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ABSTRACT

The use of a CO; infrared (IR) laser and photocatalysis for water treatment micro-

organism disinfection purposes was investigated.

During CO; infrared (IR) laser treatment E. cloacae inactivation was comparable to
inactivation via ultraviolet (UV) treatment; however no inactivation of the more-
resistant B. subtilis endospores occurred. Fourier Transform Infrared-Attenuated
Total Reflectance (FTIR-ATR) spectroscopy of the bacterial cells displayed
increased polysaccharide contents after IR treatment. FTIR and Raman spectroscopy
of simple carbohydrates before and after IR laser treatment displayed no spectral
changes, with the exception of N-acetyl-D-glucosamine (NAG), which was partially
attributed to sampling techniques. E. cloacae inactivation during IR treatment was
attributed to localised and overall temperature increases within the water. Due to the
inability to inactivate B. subtilis endospores this technique is not suitable for water

treatment purposes.

Photocatalytic water treatment using novel TiO; colloids prepared via a post-
synthetic microwave-modification process (MW-treated) was also examined. These
colloids were characterised using X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and Brunauer-Emmett-Teller (BET) analyses and compared to
Degussa P25 and convection hydrothermally-treated (HT-treated) TiO,. Slurry
suspensions displayed comparable E. coli inactivation rates, so the colloids were
examined in immobilised form using both a model organic degradant, oxalic acid,
and E. coli. Oxalic acid degradation studies showed that the MW-treated colloids
displayed similar inactivation rates to the HT-treated TiO,, due to their pure anatase
composition, while Degussa P25 displayed higher inactivation rates. Investigations
into the effect of shortening UV wavelength were also performed. Degussa P25 was
the only catalyst which displayed higher apparent quantum yields upon shortening
the UV wavelength, which was attributed to its mixed-phase anatase-rutile

composition.
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As E. coli inactivation was observed using distilled water, photocatalysis in natural
river water was trailed. It was discovered that the pH had to be lowered from 7.5 to
5.0 and the initial cell concentration must be approximately 1 x 10° colony forming
units (CFU) per cm” or less for inactivation to be observed during a 5 hour treatment
period. At a catalyst loading of 1.0 mg per cm’ Degussa P25 absorbed all the
applied UVA irradiation; however the MW- and HT-treated TiO; colloids did not
due to their smaller particle size. Therefore sandwich experiments were devised to
evaluate the effect of unabsorbed UV irradiation within the system. Small colony
variants were identified after photocatalytic and UV treatment, which pose a

potential threat to public health.

Further investigation of the different TiO, colloids was performed using in situ
FTIR, both with and without an applied potential and compared to a thermally
prepared TiO, catalyst. The latter displayed potential dependent photocatalysis,
while the mesoporous TiO, catalysts displayed potential independent photocatalysis.
All catalyst types displayed increased degradation rates upon the application of a
positive bias, which was followed in situ via the production of CO,. Sodium oxalate
and NAG was examined for photocatalytic degradation, both of which were

degraded to CO,, with proposed break-down products identified when using NAG.
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1.1 Background

Water is one of the most critical resources on the planet, with less than one percent
of the total water on the planet available for human use.' Recent shortages in fresh
water around the world have highlighted the need for greater re-use and recycling of
water resources. However, re-using water including stormwater, treated industrial
discharge, treated sewage effluent and ‘grey’ (household) wastewater has been
neglected. Australia is one of the world’s driest countries, yet 97% of city run-off
and 86% of effluent water is unproductive.? Developing methods for recycling and
re-use of stormwater and effluent water/wastewater has become an important and
urgent issue. The increasing pressure on water resources means that there may be a
need for lower quality source water for potable purposes. Despite this, treatment
technologies are required to meet the demands of consumers, water companies and

regulators, without compromising public health and safety.

1.2 Biological contaminants in water

The removal of biological organisms from water before it can be used is of major
importance. From a public health perspective, disinfection is practised to protect
water quality for subsequent use as important disease-causing microbiological
contaminants can be present in untreated water and cause disease.® These micro-
organisms come from three main groups: bacteria, parasites and viruses. The
diseases caused from poorly treated water include Legionnaires’ disease, Cholera,
Giardia, Cryptosporidiosis, Polio, respiratory tract diseases, conjunctivitis, viral
gastroenteritis and Hepatitis A. In addition to these, other micro-organisms have the
potential to cause disease within immuno-suppressed or immuno-compromised
people. These include bacteria and protozoa, free-living nematodes and filamentous
micro-organisms such as fungi and the actinomycetes. To further illustrate this,
Table 1.1 shows orally transmitted waterborne pathogens and their significance in
water supplies compiled by the World Health Organisation.* The most commonly
occurring micro-organism groups within water are bacteria and protozoa. This is due
to the existence of more sophisticated survival mechanisms found within these

organisms when compared to viruses.
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Table 1.1 Orally transmitted waterborne pathogens and their significance in water supplies’

Pathogen Health Persistance in Resistance to Relative
Significance water supplies chlorine infective dose
Bacteria
Campylobacter jejuni, C. High Moderate Low Moderate
coli
Pathogenic E. coli High Moderate Low High
Salmonella typhi High Moderate Low High
Other salmonellae High Long Low High
Shigella spp. High Short Low Moderate
Vibrio cholerae High Short Low High
Yersinia enterocolitica High Long Low High (?)
Pseudomonas aeruginosa Moderate May multiply Mod High (?)
Aeromonas spp. Moderate May multiply Low High (?)
Viruses
Adenoviruses High ? Moderate Low
Enteroviruses High Long Moderate Low
Hepatitis A High ? Moderate Low
Enterically transmitted non- High ? ? Low
A, non-B hepatitis viruses,
Hepatitis E
Norwalk virus High ? ? Low
Rotavirus High ? ? Moderate
Small round viruses Moderate ? ? Low (?)
Protozoa
Entamoeba histolytica High Moderate High Low
Giardia intestinalis High Moderate High Low
Cryptosporidium parvum High Long High Low
Helminths
Dracunculus medinensis High Moderate Moderate Low

1.3 Cell structure

Cell structures vary between the micro-organism groups as well as within each

group. Figure 1.1 shows a diagrammatic representation of a bacterial cell, viral

particle and a Eukaryotic cell (characterised by segregation of internal cell structures

which have different functions). Bacteria are single-celled organisms defined by a
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lack of internal cellular structure to separate molecules of different functions within

the cell.

Cell weall - peptidog yoat

Ctoplagnic membrane

Vil
DNA b
Cytoplasn Exvelogs
Hxleic acid
(@) (b)
Endoplasmic reticulum

Lysosome  Mitochondnon
(©)

Figure 1.1 Schematic representations of the general cell structure of (a) bacteria (gram-

positive), (b) viruses and (c) Eukaryotic cells

As this investigation is focused on bacterial cells, the different structures found

within a bacterial cell will now be discussed in more detail.

The bacterial cell structure plays an important role in preventing oxidative stress.
Cells consist of several layers which protect the contents from invasive attack and
leakage of cellular components into the neighbouring environment. These layers are
known as the cell envelope and consist of the outer capsule, cell wall and
cytoplasmic membrane. Held within the envelope is the cytoplasm, containing a
single deoxyribonucleic acid (DNA) chromosome as well as proteins, carbohydrates,

lipids, salts and inorganic ions suspended in water.

1.3.1 Glycocalyx

Some species of bacteria can secrete a polysaccharide layer which acts as a buffer

between the cell and the external environment. This layer has a high water content
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which protects the cell from dehydration and the loss of nutrients. In animals, the
presence of a glycocalyx (known as a capsule) aids in the establishment of disease.
White blood cells which normally engulf and destroy bacteria (the process is known
as phagocytosis) can not perform this function on encapsulated bacteria. This
polysaccharide layer also aids the bacteria in colonising solid surfaces forming

biofilms.>

1.3.2 Cell wall

Due to the concentration of solutes inside the bacterial cell, considerable turgor
pressure develops (estimated at 2 atmospheres). To withstand these pressures,
bacteria possess cell walls, which also function by giving shape and rigidity to the
cell. Bacteria are divided into two major groups, called gram-positive and gram-
negative. The original distinction between these groups was based on a special
staining procedure, the Gram stain, but differences in cell wall structure are at the
heart of the differences in the Gram-staining reaction. Gram-positive and gram-
negative cells differ markedly in the appearance of their cell walls as shown in
Figure 1.2. The gram-negative cell wall is a complex, multilayered structure,
whereas the gram-positive cell wall primarily consists of a much thicker single layer.
The gram-positive cell wall is approximately 20 — 80 nm thick with the
peptidoglycan layer consisting of as much as 90% of the cell wall. The remainder

consists of teichoic acids, proteins and lipopolysaccharides.’

A B

Lipopolysaccharide

Teichoic acids
Wall-associated Protein
4 protein

Lipoprotein

A*/ Peptidoglycan

?5
§§§§ g8 R

Figure 1.2 Schematic representation of (A) gram-positive and (B) gram-negative cell walls’
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The gram-negative cell wall is much more complex, containing a thin 2 — 6 nm layer
of peptidoglycan consisting of approximately 10% of the cell wall. The cell wall also
consists of an outer membrane, consisting of 50% lipopolysaccharides, 35%
phospholipids and 15% proteins.® The surface lipid, also referred to as lipid A, is a
fatty acid connected via an ester amine linkage to a disaccharide composed of N-
acetyl-glucosamine phosphate.” The lipid A is associated with the toxic properties of
gram-negative bacteria and is also known as an endotoxin which is toxic when
present in the host’s bloodstream or gastrointestinal tract. The gram-negative cell
wall also has channels, called porins, for the transport of low molecular weight

substances.

1.3.3 Periplasmic space

The periplasmic space lies between the cell membrane and the cell wall and contains
enzymes, proteins and electron mediators in a gel-like environment. Enzymes in the
periplasmic space can break down material that has entered through the cell wall but

is too large to penetrate the cell membrane.’

1.3.4 Cyptoplasmic membrane

The cytoplasmic membrane is a thin structure lying inside the cell wall and encloses
the cytoplasm of the cell.'> The membrane plays several important roles in cell
function; the most critical of these is maintaining osmotic equilibrium. The
membrane consists primarily of phospholipid bilayer with proteins floating
throughout the structure. The proteins can be arranged on the periphery of the bilayer
and may function as enzymes or mediators of membrane shape changes during
movement, or they can penetrate the membrane completely and only be removed
after disruption of the bilayer. The latter act as channels through which non-soluble

substances (e.g. amino acids and nitrogenous bases) enter and exit the cell.

The cytoplasmic membrane also acts as a supporting framework for the main cell
functions. The membrane contains the necessary enzymes for synthesis, assembly

and transport of cell wall components and the machinery for electron transport and
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oxidative phosphorylation reactions. The cytoplasmic membrane is also involved in
DNA replication as adhesion sites within the membrane structure allow DNA

anchoring prior to the initiation of replication.

If the cell membrane is compromised, or significantly damaged, the integrity of the
cell structure is destroyed resulting in leakage of internal cellular contents and

subsequent cell death.’

1.3.5 Cytoplasmic contents

The cytoplasm refers to the substance of the cell inside the cytoplasmic membrane
and consists of approximately 80% water primarily containing proteins,
carbohydrates, lipids, inorganic ions and many low-molecular weight compounds.’
The cytoplasm also contains ribosomes and reserve deposits called inclusions, as
well as the DNA chromosome. The chromosome is a single continuous strand of

DNA and is localised, but not contained, within a region called the nucleoid.

1.3.6 Flagella, fimbriae and pili

Some bacteria have flagella which are hair-like helical protein appendages that
provide cells with the ability to move. Flagella are arranged differently on different
bacteria and can be attached at one or both ends, or can occur all over the cell
surface. Each flagellum moves in a propeller-like motion propelling the cell towards

nutrients or away from toxic substances.**

Fimbriae are structurally similar to flagella but are not involved in motility. Fimbriae
are considerably shorter and more numerous than flagella and are used for
attachment. Fimbriae are found on gram-negative bacteria and are often used for

attachment to tissue to facilitate disease.'

Pili are structurally similar to fimbriae, but are generally longer. Only one or a few
pili are present on the surface and are used to join bacterial cells in preparation for
conjugation, during which two bacteria exchange fragments of plasmid DNA. Pili

are also involved in attachment to human tissues by some pathogenic bacteria.’
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1.3.7 Bacterial spores

Some gram-positive bacteria, under extreme environmental conditions produce
specialised structures called endospores. Endospores are formed internal to the
bacterial membrane, during the process of sporulation. Sporulation represents a

dormant stage within the bacterial lifecycle.'?

Endospores are highly durable dehydrated cells with thick walls and additional
layers, which are much more complex than that of vegetative cells. Unique to
endospores is a dipicolinic acid-calcium-peptidoglycan complex found in the spore
coat. This layer represents about 10% of the endospore dry-weight and it is thought
that this layer, along with the dehydrated cytoplasm, is responsible for the spore’s

resistant qualities.”

The durability of endospores allows them to survive for many years until conditions
become favourable for germination, at which time the endospore converts back to a
vegetative cell. Endospores can survive extreme heat, lack of water and exposure to

many toxic chemicals and radiation.™

1.4 Conventional water treatment

Ensuring the microbiological safety of drinking water is of extreme importance.
Generally, after the elimination of particles in suspension by filtration and
flocculation, biological contaminant treatment is performed.'* Many techniques have
been developed to remove and/or destroy micro-organisms from wastewater. These
include: filtration; chlorination; bromination; sonication; ozonation; and
irradiation.™ Chlorination is by far the most widely used technique and has been
used to protect public health against waterborne disease since the early 1900’s.14¢2
While this method is inexpensive and efficient, recently issues with this process have
become apparent. The chlorination of organic compounds present within source
water can lead to the formation of undesirable by-products some of which have
mutagenic properties.” Chemical disinfectants can also cause problems with odour

and taste.”> However, the emergence of waterborne pathogens which are resistant to
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chemical disinfection has led to many investigations into alternative sterilisation

procedures.??

The growing pressure to use lower quality source water may require the use of
higher chlorination levels, which could increase by-product formation. Future
demands on the chemical industry to reduce the use of chlorine-based disinfectants
for environmental reasons may force a change in disinfectants or increased use of

non-chemical disinfection processes. %

1.5 Alternative methods of water treatment

A number of alternative methods are commercially available for the removal of
microbiological pollutants and some chemical contaminants from water sources.
Membrane filtration systems are in use, but generally on a small scale and to target
specific problems. These include micro-filtration, ultra-filtration, nano-filtration and
reverse osmosis. *"?® Generally, overall costs are greater for filtration processes
compared with chlorination, with the increasing costs inversely proportional to the
contaminant size to be removed.”® Difficulties in ensuring the integrity of the
membrane and removal of the microbiological waste are encountered with this

treatment method. -2

1.5.1 Ultraviolet treatment

It was first demonstrated in 1877 by Downes and Blunt® that sunlight is capable of
killing micro-organisms. By using a series of filters, it was established that the
actinic rays (encompassing the ultraviolet (UV) region) were responsible for this
lethal effect. Since then, the use of UV irradiation for the disinfection of waters has
become accepted as an effective and economical alternative to chlorine use.’® As a

consequence, the number of treatment plants installing the process is growing.

Conventionally, the UV spectrum is divided into three discrete sections: UVA (320 —
400 nm); UVB (280 — 320 nm); and UVC < 280 nm). Radiation at UVB and UVC

wavelengths has genotoxic properties and is invariably harmful to living cells. By
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damaging the DNA, it can induce deleterious processes such as mutagenesis,

carcinogenesis and cell death.

Exposure to UV light can result in the formation of a range of photoproducts whose
distribution and relative yields depend on the wavelength and intensity of incident
radiation.®® The photo-reactivity of DNA is a function of its absorption spectrum,
and it is the latter which determines the mechanisms by which radiation damages
DNA. Photons in the UVC region are strongly absorbed by the purine and
pyrimidine bases. This creates excited-state species that undergo intramolecular
photochemical reactions, such as thymine photo-dimerisation (see Figure 1.3). In
contrast, photons with wavelengths in the UVA region are not absorbed at all.
However, they can indirectly damage DNA through the use of photosensitiser
molecules, whereby the photosensitiser absorbs the UVA radiation and initiates
damage through processes such as triplet energy transfer, photo-adduct formation
and the generation of active oxygen species.®* Photons in the UVB range are only
weakly absorbed by DNA and can damage it by either or both mechanisms
depending on the experimental conditions. When cells are irradiated in their natural
physiological environment, DNA damage induced by the direct absorption of

photons is the most important source of mutations and cytotoxic effects.

Cyclobutane thymine dimer 6-4 photoproduct

Figure 1.3 Photoproducts of DNA after ultraviolet irradiation®

Disinfection of secondary wastewater effluents compared to stream and river water
by UV requires higher doses (50 — 60 mW cm™) due to the higher concentration of
micro-organisms and increased micro-organism resistance. Uneconomically viable
values exceeding 100 mW cm™ are required to inactivate protozoan pathogens such

as Cryptosporidium and Giardia.**

10
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1.5.2 Infrared treatment

The first evidence of infrared (IR) radiation used for micro-organism inactivation
was presented in 1975, by Molin and Ostilund.*® Their research involved the use of
unfocused IR lasers to sterilise bacterial spores on metal substrates. Soon after in
1976, Pratt*® performed similar research investigating the effects of unfocused CO,
and CO lasers to deactivate bacterial spores on metal and paper substrates. In this
case, sterilisation was accomplished thermally, by rapidly heating the surface to
temperatures exceeding 500 °C. However, a water treatment apparatus was not
developed until 2002, when Baca® built a near-point near-infrared laser water
treatment apparatus for use in dental hand-pieces. This technique is limited,
however, by the energy consumption and cost required to deactivate the micro-

organisms.

1.6 Photocatalytic processes for water treatment

Photocatalysis has great potential as an alternative water treatment method due to the
possibility to remove by-product precursors. This process also ensures the public

health safety of drinking water due to its ability to inactivate micro-organisms.

Photocatalytic processes are divided into two groups: homogeneous photocatalytic
oxidation, e.g. UV/hydrogen peroxide; and heterogeneous photocatalytic oxidation,
such as UV/semiconductor photocatalysis.® In the homogeneous system, photolysis
of either hydrogen peroxide or ozone under UV illumination supplies hydroxyl
radicals.®® During this process continual consumption of oxidant occurs.
Comparatively, in the heterogeneous process, hydroxyl radicals are produced from
the redox reaction between photo-excited electrons and electron acceptors on the
surface of the semiconductor photocatalyst. The process is catalytic and allows the
semiconductor to remain active for long periods of time.***' Due to these
advantages, this investigation was focused on heterogeneous photocatalysis, which

will now be discussed further.
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1.6.1 Semiconductors

Electrical solids are divided into three groups depending on their ability to conduct
electricity: metals; insulators; and semiconductors. Metals are good thermal and
electrical conductors due to their chemical bonding structure. Insulators are poor
conductors as they are covalently bonded non-metals. Lying between these two
groups are semiconductors, whose band structure can, under certain circumstances,
allow electrical and thermal conductivity. Semiconductors have been of interest

since the 1950’s due to their unique optical and electronic properties.

1.6.2 Energy levels

In an isolated atom, electrons occupy various discrete energy levels which are
closely spaced. In a crystal, these energy levels are modified into millions of separate
levels, collectively termed an energy band. A semiconductor contains two energy
bands known as: the valence band (the highest occupied band (VB)); and the
conduction band (the lowest unoccupied band (CB)). At normal temperatures, due to
thermal promotion, a metal possesses electrons in the CB, whereas an insulator
possesses no electrons in the CB. A semiconductor falls between these two
categories. Figure 1.4 shows the relative positions of the conduction and valence
bands, with the corresponding area between them known as the band gap, in which

no electron energy levels exist.

A
conduction band & Vacant band
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Figure 1.4 Semiconductor valence and conduction bands

The band gap shown in Figure 1.4 is assigned an energy value (Eng) which

corresponds to its width in energy, and is the additional energy (denoted as hv)
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required for an electron (e") to move from the VB into the CB. This implies that an
electron possessing the required amount of energy can separate from the parent atom
and become free to move at random through the crystal structure in the CB. The
promotion of an electron to the CB leaves a positive hole (h*) in the VB. Thus the
action of promoting an electron from the VB to the CB creates an electron-hole pair.
Electrons may be promoted to the CB following absorption of a photon of energy
greater than or equal to the Ep. If an electron recombines with a hole, the
conservation of energy demands that the absorbed energy be dissipated as heat or
light.

1.6.3 Choice of semiconductors for water treatment

Most of the semiconductors which have been investigated as photocatalysts for water
treatment have been metal oxides (eg TiO2, ZnO, SnO,;, WO3) and chalcogenides
(CdS, ZnS, CdSe).** Metal chalcogenides possess narrower band gaps, which make
them sensitive to visible irradiation; however they are subject to photocorrosion. The
photocatalysts’ effectiveness for oxidation of organics in water treatment is
dependent on the oxidation potential of the VB and the reduction potential of the CB.
Figure 1.5 shows the relative positions of the surface bands of the common
semiconductors at pH 7.* It can be seen that the CB of TiO is sufficiently negative
for the reduction of O, while the VB is sufficiently positive for the oxidation of OH"
making it an excellent semiconductor for the oxidation of organics in water. The
reduction potentials of SrTiOs;, WOz and ZnS could also be used for the
photocatalytic oxidation of organic pollutants; however it is often found that TiO is
the most efficient semiconductor for the treatment of water containing organic
pollutants.***® ZnO is a possible alternative as it has a similar band gap energy,

however it has been reported to be unstable under irradiation.*

1.6.4 Titanium dioxide

TiO; is a white pigment commonly used in paint, paper, ceramics, household
(toothpaste) and food products (chewing gum) and as a bulk filler in
pharmaceuticals. It is thermally stable, insoluble in most conditions and effectively

non-toxic. It is virtually inert, and exists in its purest form as a colourless crystalline

13



Chapter 1

solid. It absorbs almost no visible light and has a large refractive index. Titanium is
the ninth-most abundant element, with limonite, iron titanium oxide (45 — 60%

TiOy), its most abundant ore.
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Figure 1.5 Selected wide band-gap semiconductors®

1.6.4.1 Physical and chemical characteristics

Three morphological forms of TiO, exist: anatase, rutile and brookite. Brookite
exhibits low stability and is usually ignored for practical applications. The anatase
and rutile forms are commonly available in industrial TiO, products, with anatase
most often used for catalytic purposes due to its larger photoreactivity than rutile.
Anatase is thermodynamically stable up to 800 °C, above which a phase
transformation to rutile occurs. The backward transition is not observed on cooling
due to the high activation energy required. Both anatase and rutile exist as a
tetragonal crystal lattice, each Ti atom is coordinated to six O atoms and each O
atom is coordinated to three Ti atoms (Figure 1.6). The number of common edges of
the TiOg octahedra differs between the two forms: anatase has four while rutile has
two.*” The VB is comprised of the O 2p orbitals and the CB is comprised of the Ti

3d orbitals. Figure 1.7 shows the molecular orbital scheme for rutile (Ti,04).
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Figure 1.6 Structure of rutile and anatase phases of titanium dioxide crystals*

Figure 1.7 Molecular orbital scheme for rutile (Ti,O,4). The occupied energy levels are
represented by gray shadings.”

The two principal catalytic phases of TiO,, anatase and rutile, have numerous
structural and functional differences. Commercially available anatase is typically less
than 50 nm in size with the particles possessing a band gap of 3.2 eV, corresponding
to a UV wavelength of 387 nm. The adsorptive affinity of anatase for organic
compounds is higher than that of rutile and anatase exhibits lower rates of
recombination in comparison to rutile due to its 10-fold greater rate of hole trapping.

In contrast, the thermodynamically stable rutile phase generally contains particles
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larger than 200 nm with a smaller band-gap of 3.0 eV with excitation wavelengths
that extend into the visible spectrum at 410 nm. Despite this, anatase is generally
regarded as the more photochemically active phase, due to the combined effect of

lower rates of recombination and higher surface adsorptive capacity.”

1.6.4.2 TiO; preparation

Different synthesis methods produce TiO, products with different structures,
crystallinities and impurities. Therefore the surface properties are dependent on the
preparation method. Photocatalytic activity is influenced by crystal structure,
porosity, surface area, particle size distribution and surface hydroxyl density.”* These
factors influence the production of electron-hole pairs, surface adsorption and

desorption, as well as the redox process.

TiO, is prepared on an industrial scale by the sulphate method or by vapour-phase
oxidation of TiCl,;. The sulphate method involves the dissolution of limonite,
FeTiOs, in sulphuric acid, after which iron is removed and the solution is
hydrolysed. The hydrated titania precipitate is calcined to remove water resulting in

a predominately anatase structure stabilised by sulphate ions.

Vapour phase oxidation®® of TiCly results in TiO; characterised by a narrow particle
size distribution with the main impurity being chloride. The surface is
dehydroxylated and the product purity is lower than the sulphate method. An
example of TiO, produced by this method is Degussa P25 which contains up to 25%

rutile.

Other routes to obtain TiO, include the hydrolysis of TiCl, or titanium
alcoholates.**? TiCl, is hydrolysed in water and TiO, is precipitated by addition of
ammonia or hydroxide. Anatase TiO; is formed if hydrolysis is carried out at 5 — 10
°C, while rutile is produced at reaction temperatures above 80 °C. The degree of
hydroxylation can be controlled by calcination temperature. Alternative methods for
TiO, preparation are the thermal or electrochemical oxidation of the parent

material.>*°®
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1.6.4.3 Degussa P25

Degussa P25 is one of the most efficient and extensively used commercial
photocatalysts available due to its high surface area, high photoactivity and minimal

impurities.®”>°

Degussa P25 is produced through vapour phase oxidation,
specifically flame hydrolysis of gaseous TiCl, at temperatures greater then 1200 °C.
This reaction is performed under the influence of water which develops during the

oxyhydrogen reaction:®°

TiCly; + 2 Hy+ O, > TiO, + 4 HCI 11

The resulting product is 99.5% pure TiO,, which has a composition ratio of 75:25
anatase: rutile, and crystallites, which are non-porous and cubic with rounded edges.
Degussa P25 has an average particle size of ~ 21 nm, a specific area of 50 + 15

m?g™and low impurity level.

The high activity of Degussa P25 is thought to be due to a more positive CB
potential in rutile compared to anatase. This allows photogenerated electrons to pass
from anatase to rutile preventing recombination within the anatase. The lower
activity of rutile could be a result of its lower over-potential for the reduction of

oxygen.

1.6.5 Advantages of TiO, photocatalysis

TiO, photocatalysis has been reported to degrade many aqueous chemical pollutants,
including pesticides, herbicides, crude oil, surfactants, and dyes. A comprehensive
list of the organic pollutants degraded by TiO, photocatalysis can be found in recent
review articles.****®" Advantages of using TiO, as a photocatalyst include its
insolubility in water and its non-toxicity.®® In addition, the photocatalytic process
does not require the addition of consumable chemicals and a waste sludge is not
produced. Anatase TiO, has a band gap energy of 3.2 eV equivalent to light of A 387
nm or less. Since TiO, absorbs near-UV light, the exploitation of solar energy is a
real possibility. A small but significant proportion of light between 300 — 400 nm of

the solar spectrum reaches the earth’s surface and could be utilised for the
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photocatalytic treatment of water. Many investigators have reported the solar

photocatalytic degradation of pollutants in aqueous solution.®*%*"

1.6.6 Mechanisms of TiO, photocatalysis

Irradiation of TiO; particles with photons of energy equal to or greater than the band
gap energy, results in the promotion of an electron from the VB to the CB of the
particle. The outcome of this process is a region of positive charge, termed a hole
(h") in the VB and a free electron (¢") in the CB (equation 1.2). This electron-hole
pair can either recombine inside the semiconductor particle or move to the surface

where they can react with adsorbed molecules.

TiO, + hv — TiO, (€7 + h'wp) 12

Once diffusing to the TiO, particle surface, the positively charged hole can directly
oxidise pollutants (R) (equation 1.3); or react with surface bound hydroxyl groups
(OH) or adsorbed water molecules to form hydroxyl radicals (OH®), shown in

equations 1.4 and 1.5, respectively.

h* w+R—>— CO,+ H,0 13
OH +h"y, - OH’ 14
H,0+h"y, - OH +H" 15

The presence of oxygen consumes trapped electrons by reacting to form superoxide
ions, preventing recombination (equation 1.6). The final product of the reduction

may also be OH’ radicals and the hydroperoxyl radical HO," (equations 1.7 and 1.8).

O,+ep — O 16
20,"+2H" - 20H" + 0, 17
20" +H" - HO, 1.8

Reactions involving the electron and hole should proceed simultaneously to prevent

the accumulation of electrons in CB and prevent the recombination of electrons and
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holes. Therefore the efficient removal of electrons is essential to promote

photocatalytic oxidation.

Hydroxyl radicals have long been known as strong, indiscriminate oxidising
agents.”* During photocatalysis they can react with organic compounds and bacterial
species adsorbed onto, or very close to the semiconductor surface resulting in
degradation (total oxidation of pollutant results in production of carbon dioxide and

water).

There is great speculation within the literature regarding the actual mechanism of
pollutant photo-oxidation. Great attention has been paid to determining whether the
hole directly reacts with the pollutant or whether it first reacts with water or hydroxyl
groups to produce hydroxyl radicals, which in turn react with the pollutant. Excellent
reviews of both mechanisms are reported by Hoffmann et al** and Fox and Dulay.*
Figure 1.8 illustrates a schematic representation of the generally accepted

photocatalytic mechanism.
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Figure 1.8 Schematic representation of the mechanism of TiO, photocatalysis
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Given the wide range of photoefficiencies observed among the various TiO; phases
and formulations, past research has been unable to comprehensively explain the high

photoactivity observed in some mixed-phase TiO; preparations such as Degussa P25.

Originally proposed in the early 1990’s, the current hypothesis of the enhanced
activity of mixed phases relative to pure phases is due to the vectorial displacement
of electrons from the anatase to rutile crystal phases. This is thought to occur through
the transfer of electrons from the anatase CB to the lower energy rutile CB (see
Figure 1.9). This serves to reduce the recombination rate of anatase, leading to more
efficient electron-hole separation and greater catalytic reactivity.>* While the model
has gained support on the basis of the lower energy conduction bands of rutile
relative to anatase, these arguments do not consider the energies of the lattice of

surface trapping sites, which can be significantly lower.*°
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Figure 1.9 Model of mixed-phase TiO, activity proposed by Bickley et al.**

More recently, Hurum and co-workers performed a further investigation into the
enhanced photocatalytic activity of Degussa P25 using Electronic Paramagnetic
Resonance (EPR) Spectroscopy.”® The critical and active role of rutile in mixed-
phase formulations was detailed, whereby negative charges produced on rutile by
visible light were stabilised through electron transfer to lower energy anatase lattice
trapping sites (e;) allowing electrons to reach the surface. Transfer of the

photogenerated electron to anatase lattice trapping sites allows holes that would have
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been lost to recombination to also reach the surface via lattice trapping sites (h;). See

Figure 1.10 for Hurum et al.’s proposed mechanism.>
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Figure 1.10 Model of mixed-phase TiO, activity proposed by Hurum et al.*

The results suggested that within Degussa P25 there are nanoclusters containing
atypically small rutile crystallites interwoven with anatase crystallites, with the
transition points between the two phases allowing for rapid electron transfer from
rutile to anatase.

Further support of the mechanism proposed by Hurum and co-workers was provided
by Sato and Taya in 2006.”” During the photocatalytic inactivation of
bacteriophages, enhanced photoactivity was noted when using mixed-phase TiO,. It
was proposed that the close contact between the two phases, allowed for the
exchange of photo-excited electrons and holes between the particles. The photo-
excited electrons were produced in rutile and transferred to a nearby anatase
crystallite. Thus the quantum vyield of reactive oxidative species generation was

enhanced.

1.6.7 Increasing photocatalytic efficiency

Various methods of attempting to post-synthetically enhance the overall efficiency of
the photocatalytic process have been investigated. These modifications include

doping with transition metals to increase electrical conductivity,*"*" loading with

76,77

metal nanoclusters, annealing the catalyst at elevated temperatures to improve
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78,79

crystallinity and particle size, using electron acceptors other than O,,"® and

electrochemically-assisting the mechanism by the application of a positive bias.®

The most important modification to date is the reduction of the TiO, particle size to
within the nanometer range which has been shown to significantly increase its
catalytic activity.®® This is due to the higher surface-to-volume ratio, and as such it is

routine to use nanometer-sized particles.

Reactor performance is enhanced by dispersing the TiO, nanoparticles in water,
because of higher surface contact of the nanoparticles with the target compounds.
However, the difficulty in separating unsupported particles from water for reuse is
limiting commercially viable industrial reactors. Therefore, a need to employ
supported catalysts is realised where a thin layer of nanometer-sized TiO, particles

81-84

can be formed on a supporting surface. These can be particle or fixed

supports,’5

with the majority of research performed in the former case. TiO,, for
example, has been fixed onto tubes, glass plates, fibres, membranes, or photoreactor
walls.%® However, catalytic activity approximately five to six times lower is usually
seen (compared with the powdered form). This is due to: a reduced surface-to-
volume ratio (from binding with the supporting surface); catalyst agglomeration
(surface clumping) during fixation; and the mass transfer limit for the organic
compounds.®” Film thickness is also of great importance: if the film is too thin, not
enough light will be absorbed and if too thick, the holes are generated too deep in the
catalyst layer.®® These problems can be overcome by employing a nanoporous TiO,
film to ensure maximum light absorption and also by bringing the pollutant close to
the TiO, surface. When TiO, was coated onto rotating disks, rotating mesh sheets
and narrow light tubes, improved catalytic performance was noted, due to increased
mass transfer.2>°* As a result of the large length scales used in these structures, the
catalytic performance did not approach those employing suspended nanoparticle
catalysts. However, Gerischer and Heller® reported that the reduction of O, by CB
electrons was the rate limiting step in all cases where the molecules in the solution
can be quickly oxidised by hydroxyl radicals or directly by holes. Dijkstra et al.*®
compared the efficiency of a TiO, immobilised system with a suspension system,

with O, as an electron acceptor in both cases, and reported that both systems were
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comparable. Therefore, efficient mass transfer in a reactor can produce immobilised

TiO; photocatalytic degradation rates to within those seen using suspension systems.

1.6.8 Electrochemically-assisted photocatalytic treatment

Photocatalysis can be further enhanced by applying a potential to the TiO; film. This
induces an electric field within the particles thus increasing charge separation.® In a
suspension, when under band-gap excitation, the semiconductor particles behave as
short-circuited microelectrodes and promote oxidation and reduction on the same
particle. A disadvantage of this system is the high degree of recombination between
the photogenerated charge carriers. Electrochemically-assisted photocatalytic (EAP)
treatment is most often performed using a semiconductor nanocrystalline film where
the pollutant is in contact with the individual nanoparticles within the film. When
irradiated, without an applied potential, an electron-hole pair is produced in
individual particles where the holes and electrons transverse the particles within the
film. The holes are eventually transferred to the pollutant and the electrons to
oxygen. When using a semiconductor nanocrystalline film, the differing rates of
electron and hole injection into the solution control the charge separation.” If one
can remove the photogenerated electrons from the semiconductor particle (e.g. by
application of an electric field), it is possible to increase the efficiency of oxidation
at the semiconductor electrolyte interface. Figure 1.11 illustrates the difference

between open circuit conditions and EAP.

Electrochemically-assisted

Open Circuit Photocatalysis

L=l
LIl

Figure 1.11 Photo-induced charge separation in open circuit photocatalysis and EAP
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Upon application of an electrical bias to the immobilised TiO, film, CB electrons are
removed to the back contact. This promotes charge separation and increases inter-
particle charge transfer through the immobilised film. As electrons are removed,
hydroxyl radical production is increased therefore reducing the electrostatic
repulsion of negatively charged particles. This is known as the electrical double layer
effect, whereby the electrode (TiO; film) becomes positively charged relative to the
solution nearby, decreasing the local cation concentration within the Helmholtz
layer. The potential varies with distance from the electrode surface and the

electrolyte solution without a change in applied potential as shown in Figure 1.12.

a O ,
X (distance) !
Semiconductor Electrolyte
J 6\ Helmholtz
layer

V (potential)

Figure 1.12 Potential distribution for a semiconductor-electrolyte interface.

