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The Second International Conference on Semiconductor
Photochemistry (SP-2) was set up following the highly
successful SP-1 meeting held in Glasgow in July 2001. The
conference was scheduled over three days from Monday 23rd
July to Wednesday 25th of July 2007 (coincidentally the
same days over which SP-1 was held in 2001) at The Robert
Gordon University in Aberdeen in the north east of Scotland.
As with SP-1, the primary objective of the organisers was
to host an inclusive and affordable conference designed to
reach as wide an audience as possible. As a result, the meeting
again was organised on a nonprofit basis, with an intense
programme and few additional “added extras.” The delegate
fee was established at an affordable rate of £150 for full
delegates and £75 for students which covered attendance of
the full conference programme, morning and afternoon tea,
and lunch. The ability to allow the low registration fee was
facilitated by the very generous support of the conference
sponsors and we are extremely grateful to these sponsors who
included: Degussa-Huels, Millennium Chemicals, Johnson
Matthey, Pilkington Technology, Apache, Halliburton, the
Robert Gordon University, the Society of Chemical Indus-
try (SCI), and Hindawi Publishing Corporation for their
support. This sponsorship was in various forms, including,
money (Degussa-Huels, Millennium Chemicals, Johnson
Matthey, Pilkington Technology, and the Society of Chem-
ical Industry), the conference venue (The Robert Gordon
University), conference bags (Halliburton and Apache), and
support for the conference proceedings (Hindawi Publishing
Corporation). The Aberdeen Ambassadors provided an

accommodation booking service covering a range of hotel
accommodation across the city, and alternative accommoda-
tion in the university halls of residence was also available.

The programme started each day at 8.30 am and finished
at 18.00. In order to ensure that all participants were able
to attend the whole programme, no parallel sessions were
scheduled. On Monday and Tuesday evenings, a poster
session was held with some liquid refreshment to “facilitate”
the networking process. All those who wanted to lecture were
given the opportunity to speak, usually for 25 minutes and
only three specially invited lecturers were given extended
lecture slots of 40 minutes. It was very heartening to find
that all the big names in the field agreed unhesitatingly to
be present at the conference, even when offered only a 25-
minute slot so as to allow many others, possibly less well
known, to speak. The conference proved to be exceptionally
popular, attracting 200 participants from 34 nations; and
the papers contained in this special edition provide just
some measure of the diversity of subjects presented and
discussed. The conference concluded with a civic reception
at the historic Town House in Aberdeen City kindly provided
by the Lord Provost and Aberdeen City Council. Plans for SP-
3 are already well developed and it is planned to hold this in
Glasgow in 12—16th April, 2010 (see http://sp3.ukspc.org.uk/
for further details).

Semiconductor photochemistry has been a topic of
intense research interest over the past 25 years, especially
with respect to studies utilising titanium dioxide. The
research activity has significantly diversified from the early
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work on photomineralisation of contaminants in water. This
is demonstrated by the range of subjects covered in this
special edition which include materials preparation, water
and air purification, antibacterial effects, sensing properties
of semiconductor films, and reactor engineering.

The properties of titania sol-gel catalysts depend strongly
on the preparation conditions. The factors involved are dis-
cussed in the article by Marugan et al. Visible-light activation
of titania photocatalysts is a widely sought objective; Irvine
et al. describe a new approach to the preparation of such
catalysts. Although titania has been the most widely studied
photocatalyst, other transition metal oxides also warrant
attention: Liang et al. report the photoelectrochemical
characterisation of iron-oxide thin films. Yates et al. describe
the visible and UV activity of thin silver films prepared by
atmospheric pressure chemical vapour deposition (CVD).
Mills and Crow have investigated the factors influencing
the wettability of titania films, while Sheel et al. describe
the photoactivity of thin silver films and of silver-titania
composite films, particularly for biocidal activity. The thin-
film theme is continued by Skubal et al., who reviewed
their work on self detection and decontamination. The use
of oxide semiconductors to detect oxygen through UV-
activated luminescence is reported by Mills et al. Dye-
sensitized solar cells were reviewed in a plenary presentation
by Michael Gritzel; in this volume Holliman et al. describe
studies of the uptake of dyes by titania. Mills et al. report a
new rapid method for assessing the photocatalytic activity
of thin titania films. Reaction pathways in the gas-phase
degradation of decane and methanol have been investigated
by Balcerski et al., using DRIFT spectroscopy, while Pucher
et al. have combined adsorption and photocatalysis in a
reactor for gas cleaning. Flores et al. have assessed the
durability of silver-modified titania catalysts for degradation
of dichloroacetic acid. Removal of hydrocarbons from water,
with particular emphasis on reactor design, is covered by
Adams et al., while photocatalytic degradation of pesticides
is described by Boxall and Muneer. Finally, Mohamed et al.
report on the partial oxidation of organic compounds via
photocatalysis, a rather neglected subject in comparison with
complete oxidation or degradation.

In conclusion, semiconductor photochemistry remains a
very active field of research from which a range of practical
applications with vast commercial potential is emerging. It
will be interesting to see how the field has further developed
at SP-3 in 2010. This conference will build on the aims
of the previous meetings and feature an additional 1 day
international postgraduate symposium so that the younger
researchers in the field have an opportunity to present.

Russell F. Howe
Peter K. J. Robertson
Andrew Mills
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The activity of titania photocatalysts is highly dependent on the synthesis procedure. This work reports a study of the correlation
between the photocatalytic activity and the physicochemical and photoelectrochemical properties of sol-gel TiO, powders and
electrodes synthesized using different pH values and temperatures. The activity of the materials has been evaluated using the de-
colorization of Reactive Orange 16 (RO16) as model reaction. In contrast with the large number of studies reporting the influence
of the temperature, our results point out that preparation pH has even more influence on the crystalline phases and the photo-
catalytic activity of TiO, powders and photocurrents of the electrodes. However, the effects on the activity and the photocurrents
recorded after immobilization on a conducting support do not vary accordingly. Consequently, our results indicate that the mea-
surement of the photocurrent in an electrolyte media is not a good indicator of the photocatalytic activity of the unsupported
system.

Copyright © 2008 Javier Marugén et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

1. INTRODUCTION

The fundamentals of semiconductor photocatalysis and its
application to the removal of chemical pollutants have been
extensively reviewed [1-5]. However, commercialization of
photocatalysis for water treatment has been hindered both
by difficulties of postreaction catalyst recovery [6] and by
low-quantum efficiencies [7], which means that large reac-
tors are required for small-capacity plants. Consequently, al-
though immobilized TiO, has been shown to be less active
than slurry systems, much effort has been devoted to the de-
velopment of highly active fixed catalysts. One approach is
to immobilize the TiO; on a conducting support and apply a
potential bias. This, simultaneously, addresses both problems
[8].

The activity of titania powders and electrodes is highly
dependent on the synthesis procedure [9, 10]. A common
way of synthesizing TiO, electrodes is to coat conducting
materials with titania sol-gel suspensions, as this procedure
provides fine control of the physicochemical properties of the

TiO; crystalline phase and hence of its photocatalytic activity
[11]. The heat treatment temperature used to crystallize the
titania has been shown to be critical in the activity of sol-gel
coatings [12]. However, to the best of our knowledge, there
are no reports about the influence of the synthesis pH or of
the pH of coating suspensions on the activity and photoelec-
trochemical properties of the catalysts.

In this work we have studied the correlation between the
photocatalytic activity and the physicochemical and photo-
electrochemical properties of sol-gel TiO, synthesized using
two different pH routes. The activity of the materials has
been evaluated using the decolorization of Reactive Orange
16 as model reaction.

2. EXPERIMENTAL
2.1. Synthesis of the materials

Titanium dioxide sols were prepared by hydrolysis and
condensation of titanium tetraisopropoxide (TTIP) (97%,
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Sigma Aldrich, Gillingham, UK) at different pH values, fol-
lowing a procedure based on that described by O’Regan et al.
[13]. Powder photocatalysts were obtained from the colloidal
suspensions by increasing the pH to 7 with sodium hydroxide
and vacuum filtering through a 2.7 ym paper filter (What-
man plc, Maidstone, UK). The filter cake was resuspended in
deionized water three times to remove the ions from the so-
lution until the filtrate conductivity fell below 200 S - cm™!,
and finally was rinsed twice with 2-propanol to minimize
particle agglomeration. The solids were dried at room tem-
perature and then calcined at the desired temperature for two
hours.

To prepare the electrodes, the titania colloidal suspension
was first concentrated to ca. 150 g-L ™!, using a vacuum rotary
evaporator, to increase the viscosity. Thin-film electrodes
were fabricated by dropping suspension onto 1cm X 1cm
titanium plates (99.6%, Goodfellow, Huntingdon, UK) and
spinning at 2800 rpm prior to calcination for 10 minutes at
the desired temperature. The dropping, spinning, and heat-
ing sequence were repeated five times. The white coating was
more apparent on the neutral (pH 6.5) plates than on the
acid (pH 1.5) electrodes.

2.2. Characterization techniques

X-ray diffractograms (XRD) were collected in the range
10 < 26 < 90° in a Philips XPert diffractometer using nickel-
filtered monochromatic Cu Ka radiation. In all cases, only
anatase and rutile crystalline phases were detected. To inves-
tigate the morphology of the TiO; electrodes, scanning elec-
tron microscopy (SEM) micrographs were taken on a JEOL
JSM5300LV working at an acceleration voltage of 25kV un-
der environmental conditions, without conductive coating
on the sample.

Diffuse reflectance spectra (DRS) of the small plate elec-
trodes were recorded from 200-500 nm relative to a poly-
tetrafluoroethylene reference with a Varian Cary 500 Scan
U-VIS-NIR spectrophotometer equipped with an integrat-
ing sphere diffuse reflectance accessory. Reflectances were re-
ported as the Kubelka-Munk function, F(R), whose value, for
constant scattering, is proportional to the absorption.

Electrochemical characterization of the small plate elec-
trodes was carried out by cyclic voltammetry, with a sweep
rate of 100mV s7!, using an Eco-Chemie pgAutolab Type
IT potentiostat. Potentials were quoted with respect to an
Ag/AgCl reference electrode and a 10 cm in diameter nickel
gauze was employed as counter electrode. Photocurrents
were recorded under illumination by two 36 W actinic UV
lamps (Philips Lighting, Guildford, UK).

2.3. Photoreactions procedure

The photoreactor was a cylindrical concentric system with
two axially located 8 W UV lamps (Sylvania: Light Bulbs Di-
rect, Amersham, UK), two Pyrex glass walls containing the
suspension of catalyst in the dye solution, and a sintered frit
distributing the sparge oxygen. More details about the reac-
tor can be found elsewhere [12]. The photocatalytic activity
of the photocatalysts was evaluated using the decolorization

ONa
O0=§=0
™
0=S=0 S =N
e
HO 0O
N

10 20 30 40 50 60 70 80 90
Angle (26)

-- pH=6.5600°C -~ pH=1.5;600°C
—— pH=65500°C - pH = 1.5;500°C

FiGure 1: X-ray diffraction pattern of pure titania powder photo-
catalysts.

of the azo dye Reactive Orange 16 (RO16), represented in
Scheme 1, as a model reaction. The initial concentration of
dye was 0.05 mM. The pH obtained after dissolution of the
dye in deionized water was used without further adjustment.
The catalyst loading was 0.5g - L™! in all the experiments.

Prior to the start of the reaction, the dye solutions were
equilibrated in the dark for 30 minutes in contact with the
TiO, material and the oxygen bubbles. After switching on the
lamps, the evolution of the reaction was followed by colori-
metric measurements (€493,m = 23.45L - mmol ! - cm™!)
using a Shimadzu UV/vis spectrophotometer.

3. RESULTS AND DISCUSSION
3.1. Characterization results

The initial synthesis of the pure titania powder photocatalysts
followed the original acidic procedure of O’Regan et al. [13],
described above. The influence of the calcination tempera-
ture was investigated first. As shown in Figure 1, the diffrac-
tion line breadth demonstrates that the TiO, existed as small
crystallites of anatase after calcination at 500°C but that af-
ter calcination at 600°C, these crystals grew substantially and
transformed to rutile.
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TaBLE 1: Synthesis conditions, crystallinity, and photocatalytic activity in terms of the first- order kinetic constant for RO16 decolorization

of powder photocatalysts.

Name pH Temp. (°C) XRD Data kro (h™1)
Anatase (%) D.pa: (nm) SgJr (m2g™!)

P-TiO,-1 1.5 500 100 14 110 0.22
P-TiO,-2 1.5 600 89 42 37 0.32
P-TiO,-3 6.5 500 100 12 128 0.38
P-TiO,-4 6.5 600 100 24 64 1.09
T Estimated assuming nonporous spherical particles with a density corresponding to bulk anatase.

An equivalent set of materials was then prepared fol- 1]
lowing a sol-gel route at pH 6.5. According to Wang and
Ying [14], neutral aqueous media lead to anatase materials 097
that undergo neither phase transition to rutile nor signifi- 0.8 1
cant grain growth, whereas the use of nitric acid favours the 0.7 -
formation of rutile. The XRD patterns (Figure 1) of these o 06
pH 6.5 materials show that at both 500°C or 600°C, pure F
anatase materials were obtained with only traces of rutile. o 057
Table 1 summarizes the composition calculated from the ar- © 041
eas of the 101 anatase peak (26 ~25.3°) and the 110 rutile 031
peak (260 ~27.4°) according to the procedure of Zhang and
Banfield [15]: 027

0.1 1
Anatase (wt%) = 0884 X Aunatase (1) 0 (') 0.'5 i 1.'5 '2

0.884 X Aanatase + Arutile

The average crystallite sizes were estimated from the width
of signals using the Scherrer equation (Table 1). The aver-
age anatase size increased with calcination temperature, es-
pecially for materials synthesized at acidic pH, which favours
the thermal transformation to rutile.

3.2. Photocatalytic results

Figure 2 shows the photocatalytic activity of dispersions of
these catalyst materials measured as the decrease with irradi-
ation time of the absorption at 493 nm. In all cases, a pseudo-
first-order kinetics model satisfactorily represents the re-
sults and the derived first-order rate constants are shown in
Table 1. In both cases, an increase in the temperature of the
heat treatment from 500°C to 600°C leads to a significant in-
crease in the activity even though the surface area, estimated
from the average anatase size, decreases. However, the clear
and important conclusion is that titania materials synthe-
sized via the neutral sol-gel route are more photoactive than
samples prepared in acid media.

The lack of correlation between photocatalytic activity
and the specific surface area suggests that the reaction rate
may be more influenced by the generally assumed higher ac-
tivity of anatase. Although this would be consistent with the
increased activity of P-TiO,-4 (100% anatase) relative to P-
TiO,-2 (11% rutile), it is inconsistent with the lower activity
of P-TiO,-2 relative to (100% anatase) P-TiO,-1. We cannot
exclude the possibility that since the P-TiO,-1 was calcined at
lower temperature, it may have significant amounts of amor-
phous TiO,, which reduces the photocatalytic activity.

—=— pH=1.5;500°C
—4— pH=6.5;500°C

—o— pH =1.5;600°C
—v— pH =6.5;600°C

F1GURE 2: First-order kinetics fit of the RO16 photocatalytic decol-
orization.

3.3. Photoelectrochemical results

The striking increase in photocatalytic activity associated
with the particle preparation at pH 6.5 prompted a cor-
responding photoelectrochemical study on electrodes pre-
pared by coating sol-gel TiO, coated onto 1cm? titanium
plates. Photocurrents were calculated as the difference be-
tween the current recorded in a cyclic voltammetry experi-
ments in which the electrode was irradiated with UV light
and the current recorded in the dark.

Figure 3(a) shows the influence of the pH on the pho-
tocurrent recorded in 0.1 M Na,SOy4. As can be seen, the
shape of the current voltage curve depended on the pH of
the TiO; coating suspension and on the treatment tempera-
ture. The curve for the electrode coated with a neutral TiO,
solution and heated at 500°C showed a progressive increase
of the photocurrent with increase of the applied potential, in
agreement with classical semiconductor theory. In contrast,
for the electrode coated with an acidic TiO; sol the photocur-
rent seems to be independent on the voltage. This previously
observed [9] behaviour is attributed to particles, which are
smaller than the thickness of the depletion layer. Because of
this, increasing the electric field does not increase charge sep-
aration [16]. At higher temperatures, this effect disappears,
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Ficure 3: Influence of pH and temperature on the photocurrent
density of TiO, electrodes in (a) 0.1 M Na,SO4 and (b) 0.1 M
Nast4 +1M CH3OH

probably by growing of the titania particles, and the cyclic
voltammetries of both kind of electrodes are quite similar.
In all cases, the photocurrents of neutral TiO, electrodes at
high potential values are higher than the photocurrent of
acid TiO; electrodes at high potentials.

Figure 3(b) also displays the corresponding current volt-
age curves after addition of 1 M methanol to the electrolyte
solution. Whereas the behaviour of the neutral TiO, elec-
trodes is quite similar to that in the absence of methanol,
the photocurrents recorded for the acid TiO; electrodes in-
crease dramatically. This methanol enhancement has been
previously reported by Christensen et al. [12] when compar-
ing the photoelectrochemical properties of sol-gel electrodes
(synthesized in acid media) with TiO, electrodes obtained
thermally from titanium plates. Similarly, Mintsouli et al.

(a)

-

\ 50 ym

(®)

FIGURE 4: SEM micrographs spectra of TiO, electrodes calcined at
500°C: (a) pH = 1.5 and (b) pH = 6.5.

[10] have reported a photocurrent enhancement in partic-
ulate electrodes (prepared from Degussa P25 suspensions)
when adding oxalate to the electrolyte. In both cases, the or-
ganic compound is considered to scavenge photogenerated
holes, decreasing charge recombination and hence increas-
ing the photocurrent. This effect is reported to be especially
marked in particulate electrodes of high roughness and tita-
nia surface area, but almost negligible for thermal electrodes
[12]. The SEM micrographs, Figure 4, shows that the acid
TiO; electrode presents a more fractured but less rough sur-
face, whereas the neutral TiO, electrode calcined at 500°C
consists of a continuous but rough film. At higher tempera-
ture, the two electrode types are more similar, although the
neutral electrode seems to be more particulate.

Figures 5(a) and 5(b) show the influence of the heat
treatment temperature on the photocurrent, measured at
1.0V, with and without the addition of methanol for the
pH 1.5 and pH 6.5 electrodes. In Na,SO4 (only) solution,
both electrodes show a maximum photocurrent at 650°C
comparable with the maximum at 600-650°C reported by
Christensen et al. [17]. For the pH 6.5 electrodes, the
methanol photocurrent enhancement, calculated as the dif-
ference of the two plots, is vanishingly small for all heat treat-
ment temperatures. For the pH 1.5 electrodes, the methanol
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F1GuUrE 5: Influence of temperature on the photocurrent density of
TiO, electrodes: (a) pH = 1.5 and (b) pH = 6.5. The error bars have
been estimated from the spread of 2 independent measurements.

photocurrent enhancement decreases to zero at ~700°C,
which compares well with the 750°C reported in earlier work
[17]. Consequently, the differences between electrodes syn-
thesized in acid and neutral media disappear progressively
when the calcination temperature is increased, probably due
to the growth of the titania particles and the increase in the
density of the titania film.

Figure 6 shows the X-ray diffraction patterns of the
four electrodes. Acid sol-gel electrodes show the presence
of anatase crystals at 500°C. Narrowing of the diffraction
lines confirms the crystallite growth between 500°C and
650°C (The crystal sizes calculated for the acid pH elec-
trodes are 10.2, 23.0, 30.9, and 68.3 nm for calcination tem-
peratures of 500, 600, 650, and 700°C, resp.). Although the
anatase peak height is little altered, the integrated intensity
has reduced suggesting that anatase has transformed to ru-

20 22 24 26 28 30 32
Angle (26)
-- pH=6.5;650°C --- pH=15;650°C
—— pH=6550°C - pH = 1.5;500°C

FiGure 6: Influence of pH and temperature on the X-ray diffraction
pattern of TiO, small electrodes.

tile (A rutile phase is detected above 600°C). Remarkably, no
anatase phase was detected in neutral pH TiO, electrodes be-
low a treatment temperature of 700°C. However, rutile crys-
tals were formed at lower temperatures, as was reported ear-
lier for “thermal electrodes” prepared by heating titanium
metal [17]. Therefore, these results suggest that either, un-
like the pH 1.5 coating, the crystal growth of the pH 6.5
coating is controlled by the titanium substrate, or the rutile
phase mainly grows directly from the oxidation of the tita-
nium support.

Finally, the diffuse reflectance spectra of electrodes
heated at 500°C are shown in Figure 7. It is immediately ob-
vious that these spectra are unlike the “typical” spectra of
TiO; and it is probable that they include a contribution from
the underlying oxidized titanium metal. Separate studies [18]
show that uncoated titanium metal is blue when heated to
500°C but grey or black when heated to 650°C. The influence
of the colored substrate is likely to be increased when the par-
ticle size of the sol-gel-derived TiO; is small, and because it is
not an efficient scatterer, it is not completely opaque. Despite
these complications, the spectra show that for electrodes cal-
cined at 500°C the peak absorption of the neutral pH elec-
trode is ~20 nm below that of the acid electrode whose peak
is near 350 nm. This blue shift could be explained by the ex-
tremely small crystallite size of the titanium dioxide particles
(in agreement with the almost negligible intensity of the X-
ray diffraction signals). Small particles can cause the appar-
ent absorption maximum to shift to shorter wavelengths—as
described by Mie theory [19]—and may also lead to an in-
creased band gap in quantum-size semiconductor particles
[20].

At 650°C, the increased absorption of the underlying ox-
idized titanium metal dominates the spectrum and its strong
visible absorption means that the normally observed absorp-
tion edge is difficult to discern (therefore the 650°C spectra
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FiGure 7: Influence of pH on the diffuse reflectance spectra of TiO,
electrodes.

are not reported). However, the difference between the neu-
tral and acid electrodes appeared to have disappeared.

Summarising, the physicochemical characterization of
the materials seems to point out that the use of a neutral sol-
gel route leads to titania catalysts constituted by extremely
small anatase crystals of higher activity in comparison with
those obtained at acidic pH values. However, despite the
strong dependence of the photoelectrochemical properties
of the materials on the synthesis pH, the photocurrents
recorded under potentiostatic control do not correlate the
activity exhibited by the materials for the decolorization of
an azo dye solution.

