +0.85

4.3.1 Infrared Characterization of TBP, Phenol and o,m,p-cresols

In the earlier stage of this work, the solvated TBP, phenol and cresols were characterized
using ATR-FTIR spectroscopy and the resulting spectra obtained are presented below.
In these experiments the different solution samples were drop-coated onto the ATR prism
and the spectra collected for 30 mins between 4000 — 600 cm™ with a resolution of
4 cm™* with a delay time of 5 mins between measurements where first a spectrum of the
blank ATR prism was collected and used as the background for all subsequent spectra.
The resulting spectra obtained are background subtracted. In Figure 4.6(a) is presented
the FTIR absorbance spectrum of 2.5 mM of TBP between 1800 and 600 cm™. The bands
observed at 1476 and 1436 cm™ are associated with the CC ring vibration stretches, the
band seen at 1361 cm™ is assigned to the OH bending mode, the band at 1234 cm™ is due
to C—O vibration stretch and the band at 994 cm™ is assigned to the out of plane C—H
stretches in the tert-butyl groups.! The additional intense bands observed in the
1200 — 1000 cm™ and 650 — 620 cm™ range are associated with the vibration stretches
modes of the solvent (0.1 M Na>S0O4.10H20 / EtOH) used to dissolved the TBP and these
vibration modes will be discussed later. Figure 4.6 (b) shows the FTIR spectrum of
phenol, the intense peak at 1596 cm™ is associated with the aromatic C=C stretch, the
intense peaks observed at 1500 and 1474 cm™ are assigned to the CC stretches and the
broad bands at 1367 cm™ and 1230 cm™ are attributed to the OH bending and the C—O
stretching vibration respectively.
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The in plane C—H stretch is observed at 1072 cm™ and the out of plane C—H at 811, 752
and 690 cm™. In Figure 4.6(c) is presented the FTIR absorbance spectra of o,m,p-cresols.
The band observed at 1593 cm™ in the spectrum of o-cresol is assigned to the aromatic
C=C vibration stretch. This band appears at 1590 cm™ and 1607 cm™ in the spectra of
meta and para-cresol respectively. The bands seen at 1466 cm™ in the spectra of ortho
and meta-cresol, and at 1512 cm™ and 1450 cm™ in the spectrum of para-cresol are
associated with the CC vibration stretches. The OH bending vibration is observed at
1351 cm in the spectrum of o-cresol and at 1342 cm™ and 1361 cm™ in meta and
para-cresol respectively. The band around 1200 cm™ seen in the spectra of o-cresol and
little bit shifted toward higher wavenumber in the spectrum of meta (1243 cm™) and
para-cresol (1224 cm™) is associated with the C—O vibration stretches. The additional
bands observed in the 1200 — 1000 cm™ and 900 — 650 cm™ range are due to the in plane
and out of plane C—H stretches in ring and in the methyl group attached to the ring. These

bands define the substitution pattern in the ring.
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Figure 4.6: (a) Background subtracted FTIR absorbance spectra of: (a) TBP; (b) phenol
and (c) cresols: (Black) o-cresol; (Red) m-cresol and (Blue) p-cresol. The spectra were
recorded between 4000 — 500 cm™ with a resolution of 4 cm™ and averaged over 100
scans.
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4.3.2 In Situ ATR-FTIR Study of the Electrolyte

Figure 4.7 shows the in situ FTIR absorbance spectra obtained for the EPPG electrode
coated with SWCNT in 0.1 M Na2S04.10H-0 solution (electrolyte) without any phenol
species present. The working electrode was immersed in the spectroelectrochemical cell
along with the reference and counter electrode and left to settle for 5 mins before
collecting the background spectrum. A potential of 0.6 V was then applied and difference
spectra collected overtime relative to the background for 30 mins with a delay time of
5mins between measurements. The strong positive bands observed at 1090 cm™ and
1047 cm™ are attributed to the C—O vibration stretch of ethanol. The bands at 1196 cm™
and 879 cm™ are assigned to the OH bending and out of plane C—H stretch of ethanol
respectively. The negative band observed at 1120 cm™ is assigned to the asymmetric
SO4? stretch of the sulfate and the broad band at 1653 cm™ to the OH bending mode of
water present in the solvent. In summary, it can be observed that the difference spectra
of the electrolyte at + 0.6 V which consist of 50:50(v:v) Na2SOs.10H2O/EtOH is
dominated by the positive absorption bands of ethanol and the only band observed for
the Na2SO4.10H0 is the negative band assigned to the asymmetric SO4? stretch. This is
in contrast with what was observed above when the same experiment was done in 0.1 M
Na2S04.10H,0 with no ethanol present where the sulfate band increases when a positive
potential was applied as expected. Here it is the opposite which is unexpected but the
only thing that has changed is the ethanol and we are assuming that the SWCNT might
not swell as much when the ethanol is present. Hence rather than probing within the
porous electrode as shown in Figure 4.1 we may be probing the outside interface of the
SWCNT layer with the electrolyte as shown in

Figure 4.8.
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Figure 4.7: FTIR spectra collected for EPPG electrode coated with SWCNT in 0.05 M
Na>S04.10H,0 / EtOH solution at + 0.6 V. The background was taken 5 mins after
sample deposition and the spectra were collected between 4000 — 500 cm™ with a
resolution of 4 cm™ and averaged over 500 scans.

A tentative explanation of the electrolyte interaction with the electrode surface is
presented in Figure 4.8. In this representation both the sodium and sulfate ions are
solvated by water and ethanol molecules such that the 8- oxygen will interact with the
positively charged sodium (Na*) ion, and the &+ hydrogen will interact with the
negatively charged sulfate (SO42°). Thus then when a positive potential is applied to the
electrode, the positively charged solvated sodium is repelled from the electrode surface
and moves towards the IR probing area, while the negatively charged solvated sulfate
moves in the opposite direction as it is attracted to the positive electrode. Hence in the
difference spectrum for the electrolyte the sulfate band is negative as there is a smaller
concentration in the probing region. Na* does not possess IR bands but if ethanol is more
strongly associated with Na* than SO+, an increase in Na* in the probing region would

explain the increase in the ethanol bands when the potential is applied.
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Figure 4.8: Schematic representation of the electrolyte interaction with the EPPG
electrode.
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4.3.3 In situ FTIR Spectra of TBP
The oxidation reaction of TBP was monitored using in situ FTIR spectroscopy in order
to confirm the oxidation mechanism proposed in chapter 3 in which the oxidation product

was proposed to be 2,4,6-tri-tert-butylphenoxyl.

Ol
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Five important bands were observed in the spectra of the solvated TBP when + 0.6 V
(oxidation potential) was applied to the working electrode immersed in the solution
(Figure 4.9); at 1650, 1558, 1548, 1513 and 940 cm™. The negative band at 1558 cm™
and the positive band at 1548 cm™ can be both assigned to the CC ring stretch and
indicate a change in electron density in the ring (cf scheme 4.1). These two bands
indicates the loss of one type of CC ring stretch ( negative band) and the gain of another
(positive band) and this might be due to the delocalisation of the electron in the phenoxyl
ring after oxidation. The band at 1513 cm™ is associated with the C—O" stretch in the
phenoxy radical. The positive band observed at 940 cm™ is attributed to the out of plane
C—H in the tert-butyl groups. The intense band centred at 1650 cm™ is broader and
sharper in comparison to the band seen in the spectra of the electrolyte. This band may
incorporate both the OH bending vibration mode of water and a C=0 band,; the presence
of this latter group indicates the formation of a quinone type structure of the radical as

shown in scheme 4.1 below.

S I

Scheme 4.1 Electrons delocalisation in the 2,4,6-tri-tert-butylphenoxyl leading to

quinone type structure of the radical.

These assignments are consistent with those reported by Webster and co-workers while
monitoring the oxidation reaction of 2,4,6-tri-tert-butylphenolate and 2.6-di-tert-butyl-4-
methoxyphenolate in acetonitrile ( CH3CN) solution at room temperature using in situ
FTIR spectroscopy. Several IR absorption bands were identified and assigned to the
vibration stretches in the 2,4,6-substituted phenoxyl radicals notably the CC ring and
C-O" stretches observed in the 1592 — 1573 cm™ and 1509 — 1505 cm® ranges. These
bands show many similarities with the bands reported in our study, the position of the
C—-0O" in our work is shifted upward to 1513 cm™ and agrees within 3 — 4 cm™ with the
same band reported by Webster and the position of this band (C—O") has also been

reported to vary between 1518 cm™ and 1505 cm™ in the resonance spectra of other
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substituted phenoxyls. This shift in the position of the band in our study may be explained
by the difference in the experimental conditions used. Webster et al have produced the
radical by oxidizing the phenolate anion in acetonitrile in a controlled potential
electrolysis cell at negative potentials varying from — 0.68 V to — 0.84 V while in our
work the TBP oxidation was monitored in situ in 0.05 M Na>SO4.10H.0 / EtOH solution
at an applied potential of + 0.6 V. It is also important to mention that our different solvent

will lead to local changes in the bonding environment which could shift the spectra.
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Figure 4.9: FTIR spectra collected for EPPG electrode coated with SWCNT in 0.05 M
Na>S04.10H20 / EtOH solution containing 2.5 mM TBP. The potential applied was
+ 0.6 V and the spectra were averaged over 500 scans.