Kim and Anderson® reported that the application of a +0.0 V vs. SCE potential to a
TiO, electrode increased the degradation rate of formic acid. In a different study the
same authors established that the formic acid degradation rate doubled when +0.3 V

,* when using a two-compartment

vs. SCE was applied.”” Vinodgopal et a
electrochemical cell, observed a greatly increased degradation rate of 4-chlorophenol
upon the application of +0.6 V vs. SCE. Candal et al.,” Byrne et al.*® and McMurray
et al.” have all reported that a potential of + 1.0 V vs. SCE increased the overall rate.
Both Krysa and Jirkovsky'® and Christensen et al.***?*% investigated the effect on
degradation rate over a range of potentials and demonstrated an improvement in the
rate apon application of a positive bias. Dunlop et al.'® investigated the application
of + 1.0 V vs. SCE on the rate of inactivation of E. coli and Clostridium perfringens
spores and found the rate increased by 30% and 72%, respectively, compared to the

same system without a bias.
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1.6.9 Applications of TiO, photocatalysis

Since Fujishima and Honda'®

used TiO, to split water in 1972, interest in TiO;
photocatalysis has been extensive, covering the removal of organic and inorganic

contaminants from air and water.

The inactivation of micro-organisms is a relatively new photocatalytic application.
The first evidence was presented in 1985, when Matsunaga and co-workers'”’
discovered that microbial cells in water could be killed via contact with a TiO,-Pt
catalyst irradiated with near-UV light. Since then, research on microbial
photocatalytic inactivation has been intensively conducted on a wide range of
organisms including viruses, bacteria, fungi, algae and cancerous cells.*®®**° Most
work has been performed in the aqueous phase; however photocatalytic disinfection

of humid air has been reported,***"!

with the complete mineralisation of bacteria
reported by Jacoby and co-workers.*? Table 1.2 displays a summary of the micro-
organisms subjected to photocatalytic inactivation using various reactor

configurations.

1.6.9.1 Bacterial organisms

A range of gram-positive and gram-negative bacterial species have been subjected to
photocatalytic treatment (Table 1.2). E. coli has been the most extensively studied,
with reports that photocatalytic treatment caused the complete mineralisation**? of
the cell and degradation of its toxin.*** The most common source of micro-organism
samples is from laboratory cultures, however disinfection of bacteria from

4 105 and secondary waste treatment effluents*>*'® have

pondwater,*** streamwater
been reported recently. Photocatalytic enhancements have also been applied to
bacteria, where the combination of light and ultrasound was found to enhance the
rate of inactivation of E. coli in a TiO, suspension reactor.*” TiO, doped with
platinum and silver were found to be more effective for the inactivation of E. coli

than TiO, powder alone.'0"118
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Table 1.2 Micro-organisms and other cells inactivated using TiO, photocatalysis

Organism Gram Size/Shape (um) Reference
+/-
Bacteria
Escherichia coli - Rod 1.0 x 3.0 94.103,105.107,110-
114,117-160
Pseudomonas stutzeri - Rod0.5-1.0x15-4 1ol
Pseudomonas fluorescens - Rod0.5-1.0x15-4 162
Pseudomonas aeruginosa - Rod 0.5-0.7 x 1.5 - 3.0 136,141,142
Serratia marcescens - Rod 0.5-0.8x0.9-2.0 63,163
Staphyloccus aureus + Spherical 0.5 — 2.0 135,159,163
Clostridium perfringens + Oval sub-terminal ~ 5.0 94,164,165
Salmonella typhimurium - Rod 0.7 -1.5x2.0-5.0 142,158
Salmonella enterica - Rod 0.7-1.5x2.0-5.0 136
Streptococcus mutans + Spherical 0.5 - 2.0 166,167
Streptococcus faecalis + Spherical <2 168
Streptococcus aureus + Spherical <2 135
Streptococcus cricetus + Spherical <2 169
Streptococcus rattus + Spherical <2 169
Streptococcus sanguinis + Spherical <2 135
Streptococcus sobrinus + Spherical >2 167
Actinomyces viscosus + Rod 0.5 x 1.6 — 2.0 169
Micrococcus lutens + Spherical 0.5 - 2.0 149
Lactobaccillus + Rod 0.6 -0.9x 1.5-6.0 107
acidophilus
Lactobacillus casei + Rod 0.6 -0.9x 1.5-6.0 13
Bacillus pumilus + Rod 0.6 x 2.0 - 3.0 170171
Bacillus subtilis + Rod 0.7-0.8x2.0-3.0 19.172
Bacillus cereus + Rod1.0-1.2x3.0-5.0 172173
Bacillus megaterium + Rod 1.2-1.5x2.0-5.0 128
Bacillus + Rod 0.6 -1.0x 2.0-3.5 L
stearothermophilus
Enterococcus faecalis + Spherical ~ 0.4 127,135,168
Enterobacter cloacae - Rod 0.6 - 1.0 x 1.2 - 3.0 142
Rhodobacter sphaeroides - Ovoid 0.5-1.2 112
Aeromonas hydrophila - Rod0.3-1.0x1.0-35 162
Bacteroides fragilis - Rod 0.8 -1.3x 1.6 — 8.0 133
Deinococcus radiophilus + Spherical ~ 0.7 133
Granulicatella adiacens + Spherical <2 13

Legionella pneumophila

Rod 0.3-0.9x2.0-20

140

Yeast, Fungi

Saccharmyces cervisiae
Candida albcans
Hyphomonas polymorpha
Penicillium expansum

Oval 3.5-7.0x35-9.0
Oval ~7
Multiple shapes
2-10

150,175
176
117
177
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Table 1.2 contd. Micro-organisms and other cells inactivated using TiO, photocatalysis

Organism Gram Size/Shape (um) Reference
+/-

Protozoa
Cryptosporidium parvum Oval ~5 146
Algae and Phytoplankton
Anabaena Filamentous rod 178
Bacillariophyta 2 — 200 178
Melosira 30 - 40 178
Microcystis 3-5 178
Chroococcus sp 35-26 179
Viruses
Phage QB 0.028 10
Phage MS2 0.024 72,180
Phage ANM1149 - 122
Poliovirus 1 0.028 s
Lactobacillus phage PL-1 0.05 181
Enterobacteria phage MS2 0.026 133
Cancer Cells
HelLa 10-16 162-180
T24 30 187-190
U937 14 — 20 101
Mouse lymphoma L5179Y 11-12 192
SPC-Al 15-22 193
Other
Human skin fibroblasts 16 — 18 175194
Alverolar macrophage 20 - 30 195
Chinese hamster CHL/IU cells 1416 192
Microcystin-LR (algae toxins) - 196-206
E. coli DNA plasmid - 17
Estrogens - 91,207

1.6.9.2 Viruses and protozoan organisms

Compared to bacteria, only a small number of viruses and protozoa have been
subjected to photocatalytic treatment (Table 1.2). The polio virus 1 has been
inactivated in secondary waste effluent after 30 minutes of irradiation."™ Similar
virus photocatalytic inactivation rates were observed when compared to E. coli
indicating that this virus showed no heightened resistance mechanisms to

photocatalytic treatment. When phage MS2 was inactivated in phosphate buffer with
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Degussa P25, an increase in the inactivation rate was seen upon addition of ferrous

sulphate, suggesting Fenton chemistry might augment the photocatalytic effect.

Cryptosporidium parvum is the only protozoan micro-organism to undergo
photocatalytic treatment to date. Otaki and co-workers**® carried out a brief study to
determine C. parvum viability after photocatalytic treatment where it was found that
the organism could indeed be inactivated by photocatalytic treatment. This is the
only study of protozoans to date, with most investigators preferring to use a
surrogate micro-organism. Bacterial surrogates are often used during water treatment
investigations as protozoan research has serious methodological and financial
limitations.*® While no surrogates are perfect, bacterial endospore-formers:
including C. perfringens and several Bacillus species have been identified as suitable
surrogates for traditional water treatment methods.”®® The endospores of both C.

94165 and several Bacillus species,’**"* have also been investigated using

perfringens
TiO, photocatalysis. Endospore inactivation was achievable, however, the
inactivation rates were shown to be much lower than those obtained using bacterial
cells. When using an immobilised TiO, film, Dunlop and co-workers witnessed 92%
C. perfringens endospore inactivation after 120 minutes of photocatalytic
treatment.’® Due to the extended treatment times required to achieve inactivation,
several reports showing EAP treatment of endospores suspended in water have been
published.®*® In all cases, the application of a positive bias produced greatly

improved inactivation rates.

1.6.9.3 Cancer cells

Numerous types of cancerous cells have been subjected to photocatalytic treatment,
the most common of which are HelLa cells (cervical carcinoma). HelLa were
inactivated after incubation with ultrafine TiO, powder for 24 hours followed by a
period of illumination.’® Transmission Electron Microscopy (TEM) demonstrated
that TiO, particles had been adsorbed onto the surface, as well as into the cells,
which catalysed inactivation even after removal of excess TiO, from the medium.'®®
Tumours caused by transplanting HelLa cells into nude mice were suppressed by
irradiation with 300 — 400 nm light in the presence of TiO,.'8%'8418210 gjmj|ar

results have been reported using malignant T-24 cell implantation.’® The effects of
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irradiated TiO; on T-24 cells ability to uptake calcium ions as a measure of cell
viability was investigated.* Initially cells were incubated with TiO, particles, which
were shown to be incorporated into the cell cytoplasm. Upon UV irradiation, calcium
ion uptake was decreased indicating cell damage. Following these observations, the
authors proposed a mechanism for T-24 inactivation with cell membrane damage
identified as the main cause for cell death.’®’ In a separate investigation into the
photocatalytic inactivation of human U937 leukaemia cells, results led the authors to
conclude that the apoptosis was caused by cell membrane damage followed by DNA
fragmentation.’®* EAP inactivation of cancerous cells have also been investigated.'®®
Again, upon the application of a + 1.0 V vs. SCE, increased cell inactivation rates

were observed.

1.6.9.4 Photocatalysis of cellular components

In order to gain an understanding into the bactericidal mechanism of photocatalytic
inactivation, a number of photocatalytic investigations using bacterial cellular
components have been undertaken. These molecules include carbohydrates, lipids,
proteins and nucleic acids, which once damaged can no longer perform in cell
metabolism and reproduction, often resulting in cell death. TiO, has shown
pronounced adsorption of basic L-amino acids such as L-lysine and L-arginine in
aqueous solution.?* It has been demonstrated that the nitrogen moiety of amino
acids are converted to ammonia upon exposure to TiO, illuminated with UV light.?*?
The photodegradation of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
was confirmed by the formation of nitrate, CO, and ammonia produced from their
breakdown.?? Direct DNA damage, including strand breakage and the hydroxylation
of guanine has also been reported.”**?*> Cellular RNA was found to be more
susceptible to photocatalytic attack than DNA due to the protection provided by
compartmentalisation of DNA within the cell and the availability of cellular DNA
self repair mechanisms.'** However, the first evidence that lipid peroxidation is the
underlying mechanism of cell death was discovered when Maness and co-workers*?*
demonstrated the photocatalytic degradation of bacterial cell membranes. Further
evidence of this has been provided using X-ray diffraction (XRD)?*® Fourier

transform infrared (FTIR) spectroscopy?’ and Atomic Force microscopy (AFM).**
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1.6.10 Mechanisms of TiO, photocatalytic bactericidal action

In order for photocatalysis to be a viable water treatment process, the detailed
mechanistic action of the bactericidal effects of TiO, photocatalysis must be
understood. Compared to the number of published investigations on the bactericidal
effect of TiO,, relatively few studies deal with the mechanism of bactericidal action.
Several possible mechanisms have been suggested for the inactivation effects

witnessed.

The earliest mechanism for cell inactivation was proposed by Matsunaga and co-
workers,*®” who presented evidence for the oxidation of co-enzyme A (CoA\) in S.
cerevisiae. As CoA participates in enzymatic reactions involved in cell respiration
and fatty acid oxidation, its photo-oxidation could prevent cellular respiratory
function and ultimately lead to cell death. Matsunaga and co-workers performed
further microscopic studies, but did not find evidence of cell wall damage.*® This
was an interesting result, as the actions of highly oxidative species generated on the
surface of illuminated TiO, are generally regarded as non-selective, it was
reasonable to expect that the cell membrane would have to be oxidised first, losing

its semipermeability before the intracellular CoA is photo-oxidised.

Other workers however, did find evidence for disruption of the cell membrane and
leakage of cellular contents. Cell membrane disruption of S. sobrinus was reported
by Saito and co-workers.'®” Following exposure to UV illuminated TiO, powder
potassium ion leakage indicated cell membrane damage had occurred. After
continued exposure to illuminated TiO,, RNA and proteins leaking from the cell
were detected. Cell viability was lost after one to three minutes of exposure to
photocatalytic treatment; however, electron micrographs indicated that 30 minutes of
exposure was required before visible disruption of the cell wall occurred. After 120
minutes of exposure, the cell structure was visibly ruptured. From this, it was
proposed that reactive oxygen species produced under photocatalytic conditions

reached and compromised the cell wall before disrupting the cell structure.
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Sunada et al.**® also provided evidence of cell wall damage from investigation using
E. coli and its endotoxin. The endotoxin is a lipopolysaccharide cell wall constituent
of many gram-negative bacteria which is only released from the bacterial cell when
the structure is compromised. A release of endotoxin was witnessed, which indicated

outer membrane damage of the cell wall had taken place.

Further evidence of cell membrane damage during photocatalytic inactivation was
provided by Sakai and co-workers.*®®**® Upon exposure of human T-24 cancer cells
to illuminated TiO,, leakage of cellular calcium ions from the cells was detected,
indicating cellular damage. It was concluded that the calcium leakage arose from cell
membrane damage and that further release was due to oxidative damage of internal
Ca®* stores, e.g. calcium binding proteins and cellular organelles, within the
cytoplasm. Cell death was attributed to attack of the cytoplasmic membrane by

reactive oxygen species, generated at the surface of the TiO, particles.

In order to investigate the effect of various reactive oxidative species responsible for

the bactericidal effect, Kikuchi and co-workers®

used a porous membrane to
physically separate the E. coli suspension from the TiO; film. It was thought that the
less mobile radical species would be unable to traverse the 50 um distance from the
TiO, surface to the bacterial suspension. However, excellent cell inactivation was
achieved with and without the membrane. In both cases, the addition of catalase, an
enzyme which acts to neutralise hydrogen peroxide by converting it to water and
oxygen, significantly quenched the cell inactivation. This led the authors to conclude
that hydrogen peroxide rather than hydroxyl radicals play a significant role in long-

range bactericidal effects.

Maness and co-workers'®* investigated the oxidation of E. coli cytoplasmic
membranes during photocatalysis. During the photo-inactivation of E. coli in water,
malondialdehyde (MDA), a breakdown product of lipid peroxidation was detected.
Correlation between an increase in production of MDA and a decrease in cell
viability was observed. Loss of respiratory activity was also monitored, and

correlated with cell inactivation. The authors concluded that alterations of the
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membrane structure, due to lipid peroxidation, led to conformational changes in
membrane-bound proteins and electron mediators, which span the cell membrane
and facilitate electron-transport during respiration. It was thought that the electron
transport pathway was short-circuited as the cell membrane was no longer able to
maintain a sufficiently negative redox potential. Farr and Kogoma'® have also
suggested that oxidative disruption to the cytoplasmic membrane reduces the proton

motive potential; the driving force for adenine tri-phosphate (ATP) synthesis.

Further evidence of cell membrane damage by photocatalysis has been reported
recently by Sunada and co-workers.'*® The study measured the inactivation rate of
intact E. coli cells and spheroplasts (viable cells with the cell wall removed). Intact
cells showed two step “photo-killing” reactions: an initial slower rate, followed by a
higher rate. In contrast, the spheroplasts exhibited only single step kinetics with a
higher rate, which suggested that the cell wall of the E. coli cell acts as a barrier.
Furthermore, AFM measurements of intact E. coli cells showed that the outer cell
wall membrane decomposed first and with continued illumination, the cells
completely decomposed. Figure 1.13 shows a schematic illustration of the process of
E. coli “photo-killing” on a TiO, film proposed by the authors. The authors note that
the peptidoglycan layer does not possess a barrier function, allowing the oxidative

species to permeate.

Outer membrane O, «OH

Peptidoglfcan\ \i \-_1
v —— (AT
Qo ||| e —\:w R0 |

/
Periplasmic space \
Cytoplasmic membrane

Figure 1.13 Schematic representation of the process of E. coli inactivation on a TiO; film
proposed by Sunada et al."*?

More recently, Nadtochenko and co-workers™®* performed a similar investigation

into the dynamics of E. coli membrane cell peroxidation using AFM and FTIR-ATR
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spectroscopy in relation to viable cell counts. FTIR spectroscopy of the E. coli cells
followed the formation of peroxidation products due to photocatalysis of the cells, as
well as structural changes of the cell wall membranes, while AFM spectroscopy
confirmed cell lysis took place after TiO, illumination for one hour. TEM showed
the positively charged Degussa P25 aggregates interacting with the negatively

charged bacterial cells.

Aside from the destruction of cell structure, another possible cause of cell
inactivation could be their detrimental effects on DNA and RNA. A number of
investigations have been performed on supercoiled plasmid DNA with illuminated
TiO, which demonstrated that the plasmid DNA was first converted to the relaxed
form and later to the linear form, indicating strand breakage.'’>%*#13215219 RNA
exposed to illuminated TiO, have also shown oxidative damage leading to strand

breakages.**?**

In summary, there is conflicting evidence in the literature as to the direct cause of
cell death from TiO, photocatalysis and of the oxidative species responsible. Despite
this there is substantial evidence that the bacterial cytoplasmic membrane is the
primary site of attack. Oxidative attack at this site causes lipid peroxidation, leading
to loss of cell membrane integrity and the termination of cellular respiration. The
loss of energy production mechanisms and subsequent oxidative attack of internal

cellular components ultimately results in cell death.

1.7 Project rationale

With the increasing awareness of micro-organism resistance and toxic by-products
produced during conventional water treatment processes, increased attention has
been directed to alternative water treatment processes for the production of safe
drinking water. IR radiation for water treatment has received attention in recent
years, with literature reports providing evidence that it may be a possible alternative

water treatment method and this warrants further research.
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TiO, photocatalysis is also an emerging technology for remediation of polluted
water, and has a number of environmental and economical advantages over
conventional treatment processes. Photocatalysis has the potential to be used as an
alternative or complementary technology to conventional chemical based
disinfection processes.

While Degussa P25 is currently regarded as the most efficient photocatalyst within
the industry, much research has been performed to develop novel photocatalysts
equal to or greater than Degussa P25. A novel TiO, photocatalyst was developed at
the Queensland University of Technology (QUT) using post-synthetic microwave

treatment®%

and will be employed as a photocatalyst for the photo-oxidation of an
organic pollutant and micro-organism inactivation. The immobilisation of the
photocatalyst onto a solid support is desirable therefore negating the need for a
catalyst recovery stage. Employing the catalyst in this form can substantially reduce
the rate of pollutant degradation. In order to address this problem the efficiency of
the immobilised reactor can be increased with the application of a small electrical

bias to the semiconductor electrode, which will also be examined.

The photocatalytic inactivation of micro-organisms suspended in distilled water has
previously been demonstrated; however, there is limited evidence that the

photocatalytic process can be used to disinfect raw water.

There is also conflicting evidence within the literature regarding the effect of
photocatalytic treatment on bacterial cell walls and further study into its effect must
be performed before the photocatalytic bactericidal mechanism can be completely
understood.
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The aims of this study were to:

1.

2.

Study the effect of IR laser radiation on micro-organism inactivation.

Demonstrate the photocatalytic inactivation of micro-organisms using a
novel, post-synthetically treated TiO, photocatalyst, and compare this to

Degussa P25.

Immobilise TiO, photocatalysts onto solid supports and study the degradation

of model organic pollutants.
Study the photocatalytic inactivation of micro-organisms in raw water.

Perform an in situ FTIR investigation to study the photocatalytic and
electrochemically-assisted photocatalytic degradation of model organic

pollutants, including a model bacterial cell wall component.
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2.1 Introduction
Developing methods for recycling and re-use of stormwater and effluent

water/wastewater have become an important and urgent issue. Due to this, new
methods for disinfecting water supplies are being investigated, one of which is the

use of IR radiation.

2.1.1 Theory of IR radiation

IR radiation is the electromagnetic radiation of a wavelength longer than that of
visible but shorter than microwave radiation. Quantum mechanics shows that a

molecule can take up an amount of energy, hv,, to reach the first vibrationally

excited state.! Light quanta in the IR region with a wavelength (1) of 2.5 — 1000 pm
possess energies of:

hV=hCl7 21

with ¥ = 4000 — 10 cm™. Absorption of IR radiation causes changes in the rotational
and rotational-vibrational energy states, used by FTIR spectroscopists for molecular

identification and investigation purposes.

2.1.2 Lasers

Lasers provide an almost monochromatic source of radiation with a narrow linewidth
and emit coherent, parallel and polarised radiant energy. Stimulated emission,
population inversion and optical resonance are required for laser emission which are
discussed in detail elsewhere.? Laser types are varied and include solid-state, dye,
semiconductor, gas, chemical, free-electron and x-ray lasers. Applications are

extremely varied, ranging from scientific military, medical and consumer uses.

2.1.2.1 Theory of CO; lasers

Molecular gas lasers exploit the transitions between the energy levels of a molecule.
CO, lasers are categorised as vibrational-rotational lasers, which utilise transitions

between vibrational levels of the same electronic state, for example the ground state.
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Therefore the energy difference between the levels falls in the middle to far IR (2.5 -
300 pm). CO;, lasers use a mixture of CO,, N, and He as the active medium. N, and
He improve efficiency, while oscillation takes place between the two vibrational
levels of the CO, molecule. Figure 2.1 shows the energy level diagrams for CO, and
N>.

Symmetric Bending Asymmetric
stretching stretching
3000 - u vy V3
En (00°1) — ]
£ L
S 2000 10.6 ym 0.6 um
> 0
g (10°0) (0200)
5 1000 |- |
—¥— (1)
[}
0t Y V=0
(00°0)
CO, N,

Figure 2.1 Energy level diagrams showing lowest energy levels of the ground electronic states of

a CO, and N, molecule. (Rotational levels not shown.)

Population of the upper 00°1 laser level is achieved through: direct electron

collisions, the main one of which is considered to be:
e+CO, (00°0) —» e+CO, (00°1) 29

and resonant energy transfer from an N, molecule, which is very efficient due to the
small energy difference between the excited levels of CO, and N, (AE ~ 18 cm™). A
slowing of the process can occur, due to an accumulation in the 10°0 and 02°0 levels
as these are in thermal equilibrium with 01%0. The presence of He reduces this due to
a transfer of energy to the lighter atom, according to the theory of elastic electrons.
Due to its high thermal conductivity, He also aids in cooling the CO,, to prevent

population of the lower laser level via thermal excitation.

2.1.3 Bacterial disinfection using IR lasers

The first evidence of the use of IR radiation for micro-organism inactivation was
presented in 1975, by Molin and Ostilund.® The research involved unfocused lasers
to sterilise bacterial spores on metal substrates. Soon after in 1976, Pratt* performed

similar research investigating the effects of unfocused CO, and CO lasers to
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deactivate bacterial spores on metal and paper substrates. In this case, sterilisation
was accomplished thermally, by rapidly heating the surface to temperatures
exceeding 500 °C. However, a water treatment apparatus was not developed until
2002, when Baca® developed a near-point near-IR laser water treatment apparatus for
use in dental hand-pieces. To date research on water sterilisation using a mid-IR
laser technique is extremely limited and as such, warrants further, in-depth

investigation.

2.1.4 Micro-organism models for water treatment

As each group, genus and species of micro-organism is different from the next, it
would be ideal if a new treatment regime was tested on all the different types of
micro-organisms which are potentially present within a water sample. Unfortunately,
this is inefficient, time-consuming and expensive. A more economical approach uses

model organisms from each group to test the treatment method.

2.1.4.1 Bacterial models

Microbial indicators of water quality are commonly used within the water treatment
industry.® According to the World Health Organisation (WHO), examinations for
faecal indicator bacteria in drinking water remain the most sensitive and specific way
of assessing the hygienic quality of water.” It is stated that the faecal indicator
bacteria are universally present in high numbers in the faeces of humans and warm-
blooded animals, readily detectable by simple methods, and should not grow in
natural water. Furthermore, it is essential that their persistence in water and their
degree of removal in water treatment are similar to those for waterborne pathogens.
Bacteria which fall within this group include E. coli, other coliform bacteria, and to a

lesser extent, faecal streptococci.8

The thermotolerant coliform bacteria are defined as a group of organisms able to
ferment lactose at 44 — 45 °C and comprise the genus Escherichia as well as species
of Klebsiella, Enterobacter and Citrobacter. Thermotolerant coliforms other than E.
coli, may also originate from organically-enriched water such as industrial effluents

or from decaying plant materials and soils. Regrowth of thermotolerant coliform
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organisms within the distribution system is unlikely, unless sufficient bacterial
nutrients are present, unsuitable materials are in contact with the treated water or

water temperature is above 13 °C and no free residual chlorine is present.’

The term coliform bacteria refers to gram-negative, rod-shaped bacteria capable of
growth in the presence of bile salts or other surface-active agents with similar
growth-inhibiting properties which are able to ferment lactose at 35 — 37 °C with the
production of acid, gas and aldehyde within the time-frame 24 — 48 hours.’ They are

also oxidase-negative and non-spore-forming and display p-galactosidase activity.

The Enterobacter genus, which was used in this investigation, is characterised by
straight, Gram-negative rods, which are motile by peritrichous flagella (generally 4 —
6), facultatively anaerobic, and ferment glucose with the production of acid and gas.’
Optimum growth range for these organisms is 20 — 37 °C depending on its source
(20 — 30 °C for environmental isolates and 37 °C for clinical isolates). Interestingly,
E. cloacae is less susceptible to chlorination than E. coli*® and thus perhaps a more

robust model organism to study.

2.1.4.2 Protozoan models

Protozoan cysts, in particular organisms which cause giardiasis and
cryptosporidiosis, constitute the most frequently identified cause of waterborne
diseases in developed countries.* Due to repeated outbreaks of cryptosporidiosis in
the United States of America and Europe, understanding the responses of pathogenic
micro-organisms to disinfection has become an important issue. Many cyst-forming
protozoa have been shown to be relatively resistant to conventional oxidative
disinfection processes.*? Several methods for direct detection*® of protozoan cysts
have been proposed; however, routine monitoring of cysts is limited because of its
high cost and serious methodological limitations. This led to the investigation into

the potential of surrogates to evaluate cyst removal/inactivation during drinking

14 1
l. |

water sterilisation processes. In 1996, Rice et al.”™ and Coallier et al.™ assessed the
use of bacterial aerobic spores to monitor the efficiency of various water treatments
and concluded that aerobic spores are a reliable and simple indicator of overall

treatment performance and it is possible to correlate their removal with those of
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protozoan cysts. More recently, Dow and co-workers™ further investigated the
impact of selected water quality parameters on the inactivation of B. subtilis
endospores by monochloramine and ozone and formed similar conclusions to those

previously presented.

Endospore-formers primarily consist of species within the genus Bacillus.”*’ The
endospores are ellipsoidal to spherical in shape and on average are approximately
0.50 x 1.0 x 2.0 um. The structure of the endospore is much more complex than that
of vegetative cells in that it has many layers. The outermost layer is the exosporium,
a thin, delicate covering consisting of protein. Within this are the spore coats,
composed of layers of spore-specific proteins. Below the spore coat is the cortex,
which consists of loosely cross-linked peptidoglycan. Inside the cortex is the core or
spore protoplast which contains the usual cell wall, cytoplasmic membrane,
cytoplasm and nucleic acids etc. One compound characteristic of endospores, but not
present in vegetative cells is dipicolinic acid, found in all endospores and located in

the core.

Endospores are noted for their resistance to various environmental pressures,
including heat, drying, radiation, chemical disinfectants and acidic conditions, and

can remain dormant for extremely long periods of time."’

Previous studies of IR radiation effects using CO, lasers used B. subtilis endospores
as the model organism, most likely due to the above resistance characteristics.
Although disinfection was obtained, a metal substrate was used in an air medium.
Therefore, due to this promising outcome, the efficacy of this technique for water

disinfection will be explored here.

2.2 Aims and objectives

The aim of this section of work was to determine the efficiency of CO; IR laser
irradiation for water disinfection purposes using E. cloacae and B. subtilis

endospores as bacterial and protozoan model organisms, respectively.
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Obijectives:

1. To compare IR radiation disinfection of the bacterial and protozoan
model organisms to UV water disinfection techniques.

2. To investigate the effect of the IR radiation on the structure and
composition of the test micro-organisms using FTIR-ATR spectroscopy.

3. To apply chemometric data analysis techniques to further analyse FTIR

spectra obtained in objective 2.

4, To apply the IR radiation disinfection procedure to various carbohydrates in
solution.
5. To investigate structural changes which occur during objective 4, using

FTIR-ATR and Raman spectroscopy.

2.3 Experimental
2.3.1 Bacterial methodology

2.3.1.1 Microbiological media and components

Microbiological media and additional high-grade chemical components were sourced

from Oxoid, Difco and Sigma-Aldrich.

2.3.1.2 Autoclaving

Sterilisation of bacteriological equipment and media was carried out using a bench-

top autoclave (Exacta) at 121 °C for 15 minutes.

2.3.1.3 Enterobacter cloacae

2.3.1.3.1 Growth of E. cloacae cells

Fresh cells were grown for each day’s experiments.

E. cloacae (QUTO087) was grown on Nutrient Agar (NA) (Oxoid). A culture was
prepared by subculturing from an existing culture held in the QUT culture collection.

A pure colony grown on NA was removed using a pre-sterilised bacterial swab and

54



Chapter 2

resuspended in sterile 4.5 cm® 0.9 % NaCl (saline) solution. A fresh sterile bacterial
swab was then inserted into the resuspended culture solution and used to create a
lawn inoculation onto sterile NA. Inoculated NA plates were incubated at 30 °C for
15 hours.

2.3.1.3.2 Harvest and purification of E. cloacae cells

A sterile bacterial swab was used to remove half of the cells from the incubated NA
plates. Cells were resuspended in sterile 9.0 cm® 0.9 % NaCl solution and
centrifuged (MSE Centaur 2) at 2000 rpm for 10 minutes. The supernatant was

discarded and the cells resuspended in 9.0 cm® of sterile 0.9 % NaCl solution.

2.3.1.4 Bacillus subtilis endospores

2.3.1.4.1 Growth of B. subtilis endospores

B. subtilis (UQ40) was grown on R2A Agar (Oxoid) by subculturing from an
existing culture held in the QUT culture collection. A pure colony grown on R2A
was removed using a pre-sterilised bacterial swab and resuspended in sterile 4.5 cm®
0.9 % NacCl (saline) solution. A fresh sterile bacterial swab was then inserted into the
resuspended culture solution and used to create a lawn inoculation onto sterile R2A.

Inoculated R2A plates were incubated at 35 °C for 15 days.

2.3.1.4.2 Harvest and purification of B. subtilis endospores

Spores were harvested following a method comparable to one used by Facile and co-
workers.'® Spores were collected by swabbing the agar using a sterile moistened
swab and suspending into sterile phosphate buffer. Centrifugation (Qualitron DW-
41) at 3500 rpm for 30 minutes, removal of supernatant and resuspension in sterile
phosphate buffer followed. The centrifugation and washout procedure was repeated.
Suspension was placed hermetically into a waterbath at 75 °C for 15 minutes and

then refrigerated at 4 °C. This suspension was kept for up to 1 year.
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2.3.1.5 Detection of bacterial cells

The detection of E. cloacae and B. subtilis cells/endospores before and during IR and
UV experiments was performed by plating onto NA. B. subtilis samples were placed
hermetically into a waterbath at 75 °C for 15 minutes before plating onto NA. Agar
plates were poured in a sterile environment and stored at 4 °C until required. Plates

were stored for a maximum of 48 hours before being discarded.

To obtain between 5 and 50 colony forming units (CFU’s) per plate, a range of
dilutions were prepared. Dilutions were carried out in sterile 0.9 % NaCl solution.
Care was taken to ensure adequate mixing of the diluted solution before samples
were removed. NA agar was incubated at 30 °C for 24 + 2 hours before visual

identification of the number of colonies present. Results are reported in CFU cm’.

Confirmatory tests were performed on a regular basis to ensure aseptic techniques
were being used. This was to ensure that the bacterial culture examined was indeed a
pure culture. Confirmatory tests for E. cloacae were performed using API-20E
(Biomerieux) rapid testing kits. B. subtilis confirmatory tests included: the inability
to grow anaerobically; butanediol fermentation via the VVoges Proskauer test; and the

reduction of nitrate to nitrite.*°

2.3.2 IR laser reactor configuration

IR degradation studies were performed using a glass batch reactor (see Figure 2.2).

CO, laser

Gold-coated
focusing mirror

Gold-coated
focusing mirror

50 mm

Reaction vessel

22 mm

Figure 2.2 Schematic representation of IR reactor instrumental set-up

56



Chapter 2

Reactor specifications are shown in Table 2.1. IR irradiation was provided using a
Series 48 CO;, laser (Synrad) emitting primarily at 10.6 um. Maximum out-put at full
power was determined to be approximately 27 W. The applied dose rate was 8.59 W
cm?; however the IR radiation was only applied to a volume of 0.00628 cm®, which
constituted just 1/116™ of the total reactor volume (see section 2.3.3). Constant light
intensity was obtained by switching on the laser 20 minutes prior to commencement
of experiments. Two gold-coated mirrors were used to focus the IR beam from above
the reaction vessel. Temperature within the reaction vessel was measured using a

thermometer probe (HI 765) linked to a digital readout device (Hanna).

Table 2.1 Specifications of IR Reactor

Dimensions of IR Reactor

External diameter (mm) 22
Height (mm) 50
Reactor volume (cm®) 10.0

2.3.2.1 IR treatment protocol for E. cloacae and B. subtilis endospores

The micro-organisms were tested using the IR laser reactor described above. 10 cm®
of 18 MQ cm Milli-Q water with ~ 1 x 10° CFU cm™ of E. cloacae or 1 x 10" CFU
cm™ of B. subtilis endospores were added to the reaction vessel. The resulting
suspension was kept in the dark at 4 °C prior to IR treatment to minimise alterations
of the cellular constituents. IR treatment consisted of repeated cycles of 10 second
laser pulses, followed by mixing for 5 seconds. IR irradiation was applied for a total
of 0, 10, 30, 60, 120, 180 and 270 seconds. Immediately after IR exposure was
completed, the cells were again kept in the dark at 4 °C until detection procedures
were performed. Detection was performed as soon as practicable after completion of
IR treatment (delay was no greater than 1 hour). Experiments were performed in

duplicate.
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2.3.3 Penetration depth of CO, laser beam into water

The depth of penetration of IR radiation into the test substrate is of great
significance, as this determines how far into the substrate inactivation effects are
expected to occur. According to Lambert-Bouguer law, the attenuation of the

radiation power (K) is:*°

K= exp(_aLabs) 2.3

where Laps is the absorbing-layer depth in centimetres; « =4zy/A is the Bouger

linear absorption coefficient, and y is the absorption index ( z,,, =0.091).

From this it is calculated that the absorption depth of 10.6 um CO; laser radiation is

64 um, with 90% of the energy being absorbed in the layer the depth of ~ 20 pum.

2.3.4 UV reactor configuration

UV irradiation degradation studies were performed using a batch reactor

configuration (see Figure 2.3). Reactor specifications are shown in Table 2.2.

To exhaust
A
11
Low-pressure
100 mm
15 mm$

Reaction vessel

Figure 2.3 Schematic representation cross-sectional view of UV reactor instrumental set-up

The sample vessel was irradiated from above using a low-pressure mercury vapour
lamp which primarily emits UVC radiation at 254 nm. The applied dose rate at the
reaction vessel was calculated to be 5.4 mW cm™. The total irradiated surface area
was 31.42 cm® which consisted of 1/30™ of the total reactor volume. The lamp was
encased in an opaque box, equipped with an extraction fan. Constant light intensity
was obtained by switching on the lamps 20 minutes prior to experiment

commencement.
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Table 2.2 Specifications of UV Reactor

Dimensions of UV Reactor

Internal diameter (mm) 100
Height (mm) 15
Reactor volume (cm?) 10.0

2.3.4.1 UVC treatment protocol for E. cloacae and B. subtilis endospores

The micro-organisms were tested using the UVC reactor described above. A volume
of 10 cm® of 18 MQ cm Milli-Q water with ~ 1 x 10° CFU cm™ of E. cloacae or 1 x
10" CFU cm’ of B. subtilis endospores was added to the reaction vessel. Light was
excluded from the bacterial suspension at 4 °C until the start of the experiments to
minimise alterations of the cellular constituents. Exposure times were 0, 10 , 30 60,
and 120 seconds. Immediately after treatment was completed, the cells were again
kept in the dark at 4 °C until detection procedures were performed. Detection was
performed as soon as practicable after completion of UV treatment (delay was no

greater than 1 hour). Experiments were performed in duplicate.