4. CONCLUSIONS

The main conclusion of this work is the significance of the
synthesis pH of sol-gel titania powders and electrodes for
photocatalytic applications. In contrast with the large num-
ber of studies reporting the influence of the temperature on
the physicochemical and photoelectrochemical properties of
titania powders and coatings, our results indicate that pH
is even more influential in controlling both the crystalline
phases, and the photocatalytic activity of TiO, powders and
photocurrents of the electrodes. However, the photocatalytic
activities of the TiO, slurries are not proportional to the pho-
tocurrents recorded after immobilization on a conducting
support. Consequently, these results indicate that the mea-
surement of the photocurrent in an electrolyte media is not
necessarily a good indicator of the photocatalytic activity of
the unsupported system.
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1. INTRODUCTION

Titaniumdioxide(TiO;)has been the prevailing material in
the fields of photocatalysis and solar energy conversion due
to being chemically and biologically inert and environmen-
tally friendly. Although TiO, is now used in various practical
applications, only a small UV fraction of solar light can
be utilised because of its large band gap of 3.2eV. The
development of a titania-related photocatalyst that shows a
high level of activity under visible light would therefore be
a major advance. Yellow TiO, prepared by nitrogen doping
has been regarded as a visible-light-sensitive photocatalyst
[1-4] as well as Cr or V doped TiO; [5, 6]. Additionally,
metal ion doped SrTiOs3 [7-9], some metal sulfides such as
AgGa$; and AgInZn;Sy [10], (Ga;—yZn,)(N;_,O,) [11], and
Sm,Ti,O; [12] have been reported as visible-light-driven
photocatalysts. There may be some disadvantages of doped
materials, for instance, low surface area because of using high
temperature, the requirement of the expensive chemicals and
synthetic methods, and an increase in carrier recombination.

Amorphous TiO; is of interest for photocatalysis because
of its high surface area and high adsorption. Moreover,

simple synthesis with elimination of the calcination step
would mean lower costs for chemicals and energy consump-
tion. There have been only a few works that studied or
mentioned amorphous TiO,. Among them, it was found that
commercial amorphous TiO, had negligible photoactivity
because it contains high concentrations of defects which
cause rapid e”-h"™ recombination [13]. However, synthetic
amorphous TiO, has been recently shown to exhibit sig-
nificantly photoactivity rates in aqueous methanol solutions
under full solar spectrum (200 to >1000 nm) using a 400 W
Xe arc lamp [14].

Hydrogen peroxide (H,O,) has been reported as an
important factor in the photocatalytic process because it
has occurred as an intermediate in the mechanism of the
photocatalytic process using TiO, as photocatalysts, and
it has been reported that the reactivity can be accelerated
by the addition of H,O, [15-17]. Moreover, titanium-
peroxo species were found to be the active species in the
titanium  silicalite-1 (TS-1)/H,0,/H,O system for partial
hydrocarbon oxidation [18, 19]. In general, titanium-peroxo
species or aqueous peroxotitanate are yellow or yellow-green
depending on pH. There have been some works that used
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titanium peroxo complex as a starting material for TiO,
preparation [20-22].

As mentioned in the above discussion, H, O, is important
in photocatalysis at TiO,, amorphous TiO, offers some
enhancement of activity and noting the yellow colour of
the catalytically active titanium-peroxo species in the TS-
1/H,O0,/H,O system, it would be interesting to see if
yellow amorphous titanium-peroxo species can act as a
photocatalyst under visible light. In this work, therefore, we
investigate the visible-light-driven photoactivity of yellow
amorphous TiO, (hereinafter referred to as “yam-TiO,”)
prepared by a peroxide-based route, using titanium nitride
(TiN) as a precursor.

2. EXPERIMENTAL
2.1. Materials

Yam-TiO, wassynthesised by a peroxide-based route using
TiN as precursor. 50 mL of 30% H,O, (Fisher Scientific,
Leicestershire, UK) was added to 1.0g of TiN (Alfa Aesar,
Lancashire, UK) under acidic condition (pH < 1) adjusted
by HNOj; acid solution. After aging at room temperature-
without any stirring for 24 hours, a clear red-brown solution
was obtained. The obtained precursor solution was stable for
several days under ambient atmosphere. Yellow precipitate
is formed from this solution after adjusting the pH of the
solution to 2 by slowly adding ammonia solution with the
constant stirring. The precipitate was filtered and washed
with distilled water several times. It was then dried at
room temperature. The dried powder was also calcined at
a constant heating rate of 5°C/min at various temperatures
and held at these temperatures for 2 hours.

XRD data were collected with a Stoe Stadi-P Transmis-
sion X-ray diffractometer, using Cu K,; radiation in the
range 20 = 20-80°. The BET surface area measurement
and pore analysis were carried out by nitrogen adsorption
with use of Micromeritics ASAP 2020 V3.00 H surface area
analyser. The measurement was carried out at liquid nitrogen
temperature after degassing the powder sample at 120°C.
TEM imaging was obtained using a JEOL-JEM 2011 electron
microscope. Diffuse reflectance spectroscopy was carried out
with a Perkin Elmer Lambda35 UV/Vis spectrometer using
BaSOy as a reference.

2.2. Evaluation of photocatalytic activity

Visible light activity was evaluated on the basis of the
decomposition of methylene blue (MB) in an aqueous
solution. The sample powder was suspended in 200 mL of
an 1 X 107*M MB solution by air bubbling. This mixture
was first suspended in the dark for 2 hours to reach
the adsorption equilibrium before irradiation with a high
intensity discharge 250 W iron doped metal halide UV bulb
(UV Light Technology Ltd., Bermingham, UK) equipped
with UV cutoff filter, A > 420nm (Borosilicate Coated
Glass HM07, UQG(optic)Ltd., Cambridge UK). The mixture
temperature was controlled at about 25°C using a water bath
for infrared radiation and lamp heating removal. After irra-
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Figure 1: XRD patterns of as-prepared yam-TiO, (a) and after

calcined at temperatures of (b) 400°C, (c) 800°C, (d) 850°C, (e)
900°C, (f) 1100°C (>: Vaseline specific peaks, A: anatase, R: rutile).

diation, 2 mL of the mixture was collected and centrifuged at
the irradiation time intervals (hourly). The photoactivity was
examinedby monitoring the reduction of the absorbance at
665 nm. The spectrophotometric measurements were carried
out using Perkin Elmer Lambda35 UV/Vis spectrometer. A
ten-fold dilution was used for the high absorbance solutions.

3. RESULTS AND DISCUSSION
3.1. Characterisation

The XRD pattern of the as-prepared powder confirmed
the amorphous structure of yam-TiO, as no diffraction
peaks can be observed, Figure 1. Yam-TiO, was quite stable
under air atmosphere (the sample used throughout this work
was kept for several months in the aerobic vial). However,
colour and phase transformation of yellow amorphous to
white anatase/rutile occurred on heat treatment. Anatase was
presented after calcination at 400°C and remained as a major
phase until 900°C. This indicated that a high temperature
stable anatase phase can be produced by this method. Phase
transformation from anatase to rutile can be observed at
about 800-850°C which was higher than TiO, prepared by
conventional methods.

Furthermore, it was found that the particle sizes of TiO,
after calcination at 600 and 900°C calculated by Scherrer
equation were 31 and 51nm, respectively. The obtained
phase transformation temperature and particle size were
consistent with the previous work that synthesised TiO, by
peroxide-based route and using H,TiOs as precursor [20].
However, the stability of anatase phase in this work was
higher than TiO, synthesised by the peroxide-based route
using TiCls as precursor [21]. The peroxide-based route,
therefore, is interesting for TiO, preparation because of
the high temperature anatase-rutile phase transformation;
however, it depends on precursor and synthesis condition.
TiN is interesting to be used as an alternative precursor in a
peroxide-based route because of its air and moisture stability,
organic and chloride ion-free route, simplicity, and low cost.
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FiGure 3: The UV-Vis diffuse reflectance of (a) yam-TiO,, (b)
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Accordingto our focus on evaluation of the visible light
photoactivity of yellow amorphous TiO,, TEM, BET and
diffuse reflectance were only examined with the as-prepared
powder. Figure 2 shows the TEM image of the as-prepared
powder. The ultrafine particles with amorphous structure
can be seen. As a result, a high BET surface area of
261 m?/g was obtained. The diffuse reflectance spectrum
shows the red shift of the absorption edge into the visible
region (Figure 3(a)) compared with commercial rutile TiO,
(TIOXIDE) (Figure 3(b)).

Yam-TiO; is attributed to the 5?-peroxide (2-TiOOH)
because of the similar red shift and that yam-TiO, trans-
formed to white powder on heating similar to the #>-titani-
um peroxospecies in the TS-1/H,0,/H,0 system reported
by Bonino et al. [18]. Lin and Frei [19] found that the #?-
peroxide species obtained upon loading H,O, into TS-1 was
photodissociated efficiently under irradiation with visible or
near UV light. Moreover, n?-peroxide was assigned to the
adsorption structure formed by the addition of H,O, on the
surface of rutile TiO,. This structure was preferable to pro-
duce hydroxyl radical that accelerates the photoactivity [17].

3.2. Visible light photocatalytic activity

The photobleaching of MB has been widely studied in
heterogeneous photocatalysis. However, there are some con-

gy

300 400 500 600 700
(nm)
FIGURE 4: The emitting wavelength of metal halide lamp (a) and
UV-Vis absorption spectrum of MB (b).

cerns about the bleaching of MB due to the photoreduction
to colourless form and photoabsorption of MB [23-25].
There are two main forms of MB, the blue colour of oxidised
form (MB) and the colourless reduced form (leuco form,
LMB). MB can be photoreduced to LMB by TiO, under
UV light under anaerobic condition and in the presence of
a sacrificial electron acceptor (SED). It was found that MB
itself can act as an SED. However, this process is reversed on
the addition of O, to the anaerobic system. Although LMB is
readily oxidised back to MB by oxygen, this reaction depends
on pH. The rate increases with pH, LMB is moderately stable
under acidic condition but reacts rapidly with air under basic
condition [23]:

MB + SED 2%, 1 MB + SED?;
(1)

2LMB + O, — 2MB + 2H,0.

As continuous air bubbling of a neutral solution was
utilised in this work and no reducing agent was added to
the system, it is likely that the dominant bleaching process
is the photomineralisation of MB rather than the reductive
formation of LMB. This system, MB/TiO,/air-saturated
water system, has widely been utilised for the demonstration
of semiconductor photocatalysis, as reviewed by Mills and
Wang [23]. It is possible or even probable that partial rather
than complete mineralisation into CO,, NH,*, NO;~, and
SO,? is occurring as the main observable in bleaching MB.

The photoabsorption of MB can be an issue for visible-
light-driven photocatalyst investigation because MB can
absorb visible light, especially, in the range 600-700 nm.
Yan et al. [25] concluded that MB was not an appropriate
substrate for a visible-light photocatalytic activity test par-
ticularly in the range of 540—-680 nm irradiation. However,
the most important and intense emitting wavelength of the
metal halide lamp used in this work is in the range of about
200-580 nm [26]. After equipping with a UV cutoff filter, the
emitting wavelength is in the range of 420-580, which has
little overlap with the absorption of MB as shown in Figure 4.
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As a result, the photoabsorption of MB should not signif-
icantly effect the determination of visible light photocatalytic
activity test in this work.

Figure 5 shows the photocatalytic degradation of MB
comparing between amorphous TiO, prepared in acidic
condition (yam-TiO;) and in basic condition (labeled byam-
TiO,), including blanktest (2 x 107> M MB). It was found
that 10% bleaching of MB was shown after visible light irra-
diation of only MB for 5 hours (Figure 5(a)), whereas slightly
higher, 15% photobleaching of MB, was obtained by using
0.5 g/L byam-TiO, as photocatalyst (Figure 5(b)). However,
the latter amount was obtained after 45% of 1 x 10~ M MB
was adsorbed, that indicated that the initial concentration of
MB before photobleaching was about 5.5 x 107> M. Com-
parision with using 0.5 g/L yam-TiO,, about 97% adsorption
and 2% photocatalytic activity was measured (Figure 5(c)). It
can be concluded that the adsorption capacity of yam-TiO,
was significantly higher than byam-TiO,; however, the extent
of adsorption must hinder the hetereogeneous photoactivity.
Therefore, a decreased amount of yam-TiO; to 0.2 g/L was
performed for photoactivity comparison (Figure 5(d)). It
can be seen that about 46% photobleaching of MB after
adsorption was obtained, which was considerably higher
than using byam-TiO; in spite of using less amount and
higher concentration remained after adsorption. Moreover,
only 9% photobleaching was observed for 0.5 g/L of Degussa
P25in 1 x 107> MB under visible light for 2 hours (compared
to 93% under UV for 1 hour) showing that the yam-TiO,
was much more effective, ~40% under visible light for 2
hours. An important point to note is that the adsorbed MB
seemed much less intense in colour and indeed the colour
had changed to pale purple/violet. This could indicate an
oxidative adsorption process in the dark with the oxidised
form, MB** being formed and adsorbed onto the yam-TiO;
however, confirmation requires further study.

The irreversibility of the photobleaching process on
continuous air bubbling for 24 hours in the dark after
complete decolourisation of MB and the disappearance of
the bands associated with MB (294 nm and 665 nm) with
no appearance of band associated with LMB (256 nm) [24]
as shown in Figure 6. were observed, further confirming
that photoreduction of MB to LMB was not the dominant
process.

These results show that yam-TiO; can act as a visible-
light-driven photocatalyst better than byam-TiO,, in parallel
with a red shift of the absorption edge into the visible
region as shown in Figure 7. However, an increase in visible
absorption edge does not guarantee consistency in visible
light photoactivity, the recombination and surface area are
also important factors.

Recyclability and stability of photocatalyst are
important factors for any practical applications. Therefore,
we have attempted to investigate cyclability and stability. In
general, the photoactivity of crystalline TiO, is observed by
monitoring the degradation of MB in an aqueous solution,
and adsorbed MB is not an issue probably due to small
amount of MB that was adsorbed on crystallined TiO,.
The recyclability of crystallined TiO, normally performed
by elimination of adsorbed MB on TiO, by oxidation
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FIGURE 5: % decolourisation of MB under the condition of dark 2
hours and light 5 hours of (a) MB, (b) MB + 0.5 g/L byam-TiO,, (c)
MB + 0.5 g/L yam-TiO,, (d) MB + 0.2 g/L yam-TiO,.

0.347
0.3 1
0.25 A
0.2 1
0.15 A
0.1
0.05 A
0.001

500
(nm)

F1GURE 6: UV-Vis absorption spectra of MB.

100
90 -
80 b
70 1
60 a
50 1
40
30
20
10 A

R (%)

390 450 500 550 600 650 700 750 800
(nm)

Figure 7: The UV-Vis diffuse reflectance of (a) yam-TiO,, (b)
byam-TiO,.

at temperatures higher than about 200°C, which is the
decomposition temperature of MB. However, removal of
adsorbed MB by calcination cannot be used in the case of
amorphous form because crystallisation will be induced.

As a result, the cyclability of yam-TiO, was measured
by two different methods, with and without removal of
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adsorbed MB. The first way, to completely remove adsorbed
MB on the surface by using photoactivity itself until the
original colour of yam-TiO, was recovered. Due to a large
amount of MB being adsorbed on the surface, 48 hours
UV irradiation was used for adsorbed MB removal, after
colourless solution was obtained by visible light photoac-
tivity test, in order to reduce the duration of adsorbed MB
removal and to evaluate the stability of yam-TiO, under
UV light simultaneously. Figure 8 shows the recyclability by
using UV irradiation for adsorbed MB removal. The 0.5 g/L
ratio of catalyst to volume of MB was chosen because of the
incomplete MB adsorption, hence, the visible-light photoac-
tivity can be monitored, and a quantity of catalyst will be
sufficient for removal of the high amount of adsorbed MB
in 48 hours. About 97% adsorption and 2% photoactivity
in 5 hours were obtained in the preliminary photoactivity
test (Figure 8(a)). After the mixture was irradiated with
UV light for 48 hours, the violet powder of visible light
irradiated/adsorbed MB was changed to yellow powder as the
original colour with a small amount of violet specks. Some
violet specks indicated incomplete removal of adsorbed MB.
Thereafter, the colourless aqueous solution was removed
from the mixture by rinsing and the remaining powder left
to dry at room temperature.

The first reuse was performed by readding 200 mL
of 1 x 107*M MB. A slight decrease of adsorption and
photoactivity was obtained for the first and second recycles
(Figure 8(b), (c)). A small decrease of adsorption capac-
ity and photoactivity presumably caused by incomplete
adsorbed MB removal and decrease of efficiency or stability
of amorphous structure after prolonged UV irradiation,
which the colour changing from yellow to pale yellow can
be observed by the naked eye (XRD data showed that it
remained amorphous structure). However, if considering
only photoactivity by using MB concentration after adsorp-
tion, about 2 X 107> M estimated from the percentage of
bleaching, as an initial concentration, about 80% bleaching
of MB under visible light irradiation can be reached in 5
hours both in the first and second recycles (Figure 8(d),
(e)).

The second way of recyclability testing was performed
by readding 200mL 1 x 10~*M MB without removal of
adsorbed MB. The results are shown in Figure 9. The adsorp-
tion capacity significantly decreased in the first and second
reuses as expected, 75% and 22%, respectively (Figure 9(b),
(c)), due to MB was adsorbed 97% of 1 x 10~* M MB in the
preliminary photoactivity test before recycling (Figure 9(a)).
The photobleaching of MB in the first reuse, including
adsorption and photoactivity, was 85% in 4 hours and 99%
in 24 hours (Figure 9(b)), while 51% and 95%, respectively,
in the second reuse (Figure 9(c)). However, considering only
the photoactivity, the percentage of bleaching of MB under
visible light irradiation can be about 40% in 5 hours and
more than 90% in 24 hours both in the first and second
recycles (Figure 9(d), (e)). These results show the reusability
of yam-TiO,.

As mentioned above about the gradual colour changing
of yam-TiO, from yellow to pale yellow after irradiation, it
was found that it remained pale yellow and can be a visible-
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FIGURE 8: Recyclability with removal of adsorbed MB (a) MB
+ 0.5g/L yam-TiO,, (b) Ist reuse, (c) 2nd reuse, (d) only
photoactivity of 1st reuse, (e) only photoactivity of 2nd reuse.
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FIGURE 9: Recyclability without removal of adsorbed MB (a)
MB + 0.5g/L yam-TiO,, (b) Ist reuse, (c) 2nd reuse, (d) only
photoactivity of 1st reuse, (e) only photoactivity of 2nd reuse.

light-driven photocatalyst even on prolonged irradiation,
although the reaction rate decreased. The color change
probably due to some #2-peroxide being converted to a
hydroxide form upon photo irradiation [17, 19]. The intense
yellow can be recovered after further addition of H,O, as well
known for crystalline TiO,. For this reason, yam-TiO, can be
reused several times with addition of H,O».
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4. CONCLUSION

An

active intermediate form of an addition of H,O,

into crystallined TiO, photocatalyst can be synthesised by
peroxide-based route. It can be used as a visible-light-driven
photocatalyst itself with the high surface area of amorphous
form.
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Not long after the first report of stable photoelectrochemical
O, evolution on single crystalline TiO, [1], significant
research efforts were made to search for new oxide materials
with smaller bandgaps to enhance visible light absorption
[2]. Fe;O3 stands out with its nearly ideal bandgap of
2.2eV [3] and its high-photochemical stability in aqueous
solutions [4]. Though high-photoconversion efficiencies
were already shown for polycrystalline Fe,Os pellets [5]
and single crystalline Fe,Os; samples [6], thin films are
generally preferred in order to avoid the high resistivities
encountered in, for example, single crystals, and to reduce
the cost for fabrication. Very recently, an exceptionally high
photocurrent of 2.7 mA/cm? at a bias of 1.23 V relative to the
reversible hydrogen electrode (RHE) under simulated AM1.5
sunlight was reported for porous films synthesized using
atmospheric pressure chemical vapor deposition (APCVD)
[7]. While this breakthrough represents a major step forward,
practical applications still require an additional ~4 times
improvement in photocurrent. In order to achieve this, more
detailed insights into the origin of the high photoresponse
are required.

The key ingredients for the high performance of the
APCVD films seem to be (i) Si doping, which is thought

to induce a favorable morphology during film growth [8],
(ii) the presence of a thin SiO, interfacial layer between
the Fe,Os and the transparent conducting substrate [7],
and (iii) the addition of a cobalt catalyst [7]. The aim of
the present study is to reveal the effects of Si doping and
the addition of a thin interfacial layer (in this case SnO;)
between the transparent conducting substrate (TCO) and
the Fe,O;. Toward this end, thin dense undoped and Si-
doped Fe,O; films are deposited onto conductive glass sub-
strates by spray pyrolysis. Although spray pyrolysis will not
generally yield the high degree of texturing that is required
for optimal performance, the ease of doping and smooth
film morphology greatly simplifies the photoelectrochemical
characterization of the material. The photoresponse and the
electrical characteristics of the deposited films are studied
for various Si concentrations and the effect of a thin SnO,
interfacial film is investigated.

2. EXPERIMENTAL

Thin films of a-Fe,O3 (hematite) were prepared by spray
pyrolysis of a 0.04 M Fe(AcAc)s (Alfa Aesar, Karlsruhe,
Germany) solution in a mixed solvent (2:1) of ethyl
acetate and ethanol. To avoid large fluctuations of the
temperature during spraying and to give the solvent enough
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time to evaporate, the spray pyrolysis was carried out using
15 seconds on cycle, 45 seconds off cycle. Compressed air was
used as the carrier gas.

Silicon doping was achieved by addition of different
amounts of TEOS (99.9%, Alfa Aesar, Karlsruhe, Germany)
to the precursor solution. All the Si concentrations men-
tioned hereafter refer to the atomic Si: Fe ratio in the spray
solution, though the Si concentration that actually ends up
in the deposited Fe, O3 films may be somewhat different. The
SnO; interfacial layer was deposited by spray pyrolysis of a
0.1 M SnCly (99%, Acros organics, NJ, USA) solution in ethyl
acetate (99.5%, J. T. Baker, Deventer, Holland).

FTO glass (SnO,:F, TEC-15, Libbey-Owens-Ford, Hart-
ford, IN, USA, 2.5-mm thick) was used as a transparent
conducting substrate for photoelectrochemical experiments.
Fused silica (ESCO, S1-UV grade, thickness of 1 mm) was
used as a substrate for the film thickness determination
by UV-vis absorption measurements. All the substrates
were cleaned by ultrasonic rinsing in pure ethanol, and
subsequently dried under N, flow. During deposition, the
substrate was heated using a temperature-controlled hot-
plate.

Structural characterization of the films was carried out
using a Bruker D8 Advance X-ray diffractometer in the
grazing incidence mode. A Renishaw 1000 spectrometer was
used for microscopic Raman analysis.

To determine the film thickness, UV-vis absorption
spectra of the SnO, and Fe,O; films on fused silica were
measured with a Lambda 900 UV-vis spectrophotometer
(Perkin Elmer). For the Fe,Os films, the thickness was
further verified by inspection of the cross-section of the
films using a JSM-6500F field emission scanning electron
microscope (SEM).