4.3.4 In situ FTIR Spectra of Phenol

The oxidation of 10 mM of phenol in the electrolyte solution was investigated in the
same electrolyte as the TBP at an applied potential of + 0.85 V and the resulting spectra
obtained are presented in Figure 4.10. These spectra should give valuable information
confirming the oxidation mechanism proposed in the previous chapter in which the

oxidation products obtained were proposed to be:
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The difference spectra at + 0.85 VV show evidence for aliphatic C=0 as well as OH bend
of water in the positive band centred at 1636 cm™ indicating some quinone type products
formation ( quinone and dipheno-quinone). The negative band at 1597 cm™ is attributed
to the changes in C=C stretch in the phenol ring. The bands centred at 1196 cm™ and
1054 cm™ are associated with the C—O—C vibration stretch. These latter two positive
bands are concurrent with the negative band centred at 1096 cm™ which is attributed to
C—OH vibration stretch. These features indicate the loss of C—OH and formation of
oxidation product through ether C-O—C linkage (polymeric product). The band observed
at 868 cm™ has a characteristic of the vibrational stretch of aromatic

C—0O—0—C and this might be due to the formation of dimer 1.
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Figure 4.10: In situ FTIR spectra collected for an EPPG electrode coated witha SWCNT
in 10 mM phenol dissolved in 0.05 M Na>S04.10H20 / EtOH solution during oxidation
up to + 0.85 V. The spectra were averaged over 100 scans.
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4.3.5 In situ FTIR Spectra of o-cresol

Similarly to the phenol and TBP, the oxidation of orthocresol was monitored using the
same experimental conditions in order to monitor the main products of oxidation

proposed in chapter 3:

HaC
o 0 OH
N 0—o0
CH,
CHy

CH
CHs 3 (dimer 7)
polymeric product

H,C

H3C

//
0] CH

CHj 3

dipheno-quinone quinone

In Figure 4.11 a positive band centred at 1660 cm™ can be observed and this band can
be assigned to the aromatic C=0 stretches in the quinone and dipheno-quinone products
formed. The broad positive band seen at 1196 cm™ which increases in intensity overtime
can be assigned to C—O—C vibration stretch in the oxidation product and this latter band
is linked with the negative band observed at 1110 cm™ associated with C—OH vibration
stretch in the o-cresol. This indicates the formation of oxidation product link through
C—0O—C coupling and this suggests the formation of the polymeric product. The band at
877 cm is associated with the C—-O—O—C vibration in product 7. Bands at 1089 cm™ and
1048 cm are associated with the characteristic C—O stretches in ethanol as described in
section 4.3.1. Similar bands assigned have been reported by Taleb and co-workers in
their study of electrochemical and in situ FTIR study of o-cresol on platinum electrode
in 0.5 M H2S0s. Oxidation potentials ranging from 0.5 V to 1.2 V were applied to the
platinum electrode immersed in solution containing 1mM o-cresol and 0.5 M H2SO4 and
the oxidation of the o-cresol monitored using in situ FTIR spectroscopy technique. The
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bands seen at 1600, 1457 and around 1150 cm™ were assigned to the aromatic C=C,
C—C and C-0O-C vibration stretches mode respectively. These assignments agree to a
large extent with the assigned reported above for the o-cresol. The small shift in position
of these bands observed in our spectra may be due again to the difference in our

experimental conditions.
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Figure 4.11: Insitu FTIR spectra collected for an EPPG electrode coated with a SWCNT
in 10 mM o-cresol dissolved in 0.05 M Na>S0O4.10H20 / EtOH solution during oxidation
up to 0.85 V. The spectra were averaged over 100 scans.

4.3.6 In Situ FTIR Study of m-cresol

This experiment was carried out with the goal of supporting the oxidation mechanism

proposed in the last chapter with the oxidation product proposed as:

CHs
e} 0] OH
n O0—o0O
HaC HsC ®)
HaC

H,C

Figure 4.12 shows the in situ FTIR spectra obtained for 10mM m-cresol under the same
experimental conditions as the phenol, TBP and o-cresol. The broad positive band
observed between 1254 cm™ and 1139 cm™ is assigned to the C—O—C vibration stretch
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in the polymer product formed ( product 8). The increase in intensity of this band over
time is associated with the decrease in intensity of the broad negative band centred at
1096 cm™ which is attributed to the C—O vibration stretch in the m-cresol leading to the
formation of the polymer. The band observed at 878 cm™ is associated with the
C-O—-0O-C vibration stretch in product 2. The broad band at 1642 cm™ has a characteristic

of O—H bending of water in the solution.

1642
1187
878

1230s

1110s

A Abs[ 870s

630s

390s

%‘ — 109

1800 1600 1400 1200 1000 800 600

Wavenumber / cm™

Figure 4.12: In situ FTIR spectra collected for an EPPG electrode coated witha SWCNT
in 10 mM m-cresol dissolved in 0.05 M Na2S0O4.10H20 / EtOH solution during oxidation
up to 0.85 V. The spectra were averaged over 100 scans.

4.3.7 In Situ FTIR Spectra of p-cresol

The in situ FTIR difference spectra of 10 mM p-cresol in 0.1 M Na;SO4.10H20 / EtOH
solution obtained during oxidation up to + 0.85 V under the same experimental
conditions as the phenol is presented in Figure 4.13 below. This experiment was
performed in order to confirm the oxidation product proposed for p-cresol in the

electrochemistry chapter which was proposed to be:

dimer 10
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In the electrochemistry of p-cresol proposed in the last chapter, only dimer 10 is proposed
to be formed for this compound, the polymer and quinone products are not formed. In
these spectra an intense positive band having the characteristic of C—O—0O—C vibration
stretch is observed at 878 cm™. This band increases in intensity over time and this
suggests the formation of dimer 10. Little evidence of polymer formation is seen in these
spectra. The positive and negative bands seen at 1198 cm™ and 1118 cm™ respectively
situated in the region assigned to C—O—C of the polymer product and C—O vibrations
stretches in the spectra of phenol and the o-cresols are less intense in this case, therefore
suggesting a little or no polymer products formation. The broad positive band observed

at 1653 cm is assigned to the OH bending of water.
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Figure 4.13: In situ FTIR spectra collected for an EPPG electrode coated witha SWCNT
in 10 mM p-cresol dissolved in 0.05 M Na2S04.10H20 / EtOH solution during oxidation
up to + 0.85 V. The spectra were averaged over 100 scans.

4.4 Summary of Results

In the early experiments, the different phenolic compounds were characterized using ex
situ FTIR spectroscopy. The samples solutions were dropped coated onto the ATR prism
and overtime spectra collected for each compound for 30 mins between 4000 cm™ and
500 cm™ with a spectral resolution of 4 cm™. The blank ATR disc scan was taken as

background and the spectra were averaged over 100 scans.
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The spectral assignments for the different products between 1800 — 600 cm™ is presented

in Table 4.2 below. These assignments agreed well with the assignments in the literature

[1].[2].[3].

Table 4.2: Summary of the assignment of the different absorption bands obtained for the
different phenolic compounds after ex situ FTIR characterization.

Vibration stretches (cm™)
c-0 c-C Cc=C C-Hoop | C—H OH
in plane | bending

Phenol 1230 1500 & | 1596 811 & | 1072 1367

1474 752 &

690

o-cresol 1200 1466 1593 - - 1351
m-cresol 1243 1466 1590 1342
p-cresol 1124 1512 & | 1307 1361

1450 -
TBP 1234 1476 & - - 1361

1436

The effect of SWCNT material on the EPPG electrode surface was also investigated.
This was performed by comparing the resulting spectra of 0.1 M NaS04.10H,0
solutions at the EPPG with and without SWCNT electrodes interface with 0.5 V applied.
This revealed that the SWCNT increases the spectral intensity of the sulfate and water
bands and this was suggested to be due to the swelling of the SWCNT material and filled
the existing gap between the surface of the EPPG electrode and the ATR prism upon
immersion in the electrolyte. Thus then the surface area and the noise ratio resolution of

the IR spectral features are increased.