2.3.5 Determination of bacterial constituents using FTIR-ATR

spectroscopy

IR spectra were obtained using a Nicolet 870 Nexus Fourier Transform IR
spectrometer equipped with a DTGS TEC detector and an ATR objective (Nicolet
Instrument Corp., Madison, WI). An Optical Path Difference (OPD) velocity of
0.6329 cm s™ was used. The aperture was set to 100, and a gain of 8 used. The ATR
accessory was a Smart Endurance single reflection ATR accessory with a composite
diamond internal reflection element (IRE) with a 0.75 mm sampling surface and a
ZnSe focusing element. 0.2 cm® bacterial samples were rinsed using the harvest
procedure outlined above (0.2 cm? rinse solution was added) and a 1.0 uL sample
was then air-dried onto the diamond IRE for 50 minutes to remove excess water
before spectral collection. Spectra were collected in the spectral range 4000 — 525
cm™ with 128 scans at a 4 cm™ resolution, and are corrected for the wavelength
dependence of the ATR experiment. Sample spectra were collected in single beam

mode then the IRE was cleaned immediately and a background spectrum collected.
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This was to minimise CO, and water vapour effects. All spectra were normalised to
the amide | band around 1650 cm™ In some figures spectra are offset for clarity.
Chemometric analysis was performed using Grams32AIl computer software package

with the PSC-IE chemometric add-in (Galactic industries, Salem, NH).

2.3.6 Choice of model carbohydrates

To aid in the interpretation of the spectral differences observed within the
carbohydrate region of the collected FTIR spectra, further investigation into the
effect of IR radiation on model carbohydrates was undertaken. These model
compounds needed to be inexpensive, water soluble, easily analysed, and present
within the bacterial cell under standard conditions. The mono-saccharides: D-
glucose; ribose; and NAG were chosen as they fulfil the above requirements, most
importantly, they are found within E. cloacae.'® A slightly more complex sugar, the

di-saccharide, sucrose, was also chosen.

""OH

Figure 2.4 Chemical structure of N-acetyl-D-glucosamine

2.3.7 Determination of effect of laser IR treatment on chosen

carbohydrates

D-glucose, NAG, D-ribose and sucrose were each suspended in 10 cm® of 18 MQ
cm Milli-Q water at a final concentration of 0.4 mol dm™. The resulting suspension
was kept in the dark at 4 °C until experiments were commenced to minimise possible
alterations. The IR laser was switched on 20 minutes prior to experiment
commencement. Experiment was commenced upon exposure of the reaction vessel
to the IR radiation via a series of mirrors. Treatment was performed in 10 second

laser pulses, followed by mixing for 5 seconds. Total treatment times were 0, 10, 90,
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and 270 seconds. Immediately after treatment was completed, the suspensions were

again kept in the dark at 4 °C until detection procedures were performed.

2.3.8 Determination of selected carbohydrates and their break-

down products by FTIR-ATR spectroscopy

IR spectra were obtained using a Nicolet 870 Nexus Fourier Transform IR
spectrometer (using the same equipment parameters and spectral collection methods

outlined in section 2.3.5).

A sample of 1.0 uL of carbohydrate was air-dried onto the diamond IRE for 50
minutes to remove excess water before spectral collection. Alternatively, sample
solutions were dried under vacuum until a white powder was obtained. Powder
samples were then transferred to the ATR crystal element and the pressure clamp
engaged to ensure good sample contact with the ATR element. FTIR spectra were
obtained immediately, as described above. Dried samples were stored at -15 °C as
specified by manufacturer (Sigma-Aldrich).

2.3.9 Determination of selected carbohydrates and their

breakdown products by Raman spectroscopy

Raman spectra were obtained of NAG samples which were dried under vacuum,
using a Renishaw Raman Microscope System 3000 (Renishaw, Gloucestershire, UK)
containing a Leica microscope equipped with a short working distance 50x objective
lens and CCD detector (578 x 385 pixels). The spectra were excited by the 532 nm
line of a frequency-doubled diode-pumped Nd-YAG laser. The spectral range was
4000 — 100 cm™ and two spectra were accumulated. Spectral information was
extracted by means of spectral analysis software (GRAMS/32, Galactic Industries
Corp., Salem, NH).

2.3.10 Statistical analysis

Where appropriate, the standard error, which shows the variation with an analytical

or sampling method, was calculated and illustrated with the corresponding results.
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Standard error is defined as the standard deviation of a sampling distribution with
respect to size of sampling distribution. Standard error is dependant on sample size,
as an increase in sample size tends to reduce the standard error. The formula for

calculation of standard error of a mean® is (om) shown Equation 2.4.

oy =oln 2.4

where o is the standard deviation and n is the sample size.

2.4 Results and discussion

2.4.1 Model inactivation using IR and UV treatment

2.4.1.1 E. cloacae

Figure 2.5 shows the percentage inactivation of E. cloacae during exposure to the IR
laser and UV treatment regimes. In both experiments, a similar initial cell
concentration was used (~ 1 x 10° CFU cm™). Upon initial comparison of the two
experiments, it can be immediately seen that cell inactivation occurred over a much
shorter exposure time during UVC irradiation experiments compared with IR
irradiation experiments. 95% inactivation of E. cloacae cells occurred after 10
seconds of UVC exposure, whereas 270 seconds of IR exposure was required for the

same level of inactivation.
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Figure 2.5. Inactivation of E. cloacae as a function of time during IR laser and UVC treatment
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Both treatment methods follow pseudo-first order kinetics. Therefore, inactivation

rates were calculated using Chick’s law:**

|n(ﬁJ Kt 25
NO

where N is the viable micro-organism concentration at time, t; No is the initial viable
micro-organism concentration; and k is the inactivation rate of the micro-organism.
The concentration of micro-organisms at each sampling point was ratioed against the
initial concentration of micro-organisms, and the natural log of these points was
plotted. The resulting slope of the line is the rate inactivation rate. Table 2.3 displays

the inactivation rates for E. cloacae experiments during IR laser and UV treatment.

Table 2.3 Inactivation rates for E. cloacae treated with IR laser and UV treatment

Treatment % Inactivation Rate  Inactivation Rate R
Inactivation  cryem®si10%)  (CFUem? ki)
after 60 s
IR (10.6 um) 81.83 2.51 0.0154 0.972
UVC (254 nm) 99.99 10.25 4.03 0.865

At first glance, the inactivation rate for UVC treatment appeared faster than that
obtained using the IR laser (10.25 CFU cm™ s 10 compared to 2.51 CFU cm® s
102, respectively). This was also true when the applied dosage was taken into
account: UVC showed a rate of 4.03 CFU cm™ kJ'*, compared with IR with a rate of
0.0154 CFU cm™ kJ™. Whilst the IR laser treatment system was found to be less
effective than UVC irradiation, it did inactivate a significant proportion of E. cloacae
cells within the water. To determine if the IR treatment method was suitable for

water treatment purposes, it was then applied to the chosen parasite model organism.
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2.4.1.2 B. subtilis

Figure 2.6 shows the inactivation of B. subtilis endospores during exposure to the IR
laser and UV treatment regimes. While the reduction profile during UV treatment
was similar to that of E. cloacae, the cell inactivation rate was slower, due to the
increased resistance of the endospores to UVC radiation. Despite this, 99.9%
inactivation was attained after two minutes UV exposure. It was apparent that IR
exposure did not cause any B. subtilis endospore inactivation and, in fact, resulted in

an 270% increase in cell numbers after 60 seconds of IR exposure.
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Figure 2.6. Inactivation of B. subtilis endospores as a function of time during IR laser and UVC

treatment

Table 2.4 displays the inactivation rates calculated using Chick’s Law. These
highlight that IR treatment produced no inactivation of endospores and in fact,
caused an increase in cell numbers during treatment at a rate of 2.96 x 10° CFU cm™®
kJ™. UVC treatment produced a significant reduction in cell numbers at a rate of 2.40
CFU cm™ kJ™. In comparison to vegetative cells, the UVC treatment inactivation
rate of endospores was approximately 40% lower than that obtained for vegetative

cells, i.e. E. cloacae.

2.4.1.3 Control experimentation

No significant inactivation of E. cloacae was seen during the dark controls for UVC

experiments where a similar bacterial suspension was kept in the dark; however, due
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to an increased delay between experiment commencement and detection methods for
IR experiments, a 32 % inactivation was observed in IR dark control. No inactivation

occurred for B. subtilis endospore controls.

Table 2.4 Inactivation rates for B. subtilis endospores treated with IR laser and UVC treatment

Treatment % Inactivation Rate  Inactivation Rate R
Inactivation  (crycm?st10%)  (CFU em? ki)
after 60 s
IR (10.6 um) -272 -4.8 -0.00296 0.995
UVC (254 nm) 87.86 61.1 2.40 0.959

2.4.1.4 Effect of temperature

Effects due to temperature changes within the water medium appeared to occur
during the IR laser experiments, due to localised heat transfer from the laser to the
substrate. Recently, Baranov and co-workers®® investigated modifications of
biological polysaccharides and yeast cells in water droplets by CO; laser radiation.
By measuring the water temperature in a heat-insulation collector it was discovered
that an experimental increase in the temperature of a water droplet irradiated with 50
W of 10.6 pum radiation occurred. This was determined to be very small (2.75 K).

However, the interaction time was only 8.7 ms.

Evidence for heat transfer in the present study is two-fold:
1. Increase in B. subtilis endospore concentration during IR treatment.

B. subtilis endospores have been shown to germinate upon heat treatment at
temperatures greater than 50 °C.?>? Overall water sample temperatures increased to
a maximum of 47.5 °C after 270 seconds of IR laser treatment, with localised boiling
of the water surface layer occurring. This would result in significant germination of
B. subtilis endospores as witnessed by a 400% increase in endospore numbers after
IR laser treatment for 270 seconds. This is a result of the laser providing enough
latent heat to commence germination. Conversion of endospores into vegetative cells

occurs within 30 minutes of germination.** An unavoidable delay of one hour
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occurred between IR treatment and commencement of detection techniques. Despite
samples being kept at 4 °C during this time, it is probable that cellular processes

were initiated, resulting in the increased viable counts.

2. Localised heating of the E. cloacae samples.

As stated above it is known that CO; lasers transfer heat to the substrate. The overall
temperature of the sample solutions was recorded throughout experiments. Water
sample temperatures ranged from 23 °C before treatment and increased to a
maximum of 47.5 °C after 270 s of treatment. E. cloacae’s optimum temperature
range is 30 — 37 °C." Therefore, the sudden increase in temperature beyond E.
cloacae’s optimum most likely resulted in the observed cell death. Initial reduction
in cell concentration could be due to localised heating in the uppermost sample layer,
thus inactivating any cells within this region. During mixing, this layer would be
replenished with live cells, which would be Kkilled in the next laser pulse. This
process would continue, but as the overall temperature of the sample went beyond
the optimum range, inactivation would occur more rapidly due to the higher
temperature throughout the entire sample.

24.15 FTIR spectroscopy

Further analysis using FTIR-ATR spectroscopy was applied to understand the
processes occurring during IR laser treatment. FTIR spectroscopy has proven a
useful technique for investigating cellular changes within micro-organisms.*® The B.
subtilis endospore spectra showed only negligible changes after IR treatment.
However, significant spectral changes occurred in the E. cloacae cells during IR
treatment (see Figure 2.7 for representative spectra, normalised to Amide | band at
1640 cm™).
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Figure 2.7. FTIR-ATR-corrected, normalised absorbance spectra of E. cloacae before and after

IR laser treatment for 30 s.

The v(NH) region (~3200 cm™) denoted as the amide A and the v(CH) region (3000
— 2800 cm™) due to fatty acids and methane groups show increased spectral intensity

t.2° Spectral variation within the region 1700 — 1500 cm™, dominated

after treatmen
by amide vibrations also occurred. The bands within this region are due to v(C=0) at
~1635 — 1700 cm™ denoted as amide I, and 8(NH) and v(CN) at ~1550 — 1520 cm™
denoted as amide Il. Assignment of these to protein confirmations revealed that
proteins of the sample before treatment primarily consisted of B-turn and random

coil configurations, while after treatment a-helices and random coils dominated.?®

A reduction in spectral intensity after IR treatment occurred in the mixed region
(1450 — 1220 cm™) and is composed of two minor groups of variations: proteins, free
amino acids and polysaccharide vibrations (1450 — 1400 cm™); and the DNA/RNA
and phospholipid vibrations (1250 — 1200 cm™). This region had the same peak
profile after IR treatment, but again differences in intensities were seen, with smaller
intensities seen after treatment which indicated changes to these compounds during

treatment.
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The polysaccharide region (1200 — 900 cm™) contains the v(CO), v(CH), 5(COH)
and 6(COC) modes of vibration and showed the most significant differences during
IR treatment. This was of interest as it is in this region that the laser emission will be
directly absorbed. The increased carbohydrate content could be a consequence of the
breakdown of long chain carbohydrate molecules into shorter chains, or single units,
increasing the relative peak intensities within this region. Comparisons of the
spectral intensity changes at 1066 cm™ with respect to treatment time revealed some
interesting observations (see Figure 2.8). The optimum temperature range of E.
cloacae is 30 — 37 °C,'° and an increase in carbohydrate content was seen in those
treated samples whose temperature was brought within this range. At this
temperature, bacterial cells have the greatest ability to repair and renew damaged
cellular components. As the IR laser used primarily emitted irradiation within the
‘carbohydrate’ region, it was more likely that the increased carbohydrate content
seen within the bacterial samples was due the repair of damaged carbohydrates and

increased production of new carbohydrate molecules.
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Figure 2.8. Change in intensity of 1066 cm™ band (carbohydrate) of E. cloacae as a function of

IR treatment time (- ¢-); temperature change during IR treatment (- m-).

2.4.1.6 Chemometric analysis

Chemometric analysis, specifically Principal Component Analysis (PCA) was
applied to the FTIR-ATR spectra obtained for both E. cloacae and B. subtilis

endospores using the IR laser and UV treatment regimes. The only experimental data
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set which showed cluster separation was the IR laser treated E. cloacae samples;
however, cluster overlap was still seen. The entire spectral region was investigated,
but it was the region from 1760 — 850 cm™ that showed separation (Figure 2.9).
Here, the before and after samples were separated by the PC 2 axis, predominately
governed by positive factor loadings peaks (Figure 2.10) at 1625 cm™ (amide 1),
1520 cm™ (amide 11) and 1240 cm™ (phosphodiesters), and negative peaks at 1060
cm™ (carbohydrate) indicated that untreated samples contained more protein, due to
the increased amide | and Il intensities, and that treated samples possessed a higher

carbohydrate content than their untreated counterparts.
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Figure 2.9. PC1 vs PC2 Scores plot of E. cloacae IR treatment spectral data set from

1760 — 850 cm™.
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Figure 2.10. PC2 Loadings plot of E. cloacae IR treatment spectral data set. NB. Only the region

from 1760 — 850 cm™ was used for analysis shown in Figure 2.9.
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2.4.2 Effect of IR treatment on carbohydrates

To attempt to further understand the changes within the carbohydrate region of the E.
cloacae FTIR spectra, the IR laser treatment system was applied to several model
carbohydrates in water: D-glucose; sucrose; ribose; and NAG. E. cloacae contains
D-glucose, ribose and NAG within its cellular constituents. FTIR spectroscopic
analysis revealed no structural changes within D-glucose, sucrose and ribose after IR
laser treatment; however, structural changes within NAG were apparent (Figure
2.11). See Table 2.5 for full peak assignments in the region 1650 — 750 cm™. The
most notable differences were a general broadening of most bands, especially from
1200 — 880 cm™. This region is assigned to combinations of C-O and C-C stretching,
as well as C-O-H and C-O-C bending vibrations of carbohydrates.”” Determination
of carbohydrate a- and B-conformers was possible using three bands: 915 cm™,
attributed to asymmetrical ring vibrations; 840 or 890 cm™ to the Cy-H deformation
mode; and the third at approximately 770 cm™, due to the symmetrical ring breathing

vibration.?®
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Figure 2.11. FTIR-ATR spectra from 1800 — 500 cm™ collected from air-dried untreated NAG
samples and after IR laser treatment for 0 (negative control), 10, 90 and 270 seconds. Spectra

were normalised to the amide | band and are offset for clarity.
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The occurrence of a band at 842 cm™ in both treated and untreated samples was
indicative of a-conformers present in both these sample types.26 However, the
relative intensity of this band was approximately half after IR laser treatment
indicating some damage to the ring structure occurred. The presence of the anti-
symmetrical ring vibration (untreated 912 cm™; treated 910 cm™) and the
symmetrical ring breathing vibration (untreated 775 cm™; treated 771 cm™) indicated
that laser irradiation did not result in permanent ring opening. The continued
presence of the band at ~1623 cm™, predominately attributed to the v(C=0), was
indicative that the amide | group was still present after IR treatment, hence it
appeared that the amine group was not cleaved during exposure to the IR laser

treatment.

Table 2.5 FTIR Peak positions and assignments of bands in the region 1800 — 500 cm™ for NAG

Band position (cm™) Vibrational assignment Reference
1621 Amide I: predominately 2
v(C=0)
1542 Amide I1: predominately 2
Sip(N-H)
1465 8(CH,) 2
1423 3(C-H), 3(0-H) %0
1415 3(C-H), 3(0-H) %0
1373 8(C-H), 8(0-H) %0
1360 3(Ce-Hy) 3
1319 CHs %0
1284 Ce-OH, C;-OH %
1253 3(C1-H) %0
1224 3(CHy) %0
1203 - -
1145 3(C1-H) %0
1120 3(C-O-H) %0
1103 - -
1076 3(C1-H), 5(C-O-H) %0
1035 v(C-OH) 27
1022 3(C-O-H) %0
1000 CHs %0
968 rocking (C-CHs) 2
943 as(00p) ring 27
919 2s(ring breathing) 27
912 3(C1-H), 8(C-O-H) %0
900 CH %0
860 - -
842 8(C1-H) o conformer %
775 s(ring breathing) %0
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It was thought that the drying of the carbohydrate sample on the ATR crystal before
FTIR sampling could have an effect on the NAG structure due to possible O, or
thermal degradation. Therefore NAG samples which were untreated and those
exposed to IR laser treatment were dried under vacuum and FTIR spectra collected
immediately upon exposure to the ATR element. Figure 2.12 displays spectra
collected from samples dried under vacuum. It was readily seen that no discernable
changes were apparent after IR laser treatment. Therefore it was thought that
changes observed in Figure 2.11 were due to partial O, degradation of the NAG

samples due to drying in air prior to spectral collection.
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Figure 2.12 FTIR-ATR spectra from 1800 — 500 cm™ collected from untreated NAG and after
IR laser treatment for O (negative control), 30, 90, 180 and 270 seconds, dried under vacuum.
Spectra were normalised to the amide | band and are offset for clarity.

Raman spectra were also collected from NAG samples both before and after
treatment, dried under vacuum. Figure 2.13 displays these spectra which were
normalised to the band of maximum intensity (2940 cm™). Table 2.6 shows the
collated vibrational peak positions and assignments for bands found within the

Raman spectra. When examining the spectra in the region from 3500 — 3100 cm™,
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notable differences were apparent after the samples were exposed to the IR laser
treatment. A marked increase in the intensity of the 3460 cm™ band was seen. This
band is assigned to anti-symmetric stretching vibrations of (NH,) in primary
amines.”® Therefore, it was thought that the carbonyl group of the amide within NAG
could have been cleaved during IR laser treatment. This was further supported by a
notable decrease in intensity of the amide A. The spectral profile of the 3000 — 2550
cm™ region was similar before and after exposure, with only slight changes in
intensities seen, leading to the conclusion that CH, and CH3 groups were left largely

unchanged during IR laser treatment.
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Figure 2.13. Raman spectra of untreated NAG and NAG treated for 270 seconds. Note:
Intensity scales differ.

When examining the spectra in the region from 1800 — 200 cm™, in-depth analyses
revealed significant differences. Firstly, the band at 1333 cm™ shifted to 1319 cm™
after IR treatment, while the peak at 1281 cm™ was also reduced during the IR laser
treatment. The band at 1137 cm™ shifted to lower wavenumber at 1129 cm™. The
bands which showed increases with IR laser treatment were 1475 cm™, 1431 cm™
(which split into two bands), 1137 cm™ and 866 cm™. These peaks were attributed to
Cs-H,, COH, CH, and OH bending vibrations, as well as ring breathing vibrations,
respectively.
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Table 2.6 Raman peak positions and assignments of bands for NAG

Band position (cm™) Vibrational assignment Reference
3460 vas(NH>) 2
3400 v(OH) 3
3325 Amide A 3
3020 CHjs in acetyl amino 3
2995 v(Cy-H) 3
2940 v(Cg-H) 3
2913 v(Cg-H) %
2895 v(Cg-H) 3
2829 CHjs in acetyl amino 3
1621 Amide I: predominately s

v(C=0)
1475 CHs, C¢-H,, COH =
1432 3(C-H), 5(0O-H) %0
1381 CHs =
1363 §(C-H), 5(0-H) =
1332 CHs, C¢-H,, COH 3033
1280 Cs-OH, COH =
1258 3(C1-H) 3
1208 Ring Vibration =
1153 CO, v(C-C), 8(C-OH) 0
1137 Ring breathing =
1093 v(C-C) =
1052 3(C1-H) 3
1020 3(C-O-H) 3
1003 CHs, Ce-H> =
975 Ring breathing =
930 vs(C-0-C) 3
917 C1-H, 3(Ce-OH) %0
864 Ring breathing =
790 Skeletal modes 33
578 Skeletal modes 33
482 Skeletal modes 33
359 Skeletal modes 33
300 Skeletal modes 33
267 Skeletal modes 33

This was consistent with the hypothesis that the cleavage of the carbonyl group from
the amide would produce a more stable ring system, leading to increased vibrational
intensity of bands arising from the relevant functional groups. It was thought;
however, that only a small portion of NAG within the sample solution was affected
during the IR laser treatment process. As FTIR samples the bulk, while Raman

samples were performed on single crystals, this could account for why no changes
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were witnessed in the FTIR spectra, compared to Raman spectra. To further degrade
NAG, increased treatment times would be necessary, however this would require
further safety precautions due to the temperature increase of sample solutions
experienced upon IR laser exposure. However, as the IR laser treatment method was
proven to be ineffectual at inactivating the parasite model organism, this line of

investigation was brought to a close.

2.5 Conclusions

CO, laser irradiation was tested for inactivation efficiency, and compared to that of

UV irradiation, of E. cloacae and B. subtilis endospores in Milli-Q water.

In water, illumination by IR radiation produced 99.99 % inactivation of E. cloacae
after 270 seconds exposure. In comparison, 30 seconds of UV irradiation produced
the same level of inactivation. The inactivation rates for E. cloacae, for the IR
treatment (0.01.54 CFU cm™ kJ™') was lower than that obtained using UVC
irradiation (4.03 CFU cm™ kJ™).

Although 32% E. cloacae inactivation occurred in the IR control experiments, the

rate of inactivation was significantly greater under IR experiments.

For B. subtilis endospores in water, UVC irradiation produced 99.9 % inactivation
after 120 seconds. However, an increase in viable concentration occurred after the IR
laser treatment. The inactivation rate for B. subtilis endospores during UV treatment
(2.40 CFU cm™ kJ™), however the inactivation rate obtained during IR treatment was
-2.96 x 10° CFU cm™® kJ™,

FTIR-ATR spectroscopy was used to further investigate cellular alterations
occurring during IR treatment. The most dramatic change that occurred was within
the polysaccharide region resulting in a marked increase in the spectral intensity.
Chemometric analysis was applied to the FTIR-ATR spectra obtained for both E.
cloacae and B. subtilis spores using the IR laser and UV treatment regimes. The only
experimental data set which showed cluster separation was the IR laser treated E.

cloacae samples; however, cluster overlap was still seen. It was determined that the
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separation seen during IR treatment was due to a decrease in protein content and an
increase in total polysaccharide. This highlighted visible changes identified during

FTIR spectral analyses.

As the IR laser used emitted within the polysaccharide region it was possible that
polysaccharides within the bacterial cell absorbed sufficient energy to be damaged,
which in turn could cause the cell to replace the lost molecules. It is possible that
excess production of these molecules occurred, or that the cells simply had not yet

reached equilibrium.

The effect of IR laser irradiation on select carbohydrates found within bacterial cells
was also investigated by FTIR-ATR and Raman spectroscopy. No discernable
changes occurred in glucose, sucrose and ribose. FTIR spectra collected from NAG
samples showed subtle changes in the amide | and Il spectral regions and significant
differences within the carbohydrate spectral region, but it was shown that these
changes occurred due O, degradation while drying in air prior to FTIR sampling.
FTIR spectra obtained after vacuum dehydration of the NAG samples showed no
significant spectral differences after IR laser treatment. Raman spectra collected
using the same vacuum drying method, did however show small changes within the
amide group, leading to the hypothesis that the carbonyl group of the amide group
may have been cleaved during IR laser treatment. These changes did not correlate
with those seen within the FTIR spectra, but this may be due to comparisons of
‘bulk’ (FTIR) to finite (Raman) sampling methods. Increased IR laser treatment

times may have resulted in noticeable changes within the FTIR spectra.

Although inactivation after exposure of E. cloacae to IR irradiation occurred, the IR
laser treatment method failed to inactivate resistant micro-organisms, i.e. B. subtilis

endospores, and therefore this method is not suitable for water disinfection purposes.
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SUSPENSION AND IMMOBILISED PHOTOCATALYTIC STUDIES:
BACTERICIDAL EFFECT OF MICROWAVE TREATED T10,
FOR

DRINKING WATER TREATMENT

Note to Reader: The work described in this chapter was carried out by the candidate
under the supervision of Dr Geoffrey Will and A. Prof. Louise Hafner. All colloidal
dispersions utilised by the candidate were prepared by Aaron Matijasevich.
Immobilised photocatalytic investigations using the stirred-tank reactor were
performed by the candidate at the University of Ulster (NI), within the Northern

Ireland Bioengineering Institute, under the supervision of Dr Tony Byrne.
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3.1 Introduction

3.1.1 TiO, photocatalysis

In the search for a cost-effective solution to the removal of pollutants from water,
advanced photocatalytic oxidation (APO) processes have been heavily investigated.
TiO, photocatalysis has been identified as a possible alternative/complementary
drinking water treatment. A concerted effort to optimise TiO, properties during
synthetic processing and its post-treatment is underway.>’ Properties of TiO,
preparations, such as crystalline phase, grain size, surface area and volume can be
controlled by synthetic procedures. Although the final properties of the TiO, are
dependent upon its synthesis, it has been established that post-synthetic treatments
such as hydrothermal processing have significant effects on crystallinity and grain
size.>® During hydrothermal processing, such as high-pressure convection heat
treatment, Ostwald ripening occurs, where the growth of larger grains is favoured at
the expense of smaller particles due to the higher solubility of the latter.” Recently, it

has been ascertained that the same effect is generated by microwave irradiaton.'**

Microwave irradiation is an effective alternative to convection hydrothermal
treatment because it can accelerate reactions and may produce increased product
quality and yield.'* This technique, known as a high temperature activating
method,*® occurs via interactions between the high-frequency electromagnetic
radiation and the permanent dipole moment of the liquid-phase molecules as well as
intermediate metallic particles causing rapid localised-heating. This enables

recrystallisation, while the bulk solution remains at a moderate temperature.

TiO, possesses high photocatalytic efficiency, non-toxicity, stability and can be
obtained at a low cost.** Reactor performance is enhanced by dispersal of TiO,
powder in the treatment solution, due to increased surface area for pollutant hydroxyl
radical interaction. Photocatalytic slurry reactor configurations are simple and

inexpensive to construct; however, a catalyst removal stage must be incorporated.™
17
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3.1.2 Immobilisation of TiO,

As a result of the inherent difficulties of post-treatment catalyst removal,

immobilisation of the TiO, onto a solid support is gaining favour. Matthews'®*° w,

as
one of the first researchers to develop a treatment system with the catalyst
immobilised onto the reactor walls. Since then, numerous supporting substrates have
been trialled, which include glass, stainless steel, titanium alloy, fibres and
membranes.?>?* Pozzo et al.”® advocated that the substrate material should be
chemically inert, have a high specific surface, favour strong surface chemical-
physical bonding with the TiO; particles and be UV transparent. Glass is an example

of such a material and has been extensively used in photocatalytic studies.?***

Comparative studies between suspension and immobilised systems have been
performed. Mills and Morris® reported that 0.102 mg cm? glass-immobilised
catalyst was twice as photoactive as 0.5 mg dm™ suspended catalyst. While Dijkstra

|.27

et al.”" reported comparable quantum yields for immobilised and suspended systems

during the photodegradation of formic acid.

Adherence of the catalyst to the supporting substrate is also an important factor.
Many immobilisation techniques have been investigated which include dip-

28,29 4,30 31,32

coating, electrophoretic deposition™™ and sol-gel related methods, among

others.

A major disadvantage of immobilised films is mass transfer limitations between the
bulk of the liquid and the catalyst surface. Where mass transfer limitations exist, true
comparisons between inter-laboratory experiments cannot be performed as one is
only comparing the mass transfer in such reactors. Industrially, mass transfer
limitations will cause lower reactor efficiencies and lower the accuracy of measured

catalyst efficiencies and kinetics.®

3.1.3 Bactericidal effect of photocatalysis

TiO, with UV irradiation has been shown to exhibit strong bactericidal activity. The

|34

first evidence of this was presented in 1985, by Matsunaga et al** where they found

that microbial cells in water could be killed via contact with a TiO,-Pt catalyst
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irradiated with near-UV light. Since then, research on TiO, photocatalytic
destruction has been intensively conducted on a wide range of organisms including
viruses, bacteria, fungi, algae and cancerous cells.**" A number of authors have
proposed mechanisms for the bactericidal action of TiO, photocatalysis which

involve hydroxyl radicals.*****

3.1.4 Photocatalytic disinfection of water from environmental

sources

The majority of photocatalytic disinfection studies performed to date have used
laboratory-cultured micro-organisms suspended in distilled water or saline solutions.
However, several studies have used waters sourced from environmental origins

4041 honds* and

including secondary effluents from wastewater treatment plants,
streams.*® Inactivation of a number of microbial species has been achieved including
microbial indicator organisms. Investigations using environmental water samples
compared to distilled water or saline solutions show slower reaction kinetics, but
provide a more accurate perspective on the suitability of photocatalysis for drinking

water treatment.

3.2 Rationale

Following the development of colloidal TiO; via a microwave treatment method at
QUT, rigorous testing of its bactericidal activity was needed to determine its efficacy
as a novel photocatalyst. Comparisons of its photocatalytic efficiency would be made
with the commercially available Degussa P25, previously shown to be a highly
efficient and therefore popular photocatalyst, as well as TiO, manufactured using the
convection hydrothermal treatment method, known to produce colloids

characteristically similar to the microwave-treated TiO,.

3.3 Aims and Objectives

The two aims of this work were: to investigate the inactivation of bacterial indicator
organisms in water using photocatalytic TiO, slurry and immobilised reactors; and to

compare and contrast the efficiency of TiO, catalysts manufactured using a
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microwave-treatment method to the commercially available Degussa P25 and TiO;

manufactured via convectional hydrothermal treatment.

Obijectives:

1. To characterise TiO, catalysts using Brunauer-Emmett-Teller (BET), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses.

2. To perform preliminary investigations into the bactericidal effect of
microwave-treated TiO, on a bacterial indicator micro-organism in a slurry
reactor, and compare this to a commercially available catalyst and TiO, made
using conventional means.

3. To immobilise the TiO, catalysts onto a suitable substrate.

4. To investigate the immobilised microwave-treated TiO, photodegradation
efficiency using a model organic pollutant and to compare this to a
commercially available catalyst and TiO, made using convectional means.

5. To investigate the effect of shortening the UV wavelength on
photodegradation efficiencies of the chosen immobilised TiO; catalysts when
tested using the model organic pollutant.

6. To investigate the bactericidal effects of immobilised microwave-treated
TiO, on bacterial indicator micro-organisms suspended in river water
compared to a commercially available catalyst and TiO, made using

conventional means.

3.4 Experimental

3.4.1 Chemicals

All chemicals used were of general purpose or high purity grade and unless

otherwise stated were supplied by Sigma-Aldrich.

3.4.2 X-ray photoelectron spectroscopy

XPS spectra were obtained using a Kratos AXIS Ultra DLD spectrometer with Al
(mono) X-ray source set to 5 mA 15 kV, 75 W power output and a charge
neutralisation of 2.6 eV. Samples were prepared by pressing powdered TiO, into a

0.3 x 10 mm disc using a die cast. Survey scans were carried out from 1300 — 0 eV
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with a step size of 0.5 eV and dwell time of 100 ms. Lens setting was on Hybrid
mode with a sample area of 300 x 700 um and a pass energy of 160 eV. Analysis

was carried out using Vision Processing, version 2.25 (Kratos).

3.4.3 X-Ray diffraction

XRD spectra were collected using a Bruker D8 Discovery diffractometer with a
CuKa 1.54 A source with power set at 40 mA:40 kV. The tube angle was set at 0.75°
with a parallel snout tube aperture with 0.8 mm tube slit used. Powdered samples
were pressed into a 0.3 x 10 mm disc using a dye cast. Detector scans were collected
using a speed of 60 seconds per step with a fixed increment of 0.04° over the range
10 — 80 26. Diffraction scans were aquired using Bruker AXS DiffracPlus XRD
Commander version 2.3.1 software and analysed using Bruker AXS EVA2 version

9.0.0.2 computer software.

3.4.4 Brunauer-Emmett-Teller

Isothermal character, pore volume and pore size was determined by an 80 point
isotherm using an Autosorbl (Quantachrome) gas adsorption analyser. Neat powder
samples were dried at 100 °C under a constant flow of UHP N, on an Autosorb flow
preparation degasser for 18 hours. Data collection and analysis was performed using
PC control with Quantachrome AS1 (Win Version 1.50) computer software. Pore
volume and pore size were calculated by fitting the collected BET isotherm using the

Baret-Joyner-Halenda (BJH) algorithm.

3.4.5 pH and temperature measurements

pH was measured using a pH electrode (Gelpas BDH) linked to a digital pH meter
(Philips 9404). Temperature was measured using a thermometer probe (HI 765)

linked to a digital readout device (Hanna).
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3.4.6 Water sources

The river water used was obtained from the treatment plant inlet at the Dorisland
water treatment works (Northern Ireland). Analysis of the typical chemical content
of the river water is shown in Table 3.1. River water was sterilised by two autoclave
cycles (bench-top autoclave: Exacta) at 100 °C for 30 minutes. Water was cooled
between each cycle. All other water used was distilled water. Distilled water used for
microbiological purposes was sterilised at 121 °C for 15 minutes. Ultraviolet-visible

(UV-Vis) spectra of distilled and 0.45 pm filtered, sterilised river water used within
this chapter are shown in Figure 3.1.

Table 3.1 Chemical content of water sourced from Dorisland water treatment plant

pH True  Aluminium Turbidity Manganese

Total organic carbon
colour (ppm) (ppm) (ppm)
8.46 16.85 0.00 1.21 0.02

7
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Figure 3.1 UV-Vis spectra of distilled water and filtered, sterilised river water collected
Dorisland water treatment plant

3.4.7 Stabilised TiO, colloidal preparation

Degussa P25 TiO, powder (TITANDIOXID P25, D-60287, PI-52342) was

purchased from Degussa AG (Frankfurt). Degussa P25 consists of 25:75
rutile:anatase crystal form, with a purity of 99.9%.
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Stable colloidal TiO, solutions were prepared via the hydrolysis of titanium (1V)
isopropoxide following a procedure adapted from O’Regan et al.** Briefly, 20.0 cm®
of isopropanol and 125 cm? of titanium isopropoxide were accurately measured into
a dropping funnel. The resulting solution was slowly added over 10 minutes to 750
cm® of ultra pure deionised water (18 mQ cm) with vigorous stirring. 5.30 cm® of
69% nitric acid was then added as a peptising agent. The solution was heated to 80
°C by immersion into a waterbath and stirred continuously for 8 hours.
Approximately 700 cm® of white colloidal solution remained (pH 1.2, yield 99%

based on TiO, weight) and was stored in a dark glass vessel.

Convective hydrothermally treated TiO, colloids (HT-treated TiO,) were prepared
following a previously described procedure® and has been reported by Wilson et
al.*® Briefly, 100 cm?® of TiO, colloid prepared as above was placed into a 200 cm®
Pyrex glass-lined stainless steel autoclave Parr-bomb and treated at 145 °C for 15
hours in a convection oven (S.E.M. 1300 W), and then allowed to cool to room

temperature for 2 hours. The product was allowed to stand for 24 hours.