A home-made three-electrode electrochemical cell, fitted
with a fused silica window, was used for photoelectrochem-
ical characterization. An aqueous solution of 1.0 M KOH
(pH 14) was used as the electrolyte. The potential of the
Fe, O3 working electrode (area: 0.283 cm?) was controlled by
a potentiostat (EG&G PAR 283), which was combined with a
frequency response analyzer (Solartron 1255, Schlumberger,
Hampshire, England) for impedance analysis. An Ag/AgCl
electrode (REF321, Radiometer Analytical, Villeurbanne,
France) was used as a reference and a coiled Pt wire
was adopted as the counter electrode. All the potentials
mentioned in this article are referred to Ag/AgCl (0.208 V
versus NHE at 25°C), unless stated otherwise.

For spectral response measurements, light from a
200 W tungsten halogen lamp was coupled into a grating
monochromator (Acton SpectraPro 150i) via a 50-mm
diameter fused silica lens. Between the monochromator
and the sample, an electronic shutter (Uniblitz 1LS6) was
placed, and high-pass colored glass filters (Schott, 2 x 3 mm)
were used to remove second-order diffracted light. The
intensity of the monochromatic light was measured with
a calibrated photodiode (Ophir, Jerusalem, Israel, PD300-
UV). For white-light measurements, a solar simulator (EPS
1200S, KH Steuernagel Lichttechnik GmbH, Méorfelden-
Walldorf, Germany) was used to provide simulated AM1.5
sunlight. The light from the solar simulator was directed

to the sample by mirror (UV-enhanced aluminum, Melles
Griot, Cambridge, England) placed under a 45° angle. This
resulted in an illumination intensity of 80 mW/cm? (i.e., 80%
of AM1.5 light) at the position of the sample, as measured
with a calibrated Si photodiode. An AM1.5 standard spec-
trum reported by NREL [9] was used for integrating the
monochromatic photocurrent and comparing it to the white
light response.

3. RESULTS AND DISCUSSION

Figure 1(a) shows X-ray diffraction results for the 0.1% Si-
doped Fe, 03 films. At 350°C, the peak intensity distribution
corresponds to that of regular polycrystalline hematite. As
the temperature is increased, the intensity of the (110)
diffraction peak becomes stronger, while the (104) diffrac-
tion becomes less pronounced. For the samples without Si
dopant, the same trend is observed. Hence, (110) is preferred
growth direction for sprayed Fe,Os films at deposition
temperatures of 400°C and higher.

The preferred (110) orientation implies that the c-axes
of the crystal domains in the Fe,Os3 film are parallel to the
substrate surface. Since electron transport along the c-axis is
known to be about four orders of magnitude slower than in
the other directions [10, 11], the (110) orientation observed
here is much more favorable for electron transport than the
(001) oriented hematite films deposited with, for example,
ion-beam assisted CVD [12]. Moreover, the conductivity
along the c-axis has been suggested to be p-type in character
[13, 14]. This implies that a (110) preferred orientation
would also be favorable for photoanodes made of vertically
aligned hematite nanowires, where efficient hole transport in
the direction parallel to the substrate is desired.

In addition to the hematite peaks, two other phases seem
to be present in minor amounts as indicated by small peaks at
29.8° and 32.1°. The small peak at 29.8°, which is attributed
to the presence of Fe;O4 [15], appears only in the samples
deposited at low temperatures (<450°C). The origin of the
peak at 32.1° is not yet clear and can not be attributed to any
of the known iron oxides. The closest candidate would be f3-
Fe, 03 with a peak at 32.9°, but this seems to be too far from
the observed peak position. Moreover, f3-Fe;Os has been
reported to disappear after annealing at high temperatures
(550°C) [16], whereas Figure 1(a) shows the peak at 32.9° to
actually increase with temperature.

Figure 1(b) shows the Raman spectra of Fe;Os; doped
with 0.2% Si. Compared to the a-Fe, O3 peaks, the intensity
of the Fe;O4 peak at 656 cm™! [17] decreases with increasing
deposition temperature. This is consistent with the XRD
results in Figure 1(a), and supports our conclusion that
Fe;O, is only formed at temperatures <450°C under the
currently used conditions for spray pyrolysis.

As can be observed in Figures 1(c) and 1(d), spray pyroly-
sis of the Fe(AcAc); solution yields compact films of uniform
thickness. A thickness of 200 nm was reached after 40 spray
cycles (each cycle consists of 15 seconds spray on +45 seconds
spray off), resulting in an average deposition rate of
20 nm/min for spraying at 450°C. No significant differences
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Ficure 1: (a) XRD of Fe,0; films doped with 0.1% Si deposited at (a) 350°C, (b) 400°C, (c) 450°C. The diffraction pattern of the TCO
substrate fired at 400°C in the air is also shown for comparison. Undefined peaks are marked with *. (b) Raman spectra of Fe, O3 samples
doped with 0.2% Si deposited at (a) 350°C, (b) 450°C, (c) 500°C. (c) SEM micrographs showing the typical morphology of the Fe,O; films
on TCO. (d) Cross-section of a 200 nm Fe,O; film on a fused silica substrate.

in film morphology are observed between undoped and Si-
doped films.

Figure 2(a) shows the measured photocurrent versus
potential curves for Fe,Os films doped with 0.2% Si.
Comparison between curves a and b shows a significant
improvement of the photocurrent response, when a 5nm
SnO; interfacial layer is present between the TCO substrate
and the Fe;Os film. This improvement is especially pro-
nounced at lower potentials. Specifically, at a potential of
0.23V versus Ag/AgCl, which corresponds to a reversible
hydrogen potential of 1.23 Vgyg, the photocurrent increases
from 0.04 mA/cm? to 0.33mA/cm?. In fact, Figure 2(a)
shows that the interfacial layer shifts the photocurrent onset
potential by ~0.2'V in the cathodic direction. Another effect
of the interfacial layer is a significant improvement of the
reproducibility of the photoresponse, especially for undoped
samples. Without the interfacial layer, photocurrent vari-
ations of up to a factor of five or more are observed

between samples made under the same conditions. With the
interfacial layer, these variations are within a factor of 2.

For the Si-doped samples, front-side (electrolyte-side)
illumination (curve a in Figure 2(a)) always gives a higher
photocurrent than back-side (substrate-side) illumination
(curve @ in Figure 2(a)). This shows that the rate-limiting
step in the Si-doped samples is hole transport. In contrast,
electron transport is found to be rate limiting in undoped
Fe,; O3 samples. The introduction of the SnO, interfacial layer
does not change the ratio between the front-side photocur-
rent and the back-side photocurrent (curves b and b’). Since
front-side illumination shows higher photocurrents, all the
data discussed from this point forward are measured using
front-side illumination.

The thickness of the SnO, films was determined by
UV-vis absorption measurements, corrected for reflection,
assuming an absorption coefficient of 1.3 X 10°cm™! at
300 nm [18]. For these measurements, the SnO, films were
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FIGURE 2: (a) Current-potential measurements under simulated 80 mW/cm? AM1.5 sunlight for Fe,O5 doped with 0.2% Si with (a: front-
side illumination; a’: back-side illumination; d: dark) and without (b: front-side illumination; b’: back-side illumination; c: dark) 5 nm SnO,
interfacial layer. The scan rate is 20 mV/s. (b) Dependence of the photocurrent (front-side illumination) at 0.23 V versus Ag/AgCl on the Si
dopant concentration; a: with SnO, interfacial layer; b: without SnO, interfacial layer.

deposited on fused silica substrates, and the growth rate
was assumed to be similar to that on the TCO substrates.
Because of the small thickness (~5nm) and the large
bandgap (>3.6eV) of SnOy, it can be safely assumed that
the contribution of the interfacial layer to the photocurrent
is negligible. Furthermore, X-ray diffraction revealed that
the SnO, interfacial layer does not affect the preferred
orientation of the Fe, O3 films.

Figure 2(b) shows the photocurrent at 0.23V versus
Ag/AgCl for Fe, 03 films with various amounts of Si doping.
For the films without SnO; interfacial layer, the optimum Si
concentration is ~1%, whereas an optimum concentration
range between 0.2 and -0.4% is found for films with an
interfacial SnO; layer. It should be noted that these concen-
trations are much lower than in previously reported studies
on Si-doped Fe, O3 [19, 20], where a significant fraction of Si
content was presumably present as a second phase. As can be
seen in Figure 2(b), the presence of an SnO; interfacial layer
is especially beneficial at low-Si concentrations.

Previous reports have shown that unintentional incor-
poration of donor-type species may also be responsible for
improved photoefficiencies. Examples of impurities that are
sometimes difficult to avoid are Si [8, 19], carbon in the case
of organic Fe-precursors such as Fe(AcAc)s, and chlorine
when FeCl; or FeCl, are used as precursors [7]. The electrical
conductivity can also be affected by the presence of other
iron oxide phases, such as FeO, Fe;O4, or Fe, O3, which may
be formed depending on the deposition conditions and the
presence of trace impurities [2, 16, 17].

To rule out that the beneficial effect of the SnO, layer
is caused by the diffusion of Sn into the Fe,O; film (ie.,
unintentional doping), a Mott-Schottky analysis was carried
out. Figure 3(a) shows a Mott-Schottky plot of an undoped
Fe, O3 film recorded in the dark. The presence of a 5 nm SnO,

interfacial layer has no significant effect on the curve, which
already indicates that no significant Sn diffusion into the
Fe; O3 layer occurs. According to the depletion layer model,
the capacitance of the semiconductor space charge layer Cq.
changes with the applied potential V4 according to the Mott-
Schottky equation,

1 2 kT
— = — Vo — Vi — 7>, 1
CZ ee,eoNdAz( A o e M)

where ¢, is the semiconductor dielectric constant, A is the
surface area of the electrode, Ny is the donor density, and
Vi is the flatband potential. At potentials positive of —0.6V,
the Fe, O3 is fully depleted and the slope of the curve reflects
the donor density in the conducting FTO substrate. From
the intercept of the dashed lines in Figure 3(a) and the
dielectric constant of 80 for Fe,O3 [22], the film thickness
is calculated according to C = gy¢e,A/d, yielding a thickness
value of 135nm. The discrepancy between the calculated
value and the value determined from the SEM cross-section
(200 nm, Figure 1(d)) is presumably caused by the surface
roughness and/or the frequency dispersion in the Mott-
Schottky plots, which will be discussed in more detail below.
A donor density of 1.2 x 10'7 cm~ in the Fe, O3 is calculated
from the slope of the Mott-Schottky plot between —0.8V
and —0.6 V. This value is quite small for a semiconducting
metal oxide indicating that (i) the sprayed Fe,O; films are
of high quality with relatively few electronic defects and (ii)
little, if any, Sn diffuses from either the interfacial layer or
the F:SnO; conducting substrate into the Fe,O; film. The
beneficial effect of the SnO, interfacial layer is tentatively
attributed either to the passivation of surface states or to an
improvement of the band alignment between the Fe,O3 and
the underlying TCO.
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F1GURE 3: Mott-Schottky measurement of Fe,O5 films (a) undoped, measured at 30 kHz and (b) doped with 0.9% Si, measured at 1 kHz.
The frequency was selected based on the impedance spectra (not shown), in the range where the slope of log | — Z"'| versus log(w) is close to

—1, and the real part of impedance is more or less constant [21].

After introducing 0.9% Si dopant in the precursor
solution, dramatic changes in the Mott-Schottky plot are
observed (Figure 3(b)). From these data, a donor density
of 1 x 10cm™3 is calculated. However, considering the
roughness of the surface on a microscopic scale and the
fact that the depletion layer extends only a few nanometers
into the Fe; O3 film, the effective surface area will be larger
than the geometrical area. As a result, the true donor
density will be somewhat smaller than the calculated value.
The fact that the curve concaves upwards in Figure 3(b)
supports the interpretation in terms of surface roughness
effects [23]. If all Si atoms present in the precursor solution
are incorporated into the film and act as ionized donors,
a maximum donor density of 4 x 10?°cm™ is expected.
This is within the same order of magnitude as the measured
donor density, indicating that a significant fraction of the Si
atoms, is incorporated into the film where they indeed act as
ionized donors. This is a somewhat unexpected result, since
the pyrolysis of TEOS usually requires temperatures much
higher than 450°C [7].

Another important parameter of the semiconductor that
can be derived from Mott-Schottky measurements is the flat
band potential. Although the flat band potential depends on
the exposed crystal plane and on the donor density inside
the Fe;Os, most reports agree that the flat band potential
of Fe;O; with a donor density of ~10"7 cm™ is —0.7V in
a 1.0 M KOH solution [6, 24]. A somewhat more negative
potential of —0.84 V versus Ag/AgCl is found for our spray-
deposited undoped Fe,Os films (Figure 3(a)). However, it
should be mentioned that an accurate determination of
the flat band potential is complicated by some degree of
frequency dispersion observed in the Mott-Schottky plots
[25, 26]. Specifically, in the frequency range between 1 kHz
and 30 kHz, the flat band potential varies between —0.67 V

and —0.96 V. The donor density shows much less variation;
values between 1.3 X 107 ¢cm™ and 0.8 x 10" cm™ are
observed between 1 and 30 kHz. A more detailed analysis
of the impedance spectra to elucidate the origin of the
frequency dispersion is still ongoing, but is complicated by
the fact that the equivalent circuits that are normally used to
model semiconducting photoanodes are not able to describe
the measured data in a satisfactory manner.

To objectively compare the photoelectrochemical per-
formance of our films with the literature, the incidented
photon-to-current conversion efficiency (IPCE) has been
measured as a function of wavelength. The IPCE of the
Fe,05 films doped with 0.1% Si and deposited on top of
a 5nm SnO; interfacial layer is shown in Figure 4(a). A
bias of 0.4V versus Ag/AgCl was used, since no accurate
steady-state photocurrent values could be obtained at more
negative potentials due to a transient response when the light
is switched on and off. A maximum IPCE of 20% is found
at 370 nm, which is comparable to the best spray-deposited
Fe,03; samples reported so far [16], though still a factor
of about 2.5 below the samples made by APCVD [7]. At
wavelengths shorter than 370 nm, however, the IPCE shows a
steeper decrease than that reported in the literature for Fe; O3
[7, 16]. While the origin of this difference is not clear, it
does explain the relatively modest response of our samples
to white-light illumination.

To compare the IPCE spectra with the photore-
sponse under simulated AMI1.5 sunlight, the IPCE data
are integrated over the standard AM1.5 solar spectrum
and corrected for an actual intensity of 80 mW/cm?
(Figure 4(b)). The photocurrent is assumed to depend
linearly on the light intensity, which is reasonable for the
low-light intensities used in this study (10-20 uW/cm?).
The integrated photocurrent of 0.53 mA/cm? is higher
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FIGURE 4: (a) IPCE curve for 0.1% Si-doped Fe,O3; measured at 0.4 V versus Ag/AgCl. (b) Momentary and integrated solar photocurrent of
the sample obtained by multiplying IPCE with the photon flux spectrum of AM1.5 sunlight. When correcting for the actual experimental
intensity of 80 mW/cm?, an integrated photocurrent of 0.8 X 0.66 = 0.53 mA/cm? is obtained.

than the measured AM1.5 photocurrent of 0.44 mA/cm?
(Figure 2(a)). Although the reason for this discrepancy is
not yet clear, this perhaps rather conservative value for
the photoresponse under simulated AM1.5 light is much
better suited for comparison with results from other labs
than the often reported photocurrents measured with xenon
light sources. As pointed out recently by Murphy et al.,
the high-UV content of xenon lamps often leads to severe
overestimation of the photoconversion efficiencies [3].

4. CONCLUSIONS

Thin-film hematite Fe,O3; photoanodes were deposited on
transparent conducting glass substrates by spray pyrolysis. A
thin, 5 nm SnO; interfacial layer between the Fe;O3 and TCO
glass was found to be beneficial for both the reproducibility
and the photocurrent efficiency of the Fe,Os films. While the
beneficial effect of an interfacial layer on the photoresponse
of Fe;O3 has been previously reported for ultrathin (~1 nm)
SiO; films, in this study we show that the beneficial effect
of such an interfacial layer is not limited to the material
SiO;, and that electrons do not need to be able to tunnel
through the interfacial layer. Silicon concentrations between
0.2 and 0.4% are found to give the highest photocurrents
for spray-deposited Fe;O3 films. The highest photoresponse
measured during this study was 0.37 mA/cm? at 0.23 V versus
Ag/AgCl (1.23V versus RHE) under 80 mW/cm? AM1.5
illumination for films doped with 0.2% Si and deposited
on a 5nm SnO, interfacial layer. Since hole transport is the
rate limiting factor for these films, further improvements
of the efficiency requires nanostructured electrodes with
high aspect ratios in order to minimize the distance that
the photogenerated holes have to travel before reaching
the semiconductor/electrolyte interface. Development of
suitable low-cost deposition techniques for such electrodes,
that can be readily scaled-up and that allow accurate control

over dopant concentrations, is one of the major challenges in
the field of photocatalysis and solar water splitting.
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1. INTRODUCTION

In recent years, photoactive films have attracted increasing
attention, particularly based on titania. Significant efforts
have been directed at developing the photoactivity of titania
into the visible. Methods have included use of other photoac-
tive materials in conjunction with TiO, including WO3 [1]
and PdO [2], or by doping with anionic [3, 4], or cationic
[5] species. To date, the results have been mixed. In many
cases, the doping itself leads to a reduction in photoactivity,
often attributed to disruption of the crystal structure [6]
and/or the introduction of compensation centres [7]. Some
papers do claim visible activity [8], although the form
and mechanism of how the photoactivity works is often in
dispute [9].

The combination of Ag and TiO, produced mainly by
sol-gel techniques has been shown to improve TiO, UV
photoactivity, under the correct conditions. In some cases,
this has been shown to relate to the modification of the
sample morphology by the Ag with, for example, a change in
crystallite size [10] or rutile/anatase [11]. The addition of Ag
is considered to promote charge separation of the electron-
hole pairs from TiO, after photon absorption by acting as an
electron sink.

Research literature of the behaviour of just Ag under
illuminated light relates mainly to its own transition rather
than its effect on other chemical compounds. The reduction

of Ag" ions to Ag metal is well documented, and use of UV to
form the metal from ions is common practice. Commercial
uses of the reduction of Ag* ions include photography [12]
and photochromic glass [13]. Films of AgCl were found to
be photocatalytic for the oxidation of water, but only in the
presence of excess Ag*. This activity expanding from the UV
to visible due to self-sensitisation [14].

Other research relating to use of Ag in catalysis is usually
in conjunction with zeolites, where the presence of Ag*
clusters increases the photodecomposition rate of specific
organics by acting as active sites, or electron trapping sites
[15], or decomposition of inorganics such as NO and H,O
[16]. In these cases, the zeolite is needed to isolate and
stabilize the Ag" ions (and their clusters). The zeolite itself is
playing a role in the photoactivity of the catalyst, for example,
the increased efficiency of the N,O decomposition reaction
with ZSM-5 opposed to zeolite Y [17]. There is only very
limited literature available on the photoactivity of thin Ag
films with organic materials. Research by Guo et al. [18]
states that there is a possible photocatalyic reaction under
laser excitation.

A wide range of techniques have been used to deposit thin
film silver including electroless deposition [19], electrostatic
deposition [20], and PVD processes (e.g., evaporation
and sputtering) [21]. Previous studies on silver thin film
structure have shown that continuous sheets of silver can be
produced easily by PVD [22], and a granular structure can
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be produced by MOCVD (23, 24]. Although these processes
are effective at producing thin films, the degree of silver
nanostructure control is typically limited.

In this paper, we report the use of flame-assisted
chemical vapour deposition (FACVD) to produce silver
nanostructured layers and coatings. The process can use
aqueous precursors, which are in many cases very soluble,
and of relatively low toxicity. Growth rates are also rapid
in comparison to previous APCVD reports, and a high
degree of nanostructure control can be achieved with
this approach. Indeed, the nanostructured silver deposition
control arising from our described approach appears to give
an enhancement to photoactivity and also to the bioactivity
of the various film structures, as previously shown [25]. We
will report on the photoactivity of Ag films in both the visible
and the UV, along with examples of Ag/TiO, films. The
added attraction of the TiO,/Ag combination is the increased
durability of the samples, over that of Ag which is relatively
soft and the additional high photoactivity expected of the
TiO;, under UV.

2. EXPERIMENTAL
2.1. Growth

All films were grown on commercially supplied silica-coated
barrier glass substrates. The barrier is a thin (60 nm),
amorphous film of SiO; to prevent diffusion of impurity ions
within the float glass. These would all cause a reduction in the
quality and photoactivity of the films.

All silver films were produced by flame-assisted chemical
vapour deposition (FACVD). The FACVD reactor used is of
in-house construction. Basically, it consists of a burner head
which allows gas mixing, a translational substrate stage and a
precursor delivery system (electronic mass-flow controllers
and a nebuliser). A schematic of the system is shown in
Figure 1. The substrate stage is made up of a carbon block
which can be translated beneath the flame at a rate of
3.6 cm/s. The number of passes under the burner head is
related to the sample thickness. The carbon block was held at
300°C for optimum growth. The nebuliser is a commercially
available ultrasonic system (ultra-neb2000 Devilbiss 200HS-
042), with water used as the transmission medium. The
precursor solution sits within a cup that in turn is in
contact with the water in the nebuliser, such that ultrasonic
waves are passed through to the precursor solution, hence
producing droplets of precursor solution. Nitrogen carrier
gas then passes through the nebuliser, collecting solution
droplets, which are then transported to the flame. Fuelling
the burner is a mixture of propane and oxygen gases, flowing
at 0.99 Lmin~' and 3.65L min ™", respectively, generating a
flame output power of 1.50 kW. The precursor is carried in
1.70L min~' of nitrogen. These gases are also mixed with
13.90 L min~" of make-up nitrogen for flame control. The
precursor reagent used was silver nitrate supplied by Aldrich,
with a purity of 99.99% dissolved in deionised water to the
required concentration.

Electroplated silver was also deposited as a comparison
to the FACVD films. These films were deposited using

Oxygen
Xyg L

Propane Nebuliser

Nitrogen —{TJ MFC
T+ MFC

Mass-flow-meter

7 micron filter

Solenoid

-~ ® [

Non-return valve

FIGURE 1: Schematic of the FACVD system.

0.15 M silver nitrate in deionised water (solution A), 0.8 M
potassium hydroxide in deionised water (solution B), and a
0.49M glucose solution (solution C). The glucose solution
was made up of 88% deionised water, 11% ethanol, and 1%
concentrated nitric acid. The solutions were mixed in the
ratio 16:8:1 of A:B:C, respectively, and deionised water
was added to control the speed of the reaction. Concentrated
ammonia was used to react with any oxide precipitation.