Furthermore, in situ spectroscopy experiments were also carried out in PBS and
Na>2S04.10H20 solutions in order to choose the most appropriate electrolyte for more
accurate data analysis. The analysis of the resulting spectral data obtained from these
experiments shows that PBS present bands which will interfere with the bands expected

for the oxidation product of the different phenolic compounds notably in the region
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between 1800 —1600 cm™ where the C=0 bands of quinone are expected. This will
therefore make the analysis of the data obtained for the different phenolic compounds
difficult to analyse in this solvent. In contrast, the spectra obtained for Na>SO4.10H>0
show only two broad bands. One band in the 1800 — 1600 cm™ assigned to OH bending
vibration of water present in the solution and another band in the 1200 — 1000 cm™ range
attributed to the asymmetric stretch of SO42.This latter band may also interfere with the
C-0 and C—-0O-C vibration stretches bands expected for certain oxidation products.
However, the interpretation of our in situ spectral data will be less problematic in this
solvent. Therefore, Na2SO4.10H20 solution was used as electrolyte for the in situ FTIR

spectroscopy experiments for the different phenolic compounds.

After the above investigations, the electrochemical oxidation of TBP, phenol and cresols
on EPPG electrode coated with SWCNT were monitored in situ using ATR-FTIR
spectroscopy technique. These works were carried out in order to confirm the
electrochemistry mechanisms proposed for the different phenolic compounds in the
electrochemistry chapter. The resulting spectra obtained at + 0.6 V for TBP show
evidence of 2,4,6-tri-tert-butylphenoxyl and this radical was shown in the previous
chapter to be the main oxidation product of TBP. The spectra of phenol show evidence
of polymeric compound (product 1X) with the bands at 1196 cm™ assigned to the
C—0O—C vibration stretch in the polymeric products. Dimer 1 and quinone species were
also confirmed as oxidation products for phenol with the bands seen at 877 cm™ and at

1636 cm™ assigned respectively to the C-O—O—C and C=0 vibration stretches in dimerl
and the quinone compounds (quinone and dipheno-quinone) formed. The resulting
spectra obtained for ortho-, meta- and paracresol show that these three isomers produced
different oxidation products. While the difference spectra obtained for orthocresol show
evidence of polymeric product (band at 1196 cm™assigned to the C—O—C vibration
stretch), quinone species (band at 1660 cm™ attributed to the C=0 vibration mode) and
dimer 7 type compounds (band at 877 cm™* assigned to the C—-O—O—C groups), polymeric
and product 2 type compounds are observed in the spectra of meta-cresol with bands
associated with C—O—C vibration mode in the polymer (1255 —1139 cm™ range) and
C-0—0-C in product 2 (at 878 cm™). In contrast to the ortho- and meta-cresol, para-
cresol produces only dimer 10 as oxidation product and this is product is related to the

band observed at 878 cm™.
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4.5 Discussion

The suggested spectral assignments described above agreed with the electrochemistry
conclusions to a large extent, however, differences have been observed particularly in
the spectra of p-cresol in the 1800 — 1600 cm™ range. The broad and sharp band attributed
to OH bending mode of water also has a characteristic of C=0 vibration stretch and this
implies that quinone compound might also be formed in this case in contrast to what was
observed in the electrochemistry. This can be explained by the difference in the
experimental conditions (pH, concentration, change of solvent). In the electrochemistry
chapter, PBS at pH11 was used as the electrolyte while Na,SO4.H,0O / EtOH at pH ~ 7
was used as electrolyte instead in here. In this later electrolyte at the lower pH the second
electron transfer route leading to the production of the phenoxium cation in the
electrochemistry chapter should be taken into account as shown in scheme 3.2 in section
3.3.2.4 (chapter 3). These cations can undergo hydrolysis to produce monomeric quinone
compounds. Thus then additional bands that can be relate to the C=0 vibration of these

monomeric quinone species can also be observed in the spectra of phenol and the cresols.

In the electrochemistry chapter, it was shown that only 10% of these phenolic compounds
are converted into quinone species and the rest is converted into polymeric products.
Therefore, there is a higher percentage of these polymeric products in the probing area.
This might explain the increasing spectral intensity of the band attributed to the C—O—C
vibration mode of the polymeric compounds and the greater sensitivity of these

measurements to the polymer compared to dissolved quinones.

In comparison to previous studies on in situ spectroelectrochemical study of phenolic
compounds using FTIR spectroscopy technique where the electrochemical cell used
limits the spectroscopy technique to the detection of species of concentration
approximately greater than 20 mM, the cell used in here allow species with concentration
below 20 mM to be detected. For example, 2.5 mM of TBP and 10 mM of phenols and
cresols were needed to obtain high resolution spectra of these compounds in this work.
In addition, the experimental set-up in this work is easy to understand and only required
small samples preparation. However, some limitations of the technique have been
observed. The first problem encountered was the presence of ethanol in our system.
Ethanol was used to help dissolved the TBP, so to maintain the same experimental

conditions for all the phenolic compounds, ethanol was used in all in situ FTIR

106



Chapter 4

spectroscopy experiments, but the presence of the ethanol has make our system very
complex. The second limitation is that the existing gap between the EPPG electrode
surface and the ATR prism. Even if we assumed that, this gap was filled due to SWCNT
modification, we are not sure about the exact electrode-prism separation and where we

are actually probing and this needs to be investigated further in future works.

4.6 Conclusion

Extending on the work presented in chapter 3, the spectroelectrochemical oxidation of
TBP, phenol and cresols were investigated in situ using FTIR spectroscopy in order to
confirm the oxidation mechanism of these phenolic compounds proposed. Firstly, this
work has shown that the use of SWCNT on the EPPG electrode surface increase the
surface area and hence improve the signal to noise ratio resolution of the IR spectral
features. This was shown by the increase in intensity of the sulfate band when a positive
potential was applied to the SWCNT modified EPPG electrode immersed in 0.05 M
NaS04.H20 / EtOH in comparison to the sulfate band observed under the same

experimental conditions but with the non- modified EPPG electrode.

Secondly, the changes in the solution electrolyte species at the electrode interface when

a positive potential was applied was also observed.

Thirdly and more importantly, the analysis of the spectral data obtained has revealed that
this technique can be successfully used to detect the product of the phenolic compounds
oxidation. The different peaks obtained for the different compound suggest that different
oxidation mechanism is observed with different phenolic compounds. The analysis of the
spectral data obtained has allowed us to identify several peaks that were related to the

oxidation products of the different phenolic compound proposed in the last chapter.
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Chapter 5

Chemical Oxidation of Polystyrene
Studied with In Situ Infrared
Spectroscopy

5.1 Introduction

Polystyrene (PS) is a synthetic polymer made from vinyl polymerization of the monomer
styrene, and structurally it is composed of a long hydrocarbon chain with a phenyl group
attached to every other carbon atom. Polystyrene due to its exclusive properties
(durability, appearance, low cost, etc.) is one of the most used polymers in the
manufacturing industry [1]. However, the accumulation of the polystyrene waste in the
environment has become a great source of concern leading to pollution problems.
Therefore, it is important to study polystyrene degradation in order to understand the

degradation mechanisms to help in preventing or reducing environmental pollution [2].

n

Structure of Polystyrene

Although degradation of polystyrene has been the subject of extensive studies, the
degradation mechanisms are still not well understood especially in chemical oxidation.
Therefore, this work will focus on monitoring the changes in chemical structure to
polystyrene upon treatment with oxidising agents in order to understand the oxidation
mechanisms. Polystyrene can undergo chemical oxidation under the effect of oxidising
agents such as IrCleg> which has a reduction potential of 0.75 V (vs Ag / AgClI) [3]. This
is hard to rationalise considering the structure of polystyrene, as the saturated

hydrocarbon backbone and phenyl ring should not be easily oxidised at this potential
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(benzene and toluene are known to undergo oxidation at a potential above 2 V (vs. Ag /
AgCl)) [3]. But polystyrene has defect sites present in its structure such as substituted
phenols that can be oxidised at 0.70 V (vs. Ag / AgCl) and it may be these that undergo
oxidation under the action of relatively mild oxidising agent.

The aim of this work is to acquire further insight into the oxidation mechanisms of
polystyrene. For this purpose, in situ infrared experiments have been designed to detect
changes to the polystyrene structure in the presence in solution of oxidizing agents such
as iridium (IV) tetrachloride, iridium (IV) hexachloride, hydrogen peroxide and
potassium ferricyanide. Before these experiments, ex situ infrared spectra were obtained
and assigned for the unoxidised and oxidised polystyrene (see section 5.3.1.1 and
5.3.1.2), the effect of adsorbed water on the spectra of the non-oxidised and oxidised PS

was also investigated.