Microwave treated colloids (MW-treated TiO,) were prepared using a procedure
developed by Wilson et al.*® 30 cm® of TiO, colloid prepared as above was placed
into a Teflon-lined digestion vessel. A microwave oven (MSD-2000, C.E.M. 630 +
50 W) was set to 80% power and the pressure ramped from atmosphere to the
desired pressure of 60 p.s.i., which equates to 145 °C. The samples were held at the
desired pressure for 1 hour and then allowed to cool to room temperature for 2 hours.

The product was allowed to stand for 24 hours.

HT- and MW-treated TiO; colloidal suspensions were then dehydrated at 80 °C for 3

hours.
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3.4.8 TiO, immobilisation

3.4.8.1.1 Substrate preparation

Borosilicate glass (Borofloat) provided by Instrument Glasses (UK) was cut into 110
x 110 mm pieces. Before coating, the glass substrates were cleaned via ultrasonic
treatment in warm water containing Decon detergent for 30 minutes, followed by
multiple rinses with distilled water and further sonicated in distilled water for 15
minutes and dried at 120 °C. Substrates were accurately weighed prior to coating and

stored in sealed containers.

3.4.8.1.2 Dip-coating of substrates with TiO;
TiO, powders (Degussa P25, MW:-treated TiO,; and HT-treated TiO;) were

immobilised by dip-coating from a 5% w/v TiOy/methanol suspension onto
borosilicate glass. The withdrawal rate was maintained at 4.3 mm s™*. The glass
plates were dipped into the TiO; suspension using an ‘Instron” machine (M1000) and
dried after each dip using an IR lamp. This procedure was repeated approximately 20
times, until a final catalyst loading of ~ 1.0 mg cm™ was obtained using gravimetric
methods. One side of the coated plate was cleaned to remove TiO, before accurate

calculation of the final catalyst loading.

Degussa P25 coated the glass without streaking or cracking; however, it was found
that dip-coating was unsuitable for the MW-treated and HT-treated TiO,. The

resulting films were extremely uneven and had a cracked, crystalline appearance.

3.4.8.1.3 Spray-coating of substrates with TiO,

TiO, powders were also immobilised by spray-coating from a 5% wl/v
TiO,/methanol suspension onto borosilicate glass. A thin film of TiO, was sprayed
onto the substrate using a spray-coater (Paasche EZ-Starter) with air propellant. The
spray-coating device was held 50 cm from the substrate and careful control of the

horizontal movement of the device was maintained to ensure even coverage of the
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substrate. The glass plates were alternatively sprayed with the TiO, suspension and
dried after each spray-coat using an IR lamp. This procedure was repeated until a
final catalyst loading of ~ 1.0 mg cm™ was obtained, via accurate calculation using

gravimetric methods.

For each of the catalyst types used, the spray-coated films were of excellent quality,
with a smooth and even appearance. Therefore for expediency, only films produced

using spray-coating immobilisation were used in the photocatalytic experiments.

3.4.8.1.4 Annealing of coated substrates

The coated substrates were placed onto clean petri dishes and annealed in air in a
preheated muffle furnace (Carbolite, Lenton Thermal Designs) at 400 °C for 60
minutes with a 5 °C min™ ramp to enable particle adhesion and cohesion. The
substrates were cooled to room temperature and covered to prevent contamination.
Heating and cooling was performed using controlled temperature ramping to prevent
film cracking.

3.4.9 Diffuse-transmission measurements of immobilised TiO,

Diffuse transmission measurements were recorded using a Spectra-Rad UV-Vis
spectrometer (Yobin Yvon, Gemini 180) with integrating sphere attachment. The
integrating sphere attachment catches all scattered light, whether direct or diffuse.
The TiO,-coated glass plates were placed into the path of the UV irradiation with the
coated surface facing the inlet aperture of the integrating sphere. Each plate was
irradiated from below with UVA or UVB irradiation. The % transmission of UV and
visible irradiation through the coated glass plates was measured from 200 — 800 nm

and recorded using Spectra-Rad for Windows v4.40.

3.4.10 Photocatalytic reactors

A slurry reactor and stirred-tank reactor were used for the photocatalytic treatment
using distilled water. The latter was also used for the photocatalytic treatment of

river water.
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3.4.10.1 Slurry reactor

Photodegradation studies with a TiO; suspension were performed using a glass batch
photoreactor consisting of an outer tube with ports for air supply and gas evolution,
and an inner tube to house the UV light source. A cross-sectional schematic of the
photoreactor layout is shown in Figure 3.2 with corresponding dimensions shown in
Table 3.2.

Table 3.2 Specifications of Slurry reactor

Dimensions of Slurry reactor

Internal diameter of outer tube (cm) 6.02
External diameter of inner tube (cm) 4.79
Height (from sintered glass frit to base of gas outlet) (cm) 46.7
Reactor volume (cm?) 487.7

Sample height (from reactor base) (cm) 23.0

The inner tube was securely fitted into the outer tube using a ground glass joint
situated above the gas evolution and sample ports. This resulted in a cross-sectional
distance of 6.1 mm. The irradiation source used was a Sylvania Blacklight
(F15W/350BL_T8) UV spectrum double-ended fluorescent tube. This irradiation
source emits a stable output over a broad band (x 20 nm) centred at 351 nm.
Constant light intensity was obtained by switching on the lamps 20 minutes prior to
commencement of experiments. Air surrounding the reactor was removed using an

extractor fan positioned above the reactor set-up.

The TiO; catalyst was used in the form of a sol produced from finely ground catalyst

suspended in distilled water.
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Figure 3.2 Schematic representation of cross-sectional view of photocatalytic slurry reactor

A sintered glass frit was inserted into the gas inlet port which operated as a
semipermeable membrane that allowed a small, known amount of air to sparge into,
and distribute evenly throughout, the sample chamber. The reasons for this were
two-fold. First, the TiO; catalyst will settle to the bottom of the reaction vessel and
air bubbling through the sample chamber from the base ensures continuous and even
mixing of the reaction solution. Second, the O, acts as an electron scavenger and

prevents recombination of the electron and hole in the semiconductor particle.'®
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3 mm internal diameter silicone tubing remained at a constant position within the
sampling port to ensure sampling throughout the entire experiment occurred from a
constant depth within the reservoir. Samples were removed for analysis via a

disposable syringe.

In a typical experiment using the slurry reactor, 300 cm® of distilled water containing
0.15 g dm™ TiO, catalyst and an appropriate concentration of test micro-organism
was placed into the slurry reactor, which then was sparged with air in the dark for 15
minutes, to allow equilibrium to occur. (Note: the UV lamp was allowed to warm up
for 20 minutes prior to commencing the experiment.) The reactor was then exposed
to UV irradiation and a 1.5 cm® sample was taken immediately (t=0 minutes) and
subsequent samples were collected at 3 minute intervals for a total of 30 minutes, as

well as after 60 and 120 minutes of exposure.

3.4.10.2 Stirred-tank reactor

The stirred-tank reactor used was developed by McMurray and co-workers,*” and is
shown in Figure 3.3. The TiO, catalyst was immobilised onto a 110 x 110 mm
borosilicate glass plate. The TiO, catalyst plate was secured to the bottom of the

water-jacketed vessel creating a 200 cm? reservoir.
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Figure 3.3 Schematic representation of cross-sectional view of stirred-tank reactor
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Table 3.3 Specifications of stirred-tank reactor

Dimensions of Stirred-tank reactor

Outer diameter (including cooling jacket) (cm) 10

Inner diameter (excluding cooling jacket) (cm) 8.5

Height (cm) 9.5
Reactor volume (cm®) 540
Irradiated catalyst Area (cm?) 56.7

Distance to Impeller (from reactor base) (cm) 4.0

The catalyst was irradiated from below using two Philips compact single-ended low-
pressure mercury vapour fluorescent lamps (PL-S 9W/10UV-A or 12UV-B) placed
at a distance of 2.5 cm away from the bottom of the catalyst-coated support. The
UVA lamps exhibited a stable out-put between 350 — 400 nm with peak emission at
365 nm. The UVB lamps were used in order to compare spectral differences in the
photocatalytic degradation rates; and exhibited stable output between 265 — 380 nm,
with peak emission at 310 nm. See Figure 3.4 for spectral outputs of the UVA and
UVB lamps. The lamps were encased in an opaque box, which contained a cooling
fan. Constant light intensity was obtained by switching on the lamps 20 minutes
prior to experiment commencement. The light flux irradiance entering the stirred-
tank reactor was determined by McMurray and co-workers by actinometry to be 3.28

x 10°® Einstein cm?s™.%
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Figure 3.4 Spectral response for PL-S9W/10UV-A (UVA); and PL-SO9W/12UV-B (UVB) lamps

Turbulent mixing to minimise mass transfer limitations was provided within the
reactor via a stainless steel impellor controlled by a homogenator motor (Camlab
Ltd; rotational speed 0 — 2500 rpm), and stainless steel baffle. Impellor rotational
speed was calibrated using an optical tachometer (Graham & White Instruments
M20). Two strips of reflective tape were placed on opposite sides of the barrel that
holds the impellor shaft and by holding the tachometer parallel to the barrel, the
speed of the impellor was determined.

Oxygen (99.997% purity, supplied by BOC) or air was sparged into the reactor
during experiments through a flow regulator (Meterate) at rates of 900 cm® min™ and

450 cm® min™ respectively, to remove oxygen limitations from the system.®

The glass walls of the reactor consisted of a cooling jacket connected to a
thermostatic circulator (Grant FH5 and FC25 cooling system) which maintained a
temperature of 20 £ 2 °C throughout the experiments. Samples were removed for

analysis via a sample port using a glass syringe.
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In a typical experiment using the stirred-tank reactor when investigating oxalic acid
degradation, 200 cm?® of oxalic acid (5.0 x 10”° mol dm™®) was added to the reactor.
The UV lamps were allowed to warm up for 20 minutes, and the reactor was sparged
with O, in the dark for 15 minutes, with the impellor rotation speed set at 1700 rpm.
The reactor was then exposed to the UV light with the headspace being purged with
0, at a rate of 900 cm® min* throughout the experiment. A 1.5 cm® sample was taken
immediately (=0 min) and every 15 minutes thereafter, usually for 180 minutes.
Control experiments were performed by McMurray*” which showed no significant
reduction in the absence of TiO,, UV light or both (greatest reduction over 120

minutes occurred using UV only: 6% loss).

In a typical experiment using the stirred-tank reactor and E.coli, a similar protocol to
the oxalic acid was used except the reactor was sparged with air at a rate of 400 cm®
min™ throughout the experiment. A 1.5 cm® sample was taken immediately (t = 0

min) and every 30 minutes thereafter, usually for 300 minutes.

Experiments to determine the effect of UV illuminating the reactor whilst still using
the immobilised TiO, plates were devised. These experiments use the same reactor
conditions previously described; the only difference being a clean glass plate was
inserted between the immobilised TiO; plate and the O-ring seal at the base of the
quartz cooling jacket. As the TiO; film is effectively sandwiched between two glass
plates, experiments of this type are henceforth labelled as ‘sandwich experiments’,
abbreviated to SW. The clean glass plate allows any UV not absorbed by the TiO, to
pass into the reactor, whilst preventing the solution from interacting with the TiO5,
stopping photocatalysis. This gave a more accurate estimation of the effect of UV

within the reactor.

All experiments were performed in duplicate.
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3.4.10.3 Choice of photocatalytic reactors

The slurry reactor was used for initial testing of the bactericidal efficacy of the
photocatalysts. Slurry reactors are often utilised as they afford a high surface area to
volume ratio for pollutant hydroxyl radical interaction. Configurations for these
reactors are generally simple and they are inexpensive to construct. However, the
major disadvantage of these reactors is the necessary incorporation of a post-
treatment catalyst removal step which adds to the overall capital and running costs of
the treatment plant. An alternative to this method is the immobilisation of the TiO,
onto a solid support which reduces the surface area to volume ratio and care must be
taken to ensure the catalyst remains fixed to the support for the duration of the plant
lifetime. The supporting substrate must also be UV transparent. The major advantage
of immobilised reactors over suspension systems is that the post-treatment catalyst
removal step is unnecessary. The immobilised reactor used in this section was, as
previously mentioned, a stirred-tank reactor developed by McMurray and co-
workers.”® This reactor was chosen due to its lack of intrinsic mass transfer
limitations. Extensive investigation into the effect of catalyst loading, impellor
speed, pollutant concentration, light intensity, oxygen concentration and pH were
performed by McMurray. It was determined that when using the operational
parameters described above (section 3.4.10.2), no mass transfer limitations occur,
allowing for direct comparisons between different catalyst types and also between

reactor types.

3.4.11 Oxalic acid analysis

Oxalic acid concentration was determined via reverse phase HPLC using an Aminex
HPX-87H lon Exclusion Column (300 mm, 7.8 mm internal diameter, Bio-Rad).
Isocratic elution separation was employed using a solvent delivery pump (Spectra
Physics P2000) with 1 x 10 mol dm™ H,SO, mobile phase (pH 1.5) at a flow rate of
0.8 cm® min™®. An aliquot of 20 pL oxalic acid solution was injected onto a column
with the temperature held constant at 30.0 °C. UV absorption detection at 263 nm
was carried out, and under the above conditions, oxalic acid had a retention time of

around 7.2 minutes. Oxalic acid solution were prepared daily from a 5.3 x 10 mol
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dm™ stock solution of 0.1 mol dm™ oxalic acid in water. The stock solution was

prepared using distilled water and stored at 4 °C.

The HPLC was calibrated for oxalic acid and the calibration checked before each
experiment. HPLC calibration for oxalic acid was carried out by the injection of
standards with a range of concentrations. Standards were prepared in deionised water
and injected in duplicate. A plot of peak area with respect to concentration yielded
linear plots, with the line of best fit being determined to be linear with a typical R

value of 0.9997. A typical calibration graph for oxalic acid is shown in Figure 3.5.
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Figure 3.5 Calibration curve for HPLC of oxalic acid

3.4.12 Bacterial growth and detection

3.4.12.1 E. cloacae

Procedures for the growth, harvest, purification and detection of E. cloacae are

outlined in chapter 2 (section 2.3.1.3).
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3.4.12.2 Escherichia coli

3.412.21 Growth of E. coli cells

Fresh cells were grown for each day’s experiments.

E. coli K12 (NCTC 10538) was grown in Luria Bertani (LB) broth. Broth
components included sodium chloride 10.0 g, tryptone 10.0 g and yeast extract 5.0 ¢
in 1 dm® distilled water, corrected to pH 7.0, dispensed into 15 cm*® M Cartney
bottles and autoclaved (Exacta), at 121°C for 15 minutes. A culture for use in
experiments was prepared by subculturing from an existing culture held in the
University of Ulster’s culture collection. 50.0 uL of stock solution was transferred to
15.0 cm® of fresh sterile LB broth and incubated at 37 °C for 15 hours.

3.4.12.2.2  Harvest and purification of E. coli cells

Cells were harvested by centrifugation (Qualitron DW-41) at 2000 rpm for 10
minutes, the supernatant discarded and the pellet resuspended in sterile 0.9 % NaCl
solution. The washing and centrifuge cycle was repeated twice and the final pellet
resuspended in 15 cm® of sterile 0.9 % NaCl solution. After this process, dilution by
a factor of 10° was required to produce a working cell suspension. 20.0 uL of the
working cell suspension was transferred to 200.0 cm?® of water solution immediately
prior to experiment commencement to produce a working cell suspension of ~ 1 x10°
E. coli CFU cm™.

3.4.12.2.3 Detection of E. coli cells

Detection of E. coli cells before and during photocatalytic experiments was
performed by plating a suspension onto LB agar. Agar plates were prepared in a
sterile environment and stored at 4 °C until required. Plates were stored for a

maximum of 48 hours before being discarded.

To obtain between 20 and 200 CFU’s per plate, 50.0 uL of sample solution was
directly transferred to LB agar. LB agar plates were incubated at 37 °C for 24 + 2
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hours before visual identification of the number of colonies present. Results are

reported in CFU cm,

Confirmatory tests were performed on a regular basis to ensure aseptic techniques
were being used. This was to ensure that the bacterial culture examined was indeed a
pure culture of E. coli. Indole production was used as a confirmatory test as E. coli is
the only bacterial species known to produce indole in tryptone water at 44 °C.*°
Tryptone water was prepared according to the manufacturer’s instructions, dispensed
in 10 cm?® aliquots into 10 cm?® glass bottles and autoclaved at 121 °C for 15 minutes.
Single colonies were picked off agar plates, inoculated into freshly prepared
Tryptone water and incubated at 44 °C for 24 hours. An aliquot of 0.2 cm® of
Kovack’s reagent was added to each test tube. After shaking, the formation of a
purple/red band in the upper layer characterised indole production and confirmed the

presence of E. coli.*®

3.4.13 Bacterial imaging

Bacterial colony photographs were obtained using a flat-bed scanner (Hewitt
Packard 3670) with PC control.

3.4.14 Statistical analysis

Where appropriate, the standard error, which shows the variation of each sample
within an analytical or sampling method, was calculated using the method outlined

in section 2.4 and is illustrated with the corresponding results.

3.5 Results and Discussion
3.5.1 TiO, catalyst characterisation

3.5.1.1 XPS

Figure 3.6 shows expanded XPS spectra of the O 1s and Ti 2p regions for the

Degussa P25, MW- and HT-treated TiO, films. Peaks at 456.3 and 462.5 eV

312 1/2

correspond to 2p*? and 2p*? core-levels of Ti(1V) bound to oxygen, respectively.*
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The atomic ratio of oxygen to titanium was measured to be 2.32 for Degussa P25,
2.31 for the HT-treated TiO, and 2.39 for the MW-treated TiO,, which suggested
that the deposited films were stoichiometric. The full-width at half maximum
(FWHM) of Ti 2p*? of Degussa P25 was 0.9 eV and 1.07 and 0.94 eV for the MW-
and HT-treated TiO,, respectively (see Table 3.4, Table 3.5 and Table 3.6). This and

the position of the Ti 2p*?

indicated the presence of the Ti*" oxidation state.”** The
shape of the Ti 2p excluded the presence of traceable amounts of Ti** and Ti°>®
which would be separated by approximately 3 — 4 eV from the Ti** peak.> In the O
1s binding energy region, the peak at 528 eV corresponded to O 1s core-level of
oxygen atoms bound to Ti(IV), whereas the broad shoulder at 531 eV seen in all
three TiO, types was due to adsorbed hydroxyl groups (-OH). The hydroxyl groups

detected on the film surface arose from chemisorbed H,0.%
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Figure 3.6 Stacked XPS diffraction patterns for TiO, powders investigated

Table 3.4 Chemical composition of the Degussa P25 TiO, film surface
Peak Position BE (eV) FWHM (eV) Atomic conc. (%)

O1s 527.5 1.09 58.18
Ti2p 456.3 0.93 25.03
N 1s 397.3 1.29 0.93
Cls 282.3 1.52 15.86
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Table 3.5 Chemical composition of the MW-treated TiO, film surface
Peak Position BE (eV) FWHM (eV) Atomic conc. (%)

O 1s 5275 1.24 56.68
Ti 2p 456.3 1.08 23.68
N 1s 397.3 1.32 1.23
C1s 282.3 1.67 18.41

Table 3.6 Chemical composition of the HT-treated TiO, film surface
Peak Position BE (eV) FWHM (eV) Atomic conc. (%)

O1s 527.2 1.10 57.24

Ti2p 456.0 0.94 2491

N 1s 397.3 1.36 0.85

Cls 282.0 1.50 18.41
3.5.1.2 XRD

Wide-angle powder XRD patterns for the MW- and HT-treated TiO, and Degussa
P25 TiO, powders are depicted in Figure 3.7. Peak intensities obtained from the
XRD traces correlated to the quantity of crystalline material and the grain size of the
particles. In comparison to traces obtained for the MW-treated TiO,, the HT-treated
and Degussa P25 TiO, peaks were substantially narrower (see FWHM values in
Table 3.7). Despite this, there was similitude between the MW-treated and HT-

treated samples.
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Figure 3.7 Stacked XRD diffraction patterns for investigated TiO, powders. Traces were

digitally smoothed following correction for contribution from Ka, radiation.
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Primary crystallite size (P,) was determined by application of the Scherrer

equation®® (equation 3.1) to the FWHM measurements from the anatase (101) d-
spacing peaks.

k1 31
P, =
pcosé

where f£is the line broadening (equation 3.2)
ﬁ :ﬂs _ﬂO 32
where g.and g, are the half-widths of the XRD peak of the sample and of the

silicon standard.

The order of primary crystallite size, in decreasing size, was found to be Degussa
P25>HT-treated TiO,>MW-treated TiO, (Table 3.7). Calculated crystallite sizes
were in excellent agreement with reported literature values.>’*® MW-treated TiO,
samples used here were microwave-processed for 60 minutes. Previous
investigations on similar samples showed extended periods of microwave processing
(maximum 360 minutes) appeared to have minimal effect on the primary crystallite

size.!?

Table 3.7 Calculated Scherrer crystallite size from Anatase (101) reflection

Colloid type 20 FWHM P4 (nm)

Degussa P25 25.296 0.383 21.259
MW-treated TiO, 25.339 1.496 5.494
HT-treated TiO, 25.330 0.905 9.211

From comparisons to traces of known TiO; phases, it was evident that both HT and
MW processing did not result in any significant phase transformation from that of
anatase (Figure 3.7). From comparing Degussa P25 to synthetic rutile (PDF 00-021-
1276) trace, and specifically at 27.44 20, small quantities of rutile within the sample
were detected; consistent with literature.”” Neither the HT- nor MW-treated TiO,
samples indicated any measurable quantities of rutile over the entire region analysed
(10 — 80° 26). However, both the HT- and MW-treated TiO, samples indicated the
presence of brookite, which was easily discerned by the peak at 30.84° 20, indicative
of brookite (121) (by comparison with synthetic brookite (PDF 00-029-1360)). The
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two strongest lines for brookite (120 and 111) were obscured by the anatase (101)

peak and were responsible for some of the peak broadening seen in that region.

From XRD peak fitting, it was found that Degussa P25 contained ~ 25% rutile and ~
75% anatase. The MW-treated TiO, contained 77% anatase and 22% brookite, while
the HT-treated TiO, contained 80% anatase and 20% brookite.

3.5.1.2.1 Effect of annealing

During immobilisation procedures, catalysts were annealed to the borosilicate glass
support by heating to 400 °C for 60 minutes with a 5 °C min™ ramp to ensure the
catalysts remained fixed to the support during photocatalytic experimentation. The
effect of the annealing step on crystallite composition and size was investigated
using XRD. No significant change in either composition or primary crystallite size

was observed.

3.5.1.3 Isothermal nitrogen adsorption-desorption

Surface area and pore size analyses by gas sorption were performed on all catalyst
types. Isothermal characterisation showed distinct separation between the different

TiO, preparations. Representative N, isotherms are illustrated in Figure 3.8.

The commercially available Degussa P25 displayed typical type IV characteristics
with H3 hysteresis.”® The weakly defined step of the H3 hysteresis loop indicated
negligible limiting adsorption at high P/P,, often seen in aggregates of plate-like
particles. Both the HT- and MW-treated TiO, samples exhibited type IV isothermal
characteristics with H2 hysteresis. Analysis of this hysteresis type is complicated by
the incorporation of network effects.®* However, it is known that condensation and
evaporation of the adsorbate within the mesoporous network produced the well-
defined step seen between P/Py 0.55 and 0.75 within the HT- and MW-treated TiO..
This has been observed to arise from hexagonal-shaped pores from the aggregation

of semispherical particles.®
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Figure 3.8 Representative isotherms for TiO, samples: (A) Degussa P25; (B) MW-treated; and
(C) HT-treated. Adsorption - B -; desorption - a -,
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Table 3.8 presents a summary of the isothermal parameters calculated from the gas-
sorption data. It can be seen that the MW- and HT-treated TiO, samples possessed a
significantly higher surface area than the commercially available Degussa P25.
Calculated results were consistent with those performed on similar MW- and HT-

treated*? and Degussa P25 TiO, samples.

Table 3.8 Calculated isothermal parameters for TiO, catalysts

Colloid type Surface area Volume Pore size
(m*g")  (em’g?)  (nhm)
Degussa P25 50.34 1.0670 1.829
MW-treated TiO; 235.2 0.2132 1.631
HT-treated TiO; 371.0 0.3414 1.835

3.5.2 Bacterial inactivation in slurry reactor

The bactericidal effect of TiO, photocatalysis of E. cloacae in sterile distilled water
is illustrated in Figure 3.9. After 30 minutes of irradiation, 99.71%, 99.95% and
99.70% inactivation of E. cloacae occurred using Degussa P25, MW-treated TiO,
and HT-treated TiO, respectively. For the three catalyst types, an initial rapid
decrease in E. cloacae concentration occurred, followed by a slower linear decline,
which follows pseudo-first order kinetics. No significant reduction of E. cloacae cell
concentration was observed in control experiments, where an identical bacterial
suspension was kept in the dark or when an E. cloacae suspension was exposed to

only UV irradiation within the slurry reactor.
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Figure 3.9 Inactivation plots of E. cloacae in sterile distilled water using slurry reactor. (P25:
Degussa P25; MW: MW-treated TiO,; HT: HT-treated TiO,.)

Table 3.9 summarises the inactivation rates for E. cloacae using the 3 different
catalyst types, calculated using Chick’s Law. The disinfection rates were calculated
based on the linear slope of the graph shown in Figure 3.9, i.e. between 3 and 18
minutes. It can be seen that the calculated inactivation rates per mg of catalyst were
quite similar; the MW-treated TiO, produced the highest rate. However, when
comparing inactivation rates with respect to surface area of catalyst, Degussa P25
performed the highest, with a calculated rate 28 and 14 % higher than the MW- and

HT-treated TiO, samples, respectively.

Table 3.9 Calculated photocatalytic disinfection rates of E. cloacae in sterile distilled water

within the slurry reactor

Catalyst type % Inactivation Rate / mg Rate / catalyst R?
after 30 min catalyst surface area
(CFU cm3s?) (CFUcm3s™)
/ mg catalyst x 10°  / m? catalyst x 10
Degussa P25 99.71 7.11 1.41 0.988
MW-treated TiO, 99.95 9.43 0.401 0.945
HT-treated TiO; 99.70 7.33 0.197 0.949
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While photocatalytic inactivation was achieved using the slurry suspension, the
significant disadvantage of post-catalytic catalyst removal necessitated the
immobilisation of the TiO; catalyst onto a supporting substrate. The chosen substrate

was borosilicate glass and a spray-coating method was adopted to deposit the films.

3.5.3 Bacterial inactivation in stirred-tank reactor

3.5.3.1 Photocatalytic degradation of model organic pollutant

The photocatalytic degradation of the model organic pollutant, oxalic acid, was

investigated using the immobilised TiO, catalysts within the stirred-tank reactor.

The effect of TiO, photocatalysis on 4.5 mol dm™ oxalic acid in distilled water is
illustrated in Figure 3.10. All catalysts tested showed a linear reduction in
concentration with respect to irradiation time, following pseudo-zero order Kinetics,
which correlate with previously reported data.*® It can be seen that both Degussa P25
and the HT-treated TiO; catalyst produced 90% reduction after 165 and 150 minutes
irradiation, respectively; however, the MW-treated TiO, required an additional 60

minutes to achieve the same level of reduction (225 minutes).
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Figure 3.10 Plot of photocatalytic degradation of 4.5 mol dm™ oxalic acid in distilled water using
UVA irradiation in stirred-tank reactor. (P25: Degussa P25; MW: MW-treated TiO,; HT: HT-
treated TiO,.)
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The calculated degradation rate with respect to irradiated catalyst area obtained for
the MW-treated TiO, was ~ 30% lower than, but within the same order of magnitude
as the Degussa P25 and the HT-treated TiO; rates (Table 3.10). However when the
rates with respect catalyst surface area were calculated, both the MW- and HT-

treated TiO, performed at a rate approximately 10-fold lower than Degussa P25.

Table 3.10 Calculated degradation rates for 4.5 mol dm™ oxalic acid in distilled water using

UVA irradiation in stirred-tank reactor

Catalyst type % Rate / mg Rate / catalyst R?
Degradation catalyst surface area
_ (mol s™*) / mg (mol s) / m?
after 150 min - caiaiyst x 107 catalyst x 10°®
Degussa P25 83.124 1.59 30.75 0.993
MW:-treated TiO, 54.337 1.04 4.42 0.996
HT-treated TiO; 89.593 1.53 4.13 0.998

3.5.3.2 Effect of UV irradiation wavelength on photodegradation

The effect of the wavelength of the UV irradiation source on the photocatalytic
efficiencies of the TiO, catalysts was investigated. UVB rather than UVC irradiation
was chosen, as borosilicate glass begins to absorb at ~ 320 nm. Therefore if UVC
irradiation was used, quartz or fused silica would be required as the TiO, support,

both of which are more expensive than borosilicate glass.

The photocatalytic degradation of 4.5 mol dm™ oxalic acid in distilled water in the
stirred-tank reactor under UVB irradiation is shown in Figure 3.11. Degussa P25
required a significantly shorter treatment time to result in 90% degradation (75
minutes), than the MW- and HT-treated TiO, catalysts (240 minutes). When
comparing the MW- and HT-treated TiO; catalysts, they required approximately the
same treatment times to photo-oxidise 90% of the pollutant; 210 and 240 minutes

respectively.
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Figure 3.11 Plot of photocatalytic degradation of 4.5 mol dm™ oxalic acid in distilled water using
UVB irradiation in stirred-tank reactor. (P25: Degussa P25; MW: MW-treated TiO,; HT: HT-
treated TiO,.)

Table 3.11 summarises the calculated disinfection rates of 4.5 mol dm™ oxalic acid
under UVB irradiation using the different catalyst types. When comparing the
photocatalytic degradation rates per irradiated surface area, Degussa P25 displayed a
three times greater photocatalytic degradation rate than the MW- and HT-treated
TiO, catalysts. Also, when comparing the calculated degradation rates per catalyst
surface area, Degussa P25 was again the most effective catalyst tested. Here,
Degussa P25 produced a dramatically faster degradation rate than the other TiO,
types tested, 16.93 times the MW-treated TiO; and 24.30 times the HT-treated TiO,.

Table 3.11 Calculated degradation rates for 4.5 mol dm™ oxalic acid in distilled water using

UVB irradiation in stirred-tank reactor

Catalyst type % Rate / mg catalyst Rate / catalyst R
Degradation (mol 5% / mg surface area
after 90 min catalyst x 10 (mol s™*) / m? catalyst
x 10°
Degussa P25 96.58 3.79 75.34 0.999
MW-treated TiO, 35.38 1.05 4.45 0.999
HT-treated TiO, 40.16 1.15 3.10 0.997
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The objective of this section of work was to determine the effects of shortening the
UV wavelength with respect to longer UV wavelengths on the photocatalytic
degradation rate. It was discovered however, that direct comparisons between the
calculated degradation rates could not be performed. The reasons for this will now be

discussed.

3.5.3.2.1 Diffuse-transmission UV-vis spectroscopy of immobilised TiO,

Figure 3.12 and Figure 3.13 show the diffuse-transmission UV-vis spectra collected
under UVA and UVB irradiation, respectively, for Degussa P25, MW- and HT-
treated TiO, catalysts. Figure 3.14 shows the reflectance UV-vis spectra of the three

catalyst types examined.

Despite all immobilised TiO, plates containing a catalyst loading of ~ 1.0 mg cm™
the UV absorbance between the catalysts was very different. When examining the
diffuse-transmission spectra, Degussa P25 absorbed the majority of UVA (99.2%)
and UVB irradiation (100%) emitted from the light sources. The MW- and HT-
treated TiO, catalysts absorbed the majority of the emitted UVB radiation (96.5%
and 99.6% respectively), but only 75.5% and 81.2% of the emitted UV A spectrum.

By examining the reflectance UV-vis spectra (Figure 3.14) an obvious change in
absorption of Degussa P25 compared to the MW- and HT-treated TiO, colloids was
apparent. The Degussa P25 TiO, absorbed a higher percentage of wavelengths
between 370 — 405 nm than the other catalysts.
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Figure 3.12 Single beam diffuse-transmission spectra of Degussa P25, MW- and HT-treated
TiO, under UVA irradiation. ‘Blank’ spectrum was collected through a clean borosilicate glass
plate under UVA irradiation. (P25: Degussa P25; MW: MW-treated TiO,; HT: HT-treated
TiO,.)
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Figure 3.13 Single beam diffuse-transmission spectra of Degussa P25, MW- and HT-treated
TiO, under UVB irradiation. ‘Blank’ spectrum was collected through a clean borosilicate glass
plate under UVB irradiation.
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Figure 3.14 Reflectance spectra of Degussa P25, MW- and HT-treated TiO,

This can be explained by the composition of crystallite phases within the catalyst
types. From XRD analyses (section 3.5.1.2), it was found that Degussa P25
contained ~ 25% of rutile and ~ 75% anatase. The MW-treated TiO, contained 77%
anatase and 22% brookite, while the HT-treated TiO, contained 80% anatase and
20% brookite. No rutile was present in either the MW- or HT-treated TiO,. It is well
known that the different TiO, crystallite phases possess different band-gaps and
therefore absorb different wavelengths of light. Rutile absorbs irradiation < 413 nm;
anatase < 388 nm; and brookite < 258 nm.%? Hence, it is expected that Degussa P25,
a composite of rutile and anatase will absorb irradiation < 413 nm, while the MW-
and HT-treated TiO, should absorb irradiation of wavelengths < 388 nm, which

correlated well with the collected UV-vis reflectance data.

By comparing Figure 3.12 and Figure 3.14, it was evident that the lower maximum
absorption of the MW- and HT-treated TiO, resulted in the transmission band
centred around 370 nm in Figure 3.12. In contrast, the increased absorbance of
Degussa P25 within this region resulted in total absorption of the emitted UV
irradiation. For the MW- and HT-treated TiO,, the rapid decline in reflectance at
wavelengths greater than 350 nm corresponded to the shape change seen in the
diffuse-transmission bands centred at 365 nm. Therefore the wavelength of

maximum transmission had shifted from 365 nm to 373 nm.
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By comparison of the 405 and 435 nm bands, in both the UVA and UVB diffuse
transmission spectra (Figure 3.12 and Figure 3.13), it was observed that all the TiO,
catalysts reflected some of the emitted radiation in these regions. Degussa P25
absorbed the greatest amount, while the MW- and HT-treated TiO, absorbed similar
amounts to each other, which were approximately half the total reflected by the
Degussa P25. This was partially attributed to scattering of light by the catalysts.
Degussa P25 films were observed to be almost opaque, while the MW- and HT-
treated TiO, films were translucent. The more opaque nature of the Degussa P25
film, and therefore significantly higher scattering of light, resulted in the lower
transmission of radiation 435 nm. This reasoning, combined with the presence of

rutile within Degussa P25, resulted in the lowered transmission seen at 405 nm.

The diffuse-transmission results show that the direct comparison of rates obtained
for UVA and UVB irradiation were not possible. To overcome this, the apparent
quantum yields (®qpp) Of the two types of UV radiation usually are calculated and
applied to the photodegradation rates as follows:

®,,, =(Rate, ., (mol cm™ s™)/photonflux (Einstein cm™? s7))x100 33
However, this does not take differences in colloidal surface area into account.
Therefore, the @y, was modified to include such differences as follows:

@, = (Rate (mol m™ s7?)/photonflux (Einstein cm? s™))x100 34

initial
The light intensity entering the photoreactor (incident photon flux) was determined
via potassium ferrioxalate actinometry by McMurray and co-workers.?®> For UVA
and UVB irradiation, the incident photon flux was determined to be 3.28 x 10®
Einstein cm™ s and 2.00 x 10® Einstein cm™ s, respectively. (An Einstein is
equivalent to one mol of photons.) It was necessary however, to correct the incident
photon flux for the UV transmission of the individual TiO, catalyst plates examined,
by ratioing the total transmission of the TiO, test plate against the total transmission

of the blank, as determined using diffuse-transmission UV-vis spectroscopy. Table
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3.12 gives the @y, calculated using equation 3.4, for UVA and UVB irradiation
applied to the three TiO, catalysts types examined.

In the current investigation, Degussa P25 showed an increased degradation rate when
moving to a shorter wavelength irradiation source, consistent with the literature.®*%
However, the MW- and HT-treated TiO, catalysts unexpectedly showed minimal, or
in the case of HT-treated TiO,, no change upon irradiation with shorter UV

wavelengths.