Titania films were grown using an atmospheric pres-
sure CVD coater. The precursors used were titanium
tetrachloride (4.9x10~* mol min ") and ethyl acetate (3.65x
10> mol min ") (Aldrich), which were transported through
the reactor by a carrier gas of nitrogen. The substrate
temperature was 650°C. Silver was deposited both under and
over these films by FACVD.

2.2. Characterisation

X-ray diffraction (Siemens D5000) was used to confirm
the sample crystallinity. The morphology assessed by SEM
(Philips XL30). Film thickness (for titania) was estimated
by relating the reflected colour to a calibrated chart for
thickness versus refractive index. Film thickness for the Ag
was determined by cross-sectional SEM and the use of a
surface profiler (Dektak 3ST) on an etched edge. X-ray pho-
toelectron spectroscopy, XPS, (Kratos AXIS Ultra) with an Al
(monochromated) K, radiation source was used to check the
surface composition and stoichiometry of the films.

To test the photocatalytic behaviour under UV (365 nm),
the degradation of stearic acid was followed by FTIR (Bruker,
Vector 22). The software allows integration of the area
under the peaks over a range of 2800-3000 cm™!. A typical
stearic acid layer would have an integrated absorbance over
this range of 1.0cm™! corresponding to ca. 3.13 x 10"
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molecules cm~2 [26]. The stearic acid (100 gl of 10 mmoL
in methanol) was spun coated onto the sample. After drying
in an oven, the sample was exposed to UV light with
an intensity of 3mW/cm?. For visible light measurements,
a high-intensity tungsten/halogen lamp (300W) with a
400 nm cut-off filter was used.

3. RESULTS AND DISCUSSION

In order to understand the influence of the various layer
structures, both silver (by FACVD) and titania (by thermal
CVD) were grown. The silver films were analysed, and both
the silver and titania films were tested for photoactivity in the
visible and the UV regions.

3.1. Visual

The Ag films were produced with a range of thickness
(60-250 nm), by increasing the number of passes of the
moving substrate under the flame. The comparison TiO,
films were all transparent (80 nm) with a brown tinge due to
interference colouration. Visually, all the Ag films were highly
reflective, with a pale pink tinge which darkens to purple for
thicker coatings. The films could withstand gentle rubbing or
sonification. Those with an upper layer of TiO, were slightly
more robust.

3.2. X-raydiffraction

All Ag films (FACVD and electroplated) were crystalline
showing metallic cubic Ag only (JCPDS 04-0783). That
of the titania was anatase (JCPDS 21-1272) when grown
directly on a glass substrate (or under Ag film), while it
contained some rutile (calculated at 33 wt%) when grown
on top of the Ag film. Use of Scherrers formula [27] allows
calculation of crystallite size (Table 1). The calculation is
ideally for a powder not a thin film, so will contain line width
broadening from strain as well as crystallite size. Despite

TaBLE 1: Number of passes, thickness, and crystallite size.

Deposition time

(number of Thickness, nm Crystallite size, nm
passes)

2 60 11

4 61 12

30 93 20

100 250 38
Electroplate 104 33

these reservations, the values obtained will give an idea of
the changes occurring.

3.3. Chemical composition

Confirmation that the Ag films consisted of metallic Ag,
not oxides (or sulphides) came from the XPS. The high-
resolution scan only showed the 3d signals at 3ds, =
368.7 eV and 3ds, = 374.7 eV with a splitting of 6 eV which
are characteristic of metallic Ag. From the wide scan, a small
amount of Si was detected, which almost certainly comes
from the glass substrate. The O 1s signal consisted only of
a single peak at 532.7 eV relating to absorbed water on the
surface. No O 1s or Ag 3d signal was present for an oxide.

Both TiO, deposited over Ag and the inverse (Ag over
TiO,) established that there was both TiO, and Ag on the
surface. Obviously, in the case of Ag over TiO; the intensity
of the Ag signal was greater. The high-resolution scan showed
Ti 2p signals at 2p, , = 464.7 eV and 2p;,, = 459.0eV, witha
splitting of 5.7 eV, characteristic of TiO,. This was confirmed
by the O 1s signal at 530.2 eV.

3.4. Morphology

From the SEM can be seen (Figure 2) that in the early stages
of thin film growth the Ag deposits as particles rather than
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FiGure 3: UV photoactivity for Ag films of differing thickness (2, 4,
30, and 100 passes). Also included are the results for the electroplate
silver (m) and an 80 nm thick film of titania (m).

a continuous film. The exact size and spacing depend on
the growth conditions [28]. It is also important to note
that the sample thickness is more correctly the height of the
individual islands. As the number of passes is increased the
particles gradually coalesce and form a continuous sheet.
As can be seen in Figure 2(d), the electroplate Ag forms a
continuous film with a granular surface.

3.5. Photoactivity

The photoactivity was assessed by use of stearic acid as
a model system, as stearic acid simulates a typical type
of solid organic film that deposits on glass and ceramic
surfaces. However, it is important to note that if a material
is highly photoactive with one model compound, it does not
necessarily mean that it is as active with another, or even that
the same relative rates of activity can be determined. This has
been previously clearly shown with titania [29, 30].

3.5.1.  Photoactivity under UV radiation

The rate at which the stearic acid was decomposed is shown
by the integrated area under the IR signals from the stearic
acid (2957.5, 2922.8, and 2853.4cm~!), which are directly
proportional to the concentration. For a period of up to 70
minutes, the FACVD Ag films showed signs of photoactivity,
which then levelled out, as seen below in Figure 3. This
is particularly obvious for the thinnest sample of 2 passes
(60nm). This behaviour does not occur for the thickest
FACVD film of 100 passes (250 nm) or the electroplate film
(104 nm).

There is an increased scatter in some of the measure-
ments (enhanced by the normalisation). This is particularly
obvious for the thickest film (100 passes) due to increased
roughness and haziness. The hazy appearance of the thick

samples is due to increased crystalline disorder and increased
crystallite size (i.e., above a critical particles size a film is
perceived as hazy as more light is scattered).

That these decay curves for silver are real and not an
artefact of the experimental set up (or instrument fault), a
film of TiO, was run over the same experimental period,
showing the expected zero-order curve as the stearic acid
decomposes, (as seen in Figure 3). This is of a similar
order to the initial rate of reaction (0-70 minutes) of the
thinnest Ag layer (60nm). A linear fit giving 0.0026 +
0.0002 cm ™! min~! (8.13 x 10'2 molecules cm 2 min~') for
the TiO, film and 0.0025 = 0.0002 cm™! min~'(7.81 x 10"
molecules cm~2min ') for the initial rate of the Ag layer (2
passes). Most of the curves shown are obviously not linear,
so have been fitted by a sigmoidal fit.

The lack of activity for the thick films may relate
to differences in the morphology (continuous rather than
island formation) and the crystallite size. As previously noted
the thinner films have much smaller crystallite sizes (11—
20nm) than that for the thicker films (33-38 nm). This
change in crystallite size relates to the extent of deposition.
Also, the smaller the nanoparticles, the greater the surface
area and hence increased rate of photoactivity.

From Figure 3, in particularly those for 4 and 2 passes, it
can be seen that a point is reached at which no more stearic
acid is decomposed. These coatings are noncontinuous,
but previous research has shown that a pollutant can be
removed from incomplete coatings of TiO, due to the mobile
electron/hole during the photoactive process [31]. This is
not occurring here, suggesting that the mechanism for TiO,
photoactivity is different to that of the Ag.

3.5.2.  Photoactivity under visible radiation

Before running the experiments, the emission of the “visible”
lamp with and without the 400 nm cut-off filter was checked.
This confirmed that no obvious emission below 398 nm was
detected with the filter in place.

Considering the UV experiments, a sharp reduction of
the stearic acid is followed by a point of no change for the
thinner samples (Figure 4), while the thicker samples do not
show this behaviour, and confirming lack of photoactivity.
For reference, a film of TiO, (which is not expected to show
any visible activity) has been added. This can be seen to show
a slight reduction in values with time (10™*cm™!min~’,
3.12 x 10'? molecules cm™2 min™!), relating to stearic acid
changes due to temperature fluctuations and possibly UV
undetected by the emission spectra. This trend is in line
with that seen for the thicker samples (100 pass FACVD and
electroless plate). The thinner samples show a much more
pronounced change.

As before, it is proposed that the initial activity seen
relates to the formation of nanoparticles in the FACVD
which do not occur in the electroplate silver, along with the
difference in the morphology. As noted earlier, the thinner
FACVD films exist as islands of Ag, rather than continuous
film (100 pass and electroplate). Calzaferri et al. [14] suggest
that Ag clusters on the surface sensitise the photocatalytic
process. These clusters lead to the formation of empty Ag
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FIGURE 5: Repeated addition of stearic acid on a single Ag sample (2
passes). First stearic acid run m, additional stearic acid added, and
the experiment repeated once m, twice m.

energy levels lower than those in the bulk metal, and so
enable a new transition, extending the process from the UV
into the visible.

Interestingly, it was possible to repeat this behaviour
on addition of more stearic acid, as shown in Figure 5
using the thinnest Ag layer (2 passes). After the standard
stearic acid test had been carried out, more stearic acid
was spun coated onto the sample and the test repeated. As
can be seen the same trend occurs. The initial rate of the
reaction (gradient) showed no significant change at 0.0033 +
0.0004 cm™! min~!(1.25 x 10'* molecules cm 2 min'). In
fact, this value is compatible to the UV activity of a TiO, film
(80 nm).

A possible explanation for this behaviour is that the
stearic acid would react with the Ag at the islands, but no

Acc.V Spot Magn Det WD
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500nm

FIGURE 6: SEM image of an Ag sample (2 pass) after stearic acid
decomposition has stopped.

reaction would occur between them (being on glass not Ag).
When all the stearic acid on the island was used up, no
more reaction would occur. On addition of more stearic acid,
the process would begin again. This would seem to be in
agreement with the SEM (Figure 6) taken after the reaction
had finished, showing a patchy coating of stearic acid rather
than a film.

Asin the case of UV photoactivity, the presence of smaller
nanoparticles will increase the surface area available and so
increase any reaction between the stearic acid and the film.

As standard practice, the samples were exposed to UV
light for 4 hours before the visible experiment as previous
work had shown that this gave improved visible photoac-
tivity of sol-gel produced, Ag-doped TiO, samples [32, 33].
This is considered due to the UV partially reducing the TiO,
and favouring the electron transfer to Ag [34]. However, the
above experiment with repeated layers of stearic acid showed
that this was not necessary for just Ag films (opposed to
TiO,-Ag). Exposing the sample to UV light should reduce
any Ag" ions to Ag metal, as is common practice for the
formation of Ag/TiO, from TiO,/AgNOs for sol-gel films
[35].

It has previously been mentioned that under UV light
any Ag* would be reduced to Ag metal. However, under
visible light in the presence of O, this process can be reversed
with O, acting as an electron acceptor for the photoexcited
Ag. This was shown to be a reversible sequence (between
UV/visible) by Ohko et al. [36]. Films of AgCl were found to
be photocatalytic for the oxidation of water, but only in the
presence of excess Ag". This photoactivity expanding from
the UV to visible due to self-sensitisation [14]. The presence
of the excess Ag" was considered to be responsible for the
self-sensitisation with the band gap of AgCl being decreased
due to these Agion 5s states. For our experiments, there is no
initial high concentration of Ag* ions, as no other chemical
species than Ag metal were detectable by the limits of XRD
or XPS.

Similar experiments were done using multilayers of TiO,
and Ag. As previously mentioned, if TiO, was deposited
on top of Ag, anatase with a small amount of rutile was
produced. Also, the layer was not continuous, so both Ag and
TiO, were present on the top surface.

This again (Figure 7) shows the trend seen with the
Ag films, along with the ability to repeat the experiment
on adding more stearic acid on completion of the first
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FIGURE 7: Visible stearic acid tests for TiO, over Ag (2 passes). First
stearic acid run m, additional stearic acid and experiment repeated
m, titania film m.

experiment. The TiO, film is also plotted, so the contrast
between no activity (TiO,) and activity (TiO, on Ag) can be
more clearly seen.

Growth Ag (2 passes) on top of TiO, again led to a surface
containing Ag and TiO, (anatase only). In this case, no sign
of activity was seen (Figure 8), with the multilayer giving the
same lack of activity as seen in the comparison TiO, sample.
Both samples gave rates of 107*cm~!min~'(3.12 x 10"
molecules cm™2 min™!), which are similar to that obtained
by uncoated float glass. The complete lack of any activity
due to the Ag is surprising given the previous results.
Possibly there is an advantage having a mixture of rutile
and anatase rather than just anatase as rutile absorbs a
higher wavelength of light than anatase, which may in some
way help the decomposition of stearic acid which occurs.
Also, the presence of rutile may favour the TiO, over Ag
sample, as it was previously shown by Sclafani et al. [34]
that rutile, but not anatase improved the UV photoactivity of
sol-gel mixed TiO,/Ag samples. However, this cannot be the
full explanation, as the films of just Ag show photoactivity.
Alternatively, deposition of Ag on top of TiO,, rather than
directly on the barrier glass may alter either the amounts
or dispersion of Ag being deposited and hence may reduce
its effect on the stearic acid. If as earlier postulated the
structure of the Ag is of importance and then by growth on a
different effective substrate, this structure is changed, hence
curtailing the photoactivity. However, the Ag crystallite size
itself has not been altered whether grown on either material,
so indicating the FACVD deposition process was controlling
this property.

The mechanism by which Ag (under certain conditions)
removes stearic acid is not clear at this stage. We can
speculate on this, as to whether this is a photocatalytic
process or a photoactive reduction/oxidation reaction. In this
regard, some key points (noted in the above section) are as
follows:

(i) under both UV and visible light, stearic acid can be
decomposed;
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FIGURE 8: Visible activity of Ag on TiO, m compared to that of TiO,
n

(ii) such degradation only occurs for the thin films of Ag
and TiO; over Ag (which actually consists of TiO,
interspersed with Ag clusters);

(iii) the reaction tails off before completion;
(iv) the behaviour can be repeated on the same sample;

(v) the (active) thin films consist of noncontinuous
island growth of small Ag clusters. Significantly, the
two films where no reaction occurred were for the
thick, continuous films of 100 passes FACVD, and the
electroplate film. Both also have the largest crystallite
sizes.

The decomposition of the stearic acid might initially sug-
gest a photocatalytic process particularly as the behaviour
seems to be repeatable on the same sample. However, the
reaction tails off implying that the active species may be
being depleted which would suggest a photoactive oxi-
dation/reduction process. It is possible that under more
extended testing, full depletion may be observable. However,
such a simple silver depletion driven reaction is hard to
rationalise with the observation that reaction does not occur
(or is substantially slower) in two types of silver films.
We could speculate that, in this instance, presence of the
nanoparticulate films consisting of isolated clusters, and
below a critical crystallite size, is of paramount importance
for these UV and visible activated decompositions of stearic
acid. Additional studies are planned to try to further
elucidate the mechanism involved.

4. SUMMARY

By use of FACVD, with aqueous precursors, it has been
shown possible to controllably deposit polycrystalline cubic
Ag films. The thickness of the film and morphology can
be controlled by the number of passes of the burner head
over the substrate. The comparison TiO, is stoichiometric
anatase. The silver films deposited in an island formation
which gradually closed up becoming a continuous film by
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a thickness of 250 nm. This nanostructure could be varied
by controlling the growth conditions. These films were
compared with a continuous film of Ag produced by the
electroplate method. All the silver films which consisted of
the noncontinuous nanostructure demonstrated an initial
visible activity to stearic acid, which was shown to be
repeatable on the same sample, although they did not go to
completion. No activity was shown by the continuous films
of 100 passes or the electroplate samples for UV or visible,
suggesting that the nanostructure is a significant factor in the
photoactivity seen with stearic acid in the thinner films.

By use of multilayers of thin coatings of Ag under TiO,, it
is possible to combine the visible photoactivity of the Ag and
complement its UV activity with the excellent photoactivity
of TiO,. This has potential use in the commercial sector
due to the shown repeatable measurement, along with the
improved durability of the product over that of just Ag.
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1. INTRODUCTION

Titanium dioxide films have been widely observed to become
superhydrophilic, that is, water droplet contact angle < 5°,
when exposed to ultraviolet (UV) light, a phenomenon
termed photoinduced superhydrophilicity (PSH) [1-7]. Its
effects have been pivotal in the development of self-cleaning
surfaces for glazing and other applications, but the precise
mechanism by which this change is effected remains the
subject of some debate, although it is clear that PSH is
initiated by the photogeneration of electron/hole pairs and
their migration to the surface. An essential feature of the
overall PSH phenomenon is not only the initial, photo-
induced hydrophobic to hydrophilic change, but also the
reverse, dark process, whereby a superhydrophilic titania film
recovers its original hydrophobic form. Any mechanism of
PSH must embrace both the light-induced superhydrophilic
process and the dark hydrophobic recovery step.

In 1985 Kume and Nozu of Nihon Itagarasu, Japan
reported that sheet glass coated with TiO, had the ability to
stay clean by “...rapidly and automatically decomposing and
removing organic stains adhered to the glass surface...” [8].
Most importantly, part of their patent application involved
the observation that the contact angle made by a water

droplet on the glass, that is, CA, was reduced as a function
of UV irradiation time. This appears to be the first clear
claim of a PSH effect relating to titania films on glass and
explanation for the effect, namely, it is due to the removal of
hydrophobic organic stains on the surface, via the following,
well-established, photocatalytic oxidative (PCO) process:

TiO,

organic + O, minerals (e.g., CO; and H,0). (1)

hv=3.2eV

In contrast, in 1997, Wang et al. [6], reporting on the UV-
induced PSH of TiO,/SiO; films, proposed that the effect
was not due to PCO but rather the dissociative adsorption
of water at surface defects created by UV light [9]. The
defects, it was suggested, were formed by the trapping of
holes at bridging oxygen lattice points close to the surface,
the Ti** sites being reduced to Ti*" by the electrons and
oxygen atoms being ejected to form vacancies [10]. The
oxygen vacancies were thought to cause an increase in the
adsorbed hydroxyl group density and lead to the formation
of hydrophilic regions. It was proposed that storage in
the dark, in the presence of oxygen, removed the defects
replacing the chemisorbed hydroxyl groups with oxygen
and so returning the surface to its original hydrophobic
state. A very simple summary of this surface reorganisation
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mechanism for PSH is as follows:

0Op,hv=Epg

=Ti— O -Ti=+H,0 =Ti—- OH HO-Ti=.

2

dark

It has been suggested that the above mechanism is specific
to only a few materials of which titania is most notable,
for example, it is not exhibited by silica substrates, that
is, glass. This photo-induced surface reorganisation (PISR)
model of PSH has received support from a number of
different studies including examination of the creation of
Ti*" defects on single-crystal rutile TiO, using XPS [11];
FTIR measurements that reveal anatase TiO, is able to
adsorb water reversibly upon UV irradiation [10]; and AFM
studies which show apparent “roughening” of the surface
as a result of UV exposure (attributed to defect formation)
[12]. The importance of bridging oxygen, an integral part
of the PISR model, has also been illustrated using rutile
single crystals, with the (001) face—which does not feature
bridging oxygens—showing the least propensity to photo-
induced hydrophilic change [10, 13].

Recently, support for the more simplistic PCO model
of PSH, based on reaction (1), namely, the photocatalytic
removal of hydrophobic organic surface contaminants, has
increased with a number of different groups reporting
evidence for this model using test hydrophobic surface
contaminants such as trimethyl acetate [14] and hexane
[15], and the detection of previously unobserved layers of
hydrocarbons on titania surfaces [16]. These results have
presented a significant challenge to the PISR model of PSH.

Key to any model of PSH is an explanation of the dark
recovery step, and significant support for this aspect of the
PISR model of PSH effectively a dark, dehydration step (see
reaction (2)) has been provided by studies [10, 17, 18] which
show that titania films regain their original hydrophobicity
at an increased rate when stored at increased temperatures
[18, 19] or under an evacuated (H,O free) atmosphere
[17]. The PISR model rationale behind this is that heat
and vacuum cause the metastable water/hydroxyl groups,
responsible for the superhydrophilic surface of titania, to
dissociate more quickly. It has also been demonstrated that
hydrophilic TiO,-glass films exhibit a measurable increase in
contact angle when subjected to ultrasound [20]. The use of
ultrasound to render a superhydrophilic film slightly more
hydrophobic was interpreted initially by advocates of the
PISR model as being due to the reoxidation of the surface
by sonically produced OH radicals [20], but more recently as
simply the breaking down of the photo-induced hydrophilic
metastable state by an external stimulus [18]. A similar
interpretation has been used to explain the effect of wet
rubbing [21], which reconverts superhydrophilic titania to its
original hydrophobic state via a mechanochemical effect.

In this paper, the effects of UV/Os, heating, and strong
acid pretreatment on initially hydrophobic samples of Activ
and plain glass were studied. In addition, the effects of
vacuum, ultrasound, and rubbing on the wettability of clean,
superhydrophilic samples of titania-coated, self-cleaning
glass (Activ), and plain glass were examined and the results

discussed in terms of the two different mechanisms of the
PSH effect.

2. EXPERIMENTAL

All reagents, unless otherwise stated, were supplied by
Aldrich and used as received. The titania-coated substrates
used in this work were 2 cm X 2 cm Activ samples, supplied
by Pilkington Glass, comprising 4 mm thick float glass coated
with an approximately 15 nm layer of TiO,, deposited by an
inline CVD process [22]. The reverse side of Activ provided
the samples of uncoated float-glass used in all “plain glass”
blank experiments. Additional experiments revealed no
difference in behaviour between that of the reverse side of
Activ and uncoated float glass samples. Typically, all glass
samples, that is, Activ or plain, were cleaned with chloroform
and left in a sealed box in the dark for in excess of one month
before use. Unless otherwise stated, both types of glass were
rendered superhydrophilic by pretreating with UVC/ozone,
effected by irradiation with 2 x 6 W UVC (254 nm) bulbs
(Vilber-Lourmat, Torcy, France), irradiance ~1 mW cm™2,
in a water saturated, that is, 100% relative humidity (RH),
oxygen atmosphere containing ~1700 ppm ozone, produced
by a corona-discharge ozone generator (OZ500, Dryden
Aqua, Edinburgh, UK).

Other pretreatment methods used included a heat-
treatment process, using a muffle furnace, in which the
samples were kept at the desired temperature for 1 hour
before removing to cool to room temperature in a covered
Petri dish. Aqua regia was also used as a pretreatment
method and involved immersing the samples for 1 hour in
the aqua regia before being removed, rinsed with doubly-
distilled, deionised water and dried in a stream of cylinder
air.