5.2 Experimental Methods

In this study, a cleaned suspension of monodisperse 800 nm diameter polystyrene beads
was used. This was obtained from sulfate-terminated PS beads purchased from Sigma-
Aldrich (LB7, 10% solids in aqueous suspension) that were cleaned by membrane
dialysis against water to remove the extraneous agents (sodium dodecyl sulfate
surfactant, potassium sulfate and sodium bicarbonate). The TEM image and chemical

structure of this PS beads are presented in Fig.5.1.

The oxidising agents (iridium (IV) tetrachloride, iridium (IV) hexachloride, potassium

ferricyanide and hydrogen peroxide) were purchased from Sigma-Aldrich.

The oxidised polystyrene bead samples were obtained by chemically treating the non-
oxidised polystyrene bead suspension with 5 mM solution of the oxidising agent under
study.These PS samples were separated from the oxidizing reagent solution by
centrifugation using an Eppendorf centrifuge 5415D instrument (with four cleaning and
rinsing steps) followed by re-suspension in de-ionized water and stored in polypropylene

centrifuge tubes for later use.

For all ATR-FTIR analysis a Bruker Tensor 27 Fourier-transform spectrometer equipped
with a diamond crystal prism and an Opus data collection program in absorbance mode

was used. The spectra were recorded from 4000 cm™ to 400 cm™ with a resolution of
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4 cm™. The absorption band between 2500 cm™ and 1800 cm™ related to absorption by

the diamond prism was cut out from the spectra for more accurate data analysis.

For some experiments, polystyrene pre-treated with Ir (V) tetrachloride chloride
solution were analysed under dry air, water vapour and Argon. The oxidised sample was
drop-coated onto the ATR prism and allowed to dry at room temperature for 2 hours.

Either dry air, Ar and H.O saturated air was then passed over the sample.

In order to investigate the effect of water on non-oxidised and oxidised PS, 5uL of the
non-oxidised and oxidised PS suspension were separately drop-coated onto the ATR
prism and allowed to dry at room temperature for 1 hour and exposed to vacuum for
15 mins to remove any excess of water. 1mL of de-ionised water was then added to the
sample compartment and the solvated films allowed to equilibrate for 5 min before
collecting the background spectrum. Difference spectra were then collected relative to
this background every 5 min for 2 hours (see Fig 5.2). For all the in situ oxidation
experiments, 5 pL of non-oxidised PS suspension was drop-coated onto the ATR prism
and left to dry for 1 hour to form an adherent film.1 mL of water was then added to the
sample compartment and the solvated PS film allowed to equilibrate for 5 min before
collecting the background spectrum. 100 pL of the corresponding oxidising agent
solution was added to the sample compartment and left to settle for 10 min. Difference
spectra were then collected relative to this background, every 5 min for 3 hours between

4000 — 400 cm™! with a spectral resolution of 4 cm™.

Figure 5.1: TEM image and chemical structure of polystyrene under study [3].
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5.3 Results and Discussions

5.3.1 FTIR Analysis of the Polystyrene under Study

5.3.1.1 Analysis of the non-oxidised Polystyrene

In early stages of our study, the as-received polystyrene was characterised using FTIR
spectroscopy and the resulting spectrum is presented in Figure 5.2. The absorption bands
at 3059 cm and 3026 cm™ are assigned to the aromatic C—H stretching vibrations. The
peaks at 2925 cm™ and 2848 cm™ are attributed to the asymmetric and symmetric
stretching vibrations of the methylene groups (CH>) respectively. The absorption band at
1600 cm™ is assigned to the C=C stretching vibration in the ring [4], [5]. The peaks at
1494 cm™ and 1453 cm™ correspond to the C—C stretching vibrations in the aromatic
ring. However, the band at 1453 cm™ maybe also assigned to the methylene —CH>
deformation vibration [6]. The in-plane C—H bending (also called rocking where the
structural unit swings back and forth in the plane of the molecule) of the aromatic ring
are observed in the 1200 —1000 cm™ range. The absorption bands ranging from
906 — 690 cm! correspond to the out of plane (oop) C—H bending (also called twisting;
this is where the structural unit rotates about the bond which joins it to the rest of the
molecule) of the phenyl ring, with the most intense peaks at 699 cm™ and 754 cm™. These
bands are characteristic of the substitution pattern in the ring. A summary of the band

assignments is given in Table 5.1.
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Figure 5.2: FTIR spectrum of non - oxidised polystyrene film under study. The
background was taken prior to sample deposition. The spectrum was averaged over 100
scans.
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Table 5.1: Summary of characteristic infrared absorption bands of the non-oxidised
polystyrene under study [4], [5], [6].

Wavenumber (cm™) Bands Assignment

3100 — 3000 C—H aromatic stretching

2925 -CH2 asymmetric stretching

2843 -CH_ symmetric stretching

1600 C=C Aromatic stretching

1500 - 1300 C—C Aromatic stretching

1200 - 1000 C-H in plane bending stretching in the ring
950 - 690

C—H out of plane bending stretching in the ring

The individual band assignments of the polystyrene under study are in accordance with
the published data. The diamond cut-out band between 2500 and 1800 cm™ is known to
contain anomalous absorption bands and has been excluded from the graphs for more

accurate data analysis.

5.3.1.2 Analysis of Polystyrene treated with different Oxidising Agents

5.3.1.2.1 FTIR Characterization of PS treated with Iridium (I1V) Tetrachloride and
Hydrogen Peroxide.

The effect of strong oxidising agents such as iridium (IV) tetrachloride and hydrogen
peroxide (H202) on the PS surface was investigated by pre-treating the PS with the
relevant oxidising agent and the resulting FTIR spectra obtained are presented in Figure
5.3. A very broad signal with maxima at 3399 cm™ and 3367 cm™* typical of OH stretches
appears in the 3600 — 2500 cm™ region for the PS treated with iridium (1V) tetrachloride
and H20> solutions respectively. Within this band, the sharp aromatic and aliphatic C-H
stretches in the polystyrene are seen in the 3100 — 3000 cm™ and 3000 — 2800 cm*
regions respectively. The intense signal seen in the range 1800 — 1600 cm! is assigned
to C=0 groups. The broadness of this band suggests the formation of various carbonyl
compounds such as carboxylic acids, ketones and aldehydes. The peaks observed in the

1600 — 1400 cm™ region are attributed to C=C in the phenyl ring. The in plane and out
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of plane C—H stretches are observed in the 1300 —1000 cm™ and 900 — 690 cm™ ranges
respectively for the PS treated with iridium tetrachloride. In the spectrum of PS treated
with H2O. the in-plane C— H bands are replaced by a broad band between
1200 — 1000 cm™* characteristic of C— O stretch of carboxylic acids and alcohol. The out
of plane C—H bands range extending around 900 cm™ also suggests a di-substitution
(1,3-disubstitution) in the phenyl ring [7] . In the band attributed to OH stretches
(3600 — 2500 cm'Y), it was not possible to distinguish between the OH stretches resulting
from the oxidation of the polymer (i.e. alcohol, carboxylic acid or phenol functionalities
on the PS surface) and physisorbed water, and therefore this was investigated further (see
section 5.3.1.2.2). Comparing the two spectra in Fig.5.3a and Fig.5.3b, they look similar
to some extent, however, some differences can be observed in the C=0, C-C, in plane
and out of plane C—H bending region. The peak attributed to C—O stretch seen in spectra
(b) is not observed in spectra (a). The C—C band in the 1500 — 1400 cm™ region which is
broad for PS treated with H2O> (Fig. 5.3b), splits into two distinct peaks for the PS treated
with Ir (IV) tetrachloride (Fig.5.3a). Additionally, the band associated with in plane
C- H bending vibration in the 1300 —1000 cm™ region are not seen for the PS treated
with hydrogen peroxide but a broad band characteristic of C—O vibration stretch is
observed instead. Two additional peaks in the 1000 — 850 cm™ range associated with the
out of plane C—H stretch is also observed in the spectrum of PS treated with H20,. The
changes to the spectra in these regions may be attributed to different substitution patterns

in the phenyl ring upon oxidation.
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Figure 5.3: FTIR spectra of polystyrene: (a) treated with iridium (IV) tetrachloride and
(b) treated with hydrogen peroxide. The background was taken prior to sample
deposition. The spectra were collected between 4000 — 400 cm™ with spectral resolution
of 4 cm™ and each spectrum averaged over 100 scans.

In order to investigate if substituted phenols are also formed during oxidation as reported
in other studies [8], [9], substituted phenols such as ortho-, meta- and paracresols were
characterized under the same experimental condition as the PS treated with iridium (V)

tetrachloride and hydrogen peroxide. The spectra obtained (Fig.5.4) were then compared

to the spectra in Fig.5.3.
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Figure 5.4: FTIR spectra of methylphenols: (black) o-cresol; (red) m-cresol; (blue) p-
cresol. The background was taken with no sample deposition. The spectra were collected
between 4000 — 400 cm™ with spectral resolution of 4 cm™ and averaged over 100 scans.