Table 3.12 Percentage apparent quantum yields for TiO, catalysts calculated using equation 3.3.
Irradiation source | Degussa P25 TiO, MW-treated TiO,  HT-treated TiO,
UVA 94.5 17.9 155
UvB 377.0 23.1 155

Despite extensive use of TiO, within photocatalytic systems, there is very little
understanding of the mechanistic effect of shortening the UV wavelength. It has
been reported that the absorption coefficient increased with decreasing wavelength to
a maximum absorption coefficient around 250 nm.*® Therefore an increase in
quantum efficiency with the use of UVB rather than UVA irradiation would be

expected.

Previous investigations by Blazkova et al.%*® and Stafford et al.%® have reported an
increase in charge carrier separation when using shorter wavelength UV sources
which resulted in increased efficiencies. Stafford et al.? stated that this effect was
due to electrons absorbing more energetic photons being energised to an energy level
higher than the CB minimum (or lowest unoccupied molecular orbital, known as
LUMO). These higher energy electrons were less likely to recombine than electrons

energised to the LUMO, resulting in the increased efficiency.

The differing recombination rates and electronic transitions of rutile and anatase,
both individually and as a composite will now be discussed in more detail. Recently,

Noguchi et al.®’

investigated the effect of excitation wavelength on ultra-fast
electron-hole recombination within pure anatase and pure rutile TiO, crystallites. It

was discovered that upon over-band-gap irradiation, a rapid rise and subsequent slow
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decay in absorption occurred for both anatase and rutile crystallites compared to
band-gap irradiation. The authors proved there was essentially no difference between
the electron-hole recombination dynamics of anatase and rutile TiO, and shortening

the wavelength actually significantly decreased the rate of recombination.

However, it has long been understood that mixed-phase materials exhibit higher
photocatalytic activity than pure anatase alone. The current hypothesis was originally
proposed in the early 1900’s, has since been refined by Bickley et al.®® It is thought
that the enhanced activity of mixed-phases relative to pure phases is that upon UV
excitation, photogenerated electrons accumulate in the CB of rutile, due to vectorial
displacement from the anatase CB, whereas holes accumulate in the VBs of both
anatase and rutile, as their VVBs are almost at the same level. The accumulation of the
photo-generated electrons within the rutile phase significantly lowers the
recombining of holes within the anatase VB, leading to more efficient electron-hole
separation and greater catalytic reactivity.®® An energy level diagram for this model
is shown in Figure 1.9. In 2002, Yu et al.* reported that the use of mixed-phase TiO;
led to improved photocatalytic activity, citing the same model as shown in Figure
1.9. However, specific photoactivity within the mixed-phase TiO, only increased by

9.1% when compared to pure anatase.

In 2003, Hurum et al.”® investigated the enhanced photoreactivity of Degussa P25
mixed-phase TiO, using Electronic Paramagnetic Resonance (EPR) spectroscopy.
Whilst previous proposals considered rutile as a passive electron sink hindering
recombination of anatase, the authors detailed the critical and active role of rutile
within TiO, formulations. Within mixed-phase TiO,, charges produced on rutile by
visible illumination were stabilised through electron transfer to lower-energy,
anatase lattice-trapping sites. The results suggested that Degussa P25 possessed
nano-clusters containing atypically-small rutile crystallites interwoven with anatase
crystallites, with the transition points between the two phases allowing rapid electron
transfer from rutile to anatase. The authors proposed a model of rutile antenna and

subsequent charge separation which is shown in Figure 1.10.

The conflicting evidence within the literature highlights that the mechanisms behind

reported increases in photocatalytic degradation rates from both mixed-phase TiO,

114



Chapter 3

samples as well as shorter wavelength excitation are not well understood. It must be
noted, that while more investigations into the mechanisms of electronic transitions of
TiO, are being reported in the literature, often little emphasis is placed on the
crystalline phase composition of the TiO, utilised. Some reports merely state TiO;
crystalline composition as “mainly consisting of anatase”.”"* Although all within
the field are aware of the differing band-gap energies of rutile and anatase, a few
seem to have missed the importance of reporting the ratio of anatase to rutile within

TiO, samples.

In the current investigation, when comparing the calculated ®,,, for UVA irradiation
shown in Table 3.12, it was evident that the mixed-phase Degussa P25 showed a
significantly higher yield than the ‘pure-phase’ (see below for further explanation)
MW- and HT-treated TiO, colloids. This upholds the theory that mixed-phase
colloids possess greater photoreactivities than pure-phases, consisting only of
anatase. These results however, can not prove which of the mechanisms for mixed-

|.68 |.70

phase TiO, activity proposed by Birkley et al.”™ or Hurum et al.”” was the most

fitting.

The term ‘pure-phase’ was used here after taking into consideration of the presence
of brookite within the MW- and HT-treated TiO, catalysts. However, as previously
stated, brookite’s band-gap is 4.8 eV, corresponding to 258 nm. From the diffuse-
transmission measurements (Figure 3.12 and Figure 3.13) the shortest wavelength
emissions of the UV lamps came from the UVB lamp at 270 nm. This was
insufficient to excite electrons from the brookite VB to the CB minimum. Thus, in

the current investigation the presence of brookite was thought to have no effect.

When comparing UVA to UVB irradiation, the first and most startling observation
was that the MW- and HT-treated TiO,, showed minimal or in the case of HT-treated
TiO2 no change in @4y, when shorter UV wavelengths were applied (see Table 3.12).
This in itself, discredited Blazkova et al.®® and Stafford et al.’s®® broad observations
that an increase in quantum efficiency occurs upon reducing the UV wavelength. It
appears likely that this was due to both Blazkova and Stafford using only mixed-
phase colloids, a hypothesis up-held when examining Degussa P25’s increased ®qpp
under UVB irradiation (94.5 under UVA to 377.0 under UVB).
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So, why did the MW- and HT-treated TiO; colloids display similar ®4,,’s with either
UVA or UVB irradiation? When examining the experimental data obtained during
the present investigation, sufficient energy was injected into the photocatalytic
system using UVA irradiation to excite electrons from the VB to CB of anatase. In
fact, the maximum output of the UVA lamp was 365 nm, which was over-band-gap
irradiation for anatase. Energy at this wavelength would cause rapid excitation of the
electrons in the anatase phase and slow recombination rates due to excitation to an
energy level higher than the CB minimum.®” Therefore, it was likely that under UVA
irradiation, the recombination rates were already slowed by over-band-gap
irradiation. Moving to even greater over-band-gap irradiation in the form of UVB,
did not change the @, or in other words, did not further slow these recombination

rates as the active sites were already being used to capacity.

In the case of Degussa P25, the added advantage of vectorial displacement aided in
its increased efficiency. Under UVA irradiation, some electrons from the anatase CB
are used to reduce the organic in solution; some are displaced to the rutile CB
‘electron sink’ with its ensuing reduction of the organic species; while the rest,
which are not displaced or used fast enough, undergo recombination. However under
UVB, more electrons are displaced to the rutile CB due to the higher over-band-gap
excitation state, allowing for greater electron-hole separation, lowering
recombination within anatase, and thus increasing the overall yield. See Figure 3.15
for proposed mechanism of mixed-phase TiO, activity under UVA and UVB

irradiation.
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Figure 3.15 Proposed model of mixed-phase TiO, activity under UVA and UVB irradiation

3.5.3.3 Effect of natural water matrices on photocatalytic rate

A potential application of photocatalytic degradation is in the water treatment
industry. Water sources for treatment include rivers, streams and secondary effluent.
Before this can occur, thorough investigation of the effects of water sources must be
undertaken as it has been shown that significant differences in
degradation/inactivation rates occur in water from different sources.”>** As a step
towards this goal, it was proposed that the stirred-tank reactor would be used to
investigate the effect of photocatalytic degradation of natural river water obtained

from the Dorisland water treatment works in Northern Ireland.

Before experiments determining the effects of E. coli inactivation could be
performed, the effect of natural water on the immobilised TiO, was determined using
oxalic acid. Figure 3.16 shows the photocatalytic degradation of 4.5 mol dm™ oxalic
acid using immobilised Degussa P25 TiO,. These experiments were performed in
sequence: oxalic acid in distilled water (DI); oxalic acid in natural river water (NW);
oxalic acid in DI after rinsing TiO, plate with DI (DI 2); and oxalic acid in DI after
rinsing TiO, plate again with DI (DI 3). It can be seen that while performing the
experiment in NW, a slight reduction in the degradation rate occurred. The most
significant change occurred after rinsing the TiO, once, where a significant reduction

(35.2%) in degradation rate occurred due to poisoning of the catalyst (Table 3.13).
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Figure 3.16 Plot of photocatalytic degradation of 4.5 mol dm™ oxalic acid in distilled water (DI)
then natural water (NW); after rinsing once with distilled water (DI 2) and after rinsing twice
with distilled water (D1 3), using immobilised Degussa P25 TiO, and UVA irradiation in
stirred-tank reactor.

Table 3.13 Calculated degradation rates and quantum yields for 4.5 mol dm™ oxalic acid using

Degussa P25 TiO, and UVA irradiation in stirred-tank reactor

Experiment % Rate / mg Rate / catalyst % Quantum  R?
Run Degradation catalyst surface area Yield
after 180 min (mol st/ mg (mol st/ m28 mol
catalyst x 10 catalyst x 10 Einstein™

DI 93.12 1.55 3.07 94.5 0.993

NW 76.64 1.00 1.99 61.2 0.993
Rinse 1 76.74 1.12 2.22 68.2 0.995
Rinse 2 85.37 1.13 2.60 79.9 0.994

However, the poisoning was reversed by repeated washing, as evidenced by the
increase in degradation rate after each rinsing procedure. The reduction in the
calculated quantum yield was lowered to 14.6% after twice rinsing the catalyst,

which is consistent with results obtained by Ibarz-Grau under similar conditions.”
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The reasons for the lowered photocatalytic rate observed when using natural water

sources will be further discussed in a later section (3.5.3.5).

3.5.3.4 Photocatalytic inactivation of E. coli in natural water

Initially the degradation rate of E. coli in distilled water was determined for
comparative purposes. Figure 3.17 shows the inactivation rate of E. coli suspended
in distilled water (6.70 x 10° CFU cm™), at pH 7.1, using immobilised Degussa P25
under UVA irradiation.
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Figure 3.17 Plot of photocatalytic inactivation of E. coli in distilled water using immobilised
Degussa P25 TiO, under UVA irradiation in stirred-tank reactor

81% E. coli inactivation was obtained after 4 hours and the inactivation rate per mg
of catalyst was calculated via Chick’s Law to be 2.16 x 10° CFU cm™ s™. Only
0.05% inactivation over the same time period was seen in the control experiments
where a portion of the working E. coli suspension was held under similar

experimental conditions; however, without UV irradiation.

When the same system was tested with natural river water instead of distilled water,
no inactivation occurred after 5 hours of treatment (data not shown). It was
discovered that the pH of the natural water was 7.5, which is not optimum for TiO,

photocatalysis.”* Thus, the pH of the natural water was adjusted to 5.0 and the
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experiment repeated. Again, no inactivation was witnessed despite 5 hours of
treatment. Competitive processes between the bacterial cells and the organic acids
naturally occurring within the river water could also be occurring, significantly
slowing the inactivation rate (as witnessed when degrading oxalic acid, above).
Therefore, the initial bacterial cell loading was lowered to ~ 1.0 x 10° CFU c¢m™
which was a more realistic estimate of the natural bacterial concentration within
rivers and stream systems.”® At this bacterial loading with the pH of the river water
adjusted to 5.0, inactivation occurred. A plot of the inactivation of 2.4 x 10° CFU
cm™ E. coli in natural river water (pH 5.0), with immobilised Degussa P25 under
UVA irradiation is shown in Figure 3.18. Under these conditions 98.0% inactivation

was accomplished after 4 hours of treatment (see Table 3.14).

It must be noted that a lag period in inactivation was also observed in the
photocatalytic experiments, in both distilled and river water, between 0 and 60
minutes, where the inactivation rates were slower than those observed for the
remainder of the experiment. Possible reasons for this phenomenon will be discussed

later.
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Figure 3.18 Plot of photocatalytic inactivation in the stirred-tank reactor of 2.4 x 10° CFU cm
E. coli in natural river water using immobilised Degussa P25 TiO, under UVA irradiation
(Degussa P25); without TiO, catalyst under UVA irradiation (UVA only); and in the dark

(Dark control).
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Also shown in Figure 3.18 are the results obtained from similar suspensions kept in
the dark as well as those where the catalyst was removed and the reactor irradiated
with UVA. The dark control showed no inactivation, while UVA only experiments
showed rapid E. coli inactivation: 76.85% within 4 hours (see Table 3.14 for

calculated rates).

Table 3.14 Calculated degradation rates and quantum yields for 2.4 x 10 CFU cm™® E. coli in
distilled water and natural river water (pH 5.0) using Degussa P25 TiO, (P25 DI and P25 NW,
respectively) and UVA irradiation (UVA) in stirred-tank reactor

% Rate / mg Rate / catalyst % Quantum  R?
Degradation catalyst surface area Yield
after 180 cryem®s’)  (CFUm?sY mol
min /mgcatalystx  /m?catalystx 10°  Einstein’ x
10* 10°
P25 DI 87.41 0.579 1.15 1.81 0.824
P25 NW 56.6 1.49 2.80 4.42 0.949
UVA 66.83 n/a n/a 8.79 0.979
Dark -0.20 n/a n/a n/a 0.978

It should be noted that the UVA-only control experiment was not a true
representation of the effect of unabsorbed UVA irradiation during photocatalytic
experiments, evidenced by the extremely high quantum yield (8.79 x 10°). For the
UVA only experiments, the immobilised TiO, glass plate was removed and replaced
with a clean glass plate, which is common practice within the field. This however
allowed all emitted irradiation (minus minimal absorption by the glass) to enter the
reactor. To show a true representation of the effect of UVA within the photocatalytic
reactor a ‘sandwich’ experiment was developed whereby a clean glass plate was
placed over the immobilised TiO; plate. This prevented any effects due to the photo-
excitation of the TiO, interacting with the test solution, while simultaneously
allowing unabsorbed UV irradiation to pass through the TiO, and into the reactor. To

date no evidence of this type of experiment has been found in the literature.

3% E. coli inactivation in natural water (pH 5.0) was seen when performing the

sandwich experiment with Degussa P25 TiO, under UVA irradiation; consistent with
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results obtained in the dark control experiments. This was expected as diffuse-
transmission experiments showed that Degussa P25 absorbed all the emitted UVA
irradiation (see Figure 3.12 and relevant text for diffuse-transmission experimental
results). Thus, all effects seen with Degussa P25 under UV photocatalytic treatment

were due to the catalytic effect.
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Figure 3.19 Plots of photocatalytic inactivation in the stirred-tank reactor of ~ 1.15 x 10° CFU
cm E. coli in natural river water under UVA irradiation using immobilised MW-treated TiO,
(MW); MW-treated TiO, sandwich (MW SW); HT-treated TiO, (HT); and HT-treated TiO,
sandwich (HT SW).

The photocatalytic degradation of E. coli with MW- and HT-treated TiO, in natural
river water is shown in Figure 3.19. Interestingly these results showed an initial lag
period, after which inactivation followed pseudo-first order kinetics. The disinfection
rates were calculated based on the slope of the linear part of the graph between 60
and 180 minutes. Table 3.15 summarises the results of the disinfection experiments

carried out in natural river water with MW- and HT-treated TiO..

The diffuse-transmission measurements (Figure 3.12) showed that for the same
catalyst loadings, both the MW- and HT-treated TiO, only absorbed 75 and 81% of
the emitted UVA irradiation, respectively. Therefore any disinfection seen during
photocatalytic experiments was due to a combination of photocatalysis and UV

effects. To determine the extent of UV inactivation, ‘sandwich’ experiments were
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performed and are also shown Figure 3.19. The results showed both the MW- and
HT-treated TiO, SW arrangements produced significant E. coli inactivation.
Surprisingly, the rate was greater during the SW experiments than the photocatalytic

experiments.

Table 3.15 Calculated degradation rates and quantum yields for ~ 2.4 x 10 CFU cm® E. coli in
natural river water (pH 5.0) using MW- and HT-treated TiO, and the aforementioned in a
sandwich arrangement (denoted SW), under UVA irradiation in stirred-tank reactor

% Rate / mg Rate / catalyst % Quantum  R?
Degradation catalyst surface area Yield
after_180 (CFU cm3s™) (CFU cm®s™?) mol
min /' mg cat%lyst X / m? catalyst x 10°  Einstein™ 10*
10
MW 30.77 1.76 0.746 0.702 0.953
MW SW 73.00 4.20 n/a 9.63 0.846
HT 89.29 7.65 2.06 2.94 0.980
HT SW 61.69 2.36 n/a 7.65 0.940

The transmission loss due to the additional glass plate was determined using UV-vis
diffuse-transmission and calculated to be 6.2% and 5.6% for the MW- and HT-
treated immobilised TiO,, respectively. The calculated quantum vyields for these

experiments were corrected for this loss.

3.5.3.5 Photocatalytic disinfection rate in natural river water

Table 3.15 displays the calculated quantum yields obtained for E. coli inactivation
using MW- and HT-treated TiO, catalysts in natural water from photocatalysis and
SW experiments. The HT-treated TiO, produced a far greater quantum yield (2.94 x
10? Einstein cm? s™) than the MW-treated TiO; (7.02 Einstein cm? s™); however,
the most surprising discovery was even greater quantum yield obtained from the SW
experiments (HT-treated TiO, SW @, 7.65 x 10° Einstein cm s and MW-treated
TiO; SW @,y 9.63 x 10% Einstein cm™ s™). This leads to the hypothesis that there
was an inhibitory effect occurring during photocatalysis in natural water. Three

possible reasons for inhibition include:
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1. pH.

It is well documented that the pH of the degradant solution has a significant effect on
the photocatalytic reaction rate.”® Trillas et al.”” observed that the photodegradation
of 2,4-dichlorophenoxyacetic acid was greatest at a slurry pH of 3. On the other
hand, the optimum pH for phenol oxidation is 7. Gimenez et al.”® showed that the
highest rate of Cr(IV) photoreduction was attained at pH 1; and catalyst deactivation
occurred at pH>4. Alternatively, Vidal et al.” observed no discernible effect of pH
during the photodegradation of ethylbenzene. Bangun and Adesina’ showed the rate
of photocatalytic degradation of sodium oxalate increased with decreasing pH up to
an optimum at pH 2. Alternatively, UV is not affected by pH and would not show

changes in inactivation rates at differing pH values.

The pH in the present study of 4.5 mol dm™ oxalic acid in distilled water was
determined to be 2.5. Whilst photodegradation of oxalic acid in the natural river
water proceeded, the slower oxalic acid degradation rate could not be attributed to
pH effects as the solution pH was 2.6. From this, it was thought that pH alone is not

the sole cause of the lowered E. coli deactivation rates seen.

During E. coli experiments the pH of the sterilised natural water was adjusted to 5.0
before photocatalytic treatment. While this was not optimum for photocatalysis,
further lowering the pH may in itself contribute to the bacterial inactivation.
Reasoning for this was that the optimum pH range for E. coli is 6.5 — 7.5.*° Once the
pH shifts away from the optimum bacterial pH, destruction of acid- or alakali-labile
macromolecules, primarily within the cell wall, occurs eventually leading to the

inactivation of treated bacterial cells.8%8!

2. The effect of inorganic ions.

There have been several studies investigating the effect of inorganic ions on the
photocatalytic degradation of organic and bacterial pollutants. Abdullah et al.®
studied the effect of inorganic ions on the photocatalytic degradation of selected
organic compounds and reported that the presence of chlorides and phosphates could
decrease the degradation rate by up to 70%. Belhacova et al.® studied the influence
of salts on the photocatalytic disinfection rate of E. coli and the degradation of oxalic

acid in Dulbecco phosphate buffer and perchlorate solutions. Whilst the initial

124



Chapter 3

bacterial count remained almost constant after four hours of photocatalytic treatment
in Dulbecco phosphate buffer, significant disinfection was observed in experiments
performed in distilled water. The photocatalytic degradation rate of oxalic acid was
also significantly slowed in phosphate buffer. Further studies, using Ringers solution
which contains a range of inorganic ions including NaCl, KCI, CaCl, and NaHCOs,
have been performed by Dunlop™. It was shown that Ringers solution prolonged
bacterial stability by ensuring the bacterial cells remain in a slightly “strengthened’
state by the reducing the osmotic potential via the presence calcium ions within
solution. Magnesium ions are also thought to play a vital role in prolonging bacterial

viability.

In the current study, the @, of oxalic acid in natural river water was 33% lower
than similar experiments in distilled water. The ®,,, of E. coli was also lowered by
32% when performing experiments using pH-adjusted natural river water, compared
to similar E. coli distilled water suspensions. Due to the similar levels of reduction, it
was thought that the reduction in the observed disinfection rates were more likely
due to the competitive action of anions with the target compounds (i.e. oxalic acid
and bacterial cells) for hydroxyl radicals, rather than through reducing the osmotic

potential of the bacterial cells.

3. The effect of humic substances.

Humic substances in aquatic systems impart a brown/yellow colour to the water, can
complex with metals/organic pollutants such as pesticides and most significantly are
precursors of mutagenic halogenated compounds formed after water chlorination.® It
has been shown that TiO, photocatalysis degrades humic acid and complete
mineralisation can be achieved.®® Several investigations into the application of TiO,
photocatalysis to natural water sources have been performed in recent years.*#% |t
has been shown that natural waters are a complex matrix and significant differences
in disinfection rates in natural waters occur compared with distilled water.*® While it
has been shown that simultaneous bacterial inactivation and degradation of humic
substances can be achieved by photocatalytic treatment,® the addition of naturally
occurring organic compounds directly slow the bacterial inactivation rate. The
bacteridical effect is influenced by these compounds in several ways. Humic

substances can protect the bacterial cells from direct attack by physically screening

125



Chapter 3

UV irradiation and hydroxyl radical attack. This occurs by adsorption onto the TiO,.
Alternatively, the humic acids compete for the hydroxyl radicals, reducing the
number of inactivation of the target compounds. It is plausible that both of the above
effects occurred, resulting in the lower rates seen during photocatalysis compared

with the sandwich experiments.

In summary, it was thought that the contributing factors for the lowered inactivation
rates seen when using natural river water were the competitive action of inorganic
ions and humic compounds for hydroxyl radicals, as well as the adsorption of humic
compounds onto the TiO,, which physically screened the target compounds/cells

from UV irradiation and hydroxyl radical attack.

3.5.3.6 Lag period in bacterial inactivation

A significant lag period was witnessed when performing the photocatalytic and UV
inactivation E. coli experiments, both in distilled and natural river water. The lag
period is defined as a period where no or minimal inactivation occurred, and was
found to occur for approximately 30 minutes in distilled water (Figure 3.17) and 60
minutes in natural water (Figure 3.18 and Figure 3.19). Similar findings have been
reported by other investigators.3*#4391%2 These characteristics can be explained in a

number of ways:

1. The possible isotonic nature of natural water could prolong bacterial
stability.

Distilled water causes the leakage of calcium and magnesium ions from the cell
surface, increasing the osmotic potential. Therefore the cells are in a weakened state
and are more prone to oxidative damage. The presence of these ions in natural water
decreases the osmotic stress on the cells thereby larger number of oxidative species

is required to achieve cell inactivation.

2. The presence of anions could reduce the number of hydroxyl radicals
available for disinfection.
See section 3.5.3.5, point 2. This could occur due to the competitive action of anions

and bacterial cells for hydroxyl radicals.
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3. The possible recovery of bacteria from oxidative damage.

Huang et al.* studied the process of bactericidal action of E. coli cells in a TiO;,
slurry reactor. The disinfection kinetics displayed a lag phase of approximately 15
minutes before inactivation was observed. Cell membrane damage was monitored,
and was not found during the initial stages of photocatalytic treatment, but occurred
approximately 15 — 20 minutes after its commencement. Concurrent cell viability
measurements followed a similar trend: an initial 15 — 20 minute lag period followed
by linear decline in viable cell concentration. Cell membrane damage is known to
result in cell death; however, mechanisms to repair cell wall damage exist. Therefore
cell wall damage alone will not cause bacterial inactivation. Sunada and co-
workers®® have shown this in similar experiments, and a diagrammatic representation
of the proposed mechanism for the photocatalytic bactericidal effect has been shown
in Figure 1.12.

As the lag phase was also observed using distilled water, which is neither isotonic in
nature, nor contains inorganic ions, it is believed that the bacterial recovery
phenomenon is largely responsible for the observed kinetics. In the present study, the
number of hydroxyl radicals produced during the initial stages of treatment may only
be sufficient to cause cell wall damage and samples removed during this stage could
undergo cell wall repair and re-grow resulting in colony formation. However, the
increased lag time noted during experiments using natural river water was due to the
isotonic stability and the presence of inorganic ions afforded by this type of water,

which ‘strengthened’ the bacterial cells.

3.5.4 Small colony variants

All photocatalytic experiments involving E. cloacae and E. coli, whether performed
with suspended or immobilised TiO,, or in natural or distilled water, produced small
colonies upon extended treatment times. Figure 3.20 shows representative
photographs obtained of E. coli colonies on LB agar incubated for 18 hours at 37 °C.
Each plate represents E. coli cells within a 100 uL water suspension removed from
the stirred-tank reactor during photocatalytic treatment with immobilised Degussa

P25, after no treatment and treatment for 120, 240 and 360 minutes. The arrows on
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each image highlight a typical colony from each treatment time. It can be seen that as
treatment progresses the diameter of a typical colony was significantly reduced from
1.5 mm, until at 360 minutes, colonies were so small that it was difficult to
distinguish them with the naked eye (0.3 mm). During experiments with UV
irradiation (i.e. no TiOy) using the stirred-tank reactor similar, smaller than average

colonies were also observed.

Figure 3.20 Photographs of E. coli colonies on LB agar incubated for 18 hr at 37 °C. Each plate
represents E. coli cells within a 100 pL distilled water suspension removed from the stirred-tank
reactor during photocatalytic treatment with immobilised Degussa P25 and UVA irradiation at
the following treatment times: A 0 min; B 120 min; C 240 min; and D 360 min.

These smaller than average colony phenotypes among surviving bacterial population
were first discovered over 80 years ago and are referred to as small colony variants
(SCV’s). SCV’s have been previously reported in several bacterial species including

Staphylococcus aureus, Pseudomonas aeruginosa, E. coli and Salmonella
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typhimurium.***® SCV’s have phenotypically been characterised as hyperpilated,
slow growing, non-pigmented strains which generate less toxin than the parent strain
and demonstrate a different pattern of carbohydrate utilisation.”® The appearance of
SCV’s is due to deficiencies in electron transport, specifically mutations in the genes

responsible for menaquinone or heme biosynthesis.*

Recently, E. coli SCV’s have been observed after exposure to UVA irradiation.”’
The mechanism behind this was the excitation of photosensitive molecules within
the cell resulting in the production of active species such as O,", H,0, and "OH. The
mechanism of photocatalytic bacterial inactivation has been proposed to occur via
0, and "OH attack.® It is therefore likely that the presence of SCV’s after

photocatalytic treatment is due to sub-lethal radical attack.

SCV’s are highly invasive in animal models, but due to lower toxin production these
variants may persist within host cells for extended periods without causing
damage.®® However, a typical feature of SCV’s is they revert to the parent phenotype
when sub-cultured onto nutrient agar. Due to this, numerous studies have
demonstrated an association between SCV’s and persistent, recurrent and antibiotic-
resistant infections.”® The probability of infection and its severity is dependent on a
number of host and pathogen factors. Thus there is no tolerable lower limit for SCV
pathogens, even very small numbers present a serious risk to immuno-compromised
individuals.®® It is due to these reasons that their presence after photocatalytic

treatment is cause for concern, due to possible health hazards.
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3.6 Conclusions

The suspended MW-treated TiO, colloids were examined for bactericidal ability.
These colloids were found to inactivate 99.9% of a 10" CFU cm™ E. cloacae
suspension within the first 30 minutes of treatment. This was compared to similar
catalyst loadings of Degussa P25 and HT-treated TiO,. While all three catalyst types
produced similar % inactivation after 30 minutes of treatment, when the inactivation
rates were compared with the catalyst surface area, the MW-treated and HT-treated

TiO, were approximately 28 and 14%, respectively, that of the Degussa P25.

Degussa P25, MW-treated TiO, and HT-treated TiO, colloids were immobilised
onto borosilicate glass. It was discovered for the first time that dip-coating is
unsuitable for immobilisation of both the MW-treated and HT-treated TiO, colloids.
A spray-coating method was attempted and produced films of a very good quality for
all three catalysts types. The immobilised colloids were then examined for

photocatalytic degradation of oxalic acid.

During oxalic acid photodegradation when using UVA irradiation, the immobilised
Degussa P25 TiO, produced a degradation rate of 3.08 x 10°® mol s per m? catalyst.
The MW-treated and HT-treated TiO, immobilised colloids resulted in degradation
rates of 4.42 x 10 mol s per m? catalyst and 4.13 x 10 mol s™ per m? catalyst,

respectively.

When using UVB irradiation, the Degussa P25 TiO, produced a photodegradation
rate of 7.53 x 10® mol s per m? catalyst, while the MW-treated and HT-treated
TiO, catalysts resulted in photodegradation rates of 4.45 x 10° mol s per m?

catalyst and 3.10 x 10 mol s™* per m? catalyst, respectively.

The incident photon flux and diffuse-transmission spectroscopy was used to
calculate the apparent quantum yield for each of the immobilised catalysts for both
UVA and UVB irradiation. The quantum yields obtained for the three catalyst types
using UVA irradiation were between 15.5 and 94.5%. When using UVB irradiation,

the only quantum yield to significantly increase was that of Degussa P25 TiO,, while
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the MW-treated and HT-treated TiO, catalyst quantum yields remained unchanged.
It was discovered that a mechanism change had occurred in the Degussa P25
compared to the MW- and HT-treated TiO,. This was due to Degussa P25 consisting
of a mixed-phase anatase and rutile composition, while the MW-treated and HT-
treated TiO, colloids possess a majority of anatase crystallites and no rutile. The
increased quantum yield of Degussa P25 was due to electrons in the anatase CB
vectorially displacing into the conduction band of the rutile, which resulted in greater

charge separation and lower recombination.

The three catalyst types were also examined for photocatalytic inactivation of E. coli
in natural river water under UVA irradiation. It was discovered that for
photocatalytic inactivation using UVA irradiation to be observed, the pH of the river
water had to be lowered to 5.0 and a bacterial cell loading of approximately 1 x 10°
CFU cm™ had to be used. The inactivation rates were calculated to be 2.80 x 10
CFU cm™ per m? catalyst for the Degussa P25 TiO,. The MW-treated and HT-
treated TiO; produced inactivation rates of 7.46 x 10 CFU cm™ per m? catalyst and

2.06 x 10 CFU cm™ per m? catalyst, respectively.

When comparing the calculated quantum yields it was found that the HT-treated
TiO, produced the best yield of the three catalyst types examined approximately 10-
fold higher than the Degussa P25 and MW-treated TiO,. However, it was discovered
through the development of a sandwich arrangement that a significant amount of the
inactivation seen using the MW-treated and HT-treated TiO, catalysts was due to
direct inactivation of the bacterial cells by the UV irradiation. In fact, for the MW-
treated and HT-treated TiO, catalysts, the inactivation rates were higher using the
sandwich arrangement then photocatalysis (260% and 1370% higher, respectively).
This was thought to be due to the competitive action of inorganic ions and humic
substances for hydroxyl radicals, as well as the humic acids physically screening the
cells from UV and hydroxyl radical attack.

A significant lag period of approximately 60 minutes in E. coli inactivation was
observed when using all three catalyst types in natural river water. As this was also

present when using distilled water (albeit over a shorter time frame), it was mainly
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attributed to bacterial recovery. However, inorganic ions and the isotonic nature of

the river water may have extended the lag period.

A decrease in colony size (from 1.5 mm to 0.3 mm) was noted during photocatalytic

experiments. These so-called SCV’s are thought to occur during sublethal *OH and

O," attack. SCV’s have been linked to persistent, recurrent and antibiotic-resistant

infections and their presence after photocatalytic treatment is worrisome regarding

potential health risks involved with this water treatment method.
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INSITU FTIR STUDIES OF IMMOBILISED-T10,
PHOTOCATALYSIS AND

ELECTROCHEMICALLY-ASSISTED PHOTOCATALYSIS

Note to Reader: The work described in this chapter was carried out by the candidate
under the supervision of Dr Geoffrey Will and A. Prof. Louise Hafner. All colloidal
dispersions utilised by the candidate were prepared by Aaron Matijasevich. In situ
FTIR spectroscopic studies were performed by the candidate at the University of
Newcastle upon Tyne (UK), within the School of Chemical Engineering and
Advanced Materials, under the supervision of Prof. P.A. Christensen.
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4.1 Introduction

The first in situ FTIR spectroscopic study was reported by Pons and co-workers in
1981." Since then, it has become a well-recognised analytical tool in studying
electrochemical mechanisms and has been used to study a range of systems including
the reduction of halogenated phenols,? temperature effects on the electro-oxidation

of organic molecules,** and photodegradation of paints.

Modern FTIR spectrometers are capable of high signal-to-noise ratios with further
improvements gained through the use of co-adding and averaging spectra. Although
the sensitivity of modern FTIR spectroscopy is adequate for in situ applications,
solvent absorption must be minimised. An excellent review by Christensen and
Hamnett® covers how this can be accomplished using transmission, internal
reflection and external reflectance techniques; however the most common approach
is external reflectance. This method minimises solvent absorption by trapping a thin
layer of electrolyte (1 — 50 um) between the IR transparent window and the
reflective working electrode. Although this minimises solvent absorption, water
absorption is still strong and as such, absorptions due to solution and adsorbed
species are relatively weak. In order to reveal these, a ‘difference protocol’ is usually
employed. Spectra are represented as:®

A_R_ (Ss _Sr)
R S

versus o 4.1

r

or:

Absorbancez—logm(%) versus o 4.2

r

=—(log,, S, —log,, S,) versus o

where, & is wavenumber (cm™). During electrochemical studies,® the reference
spectrum, Sy, is collected at the reference potential, E,, usually chosen to be in the
electro-inactive region. The potential is then stepped to successively higher or lower
values, Eg, and spectra, S, are collected at each step, or the potential is changed in a
single increment and the spectra, S, collected as a function of time. Both equations
4.1 and 4.2 result in difference spectra which only contain absorptions that change

with potential and/or time. In the case of the protocol in equation 4.2, which was

139



Chapter 4

employed in the FTIR experiments reported in this chapter, features pointing up,
positive absorbance, are due to species gained, while features pointing down,
negative absorbance, are due to species lost. While the signal-to-noise ratio for
spectra is proportional to the square root of the scans taken, a disadvantage of taking
a large number of scans for each spectrum is the stability of the system over the
period of measurements. Christensen and co-workers have noted that fluctuations in
the source temperature and a change in the concentration of CO; and H,O vapour in

the sample compartment, can adversely affect spectra collected.’

4.1.1 In situ FTIR and TiO,

In situ FTIR spectroscopy is a powerful technique in identifying surface processes on
semiconductors as classical (eg. Ivt) electrochemical techniques can not be
satisfactorily used to unambiguously establish mechanistic pathways.® In 1983,
Bockris and co-workers reported the first study of a photoexcited electrode,
however, it was not until 1994 that Gratzel and co-workers’® and Hug and
Sulzberger'® used the technique to study solvent break-down mechanisms at
irradiated TiO, electrodes. Since then extensive research in the field has been
undertaken.>®™ Although the basic photocatalytic reactions of TiO, are well
known and the evidence of hydroxyl radicals as the primary oxidant is extensive,
understanding of the chemistry at the TiO, surface and the surface states within
photocatalytic systems remains speculative.® Surface structure plays a role in this
process and it has been shown that rutile is much less photoactive despite the larger
(200 meV larger)** bandgap compared to anatase. The enhanced photoactivity of
anatase has been attributed to greater O, surface adsorption and the greater reduction
rate of O, by electrons in the conduction band. The type and extent of surface

hydroxylation also plays a significant role.

In situ FTIR has been used to examine TiO, electrodes prepared via the oxidation of

811 as well as mesoporous films, such as Degussa P25, and

Ti metal substrates,
single TiO, crystals."® These works have shown that photo-induced evolution of
oxygen from water and the oxidation of model organics can be followed. In
particular, detailed behaviour of the surface-bound oxygen and carbon dioxide can

be investigated.®
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The appearance of unusual baseline features has been observed by many researchers.
An optical phonon band near 1580 cm™ under UV irradiation has been identified,
which was not observed in the dark, and was associated with the accumulation of
surface-mobile holes at the complex, porous film-electrolyte interface.’* The
capacity of such holes were thought to enhance the absorption cross-section of rutile
at the surface of the TiOy/ectrolyte interface. Szczepankiewicz et al. have also shown
that band-gap irradiation produced a broad baseline feature with increasing

absorption to longer wavelength,™*’

while the opposite effect (increasing to shorter
wavelength) has been demonstrated in several studies.**® This line of research is

controversial and under continued investigation.