Water droplet contact angles, CAs, were measured using
an FTA100 system comprising a CCTV camera interfaced
with a computer, which provided a continuous stream
of images of any water droplet after its initial deposition
onto the surface of the substrate under test. Droplets were
deposited using a 500 uL Gastight (Hamilton) syringe, via
a 30-gauge stainless steel needle with 0° bevel (Kahnetics),
which deposited reproducible 5uL water droplets. The
software package associated with the instrument allowed
calculation of the contact angle made by the water droplet
deposited on the substrate by curve fitting the droplet image
outline. Three droplets were deposited per sample and the
average of the contact angles determined with a typical
variance of <5%.

The study of the kinetics of contact angle recovery
of samples held under vacuum was carried out using a
vacuum desiccator connected to a vacuum line. Noncovered
samples were simply left on the benchtop in a light-free
laboratory. For the investigation of ultrasonic (US) recovery,
samples of superhydrophilic Activ or glass were immersed
in doubly-distilled, deionised water and placed in a US bath
(VWR model: USC100T). All glassware for this section was
thoroughly cleaned with chloroform and rinsed with water
before use. Sample handling was carried out using plastic
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TaBLE 1: Table of water contact angles for Activ and glass samples 70
before and after pretreatment. .

Pretreatment Activ Glass 5

method initial CA/° final CA/° initial CA/* final CA/® <

uvc/oy) 71 <5 35 <5 Rl

A 500°C 70 <5 37 <5 g 3

Aqua regial 70 <5 38 <5 5
@Samples irradiated by 2 x 6 W UVC bulbs in ~1700 ppm O3 for 1 hour. 20
(®)Samples heated to 500° C and held at temp for 1 hour before cooling under 10
Petri dish.
(9Immersion in 25 mL aqua regia for 1 hour before rinsing and drying. 0 1 1

0 100 200 300 400 500 600

forceps and the samples were dried with compressed air from
a cylinder.

3. RESULTS AND DISCUSSION
3.1. Pretreatment cleaning methods

The combination of short wavelength ultraviolet light and
ozone to create electronically excited ozone, O3, a very
effective oxidising agent, is well documented in its use for
destroying organic materials and scouring the latter from
surfaces such as semiconductor wafers [23, 24]. Recent work
by this group has found that the combination of UVC and
ozone as a pretreatment produces a superhydrophilic surface
on Activand plain glass. These findings imply that the intrin-
sic state of a titania film or pristine glass is superhydrophilic,
as indicated by other work on both plain glass [25] and
titania [26]—such as found on Activ—and that this state
requires simply the removal of all surface contaminants,
particularly hydrophobic organics for its production.

The finding that UV/Os pretreatment renders Activ
superhydrophilic fits in with both the PSIR and PCO
models of PSH. However, the observation that plain glass
is also rendered superhydrophilic indicates that the initial
hydrophobic nature of the plain glass, and most probably
Activ, is due to contamination of the surface by hydrophobic
organics, at a level too low to be detected by simple
FTIR. Thus, there appears no need to invoke a surface
reorganisation mechanism, that is, PISR to explain PSH in
titania, since the above results imply any oxidative process
that removes hydrophobic surface organics, such as UVC/O;3,
will render the surface of titania and glass superhydrophilic.
The typical water droplet contact angles of plain and Activ
glass samples before and after UV/O3 treatment are given in
Table 1.

A series of experiments were carried out to investigate a
variety of other oxidising pretreatment methods, including
heating and strong acid immersion, to ascertain if all were
able to render Activ and plain glass superhydrophilic (i.e.,
CA < 5°). Thus, heating Activ and plain glass at different
temperatures and testing their hydrophilic natures, via CA
measurements, produced the results illustrated in Figure 1.
These results show that for both substrates, the CA decreases
with increasing temperature, with glass falling from an initial

Furnace temperature (°C)

FiGurk 1: Plot of contact angle versus pretreatment temperature for
Activ (o) and for glass (e).

contact angle, CA;, ~35° to <5° by 300°, and Activ from
CA;~70° to <5° by 550°.

That the titania substrates become hydrophilic with heat
treatment appears at odds with the PSIR model of PSH, that
is, reaction (2), which suggests that the dark dehydration
process should be promoted by high temperatures [27],
leading to either no change, or an increase in its hydrophobic
nature and not, as observed in Figure 1, a decrease. Instead,
the results in Figure 1 indicate that the initial hydrophobic
character of Activ and plain glass is due to organic sur-
face contaminants that are readily oxidised by high-heat
treatment to reveal the intrinsic superhydrophilic nature of
glass and titania films. From the data in Figure 1, it appears
that the plain glass samples become hydrophilic at lower
temperatures than Activ, probably due to a lower level of
contamination on glass, which is much smoother than the
titania films, rendering the latter more susceptible to organic
adsorption.

In a final set of experiments, Activ and plain glass samples
that were initially hydrophobic were pretreated with the very
oxidising reagent, aqua regia, and all found to be rendered
superhydrophilic (see Table 1).

From the above results, it appears that all three methods
of pretreatment, that is, UVC/Os3, heat (>550°C), and
aqua regia are able to effect the conversion of both Activ
and plain glass samples from an initial hydrophobic state
to a superhydrophilic state. All three methods use very
strong oxidising agents/conditions to render plain and Activ
glass samples superhydrophilic, most probably due to the
oxidation of any surface hydrophobic organic species. These
results provide significant support for the PCO model of PSH
and reveal that the pristine, that is, organic-free, surfaces of
these materials are superhydrophilic.

3.2. Studies of the “dark” hydrophilic to
hydrophobic process

The “dark” recovery of contact angle, that is, the regeneration
of hydrophobicity, exhibited by superhydrophilic titania
films has been widely reported [10, 17, 22, 28], and opinion
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FiGure 2: Water droplet contact (CA) angle versus exposure time
in an evacuated atmosphere for Activ (o) and glass (e); CA
measurements recorded under ambient conditions.

over its cause is polarised between a recontamination of
the surface by airborne organics (the PCO model of PSH)
and the reverse of reaction (2), that is, a dehydroxyla-
tion/dehydration process on the surface of the titania (the
PISR model of PSH). Work carried out by others [17]
shows that superhydrophilic samples of titania become more
hydrophobic when stored in an evacuated atmosphere. These
results are interpreted as providing strong evidence of the
PISR model, in which vacuum storage accelerates water
desorption and therefore CA recovery in superhydrophilic
samples of titania. In replicating this work, we also found
that the CA of Activ increases markedly when the samples
are stored under vacuum, but also, and more revealing, that
plain glass exhibits the same feature, although to a lesser
extent. These results, illustrated in Figure 2, indicate that
the phenomenon of the CA increasing for superhydrophilic
titania films held under vacuum—used to support the
“surface reorganisation” model, that is, reaction (2)—is not
specific to titania films but is also exhibited by plain glass and
so not likely to be associated with a PISR mechanism, which
is attributed to titania but not to glass. Instead, the more
likely explanation is that it is due to organic contamination
of a clean surface, that is, glass or titania in this work,
produced by exposing the sample to air when making the CA
measurement after storage in a vacuum.

The effect of airborne contamination of a pristine, super-
hydrophilic glass, and Activ surface was demonstrated by
leaving two freshly prepared samples out on the bench
and monitoring the change in CA as a function of time.
The results of this work are illustrated in Figure 3, from
which it is clear that, on the open bench, a pristine,
superhydrophilic sample of glass, or Activ can be rendered
noticeably hydrophobic within few hours of exposure. Note
that, as expected from its lower surface roughness, over the
same time plain glass is rendered less hydrophobic than Activ
due to this surface contamination. Simple IR analysis of these
glass samples revealed no indication of contamination of
their surfaces by hydrophobic organics, implying that the
level is very low and below that detectable by conventional
FTIR spectroscopy.

Time (hours)

FiGUre 3: Variation in CA versus time for initially pristine
superhydrophilic sample of Activ ((J) and glass (M) under ambient
laboratory conditions.

TaBLE 2: Table of water contact angle for Activ and glass samples
before and after either sonication or immersion for 10 minutes in
deionised (DI) water.

Activ Glass
initial CA/° final CA/° initial CA/° final CA/°

Sonication for 10
minutes in DI water

Treatment

<5 8.9 3.8 8.2

DI water immersion

. <5 6.4 4.3 5.3
for 10 minutes

Previous work carried out by others [20] has shown that
a superhydrophilic titania film is rendered more hydrophobic
upon exposure to ultrasound (10 minutes). In another
set of experiments, both glass and titania films, rendered
superhydrophilic by treatment with UVC/O3, were placed
in high-purity water in clean beakers and treated with
ultrasound. The measured CAs of these samples before and
after exposure to ultrasound are given in Table 2 and show
that for both samples upon sonication the CA rises slightly,
by 3-5°, whereas without sonication the CA remains largely
unchanged. These results imply that the effect of ultrasound
on superhydrophilic films, be they glass or titania, is very
small and most probably due to a roughening of the
substrate, and/or some organic contamination. This effect
is, once again, not specific to titania and would have been
expected if the PISR model was appropriate.

Other work shows that any wiping or rubbing of a
pristine superhydrophilic glass or titania film using a tissue
or cloth renders the film hydrophobic, and this is attributed,
once again, to organic contamination of the surfaces of these
substrates. It appears unlikely that rubbing is able to effect
the reverse of reaction (2) via a mechanochemical effect as
claimed by others [21] since plain glass is affected in the same
way as titania.

4. CONCLUSIONS

UV light is well known to render titania samples superhyd-
rophilic, but this can also be effected for glass and titania
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films by the combination of UVC and ozone or pretreatment
with a highly oxidising solution (e.g., aqua regia) or by
heating at T > 500°C, suggesting that a common process
is responsible for the cleaning of both substrates, namely,
the removal of adventitious hydrophobic organic surface
species via oxidation. These findings indicate that the
pristine surfaces of plain glass and titania are intrinsically
superhydrophilic and imply that the photocatalytic oxidation
of organics on titania (PCO) is the most likely cause of the
PSH effect.

Investigations of the recovery of the initial hydropho-
bicity exhibited by untreated titania or plain glass showed
that, once rendered superhydrophilic, the dark hydrophilic
to hydrophobic process is exhibited by both titania and
plain glass films and is most likely due to contamination by
airborne, hydrophobic organics. Thus, storage of titania or
plain glass under vacuum, or on the open bench, leads to a
noticeable increase in CA. The effect of ultrasonic treatment
on contact angle recovery is very small for both plain and
titania-coated glass, and probably due to surface roughening.
Rubbing or wiping the hydrophilic plain glass or titania films
produces a marked rise in hydrophobicity and is attributed
to contamination of the surfaces by hydrophobic organics.

The work presented here provides further support for the
proposal that the PSH effect is due to the UV-driven removal
of hydrophobic surface organics by PCO, and the dark, slow
readsorption of airborne organics.
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INTRODUCTION

This paper describes the growth and testing of highly active biocidal films based on photocatalytically active films of TiO,, grown by
thermal CVD, functionally and structurally modified by deposition of nanostructured silver via a novel flame assisted combination
CVD process. The resulting composite films are shown to be highly durable, highly photocatalytically active and are also shown to
possess strong antibacterial behaviour. The deposition control, arising from the described approach, offers the potential to control
the film nanostructure, which is proposed to be crucial in determining the photo and bioactivity of the combined film structure,
and the transparency of the composite films. Furthermore, we show that the resultant films are active to a range of organisms,
including Gram-negative and Gram-positive bacteria, and viruses. The very high-biocidal activity is above that expected from the
concentrations of silver present, and this is discussed in terms of nanostructure of the titania/silver surface. These properties are
especially significant when combined with the well-known durability of CVD deposited thin films, offering new opportunities for
enhanced application in areas where biocidal surface functionality is sought.
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cytoplamic membrane and that these processes then allowed

In recent years, TiO, has been widely investigated for
its interesting photoexcited properties, for example, using
photocatalysis can lead to the decomposition of organics into
harmless products under UV light irradiation [1]. The extent
of the photoactivity depends on a wide range of properties
including morphology, crystallinity, and surface area.

The use of TiO, as a biocide was first demonstrated
by Matsunaga et al. (1985) [2]. Subsequently, there have
been a number of reports of disinfection of bacteria, viruses,
and other micro-organisms. Most of this early work [3]
used suspensions of TiO, and planktonic organisms. More
recently, research has examined the interaction of organisms
with biocidal thin films of TiO, anchored to solid surfaces
[4-7]. Maness et al. have suggested that the mechanism by
which titania is able to kill bacteria involves the disruption of
the cell membrane following peroxidation of the membrane
lipids by active oxygen species [3]. This is supported by
the work of Sunada et al. [8] who studied killing of
Escherichia coli on thin Cu/TiO, films and showed that
firstly, the outer membrane was damaged followed by the

the complete degradation of the cells. Amézaga-Madrid et al.
[9] studied the inactivation of Pseudomonas aeruginosa and
showed cell damage consistent with membrane and cell-wall
damage.

Bulk Ag has been long used for coating many items
including mirrors (for reflectance properties) and electrical
contacts, as it is the most conductive of all metals. There is
particular interest in nanoparticulate Ag due to its ability
to act as both an electron sink and as redox catalyst. The
antimicrobial properties of silver were well known to the
ancient Egyptians and Greeks, for example, Hippocrates
mentions silver as a treatment for ulcers [10]. Since then
silver has been widely used as an antimicrobial agent
in applications such as wound dressings and as surface
coatings, for example, catheters [11, 12]. Silver has also been
incorporated into bioglass [13]. Silver ions (Ag") interact
strongly with electron donors, and the antimicrobial activity
of Ag primarily involves interactions with sulphydryl groups
in proteins [14-17]. Silver also reacts with other cellular
components such as nucleic acids [18]. Silver has been shown
to inhibit energy production by inhibition of the respiratory
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chain of Escherichia coli [19]. Indirect toxicity may also arise
from salt formation with silver ions that results in a chloride
or anion limitation within the cell. Nanocrystalline silver
[20] also releases Ag’ and has been shown to rapidly kill
bacteria and fungi [21]. Although Ag" is rapidly inactivated
by interaction with organic matter, Ag’ is much more stable
[22].

The combination of Ag and TiO, for catalysis has been
much studied for mainly sol-gel produced materials [23-25]
with some colloid production of mixed [26] and core-shell
composite clusters [27]. Most of these papers conclude that
Ag is capable, under the correct conditions, of improving
TiO, photoactivity. The addition of Ag promotes the charge
separation of the electron-hole pairs from TiO, after photon
absorption by acting as an electron sink. Also the plasmon
resonance in metallic Ag nanoparticles is considered to
locally enhance the electric field facilitating electron-hole
production [28]. While most relate this improvement to
electronic effects, it has been pointed out that the addition
of Ag can modify the grain sizes of the TiO,, so increasing
the surface area and hence also the photoactivity [24].

FACVD is a low-cost relatively simple atmospheric pres-
sure CVD technique that is compatible with small volume,
batch, and high volume continuous coating processes. A
flame is used to provide the energy required to crack the
precursor species into fragments and subsequently forms the
film upon the substrate. Use of this method with low hazard
aqueous solutions of simple metal salts can yield thin films,
which represents a major advantage in terms of precursor
cost and environmental impact compared to alternative
CVD methods. In a previous paper [29], we also reported
the use of aerosol delivery of aqueous solutions of silver
salts I combination with FACVD, overcoming the previous
limitations that atmospheric pressure CVD growth requires
precursors with moderately high-vapour pressures. In this
publication, we reported the first use of FACVD for silver
deposition in combination with titania. We showed that
this composite had biocidal activity toward (gram negative)
Escherichia coli.

In this paper, we have now extended the work to explore
a wider range of films structures, demonstrate significantly
enhanced activity levels, and widen the exploration of bioci-
dal activity to include gram positive bacteria (Staphylococcus
epidermidis), and a virus (bacteriophage).

2. EXPERIMENTAL
2.1. Growth

All films were grown on precoated (CVD) silica coated bar-
rier glass substrates. The barrier was a (60 nm) amorphous
film of SiO, designed to prevent diffusion of impurity ions
within the float glass. These would all cause a reduction in the
quality and photoactivity of the films. All TiO, films used for
biocidal testing were grown using an atmospheric pressure
CVD coater described previously [30]. The precursor used
was titanium tetra-isopropoxide (7.79 x 10~* molmin™")
(TTIP from Sigma-Aldrich, Mo, USA), which was trans-

ported through the reactor by a carrier gas of nitrogen. The
substrate temperature was 500°C for TTIP.

Additionally, some films were grown using TiCl, and
ethyl acetate at a substrate temperature of 650°C, for
comparison purposes. The Ag films were grown using an
atmospheric pressure flame assisted CVD coater with a
propane/oxygen flame, described in detail previously [31].
The substrate temperature was set at 300°C. An aqueous
solution of 0.5 M AgNOj; was nebulised, into a carrier of N,
through the flame and onto the substrate.

2.2. Characterisation

Standard techniques of X-ray diffraction (Siemens D5000,
Surrey, UK), micro-Raman 514.5nm Ar line (Renishaw
1000, Gloucestershire, UK), UV/visible spectroscopy
(Hewlett Packard HP895A, Bracknell, UK), and SEM
(Philips XL30, Surrey, UK, equipped with a Rontec Quantax
silicon drift diode detector 3rd generation (SDD3) energy
dispersive X-ray spectrometer (EDAX)) were used to
characterise the samples. Film thickness was estimated
by relating the reflected colour to a calibrated chart for
thickness versus refractive index. X-ray photoelectron
spectroscopy, XPS, (Kratos AXIS Ultra, Calif, USA) with an
Al (monochromated) K, radiation source was used to check
the surface characteristics of the films. It was necessary to use
a charge neutraliser as all the samples were insulating, due
mainly to the deposition on glass. This tends to shift the peak
positions up to 2eV so the measurements are referenced
to the residual C 1s signal at 285eV. Curve fitting used
CASA XP software using a mixture of Gaussian-Lorentzian
functions to deconvolute spectra.

To test the functional behaviour of the samples, both
photoactivity and bioactivity were tested.

2.2.1.  Photocatalytic behaviour

This was measured under UV (365 nm) at 20°C under open
laboratory conditions. The emission spectrum of the UV
tubes (Sylvania FI5W/BLB-T8, Mass, USA) is shown in
Figure 1. The degradation of stearic acid was followed by
FTIR (Bruker, Coventry, UK, Vector 22). A typical stearic
acid layer would have an integrated absorbance over this
range of 1.0 cm™! corresponding to ca. 3.13 X 10'> molecules
cm™2 [32]. Stearic acid (100 L of 10 mmol in methanol)
was spun coated onto the sample. After drying in an oven
at 55°C, the sample was exposed to UV light with an
intensity of 3 mW/cm?. The activity of the film was defined in
cm~! min~!, which indicated the rate of reduction in selected
stearic acid peaks in the IR region. The technique used was
developed from work described previously [30, 32, 33].

2.2.2. Biocidal activity testing

The test used was a modification of the standard test
described by BS EN 13697 : 2001. Samples were cleaned by
shaking gently for 40 minutes in 40 mL of 100% methanol.
Samples were removed aseptically, placed in a UVA trans-
parent plastic Petri dish, coated side uppermost, and
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FIGURE 1: Emission spectrum of UV lamps.

preirradiated under 15W UVA lamps (Sylvania F15W/BLB-
T8) with a 2.24 mW cm? output for 24 hours.

Escherichia coli B NCIMB 9482, E. coli ATCC 10536,
and bacteriophage T4 were obtained from the National
Collection of Industrial and Marine Bacteria, Aberdeen
UK, and Staphylococcus epidermidis NCTC11047 from the
National Type Culture Collection, Colindale, UK. Bacteria
were subcultured into Nutrient Broth (Oxoid, Basingstoke,
UK), inoculated onto Cryobank beads (Mast Diagnostics,
Liverpool, UK) and stored at —70°C. Beads were subcultured
onto Nutrient Agar (Oxoid), incubated at 37°C for 24 hours
and stored at 5°C. A 50 uL loopful (a plastic loop calibrated to
give a defined volume) was inoculated in to 20 mL Nutrient
broth (Oxoid) and incubated for 24 hours at 37°C. Cultures
of E. coli ATCC 10536 and S. epidermidis were centrifuged
at 5000 x g for 10 minutes in a bench centrifuge, and
the cells washed in deionised water x 3 by centrifugation
and resuspension. Controls show that this process does not
affect cell viability over the test timescales. Cultures were
resuspended in water and adjusted to OD 0.5 at 600 nm
(Camspec, M330, Cambridge, UK) to give approximately
2 x 10® colony forming units (CFUs) mL ™.

Stock bacteriophage suspension was produced by addi-
tion of bacteriophage T4 to a 24-hour culture of E. coli B and
incubation at 37°C for a further 24 hour. Remaining cells and
cell debris were removed by centrifugation at 5000 x g for 10
minutes. Bacteriophage were centrifuged by centrifugation
at 20000 x g in a Sorvall RC6 centrifuge. The pellet was
washed 3 x by centrifugation and resuspension, plaque count
determined and diluted appropriately and stored at —20°C.

Phage was assayed by the double agar layer method [34].
Phage suspension (0.1 mL) was mixed with 0.2 mL 24 hours
E. coli B culture in nutrient broth (approx 2x 10® CFUmL ™)
and 5mL molten soft agar (Nutrient Broth +6gl™" agar;
Oxoid, UK) and poured on to surface of a nutrient agar plate.
When set, the plates were incubated at 37°C for 24 hours and
plaques counted.

A suspension of 50 yuL of bacterial or phage was inocu-
lated on to each test sample and spread out using the edge of
a flame sterilized microscope cover slip.

The samples were UV activated by exposure to three
15W UVA lamps (the surface incident irradiation was
2.25mW cm~2 on each occasion). A sample was removed
immediately and the remaining samples removed at regular
intervals. Samples exposed to UVA but covered with a poly
laminar UVA protection film (Anglia Window Films UK) to
block UVA but not infra-red, acted as controls.

The samples were immersed in 20 mL of sterile deionised
water and vortexed for 60 seconds to resuspend the organ-
isms. A viability count was performed by serial dilution and
plating onto nutrient agar in triplicate or by plaque count
and incubation at 37°C for 48 hours. Each experiment was
performed in triplicate.

3. RESULTS AND DISCUSSION

In order to understand the influence of the various layer
structures, four types of film were produced and charac-
terised. That of just Ag, TiO,/Ag deposited sequentially to
form layers of Ag both over and under TiO, and TiO, for
reference. The two multilayered structures were deposited,
so that the effect of Ag either above or below the TiO, layer
could be assessed. The Ag films were produced with a range
of thickness (60—90 nm), by increasing the number of passes
of the moving substrate under the flame (see [35] for a full
description of the FACVD system). The number of passes is
approximately linearly related to the thickness.