The IR spectra of methylphenols are well known in the literature and the broad absorption
band located at 3600 -3100 cm™ is attributed to OH stretch. These compounds also show
C—0 band in the 1260 — 1000 cm™ region. The band observed in the 1540 — 1420 cm*
region is attributed to C=C stretch in the ring. The in plane C—H bending vibration bands
are seen in the 1123 — 1000 cm™ region for o-cresol, this bands are 52 cm™ and 7 cm™
shifted towards higher wavenumber in the spectra of m-cresol and para-cresol
respectively. The bands observed in the 1000 — 600 cm™ range are assigned to the out of
plane C—H bending vibration. This band differentiates the isomers (ortho, meta, and
para). Within this bands associated with the oop C—H bending, additional intense peaks
are observed in the 950 — 850 cm™ region in the spectrum of m-cresol only and these
peaks are also observed in the spectrum of PS treated with H>O>, suggesting formation

of a meta substituted product.

The difference in spectra observed for the oxidised polystyrene suggests incorporation
of oxygen at different sites in the phenyl ring depending on which oxidising agents is

used.
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By analogy to past findings and the interpretation of the IR spectra obtained for the two
PS samples a reaction mechanism can be proposed. For the PS treated with H2O>, the
reaction is more likely to be initiated by the hydroxyl radical resulting from the
decomposition of H202 (cf scheme 5.1). This radical can then abstract hydrogen either
from the tertiary carbon attached to the ring or the ring (in meta position) to produce a

polystyryl radical and water (see scheme 5.1).
Initiation

HO%OH — > 2 HO

+ H,O Q)

{CHZ—C.

—

*IECHZ—CH} + HO'

n

‘FCHz—CH}"‘ H,0 @)

Scheme 5.1

Further reaction of the radical with dissolved oxygen can result in a hydroxyl group being
incorporated either along the main chains or in the meta position in the ring (this is
confirmed by the C—H out of plane bands observed between 1000 — 690 cm™ in the IR
spectrum, attributed to 1,3 disubstitution in the ring) [9] resulting in the formation of
different alcohols, ketones and carboxylic acid type compounds (see scheme 5.2). In this
scheme, the polystyryl radical generated through route (1) reacts with oxygen (O>) to
give peroxy radical with the OO group linked to the carbon attached to the phenyl ring.
This peroxy radical can abstract hydrogen from another polystyrene molecule to form
compound 1. This compound is known to be unstable and can decompose to give a
polystyryl carbonyl that can abstract hydrogen from another polystyrene molecule to
form an alcohol (compound 2) or can undergo [ chain scission of the C—Ph bond leading

to compound 5 or scission of the C—CH2 bond which can result in the formation of

119



Chapter 5

compounds 3 and 4. The polystyryl radical produced through route (2) also results in a
peroxy radical after reacting with oxygen but the peroxide group is formed in the meta
position on the phenyl ring in this case. The reaction then follows similar pathways as in
route (1), leading to the formation of phenol (compound 6) only. There is also possibility
of formation of carbonyl type compound with formation of hydroxyl group in meta
positon in the phenyl ring following similar pathway as in Scheme 3.5 [10],[11]. The
bands observed in the 1800 — 1600 cm™ region can then be related to compound 3, 4 and
5; and the broad band in the 3600 — 2500 cm™ range to compounds 4 and 6. Although,
route (1) is possible, the interpretation and comparison of the IR spectrum with the
spectra of methylphenols, suggests a meta-substituted phenol oxidation product

formation which is consistent with route (2) and leading to compound 6.
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Scheme 5.2 Proposed Oxidation Mechanism for PS treated with H.O> and iridium (IV)

tetrachloride.
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Two reaction mechanisms can possibly be suggested for PS treated with iridium (IV)
tetrachloride. The first mechanism is initiated by the hydroxyl radical generated from the
reaction of iridium (IV) with water (cf scheme 5.3). The reaction then follows similar

pathways as in scheme 5.2.
Ir** + H20 — 'OH + H*" + Ir®*
Scheme 5.3

Alternatively, direct oxidation of polystyrene by the iridium (IV) can take place (see
scheme 5.4), leading to the formation of the polystyryl radical as in route (1) (scheme
5.1). The reaction then follows similar pathways, resulting in the formation of alcohol
(compound 2), ketones (compound 3 and 5) and carboxylic acid (compound 4). In this
case, the interpretation and comparison of the IR spectrum in Fig.5.3a with the spectra
of substituted phenols (in Fig.5.4), suggests little evidence of substituted phenols being

formed, therefore the oxidation reaction leading to route (1) is predominant.

*IECHZ—CH} + I — {CHZ—C% + I 4+ H
n

n
Scheme 5.4

5.3.1.2.2 Investigation of the broad OH stretches band seen in the 3600 - 2600cm-!
region in section 5.3.1.2.1

In order to distinguish between the OH stretching vibration at 3600 — 2600 cm™ from
physisorbed water and surface bound hydroxyl group resulting from the oxidation of the
polystyrene ( Fig.5.3), experiments were carried out where polystyrene previously
treated with Ir (1V) tetrachloride chloride was analysed under dry air, water vapour and
argon. In each experiment, the treated PS sample was drop-coated onto the ATR prism
and allowed to dry at room temperature for 2 hours. The spectrum of the dry film was
collected as the background spectrum. Either dry air, Ar or H.O saturated air was then
passed over the sample. The spectra were then collected every 5 min for 2 hours between

4000 — 400 cm™* with a spectral resolution of 4 cm™.
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The resulting difference spectra are shown in Figure 5.5. In these difference spectra the
variation of the absorbance intensity of the OH stretching vibration band in the
3600 — 2600 cm™ region will be examined. The treated PS sample purged with argon (in
Figure 5.5a) shows three dependent bands located between 3650 - 3320 cm?,
3320 - 2900 cm™* and 2900 — 2600 cm™* in the OH region. While the absorbance intensity
of the bands in the 3650 — 3320 cm™* and 2900 — 2500 cm™* range increase with time, the
intensity of the band located between 3320 cm™ and 2900 cm™ decreases. In the spectra
of oxidised PS purged with dry air (Fig.5.5b) the OH band is split into two broad bands
located in the 3680 — 3200 cm™ and 3200 —2500 cm regions, with absorbance intensity
increasing with time. These bands were expected to decrease with time if the bands were
due to physisorbed water as the argon or dry air was supposed to dry the film further and
therefore remove all the excess of water overtime. When the sample was exposed to water
vapour (Fig.5.5¢) a single OH band was observed in the 3650 — 3000 cm* region. The
absorbance intensity of this band decreases slightly with time while it was expected to

increase as more H»>O groups are adsorbed onto the surface of the polymer.

The pattern of the difference infrared spectra obtained for all these experiments suggest
that this broad OH band is not only due to water vibration stretching as if it was the case
this band would be expected to decrease with time as the water is removed through
treatment with dry air or argon. This might be explained by the fact that initially before
the argon and dry air were introduced, the broad OH band had contributions from OH of
carboxylic acid, alcohol, hydroperoxy and water groups. So when the argon was passed
over the surface of the PS sample, water was lost, resulting in less hydrogen bonding to
surface alcohol, acid and hydroperoxy groups. This might explain the loss of intensity of
the band in the 3320 — 2900 cm™ range corresponding to H-bonded OH. Concomitantly
an increase in the intensity of the band in the 3650 — 3320 cm™ and 2900 — 2500 cm*
ranges associated with the vibration stretches of free OH of alcohols (compound 2),
carboxylic acid (compound 4) or hydroperoxy (compound 1) respectively is observed
(Fig.5.5a). Similar patterns in changes to the OH band is also observed when the PS
oxidised sample was purged with dry air (Fig.5.5b), the only difference is that the big
loss of the band in the 3320 — 2900 cm™ range associated with the loss of water and
hydrogen bonded OH of alcohol and carboxylic acids is not seen here (in Fig 5.5b). The
intensity of the band in the 3200 — 2500 cm! range associated with free OH of carboxylic

acid and hydroperoxy is bigger in this case, and this might be due to more carboxylic
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acid and hydroperoxy formation when the dry air was introduced due to the presence of

oxygen, hence leading to the increase in intensity of this band. The broadness of the OH

band observed in Fig.5.5¢ shows the typical contribution to the OH band expected from

water. This broad band can then be associated to inter- and extra-molecular bonded OH

groups from water, alcohol and carboxylic acids.
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Figure 5.5: Evolution of the FTIR difference spectra of Polystyrene treated with Iridium
(1V) tetrachloride solution: (a) purged with Argon, (b) purged with dry air and (c) purged
with water vapour. The spectra were collected every 5 min for 2 hours between
4000 — 400 cm* with spectral resolution of 4 cm™ and averaged over 100 scans.