4.1.2 Micro-organisms and N-acetyl-D-glucosamine (NAG)

Many investigations into the mechanisms responsible for the bactericidal effect
during photocatalysis have been performed with substantial evidence that the cell

membrane is the site of primary attack.'*?!

Oxidative attack on bacterial cells causes lipid peroxidation leading to loss of
integrity of the cell membrane.?’ Once this occurs cell respiration ceases. This,
combined with subsequent oxidative attack of intracellular components %%
ultimately leads to cell death. Despite compelling evidence of these mechanisms, and
the cell wall destruction mechanism proposed by Sunada et al.,*® little research
regarding the photocatalytic effect on the peptidoglycan layer has been performed.
This layer protects the cell from environmental factors and in the case of gram-
positive bacteria, it is the first structure encountered by external factors.** As such, to
fully understand the mechanisms of bacterial disinfection, it is vitally important to
understand the effects of photocatalysis on all cellular components, especially those

within the cell wall as it is the primary site of attack.

4.1.3 Choice of model pollutants

Model pollutants for a standard test system should be a recognised organic pollutant

which is water soluble, inexpensive, easily analysed, non-volatile, photochemically
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inactive and completely photomineralised using TiO, as the semiconductor
photocatalyst. The electrochemical oxidation of oxalate (COO); on a pyrolytic

graphite electrode has been reported to occur via an irreversible 2e” process to yield
CO; as the sole product (equation 4.3).® Hence, the photocatalytic oxidation of
oxalate should not be complicated by the production of intermediate species, nor

should oxygen be necessary for mineralisation.

“00C - CO0™ —2 5 2C0, 43

Oxalic acid is an intermediate product from the photocatalytic degradation of larger
organic compounds, it does not undergo photolysis in the 300 — 400 nm region and
has been previously used in other photocatalytic studies.?®” This compound, when
in aqueous solution, displays a relatively simple FTIR spectrum with two peaks
observed at 1310 and 1565 cm™ due to the anti-symmetric and symmetric C=0

stretching vibrations, respectively.?

To investigate the effect of photocatalysis on a component of the bacterial cell wall,
the carbohydrate, NAG was chosen as a model compound. All bacterial species
possess a layer of peptidoglycan consisting of repeating units of NAG and NAM,
within their cell wall (see Figure 4.1).* Due to the build-up of the carbohydrate

components, it provides added protection from external factors.
NAG NAM

AAL*COOH

Figure 4.1 Chemical structure of N-acetyl-D-glucosamine (NAG) and N-acetyl-muramic acid
(NAM)
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Similar studies into the oxidation of other carbohydrates have been performed, also
using in situ FTIR spectroscopy. The investigations to date have mainly focused on
the degradation of glucose; however some investigations into other sugars, such as
D-sorbitol’**? and fructose® have been performed. In situ FTIR spectra of glucose
and D-sorbitol during electro-oxidation showed a strong positive absorbance band at
1780 cm™ which was assigned to the v(C=0) stretch of a saturated y-lactone (five-
membered ring) and a weaker gain at 1740 cm™ due to the carbonyl stretch in a six-
membered ring.®*** There was also the presence of a band at 1731 cm™ due to
adsorbed &-lactone.®® It must be noted that no evidence to date has been found of any
in situ FTIR investigation into the photocatalytic degradation of carbohydrates. In
addition, knowledge of the mechanisms of carbohydrate degradation within the
literature is limited. This is even more apparent with regards to the degradation of

NAG, as no evidence of this could be found.

4.2 Aims and Objectives

The aim of this section of work was to use in situ FTIR spectroscopy to compare the
photocatalytic and electrochemically-assisted photocatalytic (EAP) efficiency of
immobilised TiO, electrodes using a model organic compound and a component

present in the bacterial cell wall.

Objectives:

1. To determine a technique suitable for immobilisation of powders onto
electrodes for in situ FTIR spectroscopic investigations.

2. To characterise the TiO,-coated electrode using standard electrochemical
techniques.

3. To investigate the photocatalytic degradation of Nay(OOC), using in situ
FTIR spectroscopy.

4. To investigate the EAP degradation of Nay(OOC), using in situ FTIR
spectroscopy.

4. To investigate photocatalytic and EAP degradation on a bacterial cell wall
component (NAG) using different types of TiO; colloids.

5. To compare photocatalytic and EAP degradation kinetics and mechanisms of

the TiO,, catalyst types.
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4.3 Experimental

4.3.1 Substrate preparation

The substrate used was Ti metal (99.6 % purity, Goodfellow). The 25 mm diameter
metal rod was cut to the required size and shape. Before coating, the substrate’s face
was roughly polished with fine-grade sandpaper until a smooth surface was obtained.
The substrate was rinsed with deionised water and air-dried, followed by fine
polishing using 0.3 um alumina (BDH). Once a mirror-like sheen was produced, the
substrate was cleaned by ultrasonic treatment in 18 MQ cm Milli-Q water for 30
minutes. The washing procedure was then repeated. After drying, the substrate was

accurately weighed.

4.3.2 Stabilised TiO, colloidal preparation

Degussa P25 TiO, powder (TITANDIOXID P25, D-60287, Pl-52342) was
purchased from Degussa AG (Frankfurt). Degussa P25 consists of 25:75

rutile:anatase crystal form, with a purity of 99.9 %.

Stable colloidal TiO, solutions were prepared via the hydrolysis of titanium (V)
isopropoxide following a procedure adapted from O’Regan et al.*® and is described
in detail in Chapter 3, Section 3.4.7.

HT- and MW-treated TiO, colloids were prepared following procedures also
described in Chapter 3, Section 3.4.7. Briefly, convective HT-treated TiO, colloids
were prepared by placing a portion of the previously prepared stable colloidal TiO,
solution into a Pyrex glass-lined, stainless steel parr bomb and treating in a
convection oven at 145 °C for 15 hours. MW-treated TiO, colloids were prepared by
a method developed by Wilson et al®® by placing a portion of the previously prepared
stable colloidal TiO, solution into a Teflon-lined digestion vessel and treating in a
microwave oven at 145 °C for 1 hour. Both the convective hydrothermal and

microwave treated colloidal suspensions were then dehydrated at 80 °C for 3 hours.

144



Chapter 4

4.3.3 Coating of substrates with TiO,

30 mg of TiO, colloid was suspended in 5.0 cm® of 18 MQ cm Milli-Q water by
ultrasonic treatment for 10 minutes. The substrate face was coated with the colloid
suspension using an eye-dropper and dried at 80 °C for 30 minutes and accurately

weighed after cooling to room temperature.

Thermal TiO, electrodes were prepared following a procedure developed by
Christensen et al.>” Briefly, the polished Ti electrode was placed into a preheated
furnace (700 °C) in air to induce oxidation of the Ti electrode surface. After heating
for 10 minutes the electrode was immediately removed from the furnace and allowed

to cool to room temperature.

4.3.4 Electrochemical measurements

An Autolab potentiostat (PGSTAT30, Windsor Scientific Ltd.) with PC control and

GPES v 4.8 software was used for electrochemical measurements.

4.3.5 pH measurements

pH was measured using a pH electrode (Gelpas BDH) linked to a digital pH meter
(Philips 9404).

4.3.6 In situ external reflectance FTIR reactor design

The in situ FTIR cell (see Figure 4.2) was developed by Christensen and co-workers®
and was of a thin layer design. The cell required careful design and manufacture,

particularly the solution seals.
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9 mm TiO, Coated
TiO, o —— Top-hat Electrode
1 mm
I Reference
; 2mm Electrode \_;
Ti > - IR Beam

Working Electrode Contact \l’L

UV Irradiation

CaF, Window

1

TiO, top-hat support

O-Rings Electrolyte

Counter Electrode
(Pt Mesh)

Figure 4.2 Schematic representation of cross-sectional view of in situ FTIR photocatalytic
sample cell arrangement. Inset: schematic representation of Ti ‘top-hat’ electrode with

dimensions.

The TiO, catalyst was immobilised onto a polished Ti ‘top-hat” (Figure 4.2 inset).
The top-hat was secured onto the PTFE top-hat supporting rod using a PTFE screw-
top with hollowed centre which exposed the TiO,-coated face. The supporting rod
was inserted into an external glass sample housing creating a seal at the base of the
glass housing via an O-ring. The CaF, window was secured in place using an outer
PTFE screw-top. The sample cell housing arrangement is shown in Figure 4.3. The
distance of the TiO,-coated top-hat from the CaF, window was able to be increased
and decreased using a screw mechanism attached to the butt of the supporting rod
shown in Figure 4.3. During experiments the top-hat was positioned so that only a

thin layer of electrolyte was trapped between the surface and the CaF, window.

The electrolyte solution was aqueous 0.1 mol dm™ Na;SO,, was stored in a reservoir
and was introduced into the reactor cell using a PTFE screw-tap. Waste electrolyte
was removed using the waste outlet allowing the reactor to be refilled without
dismantling. Electrolyte solution was replenished after each experiment by
withdrawing the TiO, coated top-hat from the CaF, window and allowing fresh

electrolyte to flow from the reservoir, displacing the used electrolyte to waste.
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Figure 4.3 Photograph of in situ FTIR photocatalytic sample cell

Table 4.1 Specifications of in situ FTIR reactor

Dimensions of in situ FTIR Sample Cell

Diameter of top-hat electrode face (mm) 9.0
Diameter of CaF, window (mm) 25.0
Thickness of CaF, window (mm) 3.0

Internal diameter of glass housing (at irradiated face) (mm) 25.0

External diameter of glass housing (at base) (mm) 15.0
Length (from irradiated face to inner O-ring (mm) 55.0
Reactor volume (cm®) 16.0

Figure 4.4 shows the sample cell arrangement during experiments. The reactor cell
was horizontally mounted on a custom-made holder which also held a series of
mirrors arranged to position the beam of IR irradiation onto the sample face and then
direct the subsequent IR beam into the FTIR detector.
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Figure 4.4 Photograph of in situ FTIR reactor cell holder showing mirror arrangement for IR
irradiation focusing and UV light pipe mounting.

The UV lamp was a 150 W high pressure Xe lamp (6253, Oriel, UK) with a broad
band output over 300 — 800 nm, equipped with an AM O filter and a 100 mm water
filter to reduce sample heating effects. UV irradiation was directed onto the sample
face at a ~ 45 ° angle to the IR irradiation via a 1 m flexible liquid light guide (Oriel,
UK) (see Figure 4.4). Constant light intensity was ensured by switching on the lamp
at least 1 hour prior to experiment commencement. The intensity of light from the
light pipe was routinely monitored® by a Radiometer and found to be constant over

time.

4.3.7 Electrochemically-assisted photocatalysis (EAP)

To investigate EAP, the reactor was modified to act as a three-electrode, one
compartment electrochemical cell (see Figure 4.2 and Figure 4.3). 1 cm x 2 cm Pt
gauze was situated within the reactor cell as the counter electrode. The reference was
a Ag/AgCI electrode (Sentek). The working electrode included the TiO, coated Ti

top-hat which was connected to a steel rod spanning the length of the top-hat
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electrode support. An Autolab potentiostat with PC control was used to control

potential and monitor current during experiments.

4.3.8 Determination of photocatalytic and EAP efficiency of TiO,-
coated substrates

The electrodes were examined for photocatalytic and EAP degradation of
Nay(O0C), and NAG in the one compartment in situ FTIR photocatalytic cell. An
aliquot of 16 cm® of aqueous solution containing 0.1 mol dm™ Na;SO,, or 0.1 mol
dm® Na;SO; and 0.2 mol dm™ of model pollutant was added to the
photoelectrochemical cell. The cell was placed into the FTIR sample compartment
and sparged with Ny, in the dark, for at least 1 hour. A background spectrum was
obtained immediately before the experiment commenced. Further spectra were taken
at predetermined time intervals (every 3 minutes for time-dependent EAP and
photocatalytic experiments; every 2 minutes for potential-dependent EAP

experiments).

Infrared spectra were obtained using a Bio-Rad FTS-60-A FTIR spectrometer
equipped with a liquid N,-cooled MCT detector. 100 co-added scans were collected
in the spectral range 4000 — 1000 cm™ at a resolution of 4 cm™ requiring
approximately 30 seconds. Computer software used for spectral collection was Bio-
Rad WinIR Pro (Bio-Rad Digilab). Positive peaks indicate an increase in absorption
at that wavenumber, whereas negative peaks indicate a decrease in absorption. Data
manipulation, when required, was performed using Origin 6.0 computer software
package.

4.3.8.1 Photocatalytic experiments

Photocatalytic experiments were performed using the same cell setup as above,
however, these were performed without an applied potential. Initially a spectrum was
collected in the dark, after which the sample cell was irradiated and sample spectra
were collected every 3 minutes for a total of 27 minutes. The irradiation was then

removed and spectra were collected every 3 minutes for a further 27 minutes.
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4.3.8.2 EAP experiments: collected as a function of potential

EAP experiments were performed as a function of potential using the above in situ
FTIR spectrochemical cell. These experiments were performed to determine the
effect of slow increase in positive applied potential by stepping the potential in 200
mV increments every 2 minutes, commencing at -0.2 V vs. Ag/AgCl for the
mesoporous TiO, films. The initial potential for the Thermal TiO, electrode was -0.8
V vs. Ag/AgCI, the reason for which will be explained later. Sample FTIR spectra
were obtained at each potential step. The cell was UV irradiated immediately after
the first sample spectrum was collected. Upon reaching 1.2 V vs. Ag/AgCl, the
potential was lowered in one step to the starting potential, after which sample spectra
were obtained over time to determine the effect of removal of the positive applied

potential on the system.

4.3.8.3 EAP experiments: collected as a function of time

EAP experiments performed as a function of time were performed using the above in
situ FTIR spectrochemical cell. These experiments were executed to determine the
effect of a rapid increase in positive applied potential and commenced at the initial
potentials used in the EAP collected as a function of potential experiments. Again,
the cell was UV irradiated immediately after the first FTIR sample spectrum was
collected. Two further sample spectra were collected at this starting potential, after
which time the applied potential was immediately raised to 1.2 V vs. Ag/AgCl and
held there for 27 minutes. During this time FTIR spectra were obtained at 3 minute
intervals. The potential was then lowered to the starting potential in one step and

further FTIR spectra collected at 3 minute intervals for a further 27 minutes.
Current-voltage responses were obtained on the TiO; electrodes mounted in the
spectroelectrochemical cell before each in situ FTIR experiment to check the cell

was correctly set-up and to maximise the photocurrent by adjusting the light pipe.

All experiments were performed in duplicate.
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4.3.9 Spectral presentation

Spectra are represented as:®

Absorbancez—logm(%) versus o 4.2

r

=—(log,, S, —log,,S,) versus o

where, & is wavenumber (cm™). During electrochemical studies,® the reference
spectrum, S;, was collected at the reference potential, E,, chosen to be in the electro-
inactive region. The potential was then stepped to successively higher or lower
values, Es, and spectra, S, collected at each step, or the potential was changed in a
single increment and the spectra, S, collected as a function of time. Equation 4.2
results in difference spectra which only contain absorptions that change with
potential and/or time. In these spectra features pointing up, + Abs, are due to species
gained, while features pointing down, - Abs, are due to species lost at E; relative to
E.. For clarity, in all figures of FTIR spectra, every second spectrum collected is

displayed.

In addition to a full explanation of experimental parameters for FTIR spectral
collection, included within each figure label for in situ FTIR spectra is a short label
for quick reference purposes:

TiO, type: T (Thermal); P25 (Degussa P25); MW (MW-treated); or HT (HT-
treated)

Pollutant type: Na,SO4; Nay(OOC),; or NAG

Experiment type: PC (photocatalysis); P-EAP (potential-dependent EAP); or T-
EAP (time-dependent EAP)

UV illumination: Light (UV illuminated); or dark

For example: MW, Na,(OOC),, P-EAP, Light.

Due to the inherent difficulty in observing many spectra on one graph, plots of
spectral absorbances of vibrational bands of interest were also compiled and
displayed throughout this chapter. It was necessary to perform background

corrections for differing solution film thickness within the FTIR sampling window
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for each experiment performed. These were performed using the single beam
background spectrum (Figure 4.5) collected at the commencement of each

experiment.

The absorbance at 1640 cm™ corresponding to water absorption was calculated:

|
—log,, (I_O) = Ao a4

The absorbance at the vibrational frequency of interest was then ratioed against this

value (Ax/ Assa0) to remove solution layer thickness effects.

Energy

0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 4.5 Sample background spectrum collected during in situ FTIR experiments
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4.4 Results and Discussion
4.4.1 Electrochemical characterisation

4.4.1.1 Current-voltage response

Cyclic voltammetry (CV) measurements were carried out on the TiO; electrodes
using 0.1 mol dm™ Na,SO, (pH 6.1) as the supporting electrolyte and 0.2 mol dm"
Nay(O0C), as the model pollutant (final pH 6.7), as shown in Figure 4.6a and b.
Upon addition of 0.2 mol dm™ Na,(OOC), to the electrolyte, a considerable increase
in photocurrent magnitude was observed for all mesoporous TiO, catalysts i.e.
Degussa P25, MW- and HT-treated TiO,, consistent with literature.*
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Figure 4.6a Cyclic Voltammograms collected in the dark and under UV irradiation of: (A)
thermal, 0.1 mol dm™ Na,SO,: (B) thermal, 0.1 mol dm™ Na,S04/0.2 mol dm™ Na,(OOC),; (C)
Degussa P25, 0.1 mol dm? Na,SO,; (D) Degussa P25, 0.1 mol dm? Na,SO,/0.2 mol dm?
Na,(OOC),. Scan rate 100 mV s™.
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Figure 4.6b Cyclic Voltammograms collected in the dark and under UV irradiation of: (E) MW-
treated TiO,, 0.1 mol dm™® Na,SO,: (F) MW-treated TiO,, 0.1 mol dm® Na,SO4/0.2 mol dm?
Na,(OOC),; (G) HT-treated TiO,, 0.1 mol dm® Na,SO,; (H) HT-treated TiO,, 0.1 mol dm?
Na,S0,/0.2 mol dm™ Na,(OOC),. Scan rate 100 mV s™.

A photocurrent is the difference between the current observed upon irradiation with
UV light and that observed in the dark, and measures the rate of charge crossing the
semiconductor/electrolyte interface and therefore determines the rate of OH’

generation at the interface.”> Classical semiconductor theory predicts that the
measured photocurrent varies as:*

jp quo[l_e—(aW)/(l+aL)] 45

where j, is the photocurrent density, q is the charge on an electron, lo the photon

flux, o the absorption coefficient, L the minority carrier length and W is the thickness
of the depletion layer.
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W increases with the square root of the applied overpotential according to:**

W =(2,,V -V|/aN )" 46

where ¢ is the relative permittivity in the direction normal to the surface, ¢, the
relative permittivity of free space, V the potential at the conduction band edge, Vs the

flat band potential and N4 the donor density.

All electrode types showed a photocurrent, however the thermal TiO, photocurrent
response was significantly different to the mesoporous TiO; electrodes i.e. Degussa
P25, MW- and HT-treated TiO,. The photocurrent seen for the thermal film was in
general agreement with classical semiconductor theory, in that the photocurrent

172

response is dependant on (applied potential)™ (see Figure 4.7); however, the current-

voltage response of the mesoporous TiO, films did not follow classical

semiconductor theory as the photocurrent appeared independent of applied potential.
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Figure 4.7 Plot of photocurrent density as a function of square root of applied potential on the

Thermal film TiO, electrode

Vinodgopal and co-workers** have displayed I-V characteristics of irradiated

Degussa P25 films which are consistent with those seen in the present study for the
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Degussa-P25, MW- and HT-treated TiO, films. They also expounded the differences
in electrochemical mechanisms between polycrystalline (Thermal TiO;) materials
and mesoporous semiconductor films. In polycrystalline materials, charge separation
is facilitated by the space charge layer at the electrode/electrolyte interface. The
potential gradient of this region promotes the flow of electrons and holes in opposite
directions. However, photocurrent generation in mesoporous semiconductor films
operates under a different mechanism. Here, the individual particles are too small
(Dp approximately 30 nm) to form a space charge layer at the electrolyte interface.
Even under heavy doping, when some band-bending may occur, charge
recombination is still the dominant process in small particles. The fact that an
increase in degradation was seen on the application of a potential to the mesoporous
TiO, electrodes was thought to be dominated by the differing rates of electron and
hole diffusion at the solution interface.*® The increased degradation is also controlled
by the potential gradient within the film which drives the electrons and holes in
different directions. This energy gradient is very similar to the band bending

observed in conventional photoelectrochemical cells.*?

The electrode reactions responsible for the generation of photoanodic current are:*?

at TiO, photoanode: TiO,+hv—e, +h,* 47

h, +OH wior (OH")—>OH® 48
or h, +OH™ —>1/0,+ 1/ H,0 4.9
at dark Pt cathode: e, +0, >0, 4.10

Although O, evolution (equation 4.9) is a major process on rutile surfaces,** no O,
formation was observed during these experiments, even when using the Degussa P25
TiO, electrode, which contained approximately 25% rutile. The mesoporous films
used were predominately anatase (approximately 75 — 80%) and, as hypothesised by
Vindgopal and co-workers,*? were more likely to have a high over-voltage for O,
generation. Thus, equation 4.8 dominated the anodic process. O, is known to be a
good electron scavenger and further research performed by Vindgopal and co-

workers have shown that under the influence of an anodic potential, it can readily
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accept photogenerated electrons reducing molecular oxygen to O, " or HO, and

possibly other reactive species such as H,0,.*°

Figure 4.8 presents the potential dependence of the photocurrent obtained using the
Degussa P25 TiO, electrode in electrolyte solution with and without Na,(OOC),
under UV illumination. The photocurrent responses shown here are representative of
those seen using MW- and HT-treated TiO, (see Appendix Figure A.1A and A.1B).
In both cases photocurrent-potential dependence was characteristic for n-type
semiconductor electrodes: after initial growth, the photocurrent increases with

electrode potential, tending towards some limiting value.
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Figure 4.8 Potential dependence of photocurrent obtained for the Degussa P25 TiO, electrode
within supporting electrolyte only (Na,SO4); and with the addition of Nay(OOC),. Potential
scan rate was 100 mV/s.

In addition, the photocurrent values when using Nay(OOC), are larger than those in
the background solution over the whole potential range. There was an observed shift
in onset potential to more negative values (Degussa-P25: -0.14 V vs. Ag/AgCIl; MW-
treated TiOy: -0.23 V vs. Ag/AgCI; and HT-treated TiOy: -0.19 V vs. Ag/AgCl)
which is typical of the behaviour of anatase to organic compounds.*® The Thermal

TiO, electrode displayed an onset potential of approximately -0.55 V vs. Ag/AgCl,
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the reason for which the initial applied potential used during in situ FTIR
experiments with the Thermal TiO; electrode was -0.8 V vs. Ag/AgCl. This was to
ensure that FTIR experiments were commenced at a potential lower than the onset

potential.

The increase in the saturation photocurrent observed with Nay(OOC), at high band-
bending (applied potential) was related to the phenomenon of photocurrent
doubling.***" This occurs where the rate of surface recombination is negligible and
all the photoexcited holes that reach the semiconductor electrode surface are
transferred to the species in solution. This leads to the photogeneration of
intermediates that undergo further oxidation, with injection of electrons into the CB
of the semiconductor electrode. Upon the addition of Nay(OOC),, the measured
photocurrent increased substantially using the Degussa P25 and MW-treated TiO,
electrodes, which showed a 5-fold and 2.3-fold increase respectively. The HT-treated
TiO, showed a slightly smaller increase (1.7-fold), while the measured photocurrent

for the Thermal TiO, electrode was identical with or without Nay(OOC)..

Table 4.2 Photocurrent responses at 1.2 V vs. Ag/AgCI for thermal and mesoporous TiO; films

using 0.1 mol dm™ Na,SO, as supporting electrolyte with 0.2 mol dm™ Na,(OOC),.

Photocurrent Thermal Degussa MW-treated HT-treated
response at 1.2 V (10 min @ P25 TiO, TiO;
vs. Ag/AgCI (LA) 700 °C)

0.1 mol dm™ Na;SO./ 0.03 0.2 0.007 0.01
0.2 mol dm™ Nax(OOC),
0.1 mol dm™ Na,SO, 0.03 0.004 0.003 0.006

The phenomenon of photocurrent doubling is particularly evident at high potential
and appears here when using the mesoporous TiO, electrodes with the supporting
electrolyte. There is however, no evidence of photocurrent doubling at low band-
bending, as surface electron-hole recombination is thought to be the governing effect
at low band-bending, which strongly affects the efficiency of the overall
photoprocess near the flat-band potential.*® This situation was changed upon the

addition of an organic species to the solution. This results in suppression of the
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recombination process on the TiO, photocatalyst surface and, even at low band-
bending, more of the photoexcited holes that reached the semiconductor electrode
surface participated in the oxidation of species in the solution, thus giving rise to an
increase in efficiency of the overall photoprocess. In particular, suppression of
surface recombination can produce the shift in photocurrent onset potential seen
when mesoporous semiconductors are in the presence of an organic species, as seen
with Na(OOC); (see Figure 4.8).

While the MW-treated TiO, produced potential-dependent photocurrents
characteristic of TiO, semiconductor electrodes, an anomaly was seen at high
applied voltages in the form of an oxidative peak at +0.85 V vs. Ag/AgCl. Such
anomaly did not occur when using the other electrode types or when using a sugar as
the organic species present, so it likely that the observed peak was due to the
Naz(O0C);, strongly adsorbing onto the MW-treated TiO; electrode surface, resulting
in its direct oxidation.

4.4.2 In situ FTIR of photocatalysis of TiO, electrodes with Na,SO4

Representative in situ FTIR spectra obtained using the TiO, electrodes in the
presence of 0.1 mol dm™ Na;SO, (pH 6.1) in the dark are shown in Figure 4.9 (see
Appendix Figures A.2A, A.2B and A.3A for spectra obtained using mesoporous
electrodes under identical conditions). The spectra were largely featureless; the
negative bands near 1640 and 3800 cm™ were due to water vapour and the negative

features near 2350 and 2390 cm™ to CO,, both indicating a slight purge problem.
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Figure 4.9 Thermal, Na,SO,, P-EAP, dark: In situ FTIR absorbance spectra obtained using
Thermal TiO; electrodes immersed in 0.1 mol dm™ Na,SO,, in the dark. Spectra were collected
at the indicated potentials. ‘R’ denotes spectra obtained after the applied potential was returned

to the initial potential.

There did, however, appear to be a broad featureless absorption from approximately
1500 cm™ out into the near-IR which was observed with the other films and which
did not collapse on stepping back to -0.2 V vs. Ag/AgCl, and hence appeared to be
due to instrumental drift. Figure 4.10 showed analogous in situ FTIR spectra
collected as a function of potential from an irradiated MW-treated TiO, electrode.
The observed effects were characteristic for those obtained with an irradiated HT-

treated TiO, electrode (see Appendix Figure A.3B).
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Figure 4.10 MW, Na,SO,, P-EAP, light: In situ FTIR absorbance spectra obtained using MW-
treated TiO, electrodes immersed in 0.1 mol dm™ Na,SO,, under irradiation with UV light. UV
irradiation was commenced immediately after collection of first spectrum (-0.2 VV (D)). Spectra
were collected at the indicated potentials. ‘R’ denotes spectra obtained after the applied

potential was returned to the initial potential.

Figure 4.11 shows spectra analogous to those in Figure 4.10 except using a Degussa
P25 TiO;, anode. Again, there appeared to be the gain of a broad absorption
extending out to the near-IR, albeit weaker than that observed in Figure 4.10 and
commencing at a higher frequency, approximately 2200 cm™. Superimposed on this
absorption are positive bands near 1065 and 1130 cm™ which may be attributed to
the gain of SO,%. The pH of the thin electrolyte layer decreased during oxidative
processes*® therefore SO, is converted to HSO,4 (evidenced by the broad shoulder
at 1200 cm™ superimposed on the SO,* bands). SO, was drawn into the thin layer
as the anode was made more positive, hence the overall increase of SO, seen in the
spectra. Another feature observed was a band at 2350 cm™ which may be
unambiguously attributed to the production of CO; (5g). This was a result of oxidation
of residual hydrocarbons (negative peaks at 2850 and 2915 cm™) within the Degussa
P25 TiO,. Evidence for this hypothesis came when the experiment was repeated.
Upon repetition, no CO; (5 production was observed, with the FTIR spectra similar

to those seen using the other irradiated TiO, electrodes (see Figure 4.10).
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Figure 4.11 P25, Na,SO,, P-EAP, light: In situ FTIR absorbance spectra obtained using P25
TiO, electrodes immersed in 0.1 mol dm™ Na,SO,, under irradiation with UV light. UV
irradiation was commenced immediately after collection of first spectrum (-0.2 V (D)). Spectra
were collected at the indicated potentials. ‘R’ denotes spectra obtained after the applied

potential was returned to the initial potential.

Further examination of the spectra shown in Figure 4.11 revealed negative features
near 1325 and 1585 cm™ which were attributed to adsorbed COs* and HCOs3,
respectively.”®*" Figure 4.12 shows a plot of CO; () absorbance gain, as well as the
decreased absorbance of COs* and HCO; from spectra displayed in Figure 4.11.
Between 0 — 10 minutes (0.6 V vs. Ag/AgCl), a gradual increase in CO; (ag)
absorbance was seen. It was possible that the diminish CO3* and HCO3 absorbance

may be due to its reduction to water and CO; (g, thus increasing the net COj(g)

absorbance:
CO,” +H"' - HCO, 411
HCO3_(ads) +H" > HZO +C02 4.12
HCO, (om +H" - H,0+CO, 4.13
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This could be the case, because the loss of CO3* and HCO3 absorbance continued to
increase, even after the CO; 5q) maximum was observed. So, during the experiment,
it appeared that the CO> (q) production was due to the combination of the oxidation
of residual organic species and the conversion of COs* and HCOs . After 10
minutes, the rate of CO; (5 diffusion from the thin layer was greater than the rate of

production, corresponding to a net loss in absorbance.
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Figure 4.12 Plot of CO; (5q) (2350 cm™) gain and bicarbonate (1325 cm™) and carbonate (1585
cm™) loss with respect to applied potential over time for Degussa P25 TiO, electrode immersed
in 0.1 mol dm™ Na,SO,. Initial value was obtained at -0.2 V vs. Ag/AgCl in the dark, after which
cell was irradiated with UV light. Applied potential was increased in 200 mV step up to a
maximum at 1.2 V vs. Ag/AgClI (16 minutes). Absorbance values were taken from in situ FTIR

spectra shown in Figure 4.11.

In situ FTIR experiments were also performed where the applied potential was
shifted from the starting negative potential of -0.2 V to 1.2 V vs. Ag/AgCl in one
step and held there for a period of time, after which the potential was again lowered
to the starting potential and the FTIR signal monitored. These spectra were similar to
those shown in Figure 4.10, and were largely featureless despite the presence of a

slight purge problem evidenced by bands near 1640 and 3800 cm™ due to water
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vapour and the features near 2350 and 2390 cm™ to gaseous CO,. There also
appeared to be a broad featureless absorption from approximately 1500 cm™ out into

the near-IR, which was observed with the other films.

To further investigate the broad featureless absorption, plots of the absorbance at
2500 cm™ were compiled. This wavenumber was chosen because no overlapping
vibrational bands were present in this region. Figure 4.13 and Figure 4.14 show plots
of the change in baseline absorbance at 2500 cm™ with respect to applied potential,
where the applied potential increased in 200 mV steps every 2 minutes, for irradiated

TiO, electrodes immersed in 0.1 mol dm™ Na,SO,.
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Figure 4.13 Plot of 2500 cm™ absorbance for irradiated Thermal TiO, electrode immersed in 0.1
mol dm™ Na,SO,. Applied potential (m). Initial value was obtained at -0.8 V vs. Ag/AgCl in the
dark, after which cell was irradiated with UV light. Applied potential was increased in 200 mV
step up to a maximum at 1.2 V vs. Ag/AgCI (16 minutes).

Two things were evident from these plots. Firstly, the direction of drift was not
uniform: in this case, Thermal and HT-treated TiO, electrodes displayed negative
movement, while the Degussa P25 and MW-treated TiO; electrodes showed positive

absorbance. Secondly, if the drift was due to electronic interferences, then the
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direction should change with respect to a reversal of the polarity of the applied
potential. This was only evident in the Thermal TiO, electrode, which showed a
sudden positive change after the applied potential was reversed to the initial potential
of -0.8 V vs. Ag/AgCI at 22 minutes. The three other TiO, electrode types showed

no such reversal.
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Figure 4.14 Plot of 2500 cm™ absorbance for irradiated Degussa P25, MW- and HT-treated
TiO, electrodes immersed in 0.1 mol dm™ Na,SO, as the supporting electrolyte. Initial potential
was -0.2 V vs. Ag/AgCI and stepped up to 1.2 V vs. Ag/AgCl in 200 mV increments every 2
minutes. Final 2 samples were collected at initial potential for each electrode type.

Further evidence of the broad featureless absorption was provided by examining
Figure 4.15 which shows plots of the 2500 cm™ absorbance obtained during time-
dependent EAP experiments for the four irradiated TiO, electrodes immersed in 0.1
mol dm™ Na,SO, as the supporting electrolyte. Clearly, there was a trend in the
baseline movement of the MW-treated TiO, electrode; however, the inflection point
of the trend did not correspond to a change in applied potential which suggested that
the broad featureless absorption seen was due to instrumental drift. In the Thermal
TiO, and to a lesser degree, Degussa P25 TiO, electrodes, a slight change in

absorbance was noted after changing the applied potential from positive to negative
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polarity. The change; however was not significant enough at this stage to determine

if the broad featureless absorption seen in the spectra were due to electronic effects.
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Figure 4.15 Plot of the absorbance at 2500 cm™ for irradiated TiO, electrodes in 0.1 mol dm
Na,SO,. Negative applied potential for Thermal TiO, electrode was -0.8 V and for Degussa P25,
MW- and HT-treated TiO, electrodes was -0.2 V vs. Ag/AgCl, whilst the positive applied
potential was 1.2 V vs. Ag/AgClI for all the TiO, electrode types.

In summary, whilst the TiO, electrodes were submersed within the supporting
electrolyte, no oxidation occurred in the dark or in the presence of light, except for
when the Degussa P25 TiO, electrode was used for the first time which was
attributed to the removal of residual hydrocarbons present from its manufacture. A
broad featureless absorption was seen throughout all spectra obtained which was

attributed to instrumental drift.

For additional in situ FTIR spectra of TiO, electrodes in Na;SO, see Appendix
Figures A.4A and B, A5.A and B, and A6.A.
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4.4.3 In situ FTIR of photocatalysis of TiO, electrodes with oxalate

Figure 4.16 displays in situ FTIR spectra obtained using the un-irradiated Degussa
P25 TiO, electrode in 0.1 mol dm™ Na;S040.2 mol dm® Na,(OOC); (pH 6.7).
These spectra were similar to those obtained using un-irradiated TiO; electrodes in
the supporting electrolyte only (see Appendix Figures A.6B, and A.7A and B), as
they were largely featureless; the negative bands near 1640 and 3800 cm™ were due
to water vapour. The broad featureless absorption commencing at 1600 cm™ and
extending into the near-IR region was also evident; however, this did not collapse on
stepping to -0.2 V vs. Ag/AgCl, and hence appeared to be due to instrumental drift.
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Figure 4.16 P25, Na,(OOC),, P-EAP, dark: In situ FTIR absorbance spectra obtained using a
Degussa P25 TiO, electrode immersed in 0.1 mol dm™ Na,SO4/0.2 mol dm™ Na,(OOC),, in the
dark. Spectra were collected every 2 minutes at the indicated applied potentials. ‘R’ denotes

spectra obtained after the applied potential was returned to the initial potential.