3.1. Optical properties

The TiO; films (single and combined) were all transparent,
showing interference fringes of varying colour depending
on their thickness (40-120 nm). All of these films were very
strongly adhered to the substrate (measured by tape pull
test). Visually all the Ag films were reflective, with a pale pink
tinge, which darkened to purple for thicker coatings, and
eventually developed a silver appearance. The multilayered
films were again reflective, those with TiO, grown over the
Ag exhibiting accentuation of the reflected colour relating
to the TiO, thickness. There was an increased hardness of
TiO,/Ag over Ag, which was relatively soft. (Tested by scratch
resistance with a variable load traversing needle.)

3.2. Crystallinity

3.2.1. XRD
All Ag films were crystalline showing metallic cubic Ag only
(JCPDS 04-0783).

Those films of Ag/TiO, showed no mixed species only
those of Ag and TiO,. TiO,was grown directly onto the glass
substrate, as expected anatase only, as discussed in a previous
publication [36].

Use of Scherrer’s formula [37] allows the calculation of
crystallite size. The calculation is ideally for a powder not
for a thin film, so will contain line width broadening from
strain as well as crystallite size. Despite these reservations, the
values obtained will give an idea of the changes occurring.
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Considering one of the thicker Ag samples, there was
an apparent increase in Ag crystallite size from 21 nm to
59nm on addition of the TiO, layer. Calculations, on Ag
layers covered by over-layers of TiO,, suggest crystallite size
values of 33nm and 51 nm for anatase. The anatase value
was similar to that calculated from other TiO, films (of
similar thickness) grown under identical conditions (average
30nm). There was no obvious change in crystallite size in
TiO, when it is the lower layer, as expected since relatively
low temperatures (300°C) were used to deposit the Ag. In
previous work [35], we have shown that at higher substrate
temperatures, the Ag crystallite size increases when TiO,
overgrowth is undertaken. In this case, this most likely
arises due to the high TiO, growth temperature (650°C),
leading to annealing and growth of the Ag crystallites. As
an independent check, an Ag sample was heated (650°C,
10° min~') without the addition of more Ag. Although some
vaporisation of the silver film appeared to have occurred,
it was possible to calculate that the crystallite size still
increased significantly (21 nm to 37 nm) on heating under
these conditions.

Similarly, the crystallite size for Ag growth either on TiO,
or directly on the barrier glass appeared to be equivalent in
all cases, indicating that the FACVD deposition process was
controlling this property.

Growth of TiO, layer, over the thin layer of Ag produced
no changes in the Ag crystallite size. This is attributed
to the relatively low-growth temperature (500°C) used for
TTIP, which was probably not high enough to alter the Ag
crystallite size. The anatase crystallite size was 30 nm.

3.2.2. Raman

Titania and titania underlayer samples confirmed the pres-
ence of anatase (398, 515, 636 cm™!) (see Figure 2). There
was an additional signal at 972 cm™! which was the only
signal seen for the reference thick Ag sample. This is tenta-
tively assigned to a plasmon resonance, which is generally
defined as a coupled oscillation of conductance electrons
when interacting with an external electromagnetic wave of
specific wavelength. The position of the plasmon relates to
the size (shape or distribution) of the Ag particles [38, 39].

3.3. Chemical composition

XPS of all the samples containing Ag confirmed this to be
metallic Ag with the 3ds,, peak appearing at 368.7 eV and
only an O 1s signal at 533 eV relating to absorbed water and
no signal for an oxide (528.2-531¢V) [40] (see Figure 2).
XPS of all the samples (Ag, TiO,, TiO,/Ag, Ag/TiO,) showed
no major impurities in the wide scan, save the expected
presence of C (standard calibration reference) and small
amounts of Cl in the case of TiO, grown from TiCly and
ethyl acetate. Of major importance was the fact that both
multilayer samples show signals from both TiO, and Ag. As
XPS only samples about 5 nm of the surface, this established
that the surface consists of both Ag and TiO,.

A high resolution scan of the Ag 3d region (see
Figure 3(a)) for the reference Ag film (30 passes) showed a
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FIGURE 2: (a) Raman spectra for silver and (b) TiO, over silver film.

3ds/, peak at 368.7¢eV and a 3ds;;, peak at 374.7 eV, which
were both shifted to lower binding energies when TiO, was
grown on the same Ag film (3ds, = 367.9eV and 3ds, =
373.9eV).

The titania over Ag samples showed a slightly lower
intensity of Ag (when spectra were overlaid). This is as
expected, as it is partially masked by the TiO, layer, and in
order to be located at the exposed surface of the sample the
Ag atoms would have had to diffuse through the TiO, layer.

High resolution Ti 2p spectra (see Figure 3(b)) showing
the 2p,,, and 2p;,, signals (464.7 eV, 459.0 eV) displayed no
differences in position and width from that of a standard
CVD deposited TiO, sample.

The O 1s (see Figure 3(c)) showed signals assigned to O
bound to Ti** (530.2 eV) and O bound to H (532.8 eV) from
absorbed water, on the lower trace. The upper trace for a
thick layer of Ag (30 passes) showed only the O 1s signal for
absorbed water.

From this, it can be confirmed that only Ag and TiO,
were present. There was no shift in the positions of the Ti 2p
and O 1s peaks when Ag was present, establishing that there
was no significant chemical interaction of the Ag with the Ti
and O. Quantitative calculation of the elements gave 1:1:2.2
ratio for Ag:Ti:O, that is, consistent with the presence of Ag
metal and an oxide with the stoichiometry, TiO; .

XPS results for Ag over TiO, gave very similar results
to those above, confirming the presence of TiO, and Ag.
As expected, the Ag signals were stronger as more Ag was
expected to be present at the surface layer.

For Ag on top, it can be seen that the top surface
contains both TiO, and Ag, despite the fact that they were
grown as independent layers. The XPS characteristics for
the multilayer of Ag on TiO, are readily explained on the
basis that the Ag grows as nanocrystallites rather than as a
continuous film. There are two possible explanations for the
presence of Ag on the surface when it was originally formed
as the lower layer. Either there was preferential growth of
the TiO, on the barrier glass rather than the Ag (inhibited
on Ag or faster growth on glass) or the Ag may diffuse to
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F1GURE 3: XPS high-resolution scan of (a) Ag 3d TiO, over Ag(30)
(including sample Ag(30), (b) Ti 2p, (c) XPS high-resolution scan
for O 1s.

the surface due to the growth temperature required for TiO,
growth.
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FIGURE 4: UV/Vis spectra of (a) thick layer of Ag (30 passes), (b)
TiO, on Ag (30), (c) TiO, (TTIP) over Ag (4 passes), (d) Annealed
TiO, (TTIP) over Ag (4 passes), (e) thin layer of Ag (2 passes) over
TiO,, (f) commercial TiO, on glass.

3.4. UV/Visible spectroscopic characteristics

Deposition of TiO, on top of silver (see Figure 4(b)) showed
a UV/vis absorption signal at 310 nm which relates to the
TiO, (see trace of commercial TiO, on glass, Figure 4(f)).
There is also a signal at 357 nm, which may be of the
same origin as the shoulder seen on the Ag film with a
long broad tail (see Figure 4(a)). The spectra from a sample
prepared by growing a thin over-layer of Ag (2 passes) (since
the silver films are not continuous, the number of passes-
giving relative amount of silver deposited—is considered
more valuable than a nominal approximated thickness) on
TiO,showed only a signal relating to the TiO, and no sign of
any Ag plasmon (see Figure 4(e)). Due to the small crystallite
size (11 nm) and the lower Ag concentration, this is possibly
hidden by the broad strong TiO, absorption band.

Spectra, for a sample prepared using TTIP as a reactant
in order to deposit only anatase over Ag (4 passes), again gave
absorption bands relating to both TiO, and an Ag plasmon
(see Figure 4(c)). Interestingly on annealing this sample at
650°C, the surface plasmon shifted from 564 nm to 602 nm
(see Figure 4(d)). This is in line with the expected change of
wavelength as the particle size increases.

3.5. Surface structure

The FACVD process used leads to the growth of a nanostruc-
tured surface rather than a continuous Ag film. The density,
size, and spacing of the nanostructured surface will depend
critically on the growth conditions chosen. The image in
Figure 5(a) shows growth of Ag (seen as bright particles) on
top of TiO,. Separated Ag particles between TiO; crystallites
are readily observed.

The form of the TiO, round and under the Ag is similar
to that expected for TiO, grown directly on a glass substrate.
The example shown in Figure 5(b) for comparison (as this
is the most commonly used alternative process for CVD of
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Ficure 5: SEM images of (a) Ag(2) on top of TiO,, (b) TiO, on
barrier glass, (c) TiO, (TTIP) over Ag (4 passes).

titania) is for a TiO, layer grown using TiCly and ethyl acetate
with a thickness of ca. 120 nm.

The sample (see Figure 5(c)) with an over-layer of TiO,
on Ag shows similar images, of the TiO, to that of TiO,
grown direct on barrier glass. This is to be expected as both
are only of anatase. In this instance, the SEM images look
very similar, although with slightly smaller features resulting
from growth on the Ag underlayer.

SEM images for TiO, over-layers on Ag do not show any
obvious signs of Ag nanoparticles on the surface. However,
use of EDAX at a series of reducing accelerating voltages (i.e.,
sampling closer to the surface) clearly showed that the Ag
signal became stronger nearer the surface, supporting our

Elution of silver from Ag and Ag/TiO; catalysts
12000 g and Ag/TiO, cataly
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FIGURE 6: A titania under, [J titania over, B silver only, o titania
over with UV.

contention that at least some Ag is likely to be either exposed
or very close to the surface of the sample. Unfortunately,
it is not possible to accurately determine the penetration
depth as this will depend on many variables including the
accelerating voltage, sample matrix, and chemical identity
(extent of absorption). The depth will generally vary from
a few hundreds of nm to a couple of ym.

3.6. Surface Ag elution

The rate of elution of silver was tested by aqueous solution
extraction-simulating the biocidal testing procedure. The
sample was treated as if undergoing a bacterial test, but water
and no bacteria added. After set times additional water was
added, and then withdrawn, to nitric acid and the Ag content
checked by ICPMS. The intention was to explore if the levels
of silver eluted were sufficient to explain the biocidal activity
(see Figure 6). A further objective was to assess the longevity
of the bacteriocidal activity (by repeated extraction cycles).
The Ag elution results are in the order silver > titania > titania
under silver > titania over silver > titania only.

The concentrations of silver in the bacteria sampling
solutions, for titania/silver combinations, are ~100 to 1000
ppb. For silver alone, this rises to ~10 000 ppb. It is interest-
ing to note that silver under titania gives higher elution rates.
This is compatible with the biocidal activity results.

3.7. Functional properties

3.7.1.  Photoactivity

Photocatalytic activity assessment was undertaken via degra-
dation of stearic acid under UV light (365nm). The rate
at which the stearic acid was decomposed is shown by the
integrated area under the IR signals from the stearic acid
(2957.5, 2922.8, and 2853.4 cm™!), which are directly pro-
portional to the concentration. The rates were obtained from
the gradient of a linear (first order) fit to the raw data. As an
indication of the fit error, the variance has also been given.
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Ficure 8: Photoactivity for the degradation of stearic acid (nor-
malised) for Ag over TiO, (sample A A, sample B W), reference
TiO, ¢ and Ag on a commercial TiO, coating .

This would give a value of 1 for a perfect fit. All Ag samples
gave broadly similar results irrespective of the Ag deposition
thickness. For example, a thick layer gave a stearic acid
decomposition rate of 0.0017 cm™! min~! (variance 0.946)
while that for a thin layer was 0.0020 cm~! min ™' (variance
0.961). The multilayered films were UV active, although to
varying degrees, depending on a range of factors.

(1) Titania over silver

TiO, over a thin layer of Ag (2 passes) (0.015,
0.010 cm™~! min~!, variance 0.968) was more active than Ag
and generally higher than TiO, alone (see Figure 7).

The comparison values for TiO, on barrier glass are
for pure anatase. Growth of TiO, over Ag (4 passes) gave
an activity of 0.0024 cm~! min~!(variance 0.974) for the
combined layer, which is similar to that of just the Ag, but
less than that for a single layer of TiO, (0.006 cm™! min~?,
variance 0.963) of similar thickness.

The conditions of growth of TiO, have been shown to
alter some of the physical properties of the underlying Ag
(e.g., crystallite size) and so this in turn may effect the activity
of the multilayer, along with the rutile/anatase ratio.

(2) Silver over titania

A thin layer of Ag (2 passes) was deposited on lab-
oratory thermally grown TiO;. Ag(2) on TiO, activity
(0.0082 cm ™! min "', variance 0.981) (sample A in Figure 8)
is referenced against TiO, chosen from the thickest area of
the substrate before the Ag was grown. This reference should
indicate the maximum activity available from anywhere
on the CVD coated plate, (average 0.007 cm™! min~!). To
illustrate the effect of thickness, a second point chosen from
a thinner area gives a lower activity of 0.006 cm~! min™~' and
variance of 0.940 (see Figure 8, sample B).

For comparison with commercially grown CVD titania,
Ag(2) was deposited on a (uniform) commercially available
(Saint-Gobain Bioclean) CVD TiO, coated glass giving
photoactivity of 0.0054cm~' min~' and variance of 0.958
(over 60 minutes) against the commercial TiO, coating of
average 0.003 cm™! min~! (variance 0.976) (see Figure 8).

3.7.2. Biocidal activity

The combined thermal and FACVD grown multilayer films
were investigated for biocidal activity using the bacteria
Escherichia coli (Gram-negative), Staphylococcus epidermidis
(Gram-positive), and bacteriophage T4.

The extension of the biocidal work to Gram-positive
bacteria is important because the different cell wall structure
from the Gram-negative E. coli has been shown to decrease
susceptibility to photocatalytic disinfection. The ability to
disinfect viruses is also important, and bacteriophage is used
as models for inactivation of mammalian viruses. There is
also a large size difference between bacteria and viruses, and
surface morphology may play a significant role. Plain glass
was used as a control. The error bars represent the standard
deviation from three separate biocidal tests. In some cases,
the SD is very low and error bars are smaller than the data
points. Comparisons were made between FACVD Ag layers
alone, photoactive TiO, films, and FACVD Ag over-coated
with TiO,. All the Ag films used were about 60 nm thick (4
passes), while the comparison TiO; reference samples were
approximately 80 nm thick.

The biocidal activity was measured by the technique
outlined in Section 2. Example results (E. coli) are shown in
Figure 9(a) for a TiO, layer only; see Figure 9(b) for Ag on
glass and TiO, over Ag (see Figure 9(c)).

It can be seen that the thermally grown TiO, film was
biocidally active for the Gram-negative E. coli, with a >5 log
reduction in 180-240 minutes. All the Ag films tested were
highly bacteriocidal, and most gave effectively 100% kill in
under the minimum test time of 20 minutes. Although the
rate of killing was slower on TiO, over Ag, the rate was much
higher than on plain TiO, and these films also showed a
significant enhancement of durability.

Gram-positive bacterium Staphylococcus epidermidis on
Ag over TiO; was also completely killed (see Figure 10) but
at a slower rate taking approx 60 minutes.

It took 80 minutes to achieve equivalent deactivation of
Bacteriophage T4 (see Figure 11) on Ag over TiO,.
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4. DISCUSSION

All grown films were polycrystalline, consisting of cubic
Ag and TiO,. The TiO; is stoichiometric anatase when the
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Figure 10: Killing of S. epidermidis on Ag over TiO,.
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Figure 11: Killing of Bacteriophage T4 on Ag over TiO, e with
control sample o.

bottom layer, and a mixture of anatase and rutile when over
silver. XPS confirms that there is no chemical interaction
between the Ag and the TiO,. One of the interesting features
of this work is that although the Ag and TiO, layers were
grown sequentially the overall result shows that the surface
consists of both Ag and TiO,, for TiO, samples if the
substrate temperature during growth (or after annealing post
growth) is sufficiently high (> ~600C).

All the samples had some UV photoactivity, which is
of differing values depending on the exact arrangement of
the layers. The addition of Ag layers gives comparable or
improved photoactivity of the multilayers, particularly in the
case of Ag on TiO;, over that of single layer of Ag or TiO; of
comparable thickness.

The biocidal results show a high degree of activity for
both Ag and Ag/TiO, films and interestingly some of the
most active results are from Ag under TiO,.

Sokmen et al. [41] used TiO, loaded with 1% Ag but in
suspension and got 100% kill in 15 minutes probably due
to the presence of silver ions. On TiO, alone, Amézaga-
Madrid [9] only got a 70% reduction after 40 minutes
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whereas Sunada et al. [42] saw a 6 log kill after 90 minutes
with similar bacteria loadings to our own, but kill time was
longer with larger doses. Kikuchi et al. [43] reported a 4-
log reduction in 1 hour. Kithn et al. [44] reported a 6-log
reduction of E. coli on P25 coated plexiglass in 1 hour. Direct
comparison of biocidal activity to other data available in
the literature is complicated by the different test methods
used. However, it appears clear that, for thin films-based
biocidal activity, the films grown in this work are highly
active.

The demonstration of high activity across organisms
is particularly encouraging, as Gram-positive bacteria have
been shown to be more resistant [45] to photocatalytic dis-
infection than Gram-negative bacteria, both in suspension
and on air filters [46, 47] probably due to their different cell
wall structure.

Similarly, the observed high activity against bacterio-
phage shows that nonenveloped DNA viruses can also be
inactivated and suggests that the films can be active across
a wide range of organism dimensions.

The proposed mechanism for this activity is one that is
strongly influenced by the thickness of the TiO, (80 nm).
Our data suggest that this should be sufficiently thick so as
to develop critical level crystallinity, but thin enough to allow
silver to diffuse through (and into) the TiO; film as it grows.
This is supported by the reported XPS results.

It should be noted that the UV levels employed in this
work are of similar intensity to that found in full sunlight.

The silver elution results show that for titania/silver
combinations, the level of silver in the bacteria sampling
solutions was ~100 to 1000 ppb. A silver level of around
1 ppm is normally considered the minimum for significant
biocidal activity. The very high levels of bactericidal activity
seen with the films grown by the combination CVD process
seem unlikely to be due to silver alone. Furthermore, it was
observed that no killing occurred in the dark, at times up to
80 minutes, demonstrating that photocatalytic activity was
crucial for high-level biocidal activity.

We can speculate that the nanostructure of Ag deposited
by FACVD may be crucial in determining biocidal activity.
Ag grown on glass or Ag over-coated with TiO,, both
benefit from the high-structure control capability of the
FACVD approach. When deposited onto TiO,, the structure
flexibility will be, at least, partially predefined by this under-
layer. Silver molecules can be oxidised at the silver/titania
interface, and thus we have designed the multilayer system
to incorporate a diffusion-based replenishment capability,
giving the potential for extended activity. It is interesting to
note that atomic absorption measurements of the bacteria
solutions above the films showed concentrations below
1 ppm (Atomic Abs. detection limit).

CVD films of titania are highly durable. Indeed photo-
catalytic titania films made by CVD are used in commercial
window “easy clean” coatings which are used on external
surfaces. We have, additionally, tested our films on simulated
(humidity, temperature, and exposure) and compared them
to commercial samples, demonstrating close to similar
performance. The titania films thus (as well as being active)
also act as a host for silver.

The combination of Ag by FACVD and TiO,, by CVD,
offers unique advantages in that the CVD TiO, coating
imparts a major enhancement to durability and as we
previously have shown [29] the activity was retained along
with chemical and abrasion resistance compatible with
potential application of the technology. In addition, it is
noteworthy that the combined Ag/TiO, films are thin and
as such impart only moderate changes to visual appearance.

This combined flexible process along with the associated
transparency and durability offers opportunity for appli-
cation in the increasing number of areas where bio-active
surface functionality is sought. The demonstrated capability
of the films to show highly efficient biocidal activity against a
range of organisms reinforces this potential.
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1. INTRODUCTION

Recent advancements in materials have prompted research-
ers to investigate new ways of combating chemical and
biological incidents and contamination. The development
and use of self-cleaning materials are prevalent. Numerous
studies have been performed that detail the creation, effec-
tiveness, and benefit of self-cleaning films and materials.
These studies are especially prevalent for fabrics, glass,
and building materials. These studies, however, are only
precursors to “smart” materials of the future; materials
that incorporate multifunctional particles that will have the
ability to detect toxics on their surfaces, identify the toxic,
decontaminate themselves, and know when to stop self-
decontamination processes. The research presented in this
study is a rudimentary approach to creating a material that
fulfills these criteria.

In the 1990s, the number of articles describing the
benefits of semiconductor photocatalysis for mineralizing
organics and reducing metals increased exponentially as
compared to the number of articles published before this
era. Studies demonstrated that semiconductor photocatalysis
was able to effectively decompose a huge variety of organic
compounds on particle surfaces, despite the fact that these

organics had structures and functional groups that were
vastly different from each other. Alkanes, ketones, alcohols,
phenols, aromatic compounds, and so forth all can be
mineralized by photocatalysis with titanium dioxide [1-4].
The vast number of decomposition reactions attainable with
TiO; has led to the incorporation of these particles in mate-
rials designed for practical applications.

One of the fastest growing areas of TiO, application is
the incorporation of reactive particles in surface materials.
As Mills and Wang eloquently note the reaction

organic + O, LN CO, + H,0 + Mineral acids, (1)

hv> bg
where Ejg, the TiO; semiconductor bandgap (3.0 to 3.2eV),
has been used extensively to create self-cleaning surfaces,
including glasses, tiles, and fabrics, and has led to the
commercialization of these products and a booming industry
for them [5]. Their own work reported on the effectiveness
of using self-cleaning films composed of Degussa P25 TiO,-
coated quartz discs for the destruction of stearic acid [5].
Other researchers have studied a variety of coatings for
decontamination purposes as well. Allen et al. reported on
the longevity and effectiveness of anatase and rutile TiO; in



International Journal of Photoenergy

paints for self-cleansing and microbial destruction [6], and
Abdullah et al. reported on the advantages and disadvantages
of coating methods (dip coating, splatter coating, static brush
coating, etc.) for various TiO; for self-cleaning applications
[7]. Other popular applications include the incorporation of
photocatalytic semiconductor particles in textiles. Bozzi et al.
tried to increase the ability to bond TiO; to wool-polyamide
and polyester fabrics to improve stain mineralization with
some success [8]. Similarly, Qi et al. coated cotton textiles
with TiO, to create a fabric to reduce bacterial activity
and get rid of stains [9]. Research focusing on self-cleaning
entities is in its infancy; as the characteristics of nanoparticles
are better understood, advancements will be made in these
applications.