5.3.1.2.3 PS treated with Iridium (1) Hexachloride

The oxidation of PS surface with mild oxidising agent such as iridium (IV) hexachloride
was also investigated and the resulting FTIR spectrum is given in Figure 5.6. The small,
sharp peaks seen at 3471 cm™ and 3362 cm™ are assigned to OH stretches. The peaks
associated with C=0 stretches are seen at 1738 cm™, 1700 cm™ and 1602 cm™. This
indicates that carboxylic acids, esters and ketone type compounds are formed after
treatment. A peak characteristic of C—O stretch is seen in the 1200 —1000 cm™ range.

Although very small its presence is reproducible.

In comparison, the spectrum obtained in this case (Fig.5.6) differs to the spectra obtained
in Fig.5.3a and Fig 5.3b in the OH, C=0, C—C, in plane and out of plane C—H stretches
regions. In particular, the broad OH stretches observed in the carbonyl and hydroxyl
regions in spectrum (a) and spectrum (b) are not seen in spectrum (c), instead discrete,
sharp peaks are observed. An additional peak attributed to C—O stretch is seen here
(Fig.5.6). This band is also observed in Fig.5.3b but not Fig.5.3a.
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Figure 5.6: FTIR spectra of polystyrene treated with iridium (IV) hexachloride. The
background was taken prior to sample deposition. The spectra were collected between
4000 — 400 cm* with spectral resolution of 4 cm™ and each spectrum averaged over 100
scans.

The differences observed between the three spectra may be explained by the fact that all
these three species have different reaction mechanisms by which they oxidised
polystyrene. The Iridium (IV) species were expected to have a similar effect but this is
not observed, and the reaction products appear different. This might be due to the fact
that iridium (1V) tetrachloride with a standard potential (0.93 V) higher than the one of
iridium (IV) hexachloride (0.68 V) have a stronger oxidizing effect and can react with
water first to produce the hydroxyl radical which can then react with the polystyrene to
form the polystyryl radical or initiate the other H-abstraction mechanism proposed for

this compound.

In the PS treated with iridium hexachloride a small range of oxidation products are
observed in the spectrum. This might be due to the fact that the iridium hexachloride as
a mild oxidising agent doesn’t oxidised the PS, but the defect sites present in the PS

structure such as phenol and peroxides groups instead.
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The oxidation of these groups leads to quinones and ethers as shown in earlier chapters.
This oxidation reaction is very slow as shown by the limited amount of oxidation by this

route compared to the reactions observed with PS treated with Iridium (1V) tetrachloride.

5.3.1.3 Analysis of the Oxidised Polystyrene films at different times

The as received polystyrene beads suspension was subjected to oxidative chemical
treatments for different lengths of time (1h, 2h, 4h, 6h and 24h) using iridium (IV)
hexachloride solutions. The oxidised PS samples were drop-coated onto the ATR prism
and allowed to dry for 2 hours. A background spectrum was taken prior with no sample
deposition. FTIR measurements were performed every 5min for 1 hour for each sample
between 4000 — 400 cm™ with spectral resolution of 4 cm™ and the resulting spectra are

presented in Figure 5.7.
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Figure 5.7: FTIR spectra of the polystyrene under study with and without iridium (1V)
hexachloride treatment: (a) untreated polystyrene, (b) treated for 1 h, (c) treated for

2 h, (d) treated for 4 h, (e) treated for 6 h and (f) treated for 24 h. The background was
taken with no sample deposition and each spectrum was averaged over 100 scans.

The carbonyl bands at 1738 cm™ and 1700 cm™ are assigned to ketones, carboxylic acids,
aldehydes and ester type compounds. Esters, alcohols and carboxylic acids are also
known to show an additional absorption band in the IR region between 1300 cm™ and
1000 cm™* due to vibrational stretching of the C—O bonds. The presence of the absorption
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band at 1115 cm™ may confirm then the formation of compounds with C—O bonds.
As to the degree of oxidation of the samples, it is important to indicate that the intensity
of absorbance of carbonyl (C=0) and hydroxyl (OH) groups increased with the treatment

time.

The spectra in Fig.5.7 were recorded within 30 min of preparation. This was because
problems with reproducibility had been noted if the samples were left suspended in water
for a long time (i.e. overnight) before analysis. The C—O and OH bands were not seen in
the spectrum of PS treated with Ir (IV) hexachloride for 4 h after subsequent overnight
storage as shown in Fig. 5.8. This may be due to the fact that the oxidised PS already
undergoes further chemical reactions when left suspended in water for longer time. These
further reactions appear to involve the loss of C—O and OH bonding and need to be

explained further.
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Figure 5.8: FTIR spectrum of PS treated with Ir (IV) hexachloride for 4 h analysed
within 15 hours of preparation. The spectrum was collected between 4000 — 400 cm*
with spectral resolution of 4 cm™. The background was taken with no sample deposition
and the spectrum was averaged over 100 scans.

In comparison to the non — treated PS, the spectra of the treated PS showed the presence
of hydroxyl (-OH) absorption bands at 3243 cm™, carbonyl peaks at 1738 cm™,
1700 cm™ and C—O band at 1115 cm™ [11]. By analogy with past finding in polystyrene
oxidation, the increasing hydroxyl band at 3243 cm™ is generally related to both alcohol

and carboxylic acid type compounds [11], [12]. Based on the resulting spectral data
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obtained, two possible reaction mechanisms can be proposed: the first is shown in
scheme 5.5. In this mechanism, we considered that the polystyrene undergoes hydrolysis,
leading to the formation of carboxylic acid (compound iii) and aldehyde (compound iv).
Alternatively, the Ir (IV) hexachloride can oxidise any of the phenol groups present at

the surface of PS leading the formation of compounds 7 and 8 as shown in scheme 5.6.
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Y/ wwwCH—HC
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Scheme 5.6 Proposed Oxidation Mechanism for PS treated with Iridium (1V)

hexachloride.
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5.3.1.4 In Situ FTIR Studies of non-oxidised and oxidised PS in Water

The effect of water absorption on the physical structural organisation of the polystyrene
was investigated using FTIR spectroscopy by exposing the non-oxidised and oxidised PS
(pre-oxidised by treatment with Ir (1) hexachloride) film to de-ionised water for 2 hours.
The spectra were collected for both samples every 5 min for 2 hours (Fig. 5.9).
In Figure 5.9a, the broad positive band centred at 3424 cm™ is attributed to the OH
vibration stretch of water. The absorption peaks associated with the aromatic CH
stretches are seen at 3061 and 3026 cm™. The two peaks at 2920 and 2853 cm are related
to the asymmetric and symmetric stretching vibration of the methylene (CHy) in the PS
chain. The positive broad band centred at 1650 cm™ is attributed to the OH bending of
water. The peak at 1492 cm™ and 1452 cm™ correspond to the aromatic CC stretching
vibration but the later peak can also be associated with the -CH> deformation. The peaks
at 1072 and 1025 cm* are associated with the in-plane C—H bending in the ring and the
out of plane C—H bending are observed at 777, 710 and 694 cm™. The intensity of all
these bands excepting the band associated with water decrease with time. In the spectra
of the oxidised PS (Fig.5.9 b), the broad band centred at 3424 cm™ is associated with the
OH vibration of water with contribution of OH from carboxylic acid (iii), aldehyde (iv)
and compounds 5 and 7. The two peaks observed at 2920 cm™ and 2904 cm™* are more
likely to be associated with the C—H of the methylene (-CH>), the C=0 vibration stretch
of carboxylic acid (iii) and ketone (8) are seen at 1705 cm™ and 1663 cm™. The positive
band centred at 1653 cm is associated with the OH bending of water. The broad negative
absorption bands centred at 1398, 1237 and 1064 cm™* are more likely to be related to the
OH bending stretch, OH and C—O vibration stretches of compound 7, (iii) and (iv)
respectively. The decrease in intensity of these bands is more significant on the oxidised
PS in comparison to the non-oxidised PS. Hence it seems that degree of prior oxidation
of the polystyrene influences the spectral characteristics observed when immersed in
water. In the work of others, it was suggested that these observed changes are due to
structural rearrangement of the polystyrene surface in response to the adsorption of water
[3], [13]. It has been shown that PS surfaces are highly dynamic and reorganise in
response to changes in hydrophobicity/ hydrophilicity of the interface conditions. The
oxygen-containing polar groups which are present on the PS surface migrate from the
bulk to the surface when exposed to water. Conversely in a hydrophobic environment

(e.g. in argon or nitrogen atmosphere), the polar groups move from the surface to the
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bulk of the polymer. In reference to this, the loss of intensity of the peaks associated with
the hydrophobic parts PS (e.g. phenyl rings) and increase in intensity of these oxygen-
containing polar groups are associated with the reorganisation of the PS surface upon

exposure to water.
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Figure 5.9: FTIR difference spectra of PS film: (a) non-treated and (b) treated with Ir
(1V) hexachloride upon exposure to de-ionised water. The adherent films were used as

background before water addition respectively. The spectra were collected every 5 min
for 2 hours and averaged over 100 scans.
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Comparison of the intensity of the very broad OH stretch absorption band in the
3600 — 3100 cm™ range centred at 3424 cm™ between the two samples shows that the
OH band increases more with time in water for the oxidised PS. This effect was
illustrated by plotting the increasing absorbance intensities at 3424 cm™ related to OH
stretches against water exposure time and the result is presented in Figure 5.10. The
trends of the plots show greater increase in the number of -OH groups on the oxidised

PS matrix than the non-oxidised one.