Figure 4.17 displays in situ FTIR spectra obtained of the Na,(OOC), solution during
photocatalytic experiments (with UV light) using the Thermal TiO, electrode. No
potential was applied during these experiments, and as such are only monitoring the
photocatalysis of Na,(OOC),. These spectra are similar to those shown in Figure
4.16 in that they are largely featureless; small bands near 1640 and 3800 cm™ due to

water vapour are present, and a broad featureless absorption extending from
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approximately 1900 cm™ into the near-IR dominated the spectra. With close
examination, a small band at 2350 cm™ appeared during UV irradiation and
diminished once the irradiation was removed. This band was assigned to CO; (),
produced from the photocatalytic oxidation of the organic species (oxalate) present

in solution.
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Figure 4.17 T, Nay(OOC),, PC: In situ FTIR absorbance spectra obtained during photocatalytic
experiments using a Thermal TiO, electrode in 0.1 mol dm™ Na,S0O,/0.2 mol dm™ Na,(OOC),.
Spectra were collected every 3 minutes, as indicated. UV irradiation was applied after 6 minutes

and removed after 27 minutes.

Figure 4.18 shows spectra from similar experiments analogous to those displayed in
Figure 4.17, except using a MW-treated TiO; electrode. Close examination revealed
that the spectra obtained up to 6 minutes were relatively featureless. However, once
irradiation was applied, rapid changes occurred. The dominant feature throughout the
spectra was the appearance of a wave-like absorption extending from 1800 — 3400
cm™ with highs at 1870 and 2600 cm™ and troughs at 2130 and 3020 cm™.
Superimposed on this absorption was a CO, (5 absorption band (2350 cm™) due to
the photo-oxidation of Nay(OOC),. This will be further discussed in a later section.
The characteristic vibrational bands of Nay(OOC); in aqueous solution occur as a

sharp medium band at 1310 cm™ and a broader, stronger band at 1565 cm™ due to
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anti-symmetric and symmetric stretching vibrations, respectively.?® Losses in
spectral absorbance occurred at both of these frequencies, which showed that CO; (aq)
production was directly related to the oxidation of Nay(OOC),. It must be noted that
when using the MW-treated TiO, electrode the shape and strength of the symmetric
oxalate vibration was altered from that found when oxalate is in aqueous solution.
This, combined with the presence of a negative band at 1700 cm™ led to the belief
that partial adsorption of the oxalate to the TiO; electrode surface had occurred. This

will be discussed in more detail later.
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Figure 4.18 MW, Na,(OOC),, PC: In situ FTIR absorbance spectra obtained during
photocatalytic experiments using a MW-treated TiO, electrode in 0.1 mol dm™ Na,S0,/0.2 mol
dm™ Na,(OOC),. Spectra were collected every 3 minutes, as indicated. UV irradiation was

applied after 6 minutes and removed after 27 minutes.

Figure 4.19 shows in situ FTIR spectra obtained using the HT-treated TiO,
electrode. Nay(OOC); negative and CO, (5 positive bands were apparent. However,
when compared to Figure 4.18, it was obvious that the broad absorption throughout
the spectra was now the dominant feature and extended farther into the mid-IR than
that seen using the MW-treated TiO, electrode. The Degussa P25 TiO; electrode
displayed effects similar to, although less intense than, the HT-treated TiO, electrode

(see Appendix Figure A.8A for spectra).
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Figure 4.19 HT, Nay(OOC),, PC: In situ FTIR absorbance spectra obtained during
photocatalytic experiments using a HT-treated TiO, electrode immersed in 0.1 mol dm?
Na;S04/0.2 mol dm™ Na,(OOC),. Spectra were collected every 3 minutes, as indicated. UV
irradiation was applied after 6 minutes and removed after 27 minutes.

In order to simply compare the photodegradation rates observed, one vibrational
band was chosen and the change in absorbance plotted throughout the in situ FTIR
experiments. Due to the overlap of water and sulphate vibrations in the oxalate
region, oxalate absorbance bands were unsuitable. As the production of CO; (q) has
been shown to directly arise from the photo-oxidation of Na,(OOC),, and the lack of
other vibrational features in the CO, (,q) region of the FTIR spectrum, comparisons
between photodegradation rates would be performed using the change in CO2 ()
absorbance. Figure 4.20 shows plots of CO; (,q absorbance with respect to time for
the four electrode types. (Error bars not shown for clarity. Average standard error
was: Thermal, 0.032; P25, 0.095; MW, 0.061; and HT, 0.0034.) The film types, in
decreasing order of the maximum absorbance of CO; (q were P25 < MW < HT <
Thermal. The mesoporous films showed photo-degradation of Na,(OOC), with UV
irradiation, however the Thermal TiO, electrode with UV irradiation only displayed

very weak Na,(OOC), degradation.
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Figure 4.20 Plots of average CO; (,q) absorbances produced during photocatalytic experiments
with Thermal, Degussa P25, and MW- and HT-treated TiO, electrodes immersed in 0.1 mol dm’
¥ Na,S0,/0.2 mol dm™ Na,(OOC),, with and without UV irradiation. Spectral absorbance was
background corrected and normalised for differing TiO, film thickness against background

water intensity values obtained at the start of each experiment.

Within the mesoporous electrodes, it was evident that CO; 5q) l0ss continued to occur
after the removal of irradiation. It was possible that the loss in CO> 5 Was due to the

production of carbonate and bicarbonate:

H,0+CO, — HCO, (solny + H* 4.4
HZO +C02 - HCO{(ads) +H” 4.15
HCO,” »CO,” +H"* 416

However, this did not occur as there was no gain in absorbance at 1325 or 1585 cm™

due to COs* or HCOg, respectively, in any of the mesoporous TiO- spectra.

Another possible cause for the CO, (5 absorbance loss after the removal of the UV
irradiation, was differing overall diffusion rates due to the dissimilarity of TiO,

surface areas. Degussa P25 has the lowest surface area of the three (50 m? g™), while
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the MW- and HT-treated TiO, possess much greater surface areas (235 and 371 m*
g™, respectively). (See Chapter 3.5.1.3 for surface area determination.) Thus, within
the Degussa P25 in situ FTIR cell, CO; 55y molecules must travel a shorter distance
to move out of the thin layer, which accounted for the greater diffusion from the thin

electrolyte layer.

4.4.4 In situ FTIR with EAP of TiO, electrodes with oxalate

Figure 4.21 shows in situ FTIR spectra collected as a function of potential from an
irradiated Thermal TiO, electrode in 0.1 mol dm™ Na;S04/0.2 mol dm™ Nay(OOC)s.
The initial potential was -0.8V vs. Ag/AgCl, and the potential increased in 200 mV

steps every 2 minutes, with spectra collected at each step.
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Figure 4.21 T, Nay(OOC),, P-EAP, Light: In situ FTIR absorbance spectra obtained using a
Thermal TiO, electrode immersed in 0.1 mol dm?® Na,SO,/0.2 mol dm?® Na,(OOC),, UV
irradiated after initial spectrum (-0.8V (D)) was collected in the dark. Spectra were collected
every 2 minutes at the indicated applied potentials. Potential steps were 200 mV. ‘R’ denotes
spectra obtained after the applied potential was returned to the initial potential.

Despite UV irradiation at the commencement of the experiment, no significant

change was seen until 0.0 V vs. Ag/AgCl was reached. Spectra from the mesoporous
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TiO, films however, showed dramatic changes in the spectra immediately upon UV
irradiation (representative spectra are shown in Figure 4.22).

Most notable, was a strong positive band at 2343 cm™ assigned to CO; (xg), produced
from the photocatalytic oxidation of the organic species present in solution. Negative
bands at 1310 and 1560 cm™ due to Nay(OOC), were seen in all spectra collected
after illumination and in the case of the Thermal TiO, electrode, after both

illumination and the onset potential (0.0 V vs. Ag/AgCl) was reached.
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Figure 4.22 HT, Nay(OOC),, P-EAP, Light In situ FTIR absorbance spectra obtained during
potential-dependent EAP using HT-treated TiO, electrodes immersed in 0.1 mol dm?
Na,S0,/0.2 mol dm™ Na,(OOC),, under irradiation with UV light after initial spectrum (-0.2V 1
(D)) was collected in the dark. Spectra were collected at the indicated potentials. ‘R’ denotes

spectra obtained after the applied potential was returned to the initial potential.

The presence of dissolved CO; (i rather than the expected carbonate has been
explained by Christensen and co-workers.”® Here the authors used a similar
spectroelectrochemical cell and collected CV’s of single crystal TiO, samples. When
the electrode was pressed against the cell window and illuminated, the observed
photocurrent was lower than those seen when the electrode was pulled back from the
cell window. A change in the shape of the CV was also observed. The shift and

shape alteration was due to substantial electrolyte resistance and a shift in pH of the
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thin layer of electrolyte trapped between the electrode and window. This was caused

by hole capture reactions of the type:

2H20+4|’1+—>4H++O2 4.17

The pH shifts by 59 mV per pH unit.>* This was evident in the present investigation
using the Thermal TiO; films. CV’s with the electrode pulled back from the cell
window showed the photocurrent onset potential at ca. - 0.5 V vs. Ag/AgCl (see
Figure 4.6), while during in situ FTIR experiments (Figure 4.21), where the
electrode was pressed against the cell window, no photo-oxidation was seen until 0.0
V vs. Ag/AgCl was reached. This corresponds to a pH drop of approximately 8.5
units. Hence, as the potential was scanned positive, protons were generated and the
position of the flat band potential moved more positive. A pH shift of this scale

would result in CO> (5g), NOt carbonate, as was observed by FTIR.
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Figure 4.23 Plots of average CO, (oq absorbances produced during potential-dependent EAP
with Thermal TiO, electrodes immersed in 0.1 mol dm™ Na,;SO,/0.2 mol dm™ Na,(OOC),, under
irradiation with UV light. Spectral absorbance was background corrected and normalised for
differing solution thickness against background water intensity values obtained at the start of
each experiment. (m) Applied potential at each step.
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Plots of average CO; (q) absorbances are shown in Figure 4.23 and Figure 4.24. The
film types, in decreasing order of CO, aq) maximum absorbance were P25 < Thermal
< HT < MW, however there was minimal difference between the maximum intensity
of the Thermal, HT- and MW-treated films. As previously observed, the Thermal
film displayed increased CO; (,q production dependent on the applied potential
during photo-oxidation. This was vastly different to the Degussa P25, MW- and HT-
treated TiO, films, where CO; @ production commenced immediately upon
irradiation and increased to a steady state. Once the positive applied bias was
removed, CO; q) absorbance remained constant, leading to the conclusion that these
three TiO, types continue to photo-oxidise Nay(OOC), during light driven

conditions.
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Figure 4.24 Plots of average CO, (o absorbances produced during potential-dependent EAP
with Degussa P25, MW- and HT-treated TiO; electrodes immersed in 0.1 mol dm™ Na,SO,/0.2
mol dm™® Na,(OOC),, under irradiation with UV light. Spectral absorbance was background
corrected and normalised for differing solution thickness against background water intensity

values obtained at the start of each experiment. (m) Applied potential at each step.

The FTIR spectra, collected during experiments with Nay(OOC),, in the region
between 1000 and 1800 cm™, displayed several differences when compared to those
spectra collected using the electrolyte only. Once the onset potential was reached, the

Thermal TiO; electrode displayed strong negative bands of oxalate at 1310 cm™ and
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1570 cm™. The spectra also showed a negative water band at 1640 cm™. As there
was no corresponding loss of electrolyte species (1100 cm™) it can be concluded that
the water loss was not due to electrolyte diffusing out of the trapped thin layer. Also,
due to the absence of a 2100 cm™ combination water band, it was thought that the
observed water loss was not due to bulk water or its photo-oxidation within the thin

layer.

When examining the mesoporous TiO, electrodes, the spectra were similar to the
Thermal TiO,, in that there was a relatively large negative peak at 1310 cm™,
however, there were significant differences from 1550 — 1800 cmt. Whilst the HT-
and MW-treated TiO, electrodes exhibited a negative absorbance band at 1570 cm™,
similar to the Thermal TiO, electrode, the size and shape with respect to the
symmetric stretching vibration had altered dramatically, with no loss of relative
intensity or sharpness of the 1310 cm™ band. The differences in the anti-symmetric
stretching vibration were even greater when examining the Degussa P25 TiO;
electrode. There was also a new negative band at higher frequency (~ 1700 cm™)
found in all the mesoporous TiO; electrodes. Table 5.1 summarises the frequency of

oxalate peaks observed during potential-dependent EAP experiments.

Table 4.3 Frequency assignments of oxalate bands produced during in situ FTIR EAP potential-

dependent experiments

Film Type | Frequency (cm™) Assignment
Thermal 1560 (CO0O); vs
1310 (CO0O)2 vas

P25 1730
1560 (CO0); vs
1310 (CO0O); vas

MW 1700
1565 (CO0O); vs
1310 (CO0O); vas

HT 1700
1570 (CO0O); vs
1310 (CO0O); vas
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Within aqueous solution, the relative intensities of oxalate bands are such that the
band at 1310 cm™ is significantly weaker than the band at 1570 cm™. This was seen
during potential-dependent EAP experiments using the thermal TiO, film (Figure
4.21). The mesoporous TiO; films all showed a sharp 1310 cm™ peak as seen for
aqueous oxalate, but the band at 1570 cm™ was broad and significantly less intense

than the corresponding 1310 cm™ band.

Hug and Sulzberger'® have shown adsorption of oxalate onto the surface of Degussa
P25 produces both band broadening and band movement within the IR spectrum.
The anit-symmetric stretching C=0 vibration appears at a lower wavenumber, whilst
the symmetric vibration appears at a higher wavenumber. Furthermore,
investigations have shown that when oxalate was complexed to various metals, the
band at 1570 cm™ was no longer apparent and additional bands were seen at higher
frequency.?® Interestingly, when complexed to metals, the band at 1310 cm™

remained relatively unchanged, both in relative intensity and shape.

Table 4.4 shows the ratio of the 1570 cm™ symmetric vibrational band to the 1310

cm™ anti-symmetric vibrational band at 1.2 V vs. Ag/AgCl for the four electrode
types.

Table 4.4 Ratio of oxalate vibrational bands found using TiO, electrodes during
photoelectrochemical oxidation. Absorbance values were baseline-corrected and corrected for

solution thickness effects.

Thermal Degussa P25 MW:-treated TiO,  HT-treated TiO;

Asszoem -/ 15 0.35 0.79 0.84

-1
A1310 cm

The Thermal electrode showed the highest ratio and the Degussa P25 electrode the
lowest. From this, and the fact that in all the mesoporous TiO; types used, the band
at 1310 cm™ remained sharp throughout the photo-degradation experiments, the
reduction in intensity at 1570 cm™ was due to the adsorption of oxalate onto the Ti

atoms at the surface of the mesoporous TiO, electrodes.
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445 In situ FTIR of EAP of TiO, electrodes with oxalate:

investigated as a function of time

Representative in situ FTIR spectra obtained during time-dependent EAP
experiments using the Thermal TiO, electrode in the presence of 0.1 mol dm™
Na,S04/0.2 mol dm™ Na,(OOC), (pH 6.7) are shown in Figure 4.25. These spectra
were similar to those obtained during potential-dependent EAP experiments, which
were typical for this type of TiO, electrode.'! No photo-oxidation of Na,(OOC), was
witnessed, despite the application of UV illumination, until a positive potential (1.2
V vs. Ag/AgCI) was applied. However, in addition to the oxalate loss features (1310
and 1570 cm™) previously discussed during potential-dependent EAP experiments,

weak positive bands were also seen in the region 1680 to 1725 cm™.
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Figure 4.25 T, Nay,(OOC),, T-EAP: In situ FTIR absorbance spectra obtained during
photocatalysis using Thermal TiO, electrodes immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™
Na,(OOC),, under irradiation with UV light (light switched on after initial spectrum was
collected). Initial spectrum was collected in the dark (0 (D)). Spectra were collected at the
indicated time intervals (minutes). Initial applied potential -0.8 V vs. Ag/AgCl; applied potential
shifted to 1.2 V vs. Ag/AgCI in a single step after 6 minutes and held until 27 minutes. After 27
minutes potential was lowered to initial potential and held for the remainder of the experiment.
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Further inspection of the spectra, showed two broad positive bands which sharpened
to form three bands centred at 1685, 1710 and 1725 cm™ whilst the positive applied
potential remained present. Hug and Sulzberger have demonstrated the appearance
of the oxalate bands is dependent on pH.!° They showed that as the pH was lowered
the 1570 cm™ band split into two weaker, broader bands which shift to higher
wavenumber. Broadening of the anti-symmetric stretching vibration also occurred,
and this band moved to approximately 1230 cm™. In the present study, a weak band
centred at this wavenumber was also evident whenever the bands at 1685 and 1725
cm™ were present. It is known that the pH of the thin layer dramatically changes
during the application of positive applied potentials, and has been demonstrated to
shift to pH 2 under similar experimental conditions.”® It was therefore thought that
these bands arise from protonated oxalate, due to the increased H* content in the thin
layer as a result of the lowered pH. Further evidence of this can be found by the
disappearance of these bands from spectra collected immediately after the positive
potential was removed, and for the remainder of the collection time. The protonation
of oxalate and its effect on vibrational bands will be discussed in further detail after

examining the in situ FTIR spectra obtained using the mesoporous TiO; electrodes.

Figure 4.26 displays spectra analogous to those shown in Figure 4.25, except using a
HT-treated TiO, electrode. Spectral features seen using this electrode type were
similar to the MW-treated TiO; electrode (see Appendix Figure A.8B). All of these
spectra display characteristics similar to those previously discussed in section 4.4.5
when investigating the photo-electrochemical response with respect to applied

potential (See Figure 4.22).

CO; (aq) Was produced upon UV irradiation from the photo-oxidation of Nax(OOC),
displaying no dependence on applied potential for photocatalysis. Immediately upon
UV irradiation, the FTIR spectra obtained for both the HT- and MW-treated TiO,
electrodes displayed a sharp Nay(OOC), anti-symmetric (C=0) stretching negative
band at 1310 cm™, as well as a weak broad negative band at 1220 cm™. The presence
of these bands indicated that while Na,(OOC), was photo-oxidised, it was also being
converted to the protonated form within the thin layer. The oxalate negative band at
1570 cm™ was found in both the MW- and HT-treated TiO, spectra, and was much
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less intense than the 1310 cm™ band. Additional bands at 1705 cm™ (negative) and

1725 cm™ (positive) were also evident.

0.08

0.06

1000 1500 2000 2500 3000 3500 4000
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Figure 4.26 HT, Na,(OOC),, T-EAP: In situ FTIR absorbance spectra obtained using HT-
treated TiO, electrodes immersed in 0.1 mol dm® Na,SO,/0.2 mol dm™* Na,(OOC),, under
irradiation with UV light. Light was applied after initial spectrum was collected in the dark (0
(D)). Spectra were collected at the indicated time intervals (minutes). Initial applied potential -
0.2 V vs. Ag/AgCl; applied potential shifted to 1.2 V vs. Ag/AgCl in a single step after 6 minutes
and held until 27 minutes. After 27 minutes potential was lowered to initial potential and held

for the remainder of the experiment.

Spectra obtained using the Degussa P25 TiO; electrode displayed very weak
negative bands in the 1500 — 1580 cm™ region, which were extremely broad (Figure
4.27). These spectra also displayed a moderate negative band between 1660 and
1800 cm™ due to oxalate protonation which was initially centred at 1715 cm™,
however after UV irradiation for less than 6 minutes, had changed shape so that the
maximum intensity was found at 1730 cm™, and the peak at 1715 cm™ was almost

totally obscured.
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Figure 4.27 P25, Na,(OOC),, T-EAP: In situ FTIR absorbance spectra obtained using Degussa
P25 TiO, electrodes immersed in 0.1 mol dm™® Na,SO,0.2 mol dm* Na,(OOC),, under
irradiation with UV light. Light was applied after initial spectrum was collected in the dark (0
(D)). Spectra were collected at the indicated time intervals (minutes). Initial applied potential -
0.2 V vs. Ag/AgCl; applied potential shifted to 1.2 V vs. Ag/AgCIl in a single step after 6 minutes
and held until 27 minutes. After 27 minutes potential was lowered to initial potential and held

for the remainder of the experiment.

The proposed mechanism for each electrode type will now be discussed. It is well
known that protonation of aqueous (COQ), can occur; forming either a singly or

doubly protonated species, depending on the pH:

(COO07),+H" > HOOCOO" 4.18

(CO07),+2H" — (COCH), 4.19

The pKa of HOOCOO™ and (COOH), are 3.84 and 1.52, respectively. Hug and
Sulzberger produced FTIR spectra of each of these compounds with respect to the
(CO0),.1° The vibrational bands within these spectra were as follows. The (COO"),

produces a sharp strong absorption at 1310 cm™ and a slightly stronger, but broader
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absorption at 1570 cm™. HOOCOO" displays a weak band at 1230 cm™ due to the
combination of the symmetric (C=0) stretch and bending of the O-C=0O bonds; a
medium band at 1620 cm™ which was unassigned, and a weaker band at 1725 cm?
assigned to anti-symmetric (C=0) stretching vibrations. (COOH), displayed bands at
the same frequency as HOOCOO', however, the intensity of the 1230 cm™ was
stronger, and the band at 1710 cm™ was stronger than 1680 cm™. The possible
dimerisation of oxalic acid and association with H,O in aqueous solution

complicated the vibrational assignments.

The adsorption of oxalate onto TiO, has also been examined. It was determined that
deprotonated oxalate can form specific inner-sphere co-ordination complexes of
oxalate with surface Ti** sites.!® Figure 4.28 shows the proposed structures of these
complexes. Due to the coupling of the two C=0O groups in Figure 4.28A and B, the

C=0 stretching vibration was split into two lines at 1680 and 1710 cm™.

0. 0 4 A Yy
o) M 0 H~O
/ ; )
v f " WL o
0" % 0 0 © O Mo OH

A B C D

Figure 4.28 Proposed structures of inner-sphere oxalate complexes on titanium surface sites.'’

Once protonated the two possible inner-sphere complexes are shown in Figure 4.28
C and D, with the latter being more stable as formation of a five-membered ring is
energetically preferable over formation of a four-membered ring. With both of these
complexes, the two vibrations for C=0 are absent, with spectra no longer displaying
a band at 1680 cm™.

In the present study, it was hypothesised that when using the Thermal TiO, electrode
minimal co-ordination complexes of oxalate with surface Ti** sites occurred and the
majority of the oxalate was initially present in the deprotonated aqueous form. Upon
application of the positive potential, a large loss of this species occurred, due to the
simultaneous photo-oxidation into CO; (,q) and the protonation of the excess oxalate
to HOOCOO™ and (COOH); due to the lowered pH.
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When using the MW- and HT-treated TiO; electrodes, initially the Nay(OOC), was
present in its deprotonated aqueous form. Upon UV irradiation, a pH swing in the
thin electrolyte layer occurred, which protonated the oxalate to HOOCOO, resulting
in the large loss of aqueous oxalate vibrational bands. The protonation produced a
weak positive absorbance band at 1725 cm™ due to the anti-symmetric stretch of the
C=0 vibration. However, due to the lowered intensity of the agqueous oxalate
symmetric stretching vibration relative to the aqueous anti-symmetric stretching
vibration, and the presence of additional negative bands at approximately 1705 cm™,
co-ordination complexes of oxalate with surface Ti** sites were present. The loss of
vibrational intensity at 1705 cm™ with time was due to the photo-oxidation of the
adsorbed oxalate to CO> (aq). When using the Degussa P25 TiO; electrode, due to the
diminished loss of vibrational absorbance at 1570 cm™, it was thought that initially
the majority of oxalate present had formed co-ordination complexes with surface
Ti*" sites. It is believed that the absence of the strong 1680 cm™ band of
deprotonated oxalate adsorbed onto TiO, was to obscurity by strong water

absorption in this region.

Plots of CO; (s production during time-dependent EAP experiments are shown in
Figure 4.29 (Thermal TiO,) and Figure 4.30 (Degussa P25, MW- and HT-treated
TiOy). The film types, in decreasing order of the maximum absorbance of CO; ()
were P25 < Thermal < HT < MW, however the difference between the maximum
CO; (aq) absorbances between the Thermal, HT- and MW-treated TiO, films was

minimal.
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Figure 4.29 Plots of average CO, (oq absorbances produced during time-dependent EAP
experiments with the Thermal TiO, electrode immersed in 0.1 mol dm® Na,S04/0.2 mol dm™
Na,(OOC),, under irradiation with UV light. Spectral absorbance was background corrected
and normalised for differing TiO, film thickness against background water intensity values.
(m) Applied potential during sampling.

Inspection of Figure 4.29 revealed that upon stepping of the potential to negative
values, a sharp reduction in CO; (5 absorbance occurred. As stated earlier, the
Thermal TiO, does not show photocatalytic oxidation without a positive applied
potential and UV irradiation. Therefore, as the oxidation of Na,(OOC), ceases, no
more CO> (ag) Will be produced, and the CO; (ag) present will diffuse out of the thin
layer. On the other hand, CO, (q production began immediately upon UV
irradiation, demonstrating that these electrode types do not require a positive applied

potential to produce photocatalytic effects (Figure 4.30).
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Figure 4.30 Plots of average CO, (g absorbances produced during time-dependent EAP
experiments with Degussa P25, MW- and HT-treated TiO, electrodes immersed in 0.1 mol dm
Na,S0,/0.2 mol dm™ Na,(OOC),, under irradiation with UV light. Spectral absorbance was
background corrected and normalised for differing TiO, film thickness against background
water intensity values obtained at the start of each experiment. (m) Applied potential during

sampling.

In addition, the production of CO, (,q) remained constant after removal of the positive
applied potential for all of the mesoporous TiO; electrodes, demonstrating that the
production of CO; (5 occurred at a similar rate to diffusion of CO; (,q) from the thin

layer.
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4.4.6 In situ FTIR of Photocatalysis of NAG with TiO, electrodes

4.4.6.1 Current-voltage response

Figure 4.31 displays CV measurements carried out on the TiO; electrodes using 0.1
mol dm™ Na,SO, (pH 6.1) as the supporting electrolyte and 0.2 mol dm™ NAG as
the compound to be oxidised (final pH 6.2).
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Figure 4.31 Cyclic Voltammograms of (A) Thermal; (B) Degussa P25; (C) MW-treated; and (D)
HT-treated TiO, electrodes immersed in 0.1 mol dm® Na,SO,/0.2 mol dm™ NAG in the dark
and under UV irradiation (labelled ‘light’). Scan rate 100 mV s™.

As discussed in section 4.4.1.1, upon the addition of an electron acceptor, in this case
NAG, and in the presence of UV irradiation, the mesoporous TiO, films show
enhanced photocurrents. However, as seen when using Na(OOC),, only the Thermal
TiO, film showed photocurrents dependent on applied potential. The photocurrent
onset potential using the Thermal TiO, electrode was found to be -0.5 V vs.
Ag/AgCl. The mesoporous films all showed photocurrents independent of potential.

Table 4.5 shows photocurrent responses for all film types tested using NAG. The CV
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of the Degussa P25 electrode showed an oxidative peak at approximately -0.6 V vs.
Ag/AgCI, possibly due to pH shifts which have moved the entire voltammogram to

more positive values, and hence the reformation of NAG can be witnessed.

Table 4.5 Photocurrent observed at 1.2 V vs. Ag/AgCI for Thermal and mesoporous TiO; films
using 0.1 mol dm™ Na,SO, as supporting electrolyte with 0.2 mol dm™ NAG.

Photocurrent Thermal Degussa MW-treated HT-treated
response at 1.2 V vs. (10 min @ P25 TiO; TiO;
Ag/AgCI (MA) 700°C)
0.1 mol dm™ Na,SO, 9.25 10.59 4.25 10.83
/0.2 mol dm™ NAG
0.1 mol dm™ Na;SO,4 0.03 0.004 0.003 0.006

4.4.7 Photocatalytic degradation of NAG probed by in situ FTIR
spectroscopy

There is conflicting evidence within the literature regarding the break-down of the
bacterial cell wall during disinfection using photocatalytic means. To gain greater
insight into the process, the effects of TiO, photocatalysis on a model cell wall
component, NAG, were studied using in situ FTIR spectroscopy. Experiments of this
nature were performed using an identical cell arrangement and experimental protocol

to those experiments using Nay(OOC)s.

Figure 4.32 shows in situ FTIR spectra collected as a function of time from an
irradiated Thermal TiO, electrode. The spectra were largely featureless; the positive
band near 1650 cm™ was due to drawing of water into the thin layer. There was also
a large featureless loss of absorption extending from 1800 cm™ into the near IR due
to instrumental drift. Overlaid on this absorption was a very weak positive band at

2340 cm™, unambiguously assigned to CO; (ag).
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Figure 4.32 T, NAG, PC: In situ FTIR absorbance spectra obtained during photocatalytic
experiments using a Thermal TiO, electrode immersed in 0.1 mol dm™ Na,SO/0.2 mol dm
NAG. Spectra were collected every 3 minutes, as indicated. UV irradiation was applied after 6

minutes and removed after 27 minutes.

Figure 4.33 displays in situ FTIR spectra analogous to those shown in Figure 4.32,
except using a Degussa P25 TiO, electrode. These spectra were vastly different to
those collected using the Thermal TiO; electrode. There was a large positive band
from 1000 to 2000 cm™ with a negative peak at 1650 cm™. The latter, attributed to
water, may be due to minimal absorbance in that region from a thick electrolyte film
causing the complete absorption of incident IR radiation in this region. However,
from examination of the single beam reference spectrum collected at the
commencement of the experiments, there was sufficient energy within this region to
discount this theory as the cause of the spectral effects seen. The increase in baseline
from 1000 to 3000 cm™ was also seen when using the HT-treated TiO, electrodes
(Appendix Figure A.9B), and to a lesser extent with the MW-treated TiO, electrodes
(Appendix Figure A.9A). The possible causes of this effect will be discussed in

further detail in a later section.
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Also overlaid on this broad baseline change was a less intense absorption trough
centred at 2154 cm™ due to a combination water band of vibrational and librational

modes.>

Any features relating to the possible break-down of the NAG within the cell, and any
intermediate break-down products from photocatalytic action on the compound were
obscured by the intense baseline changes seen throughout the spectra collected using

the mesoporous TiO; electrodes.
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Figure 4.33 P25, NAG, PC: In situ FTIR absorbance spectra obtained during photocatalytic
experiments using a Degussa P25 TiO, electrode immersed in 0.1 mol dm™ Na,S0,/0.2 mol dm?
NAG. Spectra were collected every 3 minutes, as indicated. UV irradiation was applied after 6

minutes and removed after 27 minutes.

In addition to the above features, when using the mesoporous TiO, electrodes, a
sharp positive absorbance band at 2340 cm™ unambiguously CO; (aq) Was apparent
upon UV irradiation. Plots of the CO; (q absorbance during the photocatalytic

experiments are shown in Figure 4.34.
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Figure 4.34 Plots of average CO; (,q) absorbances produced during photocatalysis experiments
with Thermal, Degussa P25, and MW- and HT-treated TiO, electrodes immersed in 0.1 mol dm’
® Na,S040.2 mol dm® NAG, with and without UV irradiation. Spectral absorbance was
background corrected and normalised for differing TiO, film thickness against background

water intensity values obtained at the start of each experiment.

All electrode types showed no CO, (5 absorbance until UV irradiation commenced.
Once irradiation occurred, the MW- and HT-treated TiO; electrodes produced only
small amount of CO; (,q) due to the photocatalytic break-down of NAG; however
Degussa P25 displayed an initial rapid increase in the rate of CO; (oq production,
which began to plateaux after approximately 24 minutes had elapsed. The Thermal
TiO, electrode, however, displayed no CO; g production in the presence of UV
light. Once UV irradiation was removed, all three mesoporous electrode types
showed decreasing concentrations of CO; (oq) Within the thin electrolyte layer due to

diffusion into the surrounding solution.

4.4.8 In situ FTIR of EAP of TiO, electrodes with NAG

Figure 4.35 shows in situ FTIR spectra collected as a function of potential from an
un-irradiated Thermal TiO; electrode. These spectra are representative of those
spectra collected from the mesoporous TiO; electrodes under identical conditions.

These spectra are similar to those collected using un-irradiated TiO, electrodes
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immersed in Nay(OOC),; and were largely featureless, with a small amount of water
entering into the thin electrolyte layer during the experiment, and a broad featureless

loss of absorbance which extended into the near-IR due to instrumental drift.
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Figure 4.35 T, NAG, P-EAP, Dark: In situ FTIR absorbance spectra obtained using a Thermal
TiO, electrode immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™ NAG, in the dark. Spectra were
collected every 2 minutes at the indicated applied potentials. Potential steps were 200 mV. ‘R’

denotes spectra obtained after the applied potential was returned to the initial potential.

Figure 4.36 shows the in situ FTIR spectra collected as a function of potential from
an irradiated Thermal TiO, electrode. In contrast to those spectra collected using the
same electrode under UV irradiation only, and those in the dark as a function of

potential, these spectra displayed several features.
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Figure 4.36 T, NAG, P-EAP, Light: In situ FTIR absorbance spectra obtained during potential-
dependent EAP using Thermal TiO, electrodes immersed in 0.1 mol dm™ Na,S0O,/0.2 mol dm™
NAG, under irradiation with UV light (light applied after -0.8V 1 (D)). Spectra were collected at
the indicated potentials. ‘R’ denotes spectra obtained after the applied potential was returned to

the initial potential.

Negative water bands at 1645, 2100 and 3275 cm™ dominated the spectra. The
predominant processes contributing to this were the aforementioned rapid pH drop in
the thin layer caused by the oxidation of water at the TiO,:®

2H,0+4h" >4H" +0,,  +4e” 4.20

2(9)
where h," refers to a photogenerated hole at the electrode surface. It is believed that
the first step is:

hs+ +OHad __>.0Hads/sol 4.21

S

which appears to be an extremely fast process. Evidence to support the overall
increase in positive charge within the electrolyte thin layer was provided by the
observation of the bulk gain feature of sulfate near 1196 cm™ from the protonation of

bisulfate:*°

SO,” +H*" - HSO,” 422

192



Chapter 4

The loss of water from the thin layer was however, attributed to the expulsion of
bulk water® from the thin layer due to the formation of small O, bubbles that have
nucleated and grown on the TiO, surface. Such bubbles may remain attached to the
TiO, surface or become detached, in which case they will migrate out of the thin
layer. An additional negative band at 3600 cm™ was evident, also assigned to water.
Similar IR responses have been noted when using irradiated rutile TiO; in the

I,* where an additional water loss band at 3600 cm™ was

presence of ethylene glyco
present. The higher position of this band compared to bulk water, was attributed to
the ‘increased ionic strength of the thin layer associated with electrochemical

processes at the TiO, surface”.™

When examining Figure 4.36, it was apparent that CO, ,q) was produced; however,
the band intensity was minimal. It was possible that the lack of CO, (,q) Was due to its
reduction to HCO3™ or COs>. However, negative and not positive bands arising from
both of these species were witnessed (1576 and 1322 cm™) due to the pH swing to
lower value within the thin layer. Plots of the CO; (o5 production with respect to
bicarbonate loss highlight this (Figure 4.37) as there appeared to be conversion of
bicarbonate to CO; () due to the lowered pH within the thin layer, which occurred
after 10 minutes. This time corresponded to the photocurrent onset potential of 0.2 V
vs. Ag/AgCI. This however, did not account for the rapid production of CO; (a) Up to
22 minutes or from 0.2 — 1.2 V vs. Ag/AgCl. Therefore, this demonstrated that the
Thermal TiO; electrode can photo-oxidise NAG; however, the small quantity of CO,
aq) Pproduced also showed that this electrode could either be fairly inactive with
respect to the photo-oxidation of NAG, or that NAG could be degraded through a

multi-step mechanism with CO; () as a final product.

Further evidence for the EAP of NAG by the Thermal TiO, electrode was found
within the FTIR spectra. A series of weak negative bands were attributed to NAG
species. Table 4.6 shows the positions and vibrational assignments for each of these
bands. The amide | and Il vibrations, which are dominate in amino-saccharides,
including NAG, were obscured by water vibrations and therefore could not be

identified within the spectra.
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Figure 4.37 Plot of absorbance of the bicarbonate (1322 cm™) and CO, (aq) (2343 cm™) bands

from spectra shown in Figure 4.36

Table 4.6 NAG degradation bands seen when using the Thermal TiO, electrode

Band position (cm™) | Vibrational assignment Reference
1455 CH; >
1435 8(C-H), 3(0-H) >
1419 8(Ce-Hz), 5(0-H) .
1381 8(CHs) »
1363 8(Cg-Ho) 30
1084 v(C3-H), 8(C-0O-H) >
1030 8(C-0-H) >
1011 CHjs >

Consistent with the production of CO; (), a positive band at 1726 cm™ and two

overlapping positive bands at 1740 cm™ were also observed (Figure 4.36). Figure

4.38 displays plots of these bands with respect to applied potential and elapsed time.