One aspect of self-cleaning films that has not been
well explored includes films that report when they are
contaminated, identify the contaminant and concentration
of the contaminant, initiate a mechanism to “self-clean,”
assess themselves as to when the film surface is restored, and
stop the self-cleaning process. This group’s previous work
demonstrated that TiO, films could be used to detect and
distinguish various compounds [10, 11]. The work presented
in this paper describes the creation of a film that self-senses
contaminants sorbed to it, identifies the concentration of the
contaminant, and triggers a mechanism to clean itself.

2. EXPERIMENTAL
2.1. Film preparation

The support substrate for the films was created by depositing
fine platinum electrodes on thin aluminum oxide substrates.
The aluminum oxide substrates (Coors Corporation, Colo,
USA) were screened with platinum electrodes using a
conductor paste (Heraeus, Hanau, Germany conductor paste
product LP11-4493) silk-screened using a Presco Model 873
screen printer outfitted with Ikegami optics. The electrodes
were air-dried, then sintered in a Lindberg type 51524
furnace. The temperature was initially ramped to 350°C over
two hours to remove the organic vehicle (Heraeus vehicle
RV-025), in which the platinum particles were suspended.
The temperature was then increased to 1300°C to sinter the
platinum particles. Substrates containing the impregnated
platinum electrodes were cooled to ambient temperatures.
Degussa P25 TiO, was mixed with the organic vehicle in
a ratio of 1.0g TiO, to 6.5g organic vehicle. The TiO,
paste was screen printed on top of the platinum electrodes.
Substrates housing the electrodes and TiO, were fired at
350°C to remove the organic vehicle. Studies in the literature
show that a change in Degussa P25 TiO, photoreactivity does
not accompany firing at this temperature [12].

2.2. Feedback system

The electrodes on finished coated substrates were connected
to a system that included an ultraviolet (UV) light emitting
diode (LED) (Part BP200CUV1K-250) (Ledtronics, Inc.,
Calif, USA,) powered by a BK Precision DC Power Supply
1635A. Electrode leads initially were connected to a Wavetek

UV diode

23

. \’
N N

...

o

Coated substrate

FIGURE 1: 100 mL reactor with two access ports, UV diode, and
electrode-connected substrate holder.

DM23XT multimeter to get baseline resistance readings
that determined cutoff resistance points. Afterwards, the
electrodes of the sensor were connected to the input of an
electronic switching circuit that activated the UV LED. The
coated substrates and UV diode were contained inside of a
sealed quartz chamber. The system configuration is shown in
Figure 1.

2.3. Ethanol preparation

Reactor access ports, containing septa, were used to inject
various concentrations of ethanol (Aaper Alcohol & Chem-
ical Company, Ky, USA, absolute, 200 proof) into the
reactor. Stock gaseous ethanol was prepared by injecting
5mL of ethanol into a sealed glass bottle with a septum.
The ethanol was allowed to equilibrate so that the headspace
was saturated (approximately 59000 ppmv). Specific aliquots
of ethanol vapor in the headspace were withdrawn via a
gas-tight syringe and injected into the reactor to produce
specific concentrations of ethanol in the reactor. Dry zero
chromatographic air (AGA) periodically was injected into
the reactor to replace the air removed. Saturated concen-
trations of ethanol in the reactor were created by injecting
0.2mL of neat ethanol into the bottom of the reactor and
allowing it to equilibrate. Reactor septa were removed for
flushing the reactor with air between sample runs.

2.4. Sorption reactions/concentration
recognition reactions

Initial work focused on self-recognition of surface contami-
nation and contaminant concentration determinations. Two
types of experiments were performed: those in dry zero
chromatographic air (herein referred to as dry air) and those
performed in humid air (40% relative humidity). In both
types of reactions, the glass reactor housing all components
was purged with air then was injected with the appropriate
concentration of ethanol. The chemicals equilibrated for 20
minutes and the electrical resistances were recorded. The
reactor was flushed with air until the sensor surface exhibited
a resistance of greater than 2000 megaohms, and the next
experiment commenced. The experiments were repeated
using four sensors and results were averaged.
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2.5. Automated detection/automated
decontamination reactions

The next group of experiments focused on contaminant
detection, initiation of a decontamination process, and self-
monitoring of the progress of the decontamination effort.
Ethanol at various concentrations was injected into the
reactor in darkness, while the system continuously self-
monitored film resistance. The system was programmed to
switch on the UV diode should the resistance of the surface
decrease by more than 10 megaohms (from a maximum
detection limit of 2000 megaohms). Triggering of the UV
diode also signaled the system to record the surface resistance
for the next 30 minutes during illumination.

2.6. Titanium nearest neighbor/valence
state monitoring

Reactions were performed in X-ray fluorescence (XRF) cups
so that the bulk state of titanium could be monitored
for both valence state changes and the nearest neighbor
changes with X-ray absorption fine spectroscopy (XAFS).
XAFS experiments were conducted at Argonne National
Laboratory’s Advanced Photon Source. The experiments
examined the state of Ti on the prepared films in lightness
and darkness in air atmospheres, in nitrogen atmospheres,
and in air atmospheres saturated with ethanol.

The test configuration was essentially the same as the one
used in Figure 1, only the coated substrates were contained in
XREF cups sealed with Kapton film. The experimental setup is
shown in Figure 2.

XAFS work was performed at Argonne National
Laboratory’s Advanced Photon Source, at GSECARS
beamline 13BM. Samples were positioned 45° to the
beam. The extended X-ray absorption fine spectroscopy
(EXAFS) spectra were recorded in fluorescence mode as
a function of incident X-ray energy from a water-cooled
Si(111) monochromator by measuring the integrated Ti K
fluorescence intensity using a 16-element Ge detector placed
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FIGURE 3: The electrical resistance of the coated substrates in dry
air and in humid air in darkness as the ethanol concentration in the
atmosphere above the substrates progressively increases.

in the horizontal plane along the polarization vector of the
synchrotron radiation. Contaminants were injected into the
XRF cup reactor and enclosed films were monitored for state
changes after these injections.

3. RESULTS AND DISCUSSION

The electrical resistance of the TiO, surfaces changed as
various concentrations of ethanol were introduced into the
reactor. Figure 3 shows how the resistance of the TiO, film
decreases as ethanol concentrations are increased in dry air
and how the electrical resistance of the film slightly increases
in humid air in the dark.

In dry air and in humid air, the film resistance was greater
than 2000 megaohms in the absence of ethanol. In dry air
in the dark, the electrical resistance rapidly decreases from
1374 megaohms at 75 ppmv ethanol to 22 megaohms at
900 ppmv ethanol. In humid air in darkness, the electrical
resistance of the sensing surface slowly increases over time
from 66 megaohms at 75 ppmv ethanol to 110 megaohms
at 1200 ppmv ethanol. Figure3 shows that water clearly
competes for sorption sites on the TiO, sensing surface in
darkness.

The known resistances gathered in Figure 3 were used
to construct a feedback loop, whereby the sensing surface
could trigger a UV LED positioned above it. Figure 4 shows
how the resistance of the films in humid air (70% relative
humidity) evolves as illumination proceeds.

As illumination proceeds, the resistance of the TiO, films
decreases slightly indicating that activity is occurring on the
sensing surface. Since the concentrations of injected ethanol
were high and the film surface was small (1 cm by 1cm),
the oxidation of all ethanol in the reactor was not complete
due to time and material constraints. However, the oxidation
of gas-phase ethanol is a well-documented reaction and in
the literature [13—18]. Briefly, part of the ethanol reacts on
the Degussa P25 TiO, surface through the decomposition
pathway of ethanol — acetaldehyde — acetic acid — carbon
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FIGURE 5: Response of substrates after dry air was spiked with
ethanol and illuminated.

dioxide + formaldehyde — formic acid — carbon dioxide.
The other portion reacts via the decomposition pathway of
ethanol — acetaldehyde — formic acid + formaldehyde —
formic acid — carbon dioxide [18]. Ethanol and water do
compete for reaction sites on the TiO, surface [17], and the
rate of ethanol decomposition on the TiO, surface is partially
limited by the adsorption of intermediates on the TiO, [14].

Analogous to the reactions described in Figure 4, various
amounts of ethanol were injected into dry air in the reactor.
Figure 5 shows the resistance of the films over time in humid
air (70% relative humidity) as illumination proceeds.
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FiGUure 6: The XAFS spectra for the sensor. The labels designate
the following atmospheric conditions during X-ray interrogation.
“Dark EtOH air” indicates a saturated ethanol atmosphere in
darkness; “dark N2” indicates a nitrogen atmosphere in darkness;
“light EtOH air” indicates a saturated ethanol atmosphere while the
sensing surface is illuminated; “light EtOH N2” indicates a nitrogen
atmosphere saturated with ethanol while the sensing surface is
illuminated; “light N2” indicates a nitrogen atmosphere while the
sensing surface is illuminated; “light” indicates a dry air atmosphere
while the sensor is illuminated; and “sensor 2” indicates a dry air
atmosphere while the sensor is kept in darkness. Figure 6(b) is
the magnified X-ray absorption near edge spectroscopy (XANES)
portion of the spectra and describes the valence state of Ti.
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From t = 0 minutes to t = 30 minutes, the resistance
of the TiO; films drops slightly indicating that reactions
are proceeding on the sensing surface. The results in both
Figures 4 and 5 show that during illumination, humidity
does not appear to affect the activity of surfaces exposed to
saturated concentrations of ethanol; little change occurs in
the resistance of the sensor over time. However, the presence
of humidity does affect both the sorption of ethanol to the
sensor surface (as shown in Figure 3) and the activity on
the sensor surface at lower concentrations of ethanol. For
example, exposure of the sensing surface to 600 ppmv of
ethanol in the dark in humid air produces a resistance of 96
megaohms versus 185 megaohms in dry air. After the sensing
surface is illuminated for 30 minutes, the resistance of the
sensing surface in humid air decreases to 55 megaohms,
while the resistance of sensing surface in dry air decreases
to 19 megaohms. Humidity does play an important role in
contaminant sorption to and photoactivity of Degussa P25.
Muggli et al. note that water competes for sites when lights
are off but at high concentrations of ethanol (100 ppm) water
does not compete as effectively as ethanol [17]. Others also
have noted in their oxidative work with gaseous toluene and
acetone [19, 20].

Results from the XAFS studies of the bulk TiO, in the
sensing surface are shown in Figures 6(a) and 6(b).

Figure 6 shows that in all cases, bulk Ti in the TiO, film
remains in a Ti** state which is expected. Grazing incidence
XAFS was not performed but may show variation in the
state of surface Ti atoms. Films composed of smaller TiO,
particles (i.e., nanoparticles less than 2 A in diameter) might
show variations in the state of Ti in the XANES spectra, but
it is expected that the reactions with ethanol also would be
different if nanoparticles were used. The spectra in Figure 6
aligns with the anatase form of TiO,, which is the primary
form of the Degussa P25 TiO, used to create films.

4. CONCLUSION

This study demonstrates that films combined with an appro-
priate feedback system can be used to detect contaminants
on their surfaces, recognize the concentration of the con-
taminant, and trigger a decontamination step. Humidity did
affect concentration measurements of ethanol and needed
to be monitored in conjunction with the resistances to
produce correct concentration information in the feedback
loop. XANES measurements showed that the bulk TiO,
composing the films was in the form of anatase and the Ti
remained in a 4+ valence state throughout the experiments.
We expect that with advancements in nanomaterials and
nanocircuits, films and materials that are self-sense and self-
decontaminate will be staples of future first responders and
warfighters.
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INTRODUCTION

An oxygen indicator is described, comprising nanoparticles of titania dispersed in hydroxyethyl cellulose (HEC) polymer film
containing a sacrificial electron donor, glycerol, and the redox indicator, indigo-tetrasulfonate (ITS). The indicator is blue-
coloured in the absence of UV light, however upon exposure to UV light it not only loses its colour but also luminesces, unless
and until it is exposed to oxygen, whereupon its original colour is restored. The initial photobleaching spectral (absorbance and
luminescence) response characteristics in air and in vacuum are described and discussed in terms of a simple reaction scheme
involving UV activation of the titania photocatalyst particles, which are used to reduce the redox dye, ITS, to its leuco form, whilst
simultaneously oxidising the glycerol to glyceraldehye. The response characteristics of the activated, that is, UV photobleached,
form of the indicator to oxygen are also reported and the possible uses of such an indicator to measure ambient O, levels are
discussed.

Copyright © 2008 Andrew Mills et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Consequently, there is an increasing interest in the develop-

The presence of oxygen in food packaging usually has a
detrimental effect on the food products contained therein.
Oxygen does not only react chemically with food to
cause oxidative rancidity, but moulds, growths, and aerobic
microorganisms—which discolour and decompose food and
make it offensive to smell and dangerous to eat—thrive
in the presence of oxygen [1]. Therefore, it is no surprise
that the removal of oxygen in the food packaging industry
is of immense importance. This is usually achieved via
modified atmosphere packaging (MAP), a process in which
the atmosphere within the food package is flushed and
replaced with an inert gas, such as nitrogen or carbon
dioxide, often combined with an efficient oxygen scavenger,
resulting in an oxygen level of 0.1% or less within the food
package [1, 2]. MAP increases the shelf life of many food
products by a factor of 3-4 compared to that in air, making
it a popular method of packaging food in the wholesale and
retail food packaging industry.

There are many established methods for the detection
of oxygen, which include the Clark electrode [3] and gas
chromatography [4], however, such methods are too expen-
sive and time consuming to allow 100% quality assurance.

ment of cheap, easy-to-use oxygen indicators [5]. This area of
research has been dominated by the quenching of a polymer-
encapsulated lumophore, such as ruthenium(II)-tris(4,7-
diphenyl-1,10-phenanthroline), Ru(dpp);**, by oxygen. One
of the few commercially-available products based on this
approach is the OxySense system [6], whereby, Ru(dpp);*"
is encapsulated in silicone rubber dots, called O,xyDots™,
which can be attached to the inside of a package or bottle.
The O,xyDot is illuminated and the readily measured
luminescence lifetime of the lumophore is equated to the
oxygen level within the package. Unfortunately, the detection
of oxygen using the OxySense system, or any optical
sensor based on luminescence, requires the use of relatively
expensive instrumentation for making the required lifetime
or intensity measurements.

Unlike changes in luminescence intensity or lifetime, a
sensor that changes colour in the presence of oxygen would
be most desirable for MAP, given that the human eye can
then act as the detector. Such indicators can take several
forms, such as a tablet [7, 8] or a printed layer [9, 10]. This
technology is typified by the Ageless Eye oxygen indicator,
manufactured by the Mitsubishi Gas Company in Japan [7,
8, 11], that comprises a redox-indicator, usually methylene
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FIGURE 1: Schematic illustration of the key processes involved in
the UV activation and subsequent response towards oxygen of a
TO,/redox dye, Dox/glycerol/HEC oxygen indicator, such as that
used in this work, where Dox = ITS.

blue, which, in the absence of oxygen, is maintained in its
colourless, chemically reduced, leuco form, by a reducing
agent, such as glucose in an alkali medium. In the presence of
oxygen leuco, methylene blue is oxidised to a highly coloured
form. All components are mixed together, along with a
nonredox dye, such as Acid Red 52, which provides a pink
background colour, and pressed together to form a pellet,
which is subsequently encapsulated in an oxygen-permeable,
ion-impermeable plastic sachet to avoid any contact with the
food. In the presence of oxygen, the Ageless Eye indicator
changes from pink to purple in 2-3 hours, in a quasireversible
process. However, this indicator needs to be stored and
handled under anaerobic conditions. Such oxygen indicators
are used in the food packaging industry, but mostly used as a
research tool or fault diagnostic, since they have limited use
elsewhere, because of cost and storage issues.

Lee et al. [12, 13] recently developed a new range
of colourimetric oxygen indicators that are irreversible,
reusable, and UV-light activated. Such “intelligent ink”
oxygen sensors comprise a UV-absorbing semiconductor,
such as TiO;, a redox-indicator, such as methylene blue, a
sacrificial electron donor, such as triethanolamine, and an
encapsulating polymer such as hydroxyethyl cellulose; the
ingredients are mixed together, with water as the solvent, to
form an ink. The ink can be coated or printed subsequently
onto a variety of substrates to produce a blue oxygen
indicator film, which, when activated by UV light, becomes
colourless. The activated, that is, UV-photobleached, film
remains colourless unless, or until, exposed to oxygen, at
which point the reduced methylene blue is reoxidised back
to its original blue form.

The basic working principles, by which such an irre-
versible oxygen indicator works, are illustrated in Figure 1.
Thus, upon UVA irradiation, ultraband gap illumination
(hv) of the TiO, semiconductor particles create electron-hole
pairs, TiO,*(e™,h*). The photogenerated holes, h*, oxidise
the mild sacrificial electron donor (SED) present, glycerol in
this case, in the ink film and the remaining photogenerated
electrons, that is, e or TiO,™, as in Figure 1, reduce the
redox-sensitive dye, Dox to a reduced form, Dgeq, which
has a different colour to Dpx. In an ink film, the above

key components are encapsulated in a polymer, such as
hydroxyethyl cellulose (HEC) that is soluble in a common
solvent (usually water). Thus, UV irradiation causes an O;-
sensitive ink film to change colour (step 1, Figure 1). In the
absence of oxygen, the photobleached dye will stay in this
reduced—usually colourless—state indefinitely. However,
upon exposure to oxygen, it is reoxidised to its original,
highly coloured form (step 2, Figure 1).

In this paper, we describe a very oxygen sensitive
version of this type of UV-activated indicator, in which the
sacrificial electron donor is glycerol and the redox dye is
indigo-tetrasulfonate (ITS). The latter is highly coloured and
nonluminescent in its oxidised state but virtually colourless,
highly luminescent, and very oxygen-sensitive in its reduced
state, leuco indigo-tetrasulfonate (leuco-ITS).

2. EXPERIMENTAL
2.1. Materials

Unless stated otherwise, all chemicals were purchased from
Aldrich Chemical Company (Gillingham, Dorset, UK). The
semiconductor, titanium dioxide (TiO;), was P25 provided
by Degussa (Frankfurt, Germany) and comprised particles
ca. 30nm in diameter, with an 80:20 anatase: rutile crystal
phase composition.

2.2. Preparation of indigo-tetrasulfonate (ITS)
based films

A typical example of an UV-activated luminescence/
colourimetric oxygen-sensitive, ITS-based indicator ink,
used to make the indicator films reported in this work, was
prepared by adding 200 mg of glycerol to 2g of a 5% wt
hydroxyethyl cellulose (HEC) aqueous solution, to which
20 mg of P25 TiO; and 5mg of the redox indicator indig-
otetrasulfonate (ITS) had been added. The resulting mixture
was stirred magnetically for 15 minutes, followed by 15
minutes sonication to disperse the usually aggregated titania
particles, followed by a further 15 minutes stirring. Typically,
an oxygen indicator film was prepared by placing 3-4 drops
(ca. 0.4ml) of this ink onto a cut-glass microscope slide
(0.8 x 3.8 cm), which was subsequently spun at 2500 rpm for
15 seconds. The resulting blue, transparent film was allowed
to dry in the dark for 30 minutes before use.

2.3. Methods

All UV/V is spectra and absorbance versus time profiles
were recorded using a Cary 50 BioVarian spectrophotometer.
Luminescence spectra and luminescence intensity versus
time profiles were recorded using a PerkinElmer LS50 flu-
orimeter and lifetime measurements were made with an IBH
Fluorocube time-correlated single-photon counting system,
using a NanoLed-03 source, which has its excitation peak
wavelength at 370 nm. All UV irradiations were conducted
using a 2 X 4W BLB handheld UVA light source (typical
irradiance = 4 mW cm™32).
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FIGURE 2: UV/Vis spectra recorded for an indigotetrasulfonate
(ITS) deoxygenated aqueous solution 2.8 x 107> mol dm~3, pH4):
broken line. Upon reaction with a zinc amalgam pellet, the blue
ITS solution is reduced to leuco-indigotetrasulfonate (leuco-ITS),
signalled by the decrease in absorbance at 590 nm and the increase
at 390 nm (spectra were recorded every 30 minutes). The insert
diagram illustrates the excitation spectrum (solid line; Aey =
485nm) and emission spectrum broken line; ey = 390nm) of a
2.8 x 107> moldm™ leuco-ITS deoxygenated aqueous solution, at
pH4.

3. RESULTS AND DISCUSSION
3.1. Chemical reduction of an ITS solution

An aqueous solution of leuco-ITS can be readily prepared
from an ITS solution via the addition of a reductant, such
as zinc amalgam. However, leuco-ITS is very oxygen-sensitive
and readily oxidized back to ITS by ambient oxygen and so,
in order to prevent this re-oxidation step occurring whilst
recording the spectral properties of the reduced redox dye
in solution, any oxygen needs to be removed. Thus, in a
typical experiment, a dilute solution of ITS (2.8 X 107°),
at pH4, was prepared and the absorbance spectra recorded,
as illustrated in Figure 2 (broken line). ITS absorbs in the
blue region of the visible spectrum, with a wavelength of
maximum absorbance, Amay, at 590 nm, which is typical for
this dye [14]. This solution was then deoxygenated via 5
cycles of a freeze-thaw process. Addition of a zinc-amalgam
pellet to the deoxygenated ITS solution reduced the highly
coloured ITS solution to its very pale yellow leuco-ITS form,
as shown by the decrease in absorbance at 590 nm and the
increase in absorbance at 385 nm in Figure 2 (spectra were
recorded every 30 minutes). Excitation of leuco-ITS at this
wavelength (385 nm) revealed a blue luminescence with an
emission maximum at 485 nm. The uncorrected excitation
(Aem = 485nm) and emission spectrum (Aexit = 390 nm) of
the leuco-ITS aqueous solution are illustrated in the insert
diagram of Figure 2. Single-photon counting revealed the
lifetime of luminescence of leuco-ITS in aqueous solution, at
pH4, to be 0.24 + 0.02 microseconds.

3.2. Photobleaching of an ITS oxygen indicator film

A parallel study, to that above, was carried out on a typical
ITS oxygen indicator film, with one set of experiments

carried out under vacuum (1072 mbar), that is, O, free,
and the other under ambient conditions, that is, 21% O,.
A typical absorbance spectrum of a blue-coloured indicator
film under vacuum before (broken line) and after activation
with UVA light is illustrated in Figure 3(a). From these results
it can be seen that the initially blue-coloured ITS film is
activated, that is, converted from ITS to leuco-ITS via the
photoreduction of ITS by the UV-excited titania particles
(see Figure 1) in under 3 minutes of UVA irradiation. This
photoreduction process (step 1, Figure 1) produces a fall
in absorbance of the film at 600 nm as a function of UVA
irradiation time as indicated by the data in Figure 3(a) insert
diagram. In contrast, under otherwise the same conditions,
a typical oxygen indicator in an ambient environment takes
twice as long to activate using the same UVA light source
(I = 4mW cm™2). The lower rate of photobleaching in the
latter system is due to the presence of oxygen in the ambient
environment which is able to reoxidise the reduced form of
the dye via a dark reaction, that is step 2 in Figure 1.