Sr —=a— oxidised PS
—e— non-oxidised PS
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Figure 5.10: Increasing absorption intensities at 3424 cm™ vs exposure time for the non-
oxidised and oxidised polystyrene films upon exposure to water.

5.3.1.5 Effect of Oxidizing Agents on the non-oxidised Polystyrene Surface In Situ

with and without the Presence of Oxygen

The chemical oxidation of PS was also monitored in situ using FTIR spectroscopy
technique. In these experiments, 5 pL of non-oxidised PS suspension was drop-coated
onto the ATR prism which was left to dry for 1 hour to form an adherent film.1 mL of
water was then added to the sample compartment and the solvated PS film allowed to
equilibrate for 5 min before collecting the background spectrum. 100 pL of 5 mM of the
oxidising agents (iridium (IV) hexachloride, iridium (IV) tetrachloride and potassium
ferricyanide) solution was added to the sample compartment and left for 10 min before
collecting the spectra every 5 min for 1 hours between 4000 — 400 cm™ with a spectral

resolution of 4 cm™!.
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For some experiments the difference spectra were collected overtime under argon and
this was carried out in order to investigate the effect of oxygen on the oxidation reaction
mechanism of polystyrene. The analysis of the results obtained shows differences in the
spectra collected under oxygen and under argon only for the experiments where Iridium
(IV) tetrachloride was used as oxidising agent and therefore only these spectra are
presented here (Figure 5.11). The spectra obtained for the other oxidising agents are
presented in the appendix for future reference. In Figure 5.11(a) is presented the resulting
spectra obtained under oxygen and the broad absorption band observed in the
3600 —3200 cm™ range is attributed to vibration stretches of free OH of alcohols
(compound 7), carboxylic acids (compound iii), aldehyde (compound iv) as well as OH
from water and —OOH of compound 5. The band assigned to C=O vibration stretch of
compound 1iii (scheme 5.5), compounds 7 and 8 (scheme 5.6) is observed in the
1800 —1600 cm™! range. This band seems to be related to the negative bands observed in
the 1580 —1400 cm™! range centred at 1500 and 1456 cm™! which are characteristic of the
C=C stretch in the phenyl ring. The intensity of this band decreases with the increasing
intensity of the C=0O band, indicating a loss of C=C bond in relation to the formation of
carbonyl compound. Changes can also be observed within the range of appearance of
bands corresponding to the stretching vibration of C—O. These assigned are consistent
with the oxidation mechanism proposed in scheme 5.5 and 5.6. In the spectra obtained
under argon (Figure 5.11b), a broad band in the 1800 —1600 cm™ range centred at
1650 cm™ is seen. This broad band incorporates small bands at 1700 cm™ and
1680 cm™ which is consistent with C=0 vibration stretch of carboxylic acid and
aldehyde. Several positive bands associated with C=C vibration stretches are observed
in the 1600 — 1400 cm™! region. In comparison to the spectra obtained in Figure 11a, the
loss of C=C and C—O stretches are not observed. Additionally, the band associated with
the C=0O vibration stretch (Fig.11b) shows different peaks associated with different
oxidation products. This suggests that under argon (oxygen free environment) compound
(111) and (iv) (scheme 5.5) are also formed. In scheme 5.6, under argon, the intermediate
hydroperoxide compound (compound 5) is not formed, the oxidation proceeds as shown
below in scheme 5.7 instead. In this mechanism product (3) might react with the HO®

generated from the reaction of the iridium and water and this leads to the formation of

compound (4) and then compound 5 through one electron and proton transfer reaction.
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Scheme 5.7 Proposed Oxidation Mechanism for PS in water on addition of iridium (IV)

tetrachloride in deoxygenated solution
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Figure 5.11: FTIR difference spectra of non-oxidised PS film on addition of Iridium (1V)

tetrachloride solution in water: (a) not purged with argon and (b) purged with argon. The
spectra were averaged over 100 scans.
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5.4 Conclusion

In this work the non-oxidised polystyrene was first characterised using FTIR
spectroscopy and the bands assigned accordingly. These bands assignments agreed with
the data published in the literature.

The changes to polystyrene structure after chemical treatments using three different
oxidising agents (iridium (IV) tetrachloride, iridium (1V) hexachloride and hydrogen
peroxides) were monitored and the resulting spectra (in Fig.5.3 and Fig.5.6) obtained
show the formation of carbonyl and hydroxyl group. These groups were also observed
when the samples were analysed using XPS (cf appendix for data). This indicates that all
three species can induce changes to the polystyrene structure. Although they all have
different reaction mechanisms by which they oxidised polystyrene, as indicated by the

differences observed between their spectra.

The degree of oxidation of PS oxidised at different times using iridium (V) hexachloride
solution was also evaluated and the results in section 5.3.1.3 (Fig.5.7) show that the
intensity of absorbance of the carbonyl and hydroxyl groups increases with the oxidation
time, indicating that the concentration of these groups on the polystyrene depend on the
treatment time. However, problems with reproducibility was noted when the samples
were left suspended in water for long time (e.g. overnight). This effect may be due to the
fact that the oxidised PS already undergoes further chemical reactions when left
suspended in water for longer time. These further reactions appear to involve the loss of

C—0O and OH bonding and need to be investigated further in future works.

The effect of water absorption on the physical structural organisation of the polystyrene
was also investigated using FTIR spectroscopy. The results show greater changes for the
oxidised polystyrene than the non-oxidised PS. This may be related to structural
rearrangement and swelling effect in the polymer in response to the adsorption of water.

The changes to PS structure on addition of oxidising agents such as iridium (1V)
hexachloride, iridium (1V) tetrachloride and potassium ferricyanide in water was also
investigated in situ deoxygenated and non-deoxygenated solution. Carbonyl and
hydroxyl bands were observed in the spectra obtained in experiments where iridium (1V)
tetrachloride was used as oxidising agent under both conditions. These results indicate
that polystyrene can be oxidised in situ by oxidation agent such as iridium (1V)

tetrachloride and the oxidation products can be detected by in situ FTIR technique.
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Chapter 6

Final Conclusions and Future works

The aim of this thesis was to investigate the changes in chemical structure to polystyrene
upon treatment with oxidising agents and to monitor the oxidation in situ on addition of
these agents using FTIR spectroscopy technique in order to get more insight into the
oxidation mechanism of PS which is not well understood especially in chemical
oxidation. The following sections outline the major findings and future works.

6.1 Electrochemical oxidation of TBP, Phenol and o,m,p-
cresols

Chapter 3 investigated the electrochemistry of phenolic compounds such as TBP,
unsubstituted phenol and cresols at EPPG electrode using cyclic voltammetry technique.
The electrochemical oxidation of TBP studied using different electrode material (EPPG,
GC and BD) showed that its oxidation involves a one electron per proton transfer that
lead to the formation of 2,4,6-tri-tert-butylphenoxy radical. Additionally, enhanced
electron-transfer kinetics was observed at the EPPG in comparison to the GC and BDD
electrodes and this was attributed to the presence of the edge sites which are highly

reactive and allow strong adsorption tendency and chemical modifications.