These features were evident from 0.4 to 1.2 V vs. Ag/AgCl and once the negative

bias was re-applied the intensity of these bands decreased, as did CO; (xg) absorbance,
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which indicated products diffusing out of the thin layer. The slower rate of diffusion
of the 1726 and 1740 cm™ bands, compared to the CO; (a, May indicate that the
unknown product was strongly adsorbed to the TiO, or that the product was
physically larger than the CO; (g molecules, thus slowing diffusion. Two weak
negative bands at 2850 and 2920 cm™ were also apparent once the photocurrent
onset potential (0.2 V vs. Ag/AgCI) was reached. These bands were assigned to v(C-

H) and v(C-H,) stretching vibrations, respectively.*®

‘—o— CO, = 1726 cm 1=+ 1740 cm ! = Applied potential
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0.012 -

Absorbance
o
o
o
o
o
N
Applied Potential (eV)

0.006 + - +0
" +-0.2
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Figure 4.38 Plots of baseline corrected absorbance of CO, (5q) (2343 cm™) with respect to positive
bands located at 1726 and 1740 cm™. Absorbances used were from spectra obtained using the

Thermal TiO; electrode shown in Figure 4.36. Applied potential at each sample point indicated

(m).

Figure 4.39 shows spectra analogous to those in Figure 4.36, except using the
Degussa P25 TiO; electrode. Upon close examination, despite the presence of a
strong negative band centred at 1640 cm™ after UV irradiation, there were no
accompanying water bands around 2100 or 3275 cm™, thus there was no evidence of

the photo-oxidation of water or the loss of water from thin layer by O, production.
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Superimposed on the broad featureless baseline change from 1000 cm™ extending
into the near-IR, was a very strong positive band around 1170 cm™ and a slightly
weaker band around 1053 cm™. Due to the strong baseline absorbance increase in
this region, analysis of this region was far from simple. These bands were not
thought to arise from sulfate/bisulphate, as their frequencies were not the same as
seen in previous experiments under similar conditions. Because the baseline is ill-
defined, it appeared that these positive bands may actually be the trough of two

overlapping negative bands around 1100 cm™.
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0.0V
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) i N\
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Figure 4.39 P25, NAG, P-EAP, Light: In situ FTIR absorbance spectra obtained during

potential-dependent EAP using Degussa P25 TiO, electrodes immersed in 0.1 mol dm?

Na,SO4/0.2 mol dm™ NAG, under irradiation with UV light. Light was applied after initial
spectrum was collected in the dark (-0.2V 1 (D)). Spectra were collected at the indicated
potentials. ‘R’ denotes spectra obtained after the applied potential was returned to the initial

potential.

No vibrational assignments for the negative bands can be made at this stage due to
the dramatic shift in baseline throughout the experiment. However, it is well known
that bands within this region arise from a combination of C-O, C-C, C-O-H and C-
O-C vibrations®® which are strong within carbohydrates in general, and NAG in

particular. Conclusive structural assignments were extremely difficult to perform
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using this region and in this case, due to the change in baseline absorbance within

this region, such assignments would be imprudent.

The region from 1280 — 1800 cm™ showed minimal baseline changes during
irradiation, thus spectral features within this region were more easily interpreted. A
series of negative bands were evident from irradiation and occurred at 1325, 1384,
1458, 1576 and 1650 cm™. 1325 and 1576 cm™ were assigned to bicarbonate and
carbonate, respectively. The other three bands were assigned to NAG, arising from a
loss of CH3 and amide groups. Two bands at 1726 and 1739 cm™ were formed upon
irradiation, with the latter producing a stronger absorbance than the former over
time. These bands occur within the carbonyl stretching region and are thought to be
formed due to an increase in double bond character of the C=0O bond possibly
resulting from CH; cleavage.®” The presence of two vibrational bands could indicate
that the product was initially adsorbed to the TiO, surface producing a band at 1726
cm™ which then moved into the bulk solution causing the shift in wavenumber to a

higher frequency at 1739 cm™.*

Figure 4.40 displays in situ FTIR spectra obtained using the MW-treated TiO,
electrode immersed in 0.1 mol dm™ Na;SO/0.2 mol dm™ NAG under irradiation,
with respect to applied potential. (See Appendix Figure A.10A for in situ FTIR
spectra collected using the HT-treated TiO, electrode under indentical conditions.)
These spectra displayed only weak baseline changes and as a result were much
clearer and more easily interpreted than the Degussa P25. In particular the two
positive bands were present which added weight to the argument that these are real

gain bands in Degussa P25.
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Figure 4.40 MW, NAG, P-EAP, Light: In situ FTIR absorbance spectra obtained during
potential-dependent EAP using MW-treated TiO, electrodes immersed in 0.1 mol dm?
Na,;SO4/0.2 mol dm™ NAG, under irradiation with UV light. Light was applied after initial
spectrum was collected in the dark (-0.2V 1 (D)). Spectra were collected at the indicated
potentials. ‘R’ denotes spectra obtained after the applied potential was returned to the initial

potential.

Figure 4.40 also shows negative bands attributed to NAG degradation; the
vibrational positions and assignments of which are shown in Table 4.7. It was
apparent that the CH; group was removed when using this electrode type, as was
found when using the Thermal TiO, electrode. There was also evidence of the loss of
Ce-H vibrations and ring attack in the C; position. NAG in aqueous solution shows
no significant vibrational bands at 1388 or 1362 cm™. The negative bands seen
during the in situ FTIR study may be due to the loss of photo-oxidation products
produced during the break-down of NAG and led to the hypothesis that the break-
down mechanism occurred as a multi-step process. Glucose produces a characteristic
band® at 1363 cm™ and it was therefore thought that one of the break-down products
of NAG could be close in structure to that of glucose. The reduction of intensity of

this band may indicate that this break-down product was further oxidised to CO3 (ag).
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Table 4.7 NAG degradation bands seen when using the MW-treated TiO, electrode

Band position (cm™) | Vibrational assignment Reference
1436 3(C-H), 5(0-H) >
1418, 1434 8(C-H), 5(0-H) 5
1385 8(CHs) >
1372 3(C-H), 3(0-H) >
1362 8(Ce-Hy) %0
1272 Cs-OH, C;-OH >

When using the MW-treated TiO; electrode, three positive bands at 1726, 1737 and
1743 cm™ were apparent. Plots of the change in intensity of these bands with respect
to time/applied potential showed that initially all three bands increased at the same
rate, but after 4 minutes or once 0.0 V vs. Ag/AgCl was reached, the rate the 1726
cm™ production decreased, while the two other bands continued to increase at the
same rate (Figure 4.41). This was consistent with results obtained using the other
electrode types including the Thermal TiO, electrode. It was theorised that the band
at 1726 cm™ arose from an absorbed carboxyl product and as the possible sites for

adsorption were saturated, the rate of production of adsorbed species would slow.
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Figure 4.41 Plots of 1726, 1737 and 1743 cm™ absorbances produced during potential-dependent
EAP with MW-treated TiO, electrodes immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™® NAG,
under irradiation with UV light. Spectral absorbance was background corrected and
normalised for differing TiO, film thickness against background water intensity values obtained
at the start of each experiment. (m) Applied potential during sampling.

Plots of the CO, (,q absorbance during potential-dependent EAP experiments are
shown in Figure 4.42 and Figure 4.43. As discussed previously, Thermal films are
dependent on a positive applied potential for degradation to occur. In contrast, as
was seen when using Nay(OOC),, the mesoporous films all showed
photodegradation immediately after UV illumination which continued to increase

throughout the experiment.
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Figure 4.42 Plots of average CO, (oq absorbances produced during potential-dependent EAP
with Thermal TiO, electrodes immersed in 0.1 mol dm™® Na,SO,/0.2 mol dm™ NAG, under
irradiation with UV light. Spectral absorbance was background corrected and normalised for
differing TiO; film thickness against background water intensity values obtained at the start of

each experiment. (m) Applied potential during sampling.

When comparing the mesoporous TiO,, Degussa P25 TiO, displayed rapid onset of
CO2 (aq iImmediately after UV illumination which continued to increase until 12
minutes had elapsed, when a plateaux was reached. Upon removal of the positive
potential, after 16 minutes, only a slight reduction in CO, (q) absorbance was seen,
due to an equilibrium being reached between the rate of CO, (54 production and
diffusion from the thin layer. The MW- and HT-treated TiO, electrodes showed
onset of CO, (5 production after UV illumination which continued to increase
throughout the experiment. Even after the positive bias was removed, the rate of
CO; (ag) production remained constant, and showed no decline in the overall

absorbance over the time-frame of the investigation.
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Figure 4.43 Plots of average CO, (oq absorbances produced during potential-dependent EAP
experiments with Degussa P25, MW- and HT-treated TiO, electrodes immersed in 0.1 mol dm™
Na,S040.2 mol dm® NAG, under irradiation with UV light. Spectral absorbance was
background corrected and normalised for differing TiO, film thickness against background
water intensity values obtained at the start of each experiment. (m) Applied potential during

sampling.

Upon comparing these results, the film types in decreasing order of maximum
absorbance of CO; (iq Were P25 < MW < HT < Thermal. It was possible that the
increased CO; (5 production seen when using the Degussa P25 film may be due to

surface area effects, which will be discussed in more detail in a later section.

449 In situ FTIR of EAP of TiO, electrodes with NAG:

investigated as a function of time

Figure 4.44 displays in situ FTIR spectra obtained using the Thermal TiO; electrode
investigated under applied potential as a function of time. These spectra were very
similar to those obtained using the same electrode during potential-dependent
experiments (Figure 4.36). The predominant features arose from the photo-oxidation

of bulk water which caused an increase in O, content within the thin layer. This in
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turn drove bulk water out of the thin layer. Further evidence of this was found by the

conversion of bisulphate to sulfate due to the rapid drop in pH within the thin layer.
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Figure 4.44 T, NAG, T-EAP: In situ FTIR absorbance spectra obtained using Thermal TiO,
electrodes immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™ NAG, under irradiation with UV light
(light switched on after initial spectrum was collected (-0.8 V 1 (D)). Spectra were collected at
the indicated time intervals (minutes). Initial applied potential -0.8 V vs. Ag/AgCl; applied
potential shifted to 1.2 V vs. Ag/AgCl in a single step after 6 minutes and held until 27 minutes.
After 27 minutes potential was lowered to initial potential and held for the remainder of the

experiment.

Peaks characteristic of NAG degradation were observed after both irradiation and 1.2
V vs. Ag/AgCl was applied. These peaks occurred at the same wavenumbers as seen
during the Thermal TiO, electrode experiments performed as a function of potential

and have been previously provided in Table 4.6.

This experiment showed the first occurrence of CO, (aq) bubble formation, as evident
by an additional peak at 2365 cm™; however from comparison of the relative
intensities of these bands, it was evident that the majority of the CO, (4 remained in
solution. Apart from the usual CO, (ag) production, there were positive bands at 1720

and 1741 cm™. Plots of the absorbance of these peaks show that they were not
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produced until UV irradiation and a positive potential was applied (Figure 4.45).
Once this occurred an initial rapid increase in the band at 1720 cm™ ensued, until a
maximum was reached at 12 minutes, after which a steady decline occurred until the
positive bias was removed, at which time the band was no longer apparent.
Comparatively, the 1741 cm™ band showed an initial rapid increase up to 12
minutes, after which it increased steadily until the positive bias was removed, where

it declined in intensity until the conclusion of the experiment.
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Figure 4.45 Plot of absorbance of 1720 and 1741 cm™ bands collected from Thermal TiO,
electrode immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™ NAG, under irradiation with UV light,
with respect to time. Initial applied potential was -0.8 V vs. Ag/AgCl; after 6 minutes was 1.2 V
vs. Ag/AgCI and reduced to -0.8 V vs. Ag/AgCl after 27 minutes irradiation.

From this, it appeared that the photo-electrochemical degradation of NAG at the
TiO, electrode surface occurred via a multi-step process, yielding intermediates and
CO; (ag)- Also apparent at 1.2V vs. Ag/AgCl was small negative bands due to the
v(C-H) and v(C-H,) stretching vibrations, seen at 2850 and 2920 cm™.

Spectra collected as a function of time using the Degussa P25 TiO, electrode
displayed characteristics similar to those obtained when using the Thermal TiO;

electrode (see Appendix Figure A.10B). The dominant features were the photo-
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oxidation of water evidenced by loss of bulk water, bisulphate to sulfate conversion,

the NAG photo-oxidation to CO, . and an intermediate product at 1741 cm™.

The spectra collected as a function of time using the MW-treated TiO, electrode
(Figure 4.46) were vastly different to those collected using the Degussa P25 and
Thermal TiO, electrodes. Minimal baseline changes occurred, which resulted in
clearer, more easily interpreted spectra. No water photo-oxidation was witnessed,

which further enabled vibrational band assignments.
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Figure 4.46 MW, NAG, T-EAP: In situ FTIR absorbance spectra obtained using MW-treated
TiO, electrodes immersed in 0.1 mol dm™ Na,S0,/0.2 mol dm™ NAG, under irradiation with UV
light. Initial spectrum was collected in the dark (0 (D)). Spectra were collected at the indicated
time intervals (minutes). Initial applied potential -0.2 V vs. Ag/AgCl; applied potential shifted to
1.2 V vs. Ag/AgCI in a single step after 6 minutes and held until 27 minutes. After 27 minutes

potential was lowered to initial potential and held for the remainder of the experiment.

When examining the lower wavenumber region, 1000 — 1200 cm™, strong positive
bands at 1060, 1100, 1125 and 1161 cm™ dominated. Assignments were complex
due to vibrational combinations; however, when examining these bands as a group,
the dominate feature was an increase in the bending vibrations of C-O-H groups

within the electrolyte layer. This could be due to complete decomposition of the
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carbohydrate molecule; however this did not appear to occur here as no free OH
vibrations were observed (3500 — 3650 cm™). Therefore it was more likely that the
increase in absorbance in this region merely denoted a change in structure of the

carbohydrate molecule resulting from its partial decomposition.

When examining the region from 1200 — 1600 cm™, it was apparent that a loss in
absorbance of almost all the vibrational bands arising from NAG occurred. A
summary of these can be found in Table 4.8. In all previous examples, especially in
the Na(OOC), model experiments, COs*> and HCO3™ always appeared together and
never one or the other. As no peak was present at 1585 cm™ here, the band at 1321
cm™ was assigned to the CH; vibration within NAG> rather than COs*. From these
bands it was thought that during the photo-oxidation of the NAG molecule, the CH,,
CH; and OH groups were removed. No loss of amide character was apparent;
however, strong water vibrations within this region can obscure these spectral
features.

Table 4.8 NAG degradation bands seen when using the MW-treated TiO, electrode from Figure
4.46

Band position (cm™) | Vibrational assignment Reference
1471 CH, scissoring %
1436 8(C-H), 8(0O-H) >
1372 8(C-H), 8(0O-H) >
1362 8(Cs-Ho) %0
1321 CHs >
1277 Cs-OH, C;-OH >
1237 CH, >

1161 (+) 8(C-H), 3(C-O-H) o495
1125 (+) v(C-0-C) »
1060 (+) 8(C1-Hy), 8(C-O-H) >

Spectra collected using a HT-treated TiO, electrode (Figure 4.47) were similar to

those obtained when using the MW-treated TiO, electrode, as they displayed no
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water oxidation. Strong CO, (ag) production upon UV irradiation occurred which was
superimposed on a broad baseline change in the region from 1900 — 3000 cm™. The
production of CO, q Was accompanied by a set of degradation bands assigned to
NAG, which are tabulated for reference purposes (Table 4.9). Some water vapour
was detected within the in situ FTIR cell, possibly due to a slight seal problem,
producing several negative bands between 1450 and 1900 cm™ (and 3500 — 4000 cm’
1. Once these bands were discounted, there was strong negative band at 1680 cm™
assigned to the amide | vibration. Other spectral assignments showed degradation of

CH3; and OH groups.
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Figure 4.47 HT, NAG, T-EAP: In situ FTIR absorbance spectra obtained using HT-treated
TiO, electrodes immersed in 0.1 mol dm™ Na,SO,/0.2 mol dm™ NAG, under irradiation with UV
light (light switched on after initial spectrum was collected). Spectra were collected at the
indicated time intervals (minutes). Initial applied potential -0.2 V vs. Ag/AgCl; applied potential
shifted to 1.2 V vs. Ag/AgCIl in a single step after 6 minutes and held until 27 minutes. After 27

minutes potential was lowered to initial potential and held for the remainder of the experiment.

In addition to these negative bands, positive bands were seen around 1167 and 1060
cm™. Interestingly, the maxima of latter band shifted from 1060 cm™ at the start of
the experiment, to 1056 cm™ by the experiment end. As stated previously, it was

thought that these bands arose from the partial decomposition of NAG resulting in a
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change in carbohydrate character. Also, three small positive bands around 1730 cm™
were witnessed. However, as the experiment progressed, the increasing negative of
absorbance around the amide | region swamped the small absorbance gains seen near
1730 cm™. The positions of these bands (1712, 1727 and 1742 cm™) were similar to

those seen with the other TiO, electrodes.

Table 4.9 NAG degradation bands seen when using the MW-treated TiO, electrode from Figure
4.47

Band position (cm'l) Vibrational assignment Reference
1680 amide | >
1437 8(C-H), 8(0O-H) >
1375 8(C-H), 8(0O-H) >
1361 8(Cs-Ho) 30
1323 CHs >
1270 Cs-OH, C;-OH >
1167 (+) §(C-H), 5(C-O-H) >4.55
1060 — 1056 (+) 8(C1-Hy), 8(C-O-H) >

Plots of the CO; () absorbance during the time-dependent EAP experiments are
shown in Figure 4.49. The film types, in decreasing order of the maximum
absorbance of CO, were P25 < MW < HT < Thermal.
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Figure 4.48 Plots of average CO, (g absorbances produced during time-dependent EAP
experiments with Thermal TiO, electrodes immersed in 0.1 mol dm® Na,SO,/0.2 mol dm™
NAG, under irradiation with UV light. Spectral absorbance was background corrected and
normalised for differing TiO, film thickness against background water intensity values obtained
at the start of each experiment. (m) Applied potential during sampling.

The Thermal TiO, electrode again showed potential-dependent photocatalytic
degradation, whilst the mesoporous TiO, electrodes all showed potential
independence. The Degussa P25 and HT-treated TiO; electrode showed a rapid rise
in CO2 s production before reaching a steady state after 27 minutes, which was
unaffected by the drop in applied potential after this time. The MW-treated TiO;
electrode, however, displayed low CO; () production upon UV illumination which
increased throughout the experiment, despite the removal of the positive bias after 27
minutes. This could be due to slower than usual diffusion of CO; (i) out of the thin

layer resulting in a net gain in CO; (5 absorbance with time.
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Figure 4.49 Plots of average CO, (oq absorbances produced during time-dependent EAP
experiments with Degussa P25, MW- and HT-treated TiO, electrodes immersed in 0.1 mol dm™
Na,S040.2 mol dm® NAG, under irradiation with UV light. Spectral absorbance was
background corrected and normalised for differing TiO, film thickness against background
water intensity values obtained at the start of each experiment. (m) Applied potential during

sampling.

4.4.10 Proposed intermediates of NAG degradation

As stated above three positive bands were observed during the NAG experiments.
These bands were positioned around 1720, 1730 and 1742 cm™. The 1720 cm™ could
be assigned to a carbonyl stretching vibration, most likely due to an acid.?® This acid
could be produced from attack of the carbonyl functionality of the amide group of

the NAG by hydroxyl radicals, producing an acetic acid derivative and water

(Equation 4.23).
(0]
S " 2
_ CH, + OH R™ + C. 4.23
R=N 3 H " o™ “ch,
H

Possible hydroxyl radical attack on the C;-OH position of the cyclic hemi-acetal

could lead to ring opening resulting in the formation of a stable aldehyde (Equation
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4.24).*° Aldehydes of this nature produce a characteristic carbonyl stretching
vibration at 1730 cm™.*® Although this theory is unlikely, as the cyclic hemi-acetals
are in equilibrium with their ring opened form and therefore do not require a
hydroxyl radical for the intermediate aldehyde. Also, the band at 1730 cm™ was only

seen using the MW-treated TiO, electrode.
HO

HO
0o OH @] 4.24
7 OH + OH — + OH
H
R R

Similar carbohydrate degradation studies have shown that adsorbed glucose
produces a lactone intermediate which possesses characteristic carbonyl
vibrations.**® These studies have shown that the glucose must be adsorbed to the
metal surface to ensure the initial molecule skeleton remains intact. Two types of

lactone can be formed: 8-lactone; and y-lactone (Equations 4.25 and 4.26).*°

'Ho ] Ho ] HO
4,25
0 0 0
—OH| —» —0| —» —0
R R R
| o Jads. | Y| ads. !
HO HO
HO
Q OH o] 4.26
—0 _ = COOH _ HO 0
R R R
1 1
D-glucono-é-lactone D-gluconic acid D-glucono-y-lactone

These species produce characteristic carbonyl vibrational bands at 1740 and 1780
cm’, respectively.® In the present study a band at 1740 cm™ was formed, however
there was an absence of a band at 1780 cm™ leading to the hypothesis that a &-
lactone derivative could have been formed. An additional carbonyl stretching
vibration at 1730 cm™ has been tentatively assigned to the lactone in an adsorbed

state by Proenca and co-workers.®® Therefore the 1730 cm™ found in the NAG
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spectra of the MW-treated TiO, could also be attributed to an adsorbed lactone

species.

4.4.11 Photocatalysis compared to EAP

Figure 4.50 displays the baseline- and electrolyte layer thickness-corrected
maximum CO () absorbances at 27 minutes obtained during the photocatalysis and
EAP experiments for each of the TiO, electrodes immersed in Nay(OOC), and NAG.
The maximum CO; (,q absorbances seen for each of the organic species tested were
very different, with a greater conversion of Nay(OOC), to CO; (1 than NAG.
Compared to the NAG molecule, the Nay(OOC), proved to be easier to catalyse due

to its chemical simplicity.

O Oxalate Photocatalysis B Oxalate EAP O NAG Photocatalysis O NAG EAP

©
~
|

CO, absorbance
© © © o o
N w SN (6] (o]
L L L L L

©
[
L

o
|

Thermal Degussa P25 MW-treated HT-treated
Electrode type

Figure 450 Maximum CO, absorbances found after 27 minutes during time-dependent

photocatalysis and EAP experiments for each TiO, electrode type.

For both organic species tested Degussa P25 performed the best during both the

photocatalysis and EAP experiments. When taking specific surface area of the TiO;
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catalysts into account, as discussed in Chapter 3 section 3.5.1.3, this only serves to

increase the efficiency of the Degussa P25 TiO, compared to the other TiO; types.

When comparing the increase in efficiency with electrochemical assistance, the
Thermal TiO, showed the most dramatic increase for both organic species tested
(207 and 40.2 fold increase for Na,(OOC), and NAG, respectively) (Table 4.10).

Table 4.10 Comparison of the increase in CO; (o absorbance after 27 minutes during time-

dependent experiments for each TiO, electrode

Organic Thermal Degussa MW- HT-treated
species P25 treated
Nay(O0C), 207 1.75 2.08 3.74
NAG 40.2 191 6.67 14

This was expected due to this electrode’s reliance on applied potential for
photocatalytic activity. When comparing the mesoporous TiO; types, the HT-treated
TiO, electrode, followed by the MW-treated TiO, electrode, showed the greatest
improvement in photocatalytic rate with electrochemical assistance, which was true
for both organic species examined. Despite this, the Degussa P25 TiO, was the best
performer overall for both the Na,(OOC), and NAG, again proving its superior

performance due to its mixed phase composition.®?

4.4.12 Changes in FTIR baseline upon UV illumination

During some of the experiments large baseline movement was observed upon UV
illumination. This was especially prevalent when performing the photocatalysis only
experiments i.e. those without electrochemical enhancement, when using the
mesoporous TiO, electrodes. Similar effects have been observed by other authors

when performing in situ FTIR investigations,#1318:63-:66

Shaw and co-workers*® observed an apparent decrease in baseline over the entire
spectral range upon UV illumination when using rutile TiO, electrodes. Whilst the
origin of this effect was not clear, it did not appear to be an experimental artefact

arising from stray reflected UV irradiation from the light pipe incident on the MCT
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detector. The effect was relatively large and was therefore thought to be of electronic
origin. The authors tentatively assigned the effect to the emptying of very-deep lying
states near the TiO, surface; these states lying just above or within the valence band

edge. In the present study the baseline increased, so this theory can be discounted.

Christensen and co-workers have witnessed an increase in baseline absorbance when
using gold and platinum electrodes.®® These changes were reminiscent of the single-
beam characteristic of the spectrometer and were thought to be dependent on the thin
layer thickness. Whilst the detailed changes seen when using the gold and platinum
electrodes were different the basic phenomenon was the same, indicating the metal
itself played a role in the reflectivity effect. It was found that a solution layer of

several um in thickness was required for the effect to manifest.

The spectral effects described by Christensen and co-workers®™ were remarkably
similar to those seen in the present study, as they appeared similar to the single beam
spectra. No baseline changes of this nature were witnessed when using the Thermal
TiO, electrodes which could be due to the nature of the electrode, allowing a very
thin electrolyte layer to be formed. The mesoporous electrodes could produce thicker
electrolyte layers due to the increased thickness of the TiO, deposit and the inherent
roughness of the layer. To test this theory the pathlength for each of the TiO,
electrodes was calculated using the background spectrum obtained from each
experiment and an extinction co-efficient of 900 + 100 mol dm™ cm™ for the 1310

cm™ oxalate band.®” Table 4.11 displays the collated results.

Table 4.11 Pathlength calculations for the TiO, electrodes

Thermal Degussa P25 MW:-treated HT-treated

Pathlength (um) 3.63 4.05 9.76 4.21
+ (um) 0.68 0.68 1.95 131

Whilst the Thermal TiO, electrode did produce a thin electrolyte layer, the
electrolyte layer from the Degussa P25 TiO, and HT-treated TiO, electrodes were
very similar. If the effects arose solely from the electrolyte layer thickness, one

would expect the Degussa P25 and HT-treated TiO, mesoporous electrodes to
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produce lower changes than the MW-treated TiO, electrode; however the opposite
was observed. Also, these effects would be independent of applied potential and
would be witnessed in all experiments including those under potential control. The
effect was markedly reduced when the TiO, electrodes were under an applied

potential, thus discrediting this theory as cause of the observed phenomenon.

Yaniger and Vidrine®™ and Neugebauer and co-workers®® have both reported a broad
IR absorption stretching from the mid-IR to the near-IR when investigating polymer
film growth by in situ FTIR-ATR. It was concluded that this absorption was derived
from electronic absorption by free charge carriers present in the conducting state of
the polymers. Christensen and co-workers® have also witnessed a broad electronic
absorption band when performing similar polymer growth studies and attributed this
to bipolaronic excitation as the main mobile charge carrier. The effects described do

correlate with those seen in this investigation.

However, it was Yamamkata et al.** who used time-resolved IR spectroscopy to
study the kinetics of photogenerated electrons in a Degussa P25 TiO; film, who best
described the effects seen in the present study. The authors observed an increasing
baseline absorption from 3000 to 900 cm™ which was attributed to photogenerated
electrons trapped in shallow mid-gap states within picoseconds of irradiation. Two
possible origins for the absorption due to electrons trapped on co-ordinatively
unsaturated Ti atoms were put forward, which were further extrapolated by Warren
and McQuillian (Figure 4.51).%?

The absorption was a result: of intra-band transitions of electrons within the CB; and
direct optical transition from the trap state to the CB. While both mechanisms would
give very similar broad IR absorptions, the latter mechanism would be characterised
by an absorption cut-off associated with the energy gap between the trap state and
the CB. This would lie below the present 1000 cm™ experimental limit, but has been

confirmed to occur at 880 cm™.*?

215



Chapter 4

€ _ Conduction band
IR absorption| (i) €
g (ii) (iii)‘[IR absorption

Energy

h* Valence band

Figure 4.51 Schematic representation of the processes involving the optical promotion of
electrons into the CB: (i) by intraband excitation; (ii) electrons trapped in shallow traps; and

(iii) excitation of shallowly trapped electrons into the CB.

The application of a potential to the in situ FTIR system abated the baseline changes.
This was consistent with EAP theory, that upon the application of an electrical bias,
electrons are removed to the back contact and on to the counter electrode. This
would reduce the time spent within the TiO, CB, thus minimising intra-band

transitions.

45 Conclusions

Thermal TiO, coated electrodes were manufactured and Degussa P25, MW- and HT-
treated TiO, powders were immobilised onto ‘top-hat’ electrodes. These electrodes
were examined for photocatalytic and EAP degradation of Nay(OOC), and the
carbohydrate, N-acetyl-D-glucosamine, found in bacterial cell walls with Na,SO, as

the supporting electrolyte.

Current-voltage measurements performed using both Na;(OOC), and NAG showed
that the Thermal TiO, electrodes produce photocurrents dependent on applied
potential, whereas all three mesoporous TiO, immobilised colloids showed

independent photocurrents.

In situ FTIR spectra obtained using all TiO, electrode types except the Degussa P25
TiO; electrode in the presence of the electrolyte only, with the cell both illuminated

and in the dark, when first used, showed negligible spectral changes. The Degussa
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P25 TiO, electrode displayed the photo-oxidation of hydrocarbon species present
from the Degussa P25 manufacture, when first used, but subsequent experiments did
not show this. Upon the addition of an organic species, changes in the spectra upon

UV illumination were substantial and striking.

All TiO, electrode types examined possessed the ability to degrade Na,(OOC),,
producing a characteristic negative band at 1310 cm™ assigned to oxalate. A
corresponding gain at 2343 cm™ was unambiguously assigned to CO, produced from
the photo-oxidation of Nay(OOC),. The Thermal TiO, electrode, and to a lesser
extent, the Degussa P25 TiO, electrode also displayed characteristic negative
vibrational bands attributed to the photo-oxidation of bulk water. The FTIR spectra
obtained using the Thermal TiO, electrode displayed vibrational bands due to
Nay(O0C); in solution. For the mesoporous TiO, electrodes, whilst bulk Na,(OOC),
losses were observed, additional adsorbed oxalate bands were identified within the in
situ FTIR spectra. The Thermal TiO, displayed continued potential dependence,
whereby oxalate degradation was only displayed in FTIR spectra collected in the
presence of UV illumination and a positive applied potential. The mesoporous TiO;
electrodes all displayed Nay(OOC), degradation under UV illumination. The
degradation rate, measured by the production of CO, (), increased with a positive

applied potential for all the examined TiO, electrode types.

The degradation NAG was examined for the first time using the same TiO;
electrodes. Degradation bands assigned to characteristic saccharide peaks were
identified from in situ FTIR spectra obtained from all four examined TiO, electrode
types. These were accompanied by the production of CO; (iq) Within the electrolyte
layer confirming the degradation of NAG within the cell. Additional positive bands
around the 1710 — 1740 cm™ region were observed and attributed to intermediate
products produced during NAG photo-degradation. These bands were tentatively
assigned to acetic acid and d-lactone, both in solution and in its adsorbed state. The
application of a positive potential increased the production of CO, (q due to the

increased rate of NAG photo-degradation.

During the FTIR photocatalytic investigations, all the spectra obtained from the

mesoporous TiO; electrodes displayed baseline changes upon UV illumination. The
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origin of such changes are controversial, but were attributed to intra-band electron

transitions within the TiO, CB and shallow mid-gap trap states. The application of a

potential abated such changes, further confirming this theory.

For both Nay(OOC), and NAG photodegradation, the Degussa P25 TiO, catalyst was

the best performer, both during the photocatalysis and EAP investigations. This

confirmed results displayed and examined in Chapter 3.
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5.1 Conclusions

The use of IR lasers for water treatment purposes was investigated. lllumination of
vegetative cells of E. cloacae suspended in sterile distilled water with a CO; laser
produced 99.99 % inactivation after 270 seconds of exposure. When comparing the
inactivation rates of the CO, laser with that of UV irradiation, similar rates were
observed. However, when investigating the inactivation of the more resistant B.
subtilis endospores in water, illumination by UV irradiation produced similar
inactivation after 120 seconds, but an increase in viable concentration occurred after

the IR treatment.

Additional investigation of the cellular alterations during IR laser treatment were
performed using FTIR-ATR spectroscopy, which showed increases in carbohydrate
content within the E. cloacae cells. To further examine this, the IR treatment process
was applied to a selection of simple carbohydrates; however FTIR and Raman
spectroscopy failed to show definitive alterations of the carbohydrates due to

treatment.

The E. cloacae inactivation during IR irradiation was thought to be due to an overall
temperature increase of the water solution throughout the treatment process. The
inability to inactivate the more resistant B. subtilis endospores clearly established

that this method was not suitable for water disinfection purposes.

Preliminary investigations into the photocatalytic ability of MW-treated TiO,
colloids, compared to Degussa P25 and HT-treated TiO,, showed its capacity to
inactivate E. cloacae in a slurry suspension. This led to a more in-depth study of the

MW:-treated TiO, photocatalytic activity.

Degussa P25, the MW- and HT-treated TiO, colloids were successfully immobilised
onto borosilicate glass substrates and E. coli inactivation studies were performed
within a stirred-tank reactor. These results were performed in parallel with
photocatalytic degradation studies of oxalic acid, to further investigate the colloidal
performance. All catalysts were shown to degrade oxalic acid and inactivate E. coli
cells within distilled water. The application of UVB (compared with UVA)
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irradiation was also investigated using oxalic acid, which highlighted Degussa P25’s
higher performance due to its mixed-phase composition. Surprisingly, the pure
anatase colloids, MW- and HT-treated TiO,, displayed no improved photocatalytic

rate when the UV wavelength was shortened.

Due to the promising E. coli inactivation rates obtained in the stirred-tank reactor
using distilled water, a more ‘real-world’ investigation was performed using natural
river water. It was discovered that in order to observe inactivation during a 5 hours
treatment period using UVA irradiation, the pH had to be lowered and the bacterial
cell loading must be no greater than approximately 1 x 10° CFU c¢m™. Development
of a sandwich arrangement within the stirred-tank reactor enabled a realistic
estimation of the direct effect of UVA during photocatalytic experiments using the
MW- and HT-treated TiO, colloids.

The Degussa P25, MW- and HT-treated TiO, colloids were also examined using via
current-voltage measurements and in situ FTIR spectroscopy, and compared with a
thermally-prepared TiO, catalyst. These catalysts were immobilised onto a titanium
electrode whereby photocatalytic and EAP degradation were examined. Spectral
changes which occurred during photocatalytic degradation of sodium oxalate and the
bacterial cell wall component, NAG, were observed and the rates of degradation

were followed using the CO, vibrational band.

Loss of oxalate was studied by two characteristic symmetric and anti-symmetric
(C=0) stretching vibrations; however, this was complicated when using the
mesoporous TiO, electrodes by adsorption of the molecule onto the catalyst’s
surface. NAG degradation was observed via the loss of absorbance bands
characteristic of this molecule. In addition, gain bands other than CO, were
identified, which were attributed to intermediate break-down products, tentatively

assigned to acetic acid and 6-lactone.

In conjunction with CO, production and the loss of the model degradants, the
oxidation of water was observed, most often when using the Thermal TiO, electrode.
Large baseline changes occurred when performing photocatalytic experiments under

UV illumination, the extent of which was abated when the system was under a
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positive electrical bias. This was attributed to intra-band electron transitions within

the TiO, CB and shallow mid-gap trap states.

For all the catalysts types examined, the application of a positive bias increased the
rate of degradation, for both oxalate and NAG. Degussa P25 produced the highest

degradation rates for both degradants studied.

5.2 Future work

Overall, this study further demonstrated the ability of TiO, catalysts for potential use
within the water treatment industry as an alternative to conventional treatment
practices. However further work, particularly using natural water sources, must be

completed before this occurs on a wide-scale.

Whilst a suite of micro-organisms have been inactivated using photocatalysis within
literature, the two major organisms of public health, Giardia and Cryptosporidium
cysts, have not been examined to date. This has been due to difficulties encountered
with the culture and detection of these micro-organisms, and these problems must be
overcome before photocatalysis is accepted as a viable alternative water treatment. In
addition, more researcher awareness of SCV’s must occur and further investigation
into their possible health risks must be performed to ensure the public health safety

of photocatalysis.

Whilst the MW-treated TiO, possessed a very high surface area out of those studied,
Degussa P25 remains the best available catalyst. Further post-synthesis modification
of TiO, colloids to improve their catalytic ability could be performed. Following
from this work, the production of a high surface area, mixed-phase catalyst should be

attempted.

Further use of in situ FTIR spectroscopy for photocatalytic rate determination should
occur as this technique is rapid, sensitive and provides detailed information regarding
degradant break-down products and catalyst surfaces to further enhance the

understanding of TiO; catalysts within water treatment systems.
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