The electrochemical oxidation of phenol was also investigated and the results revealed a
reversible reaction occurring in the oxidation process. The oxidation current was found
to be significantly decreasing on the second and subsequent scan and this was attributed
to the fouling of the electrode due to the deposition of the polymeric oxidation product
at the surface of the electrode. The rate of formation of quinone formation was calculated
according to the charge associated with the oxidation and reduction peaks and this was
found to be equal to approximately ca.10%. This indicated that only the tenth of the initial
phenol is converted onto quinones species. The number of electrons that could possibly
be transferred during oxidation of the unsubstituted phenol was evaluated (between 2 and

3 electrons) and an oxidation mechanism proposed after investigating the effect of pH
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and scan rate on the electrochemical response. The oxidation involves initially a one
electron transfer, leading to the phenoxy radical then to polymeric, dimer link through
O—0 and quinone products. The rate of formation of these oxidation products depends
greatly to the experimental conditions such as pH, concentration and scan rate.
Furthermore, the study of the electrochemical oxidation of ortho-, meta- and para cresols
under the same experimental conditions as the unsubstituted phenol and TBP reveals that
o-cresol shows a peak assigned to quinoid species reduction on the reverse scan, no such
peak was observed for meta- and para-cresols. Similarly to the unsubstituted phenol, the
number of electrons which might be involved in the oxidation reaction of ortho, meta and
para-cresol, was evaluated to be approximately between 1 and 2 electrons for ortho-cresol
and between 2 and 3 electrons for meta- and para-cresols. This suggested that different
reaction mechanisms take place depending on the substitution position of the methyl
group on the phenyl ring. While ortho-cresol was found to give polymeric, dimer link
through O—O and quinone products, polymeric and dimer link through O—O oxidation
products were assigned to m-cresol. Only dimer link through O—O oxidation product was
assigned to p-cresol. The possibility of polymeric and quinoid oxidation products
formation for p-cresol was not considered due to the presence of the methyl groups in

the para-position and to the fact that the molecule being too sterically crowded.

These oxidation mechanisms described above for all these phenolic compounds were
proposed after interpretation of the results obtained. These mechanisms are consistent

with the results obtained.

This electrochemical study contributes to the knowledge of understanding substituted
phenols redox chemistry using CV techniques which can be very useful in the treatment
of wastewater containing phenols. The oxidation potential determined for these phenolic
compounds having similar structure to the proposed defects sites in the polystyrene
structure has allowed us to know at what potential polystyrene is more susceptible to
undergo oxidation and to understand the oxidation of polystyrene especially when treated

with mild oxidising agents.
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6.2 In Situ Spectroelectrochemical Study of TBP, Phenol and

0,m,p-cresols.

Chapter 4 explores the electrochemical oxidation of the unsubstituted phenols, TBP and
cresols using a combined technique of chronoamperometry and in situ ATR-FTIR
spectroscopy. The assignments of the IR peaks obtained were consistent with the
oxidation products proposed of the phenolic compounds in chapter 3. Prior to this the
effect of SWCNT on the EPPG electrode surface was investigated and this revealed that
the SWCNT increases the spectral intensity of the sulfate and water bands. This was
probably due to the swelling of the SWCNT material and filled the existing gap between
the surface of the EPPG electrode and the ATR prism upon immersion in the electrolyte.
Only concentrations of 2.5 mM for TBP and 10 mM for phenols and cresols were needed
to obtain high resolution spectra of these compounds in this work and this not possible
in the works published by other authors. However, two limitations of the technique was
identifies with the first being the presence of ethanol which shows strong IR bands in the
infrared spectra that were taken into account on the peaks assignments. The second is
that the existing gap between the EPPG electrode surface and the ATR prism. Even
assuming that this gap (~ 17um) was filled due to SWCNT modification, the exact
electrode-prism separation is not known and the consequence of this is that we don’t
know where we are actually probing and this needs to be investigated further in future

research.

6.3 Chemical Oxidation of Polystyrene Studied with In Situ

Infrared Spectroscopy

Finally, Chapter 5 investigated the changes to polystyrene structure after chemical
treatments using oxidising agents such as iridium (IV) tetrachloride, iridium (IV)
hexachloride and hydrogen peroxides. Carbonyl and hydroxyl groups were observed on
the surface of the polystyrene and this is indicative of oxidation. These oxygen containing
groups were also observed in the in situ study of the PS in water on addition of Iridium
(1V) tetrachloride in oxygen and oxygen free environment. This shows that polystyrene
can be oxidised in situ on addition of strong oxidation agent such as Iridium (IV)
tetrachloride regardless of the presence or not of oxygen.
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In general, it can be concluded from this work that the understanding of the oxidation
mechanism of molecular having similar structure as the defect sites in the polystyrene
structure can help in enhancing degradation in polystyrene by adding these compounds

in the polystyrene structure.

6.4 Future Works

Although, this technique has allowed to successfully study the chemical oxidation of
polystyrene and to propose some reaction mechanisms, the exact oxidation products are
not known and this can be overcome by characterising the surface of the oxidised
polystyrene using other technique such as Raman and spin radical trap experiments.
Another useful future study can be to monitor the changes to polystyrene structure while
carrying oxidation by applying an electrode potential of 0.75 V rather than adding an
oxidising agent using the combined of chronoamperometry and in situ ATR-FTIR
spectroscopy. This will allow us to determine whether electron transfer is a key step in
the oxidation process or whether other mechanisms should be considered (e.g. generation
of reactive species). In this method, the PS modified EPPG electrode will be used along
with a counter and reference electrodes on a standard three electrodes cell immersed in
0.3 M phosphate buffer solution (PBS). FTIR measurements will be performed with an
applied potential of 0.75 V. Finally, FTIR experiments can be design in order to
accurately estimate the existing gap between the ATR-prism and the electrode surface.
This gap was estimated to be 17um but its exact value it is not known and this can affect

greatly the measurements.
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Appendix 1
Additional Figures for chapter 4
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Figure 1.1: FTIR in situ different spectra collected for phenol at EPPG coated with
SWCNT in EtOH / Na2S04.10H20 at applied potentials of: 0.2 V, 0.7 V and 0.95 V.
The background was taken 5 mins after sample deposition and the spectra were collected

between 4000 — 500 cm™ with a resolution of 4 cm™ and averaged over 500 scans.
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Figure 1.2: FTIR in situ different spectra collected for o-cresol at EPPG coated with
SWCNT in EtOH / Na2S04.10H20 at applied potentials of: 0.2 V, 0.6 V and 0.95 V.
The background was taken 5 mins after sample deposition and the spectra were collected
between 4000 — 500 cm™* with a resolution of 4 cm™ and averaged over 500 scans.
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Figure 1.3: FTIR in situ different spectra collected for m-cresol at EPPG coated with
SWCNT in EtOH / Na2S04.10H20 at applied potentials of: 0.2 V, 0.65 V and 0.95 V.
The background was taken 5 mins after sample deposition and the spectra were collected
between 4000 — 500 cm™* with a resolution of 4 cm™ and averaged over 500 scans.
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Figure 1.4: FTIR in situ different spectra collected for m-cresol at EPPG coated with
SWCNT in EtOH / Na2S0O4.10H20 at applied potentials of: 0.2 V, 0.65 V and 0.95 V.
The background was taken 5 mins after sample deposition and the spectra were collected
between 4000 — 500 cm™* with a resolution of 4 cm™ and averaged over 500 scans.
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Additional Figures for chapter 5
A. XPS Data of PS non treated and treated with Iridium (IV)

tetrachloride
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Figure A: Carbon 1s XPS spectra of PS: (a) untreated; (b) treated for 2 h; (c) treated for

6 h; (d) treated for 24 h.
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B. Insitu data of PS oxidising with addition of different oxidation agent
in water purged and not purged with argon.

0.012 1
—— 450s
0.010 —— 840s
I —— 2790s
0.008 — 3960s
i ——— 4740s
3
S 0.006
8 L
& 0.004
o
- L
o
3 0.002
< L
<
0.000
-0.002
-0.004 |-
1 N 1 /// N 1 1 N
3500 3000 1500 1000 500
Wavenumber / cm™
0.025 da 1
L (b) —— 450s
—— 840s
0.020 — 2790s
—— 3960s
- 0.015 — 4740s
<
8 0.010
®©
o]
-
2 0005
<
<
0.000
-0.005
_0010 1 N 1 N //// N 1 N 1 N
3500 3000 1500 1000 500

Wavenumber / cm'1

Figure B1: FTIR difference spectra of non-treated PS film in water with no addition of

oxidizing agent: (a) not purged with argon and (b) purged with argon.
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Figure B2: FTIR difference spectra of non-treated PS film in water with addition of 100
uL iridium (IV) hexachloride: (c) not purged with argon and (d) purged with argon. The
background spectrum was collected 5 mins after water addition.
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Figure B3: FTIR difference spectra of non-treated PS film in water with addition of 100
uL potassium ferricyanide: (e) not purged with argon and (f) purged with argon. The
background spectrum was collected 5 mins after water addition.
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Figure B4: FTIR difference spectra of non-treated PS film in water with addition of 100
uL potassium ferricyanide: (g) not purged with argon and (h) purged with argon. The
background spectrum was collected 5 mins after water addition.
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C. Behaviour of non- treated PS surface in different electrolyte
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Figure C: FTIR difference spectra of non-oxidised PS film non -purged with argon in
solution of: (i) D20; (j) Na:S04.10H.0; (k) PBS (pH7. The spectra were collected
between 4000 — 400 cm™ with a spectral resolution of 4 cm™ and averaged over
100 scans. The background spectra were collected after 5mins of electrolyte addition.
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