Figure 3(b) contains photographs of a typical TiO,/
ITS/glycerol/HEC ink spun coated onto a coverslip (i) before
and (ii) after photobleaching by UV irradiation (30 seconds,
[ = 7mW cm™2) in air. Photograph (iii), in Figure 3(b), is
after ca. 15 minutes in the dark under ambient conditions,
during which time the ITS film regains its original colour
(and loses its luminescence), due to the reoxidation of leuco-
ITS to ITS by oxygen. Photographs (i)—(v) confirm that the
ITS indicator films can be photoactivated under ambient
conditions to produce a luminescent yellow, leuco-ITS film
that is oxygen-sensitive.

The UV activation of a typical ITS oxygen indicator
film can also be monitored by luminescence, given that
leuco-ITS luminesces at 470 nm in the film (see Figure 3(b),
photographs (iv) and (v)). The observed change in the
emission spectrum of an ITS oxygen indicator film, under
vacuum, upon exposure to UVA light as a function of time is
illustrated in Figure 4. The insert diagram illustrates a plot of
the variation in a film’s luminescence intensity as a function
of UVA irradiation time, and, as in the absorption spectral
changes in Figure 2, shows that in the absence of oxygen the
film is activated in less than 3 minutes, in comparison to
an oxygen indicator film in an ambient environment, which
takes ca. 6 minutes due to the dark back reaction, that is, step
2 in Figure 1.

3.3. Dark oxidation of an activated ITS film

Once activated, that is, photobleached, via step 1 in the
reaction scheme in Figure 1, the stability of the photo-
bleached oxygen indicator film depends on the level of
oxygen present in the environment in which it finds itself.
Thus, in the dark and in the absence of oxygen, the UV-
activated oxygen indicator remains bleached indefinitely,
whereas in the presence of oxygen, its colour is restored
within seconds and the luminescence associated with the
reduced form of ITS is quenched. This is nicely illustrated by
the data in Figures 5 and 6 (broken lines), which depict the
recorded change in absorbance at 600 nm and luminescence
intensity at 470 nm, respectively, as a function of time, of an
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FiGUre 3: (a) Recorded change in the UV/Vis spectrum of an ITS oxygen indicator film (broken line), in the absence of oxygen, upon
exposure to UVA light (intensity: 4 mW cm2) as a function of time. The spectra illustrated were irradiated (from top to bottom at 600 nm)
for 0 second up to 160 seconds, in 10-second intervals. The insert diagram illustrates the change in absorbance of the indicator film at 600 nm
as a function of irradiation time, derived from the data in the main diagram. (b) Photographs of an oxygen indicator film on a coverslip. (i)
TO,/1TS/glycerol/HEC film before and (ii) after 30 seconds UVA irradiation (I = 7mW cm~2), and (iii) film in photograph (ii) allowed to
recover after 15 minutes in air. (iv) Photograph of film (i) under very low UV-light illumination in the presence of oxygen. (v) Photograph

of film (ii) also under very low UV-light illumination.

ITS-based oxygen indicator film that has been UV irradiated
in a vacuum and subsequently exposed to an ambient
atmosphere by opening up the system to air. In contrast to
this data, the solid lines in Figures 5 and 6 correspond to the
recovery of an UV-activated oxygen indicator film, irradiated
under ambient conditions (i.e., 21% O;,) and maintained
in this environment once the photobleaching process was
stopped. Not surprisingly, the oxygen indicator film in an
evacuated environment recovered its original blue colour
when exposed subsequently to oxygen in the dark. However,
the ITS indicator film which was initially photobleached in
air recovered only ca. 50% of its original colour, possibly
due to some photodegradation of the redox dye, presumably
caused by the longer exposure to UVA light in air needed
to photobleach the film, which probably promotes dye
degradation via singlet oxygen production.

The insert diagrams in Figures 5 and 6 show that the
dark process (step 2, Figure 1) gives a good fit to first-
order kinetics for a UV-activated oxygen indicator film when
photobleached and left to recover in an ambient atmosphere,
or when photobleached in a vacuum and subsequently
exposed to air. Such first-order kinetics are typical for UV-
activated oxygen film indicators and provide support for
the proposed scheme, that the kinetics of step 2 in the
reaction scheme in Figure 1 depend directly upon the rate
of diffusion of O, through the film. Other work indicates
that the rate of this dark recovery process is first order with
respect to the partial pressure of oxygen in the ambient
atmosphere as with similar UV-activated, oxygen-sensitive
film indicators. The first-order rate constants for the recovery
of a typical UV-activated oxygen indicator film in an ambient
environment and in a vacuum are given in Table 1. It remains
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FIGURE 4: Recorded change in the emission spectrum of an ITS
oxygen indicator film (broken line), under vacuum, upon exposure
to UVA light as a function of time. The spectra illustrated were
irradiated (from bottom to top) for 0 second up to 140 seconds,
in 10-second intervals. The insert diagram illustrates the change in
luminescence intensity of the indicator film at 470 nm as a function
of irradiation time, derived from the data in the main diagram.

unclear why the kinetics of step 2, the dye recovery step, are
slower for an ITS film irradiated in air, compared to that
for films irradiated in a vacuum, although an appreciable
degree of dye degradation is observed for the latter process
(vide supra). The above results stress the need for oxygen-free
conditions when UV-activating these ITS-based indicators.

4. CONCLUSION

A novel, fast acting luminescent and colourimetric oxygen
indicator ink is described, containing a sacrificial electron
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TaBLE 1: Photobleaching and recovery kinetics of a typical UV-activated oxygen indicator.
Photobleaching kinetics Recovery kinetics

Environment Abs-k;(s71) r? Int-k;(s1) r? Abs-k;(s71) r? Int -k (s71) r?
Ambient 0.0063 0.99 0.0075 0.96 0.0062 0.99 0.0091 0.99
Vacuum 0.013 0.99 0.015 0.97 0.033 0.99 0.027 0.98
0.42 = its colour is restored. The initial photobleaching spectral
/// T%’ :8'421: (e.lbsorba.nce and luminescenc.e) response.characteristics in
S = 061 air and in vacuum are described and discussed in terms
/ Vacuum = 08 of a simple reaction scheme involving UV activation of the
2 /I - 0 20 40 60 80 100120 titania photocatalyst particles, which are used to reduce the
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FiGUure 5: Change in the absorbance, at 600 nm, of a typical UV-
activated ITS oxygen indicator film as a function of time, under
an ambient atmosphere (solid line) and an ITS film UV-activated
under vacuum and subsequently exposed to air (broken line). Each
film was fully photobleached, using UVA light, before being allowed
to recover. The insert diagram is a first-order plot (natural log of the
change in the absorbance, that is, In (AAbs), at 600 nm versus time),
over one half life, derived from the data in the main diagram. The
rate constants for this recovery step are given in Table 1.

350
<0
300 £-0.2
\ E-04
250 - 2-06
T-0.8
200 5 -1

0 20 40 60 80 100

Intensityy,,,..

150 1 \ Time (s)
\
100{ \
‘Vacuum
50 A \\
o0 T
0 100 200 300 400 500 600

Time (s)

Ficure 6: Change in the luminescence intensity, at 470 nm, of a
typical, UV-activated ITS oxygen indicator film as a function of
time, under an ambient atmosphere (solid line) and when exposed
to air (broken line), having been first UV-activated under vacuum.
Each film was fully photobleached, using UVA irradiation, before
being allowed to recover in air. The insert diagram is a first-order
plot, over one half life, derived from the data in the main diagram.

donor (glycerol) and the redox indicator (indigotetrasul-
fonate). The indicator is blue coloured in the absence of
UV light, however, upon exposure to UV light it not only
loses its colour but also luminesces, unless and until it
is exposed to oxygen, whereupon, under dark conditions,

indicator, to oxygen are also reported. This indicator appears
more sensitive towards oxygen than previous UV-activated
indicators, based on methylene blue, probably due to the
lower redox potential [14] of ITS (—0.046 V versus SHE)
compared to that of methylene blue (+0.028 V versus SHE)
at pH7. This indicator appears susceptible to apprecia-
ble photodegradation when UV-activated under ambient
(21% O;) conditions. In the absence of oxygen, however,
UV activation is not only more rapid, but also does not
produce any significant photodegradation. Thus, the ink
appears particularly suited for use in systems that are usually
oxygen free, before UV activation, as a means of indicating
any subsequent leak or tampering.
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Sorption kinetics and isotherms have been measured for a commercial dye (Direct Red 23) on different samples of powdered
Titania, and the data were analysed to better understand the dye sensitization process for dye sensitised solar cells (DSSCs). For
the sorption kinetics, the data show rapid initial sorption (<1 hour) followed by slower rate of increasing uptake between 1 and
24 hours. While higher initial concentrations of dye correspond to higher sorption overall, less dye is absorbed from higher initial
dye concentrations when considered as percentage uptake. The correlation between the sorption data and model isotherms has
been considered with time. The Langmuir model shows better correlations compared to the Freundlich isotherm. The dye uptake
data has also been correlated with Titania characterization data (X-ray diffraction, scanning electron microscopy, BET and zero
point charge analysis). Kinetic data show significantly better fits to second-order models compared to first order. This suggests that
chemisorption is taking place and that the interaction between the dye sorbate and the Titania sorbent involves electron sharing
to form an ester bond.

Copyright © 2008 Peter J. Holliman et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

1. INTRODUCTION

The need for commercially viable renewable energy sources
such as photovoltaic (solar cell) devices is increasing in line
with concerns over climate change resulting from fossil fuel
combustion [1]. Dye sensitised solar cells (DSSCs) have
the advantage that this is a relatively low-cost photovoltaic
technology [2]. A DSSC device uses a dye chemisorbed to an
oxide semiconductor such as Titania and operates by the dye
reaching an excited state by absorbing photons in the visible
region and injecting these electrons into the oxide. The
electrons then pass between TiO, particles to an electrode
and around a circuit to a second electrode finally passing via
an electrolyte back to the dye to continue the cycle.

A major breakthrough in DSSC technology (solar effi-
ciency 7%) was achieved by O’Regan and Gritzel in 1991
[3] using a Ru bipyridyl complex (the N3 dye) as the dye
sensitizer along with high-surface area nanoparticulate Tita-
nia. Subsequent work by Gritzel and coworkers to develop
new dyes has resulted in increased solar efficiencies for DSSC
(up to 10.4%) using N719 [4] and Ru terpyridyl “black dye”

[5]. Since 1991, a great deal of work has been carried out
on studying new dyes as sensitizers to optimise extinction
coefficient, rates of electron injection into TiO,, and rates of
regeneration of the ground state dye by interaction with the
electrolyte [6, 7]. While ruthenium(II)bipy complexes have
by far been the most widely studied dyes for DSSC, more
recently, indoline [8], unsymmetrical phthalocyanines [9],
and squaraine dyes [10] have also been reported as showing
promise.

Typically, Titania is sensitized by soaking the oxide in a
dye solution for either a period of hours or even overnight.
However, to scale up the manufacture of DSSC, dyes must
meet materials processing criteria, one of which is that the
dye sensitisation process needs to take place more rapidly.
In this context, the adsorption and desorption behavior of
the Ru dye N3 has been studied stressing that dye coverage
above 0.3 of a monolayer is necessary to increase current
efficiency [11]. Also working on Ru dyes, Nazeeruddin et al.
have reported a swift uptake procedure for the N719 dye [12].
More recently, it has been reported that electron injection
rates into the metal oxide are an order of magnitude slower
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FIGURE 1: Chemical structure of the commercial diazo dye Direct Red 23 (C.I. 29160).

for aggregated dye compared with monomeric sensitizer dye
emphasising the need for efficient monolayer sensitization
[13].

This paper investigates the sorption isotherms and
kinetics for the commercially available azo dye Direct Red
23 on different samples of Titania and correlates these data
with both model isotherms and the physicochemical charac-
teristics for the Titania samples. These data have been used
to develop a clearer understanding of the dye sensitization
process when considering time and dye concentration as two
key variables.

2. EXPERIMENTAL

Three variables were explored using the commercial azo
dye Direct Red 23, C.I. 29160 (Aldrich); TiO, grade (four
samples labelled A to D were used), dye concentration (from
163 mgl1~! to 650 mg17!), and time (up to 24 hours).

Sorption experiments were carried out using two repli-
cates. The data were averaged and the standard errors are
shown in Figures 2(b) and 2(c). In a typical experiment,
methanol (50 mL, HPLC grade, Aldrich) containing the
appropriate dye concentration was added to titanium dioxide
powder (1g) in a 50 mL flask, shaken for 1 minute and left
to stand. Aliquots (1.5 mL) were taken after 15, 30, and 60
minutes, then every 1 hour up to 8 hours and then at 23 and
24 hours. These were centrifuged for 10 minutes at 8000 rpm
before the solution dye concentration was measured by UV-
visible spectroscopy at A = 500 nm. If necessary, dilution was
carried out (1 mL in 10 mL of methanol). The amount of
sorption (mg kg™! ) was calculated as the difference between
the amount of dye initially added and that measured at each
measurement time. Langmuir (1) and Freundlich (2) and (3)
sorption isotherm equations were fitted to the experimental
data by a computerized least-squares optimization routine,
where

C, 1 C,
o g , [14 1
%~ Qb T Q (see, [14]) (1)
e :kfxCel/” (2)
1
log,q. = log, kr + ;longe, (see, [15]), (3)

where C, is the concentration of dye in the solution (mg17!)
at equilibrium, g, is the dye concentration adsorbed onto

the TiO, (mg g™!) at equilibrium, and Qp (mg g™!) and
b (Img~!) are constants related to the adsorption capacity
and to the energy of adsorption, respectively [14]. For the
Freundlich isotherm, kr is a constant which measures the
adsorption capacity and 1/# is a measure of the adsorption
intensity [15]. The values for kr and n were calculated from
the intercept and slope of the plots. The solid-to-solution
partition coefficient (K;) was determined from the following
equation

CtDt
C.’
where Cyy is the total dye (C, + q.).

For TiO, samples A and C, first- and second-order
kinetic equations were fitted to the data according to the
equations proposed by Kannan and Sundaram (5) [16] and
Ho and McKay (6) [17], respectively,

K; =

(4)

1 k 1 1

a - (‘Zmax> (?) * (max (See’ [16]) (5)
t 1 t
5 N k2q? i ; (see, [17). ©

For the first-order model (5), g; is the amount of dye
adsorbed in mg g7! at various times (t), gmax is the
maximum adsorption capacity, and k is the first-order
rate constant in min~!' [16]. Linear correlation of 1/g;
versus 1/t was made to samples A and C at 3 different
dye concentrations. For the second-order model, the initial
adsorption rate h in mg g”! min~! can be defined as h =
k2q?, where g, is the equilibrium adsorption capacity in mg
g~ ! and k; is the second-order constant in g mg~! min [17].
Both variables were calculated from the slope and intercept,
respectively.

2.1. Characterisation techniques

X-ray powder diffraction (XRD) data was measured between
5and 75 degrees two theta using Ni-filtered Cu Ka1 radiation
(A = 1.54051 A) on an X’Pert PRO theta-theta diffractometer
(PANalytical Ltd) at 45kV and 35 mA.

Gold sputtered samples were analyzed by scanning
electron microscopy (SEM) at 11 kV on a Hitachi S-520 SEM.
EDAX was measured on the same instrument at 14 kV with
an Oxford Instruments 7497 EDAX with Link ISIS computer
software.
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F1GURE 2: Sorption kinetics of (a) 330 mg 1! of Direct Red 23 onto
four different samples of TiO,; (b) varying concentrations of Direct
Red 23 onto TiO, sample A; (c) varying concentrations of Direct
Red 23 onto TiO, sample C. Error bars are omitted from (a) for
clarity.

The surface areas of the TiO, powders were measured at
77 K on a Micrometrics Gemini III 2375 and the data ana-
lyzed using BET (Braumer, Emmet, and Teller) isotherms.

Zero point charge (ZPC) was determined by the salt-
addition method [18] using three replicates. In the proce-
dure, ten aliquots of 0.1 M NaNOj3(aq) (40 mL, Aldrich) were
adjusted to varying pH between 2 and 11 using NaOH,q)
(99.99%, Aldrich) or HNOj(,q) (Aldrich). TiO, (0.2 g) was
added to each aliquot, thoroughly mixed, and the pH
measured after 24 hours. The difference between final pH
and initial pH (ApH) was plotted against initial pH. ZPC was
then calculated from this graph at the point where ApH = 0.

UV-visible spectroscopy was measured in silica cuvettes
(1 cm path length) on an ATI UNICAM UV4 spectrometer
and the data analyzed using VisionScan software. The
instrument was calibrated using inhouse standards from 0
to 200 mg 17! (typical equation was y = 37200x — 0.004 with
R? >0.99).

3. RESULTS AND DISCUSSION
3.1. TiO; powder characterisation

Four commercial samples of Titania powder have been
investigated. Sample A is Degussa P25, an uncoated nanopar-
ticulate Titania; sample B is Kronos 1001 an uncoated,
anatase pigment grade Titania; sample C is Kronos 2063;
and sample D is Kronos 2220, a coated rutile pigment grade
Titania.

X-ray powder diffraction data (Table 1) show that Sam-
ple A is a mixture of ca. 80% anatase [19] and 20%
rutile [20].The diffraction peaks are broader than the other
samples reflecting the smaller particle size range which is
confirmed by electron microscopy. Sample B shows only
anatase along with narrower diffraction lines suggesting
larger particles. Samples C and D also exhibit narrower
diffraction peaks more characteristic of larger particles.
However, for both samples, rutile is the major phase.

Scanning electron microscopy shows that all the samples
are made up of spherical particles with the main morpho-
logical difference between samples being particle size. Thus,
sample A has the smallest particles (20-50 nm), the particles
in samples B and C are 200-300 nm while those in D are 300—
500 nm. Table 1 shows that the surface areas of samples B, C,
and D are all broadly similar at 11 to 15m? g~! while sample
A has a much higher surface area at ca. 50 m? g~!. Similarly,
sample A differs from the others with a value for the zero
point charge (ZPC) of 4.50 compared to samples B and C
(both ca. 6.50) while sample D could not be measured due to
problems dispersing this powder in water.

3.2. Sorption kinetics and Isotherms

Direct Red 23 is a commercial, azo dye containing two
sulfonate groups (Figure 1) which can interact with O-H
groups on the surface of Titania. The % sorption against time
for an initial concentration of 330 mg ™! of Direct Red 23
onto four samples of Titania are shown in Figure 2(a). For
sample A, the data show very fast uptake of the majority of
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TasLE 1: Selected characteristics of titania samples.

Titania samples

A B C D
Surface area (m? g~!)* 49.8 (1.5) 11.1(0.7) 14.9 (0.3) 11.1 (0.4)
Particle size! (nm) 20-50 200-300 200-300 300-500
Zero point charge (ZPC) 4.50 (0.00) 6.50 (0.15) 6.40 (0.15) Not measured
X-ray diffraction data Anatase (80%) + Rutile (20%) Anatase Rutile Rutile

*Standard deviation shown in parentheses.
T Average particle size measured by scanning electron microscopy.

TasLE 2: Langmuir and Freundlich isotherm data and partition coefficients for TiO,samples A and C at 1, 5, and 24 hours. For R?, the range
of values is shown from the replicate experiments. For other parameters, the data shown are averages with standard errors in parentheses.

TiO, Sample A

TiO, Sample C

1h 5h 24h 1h 5h 24h
R? 0.94-0.99 0.99 0.94-0.99 0.73-0.74 0.17-0.24 0.97-0.98
Langmuir Q. 28.4 (2.8) 27.5 (4.9) 35.2 (5.3) 2.2 (0.0) 9.4 (1.5) 8.0 (0.2)
b 0.37 (0.30) 0.37 (0.16) 0.91 (0.44) —0.06 (0.01) 0.01 (0.00) 0.04 (0.01)
R? 0.87-0.91 0.55-0.77 0.91-0.93 0.64-0.87 0.55-0.61 0.77-0.91
Freundlich K 11.5(2.8) 13.5(1.0) 15.3 (1.8) 0.5 (0.0) 0.6 (0.2) 1.0 (0.1)
n 4.55 (0.51) 6.53 (2.48) 391 (1.72) 3.35(0.12) 2.43 (0.50) 2.72 (0.00)
Dye conc.
A:=200mg I 278 423 1085 1.3 1.3 2.7
Ka C:—240mg 1!
640 mg 1! 13 12 51 1.0 2.4 1.3

the dye during the first 15-30 minutes. This is followed by a
much more gradual uptake of dye between 0.5 and 24 hours.
Sample C shows the next fastest and highest dye uptake but
this is much more gradual. However, there is more rapid dye
uptake initially (in this case, 0-5 hours) and then a slower
rate up to 24 hours. Finally, Samples B and D show little dye
uptake (< 20%) with sample B showing evidence of sorption
in the first few hours followed by desorption between 3 and
24 hours.

Figure 2(b) shows the effect on the rate of dye uptake of
changing the initial dye concentration for Titania sample A.
For 163 mg 17!, almost all the dye is sorbed after 1 hours
whilst for 330mg 17! and 650mg 1! dye uptake is still
increasing up to ca. 8 hours. By comparison, Figure 2(c)
shows the corresponding data for sample C. Here, the
larger errors reflect the lower dye uptake compared to
sample A and indeed the low uptake and large errors make
further analysis of samples B and D impossible. However,
for sample C, the data do show similar trends to sample
A of slower and proportionally lower uptake of dye with
increasing initial dye concentration. These data would seem
to indicate that dye uptake becomes less favourable as the
oxide surface becomes increasingly populated with sorbed
dye molecules and solution dye concentrations decrease as
might be expected.

Table 2 shows the results of fitting the sorption data to
the Langmuir and Freundlich isotherm models after 1, 5,
and 24 hours of sorption. The calculations are only shown
for samples A and C because, as mentioned above, the dye
uptake on samples B and D is so low. For both samples A and

C, the R? values are generally better after 1 hour and then 24
hours; the increased scatter observed after 5 hours suggesting
some surface reorganisation after initial dye sorption. For
sample A, in all cases, there is a closer fit from the regression
lines to the Langmuir isotherm (e.g., R? ranges from 0.94 to
0.99 for Langmuir but from 0.55 to 0.93 for the Freundlich
isotherm). By comparison, sample C shows slightly better
fits to the Preundlich isotherm at 1 and 5 hours (R? ranging
from 0.55 to 0.87 compared to 0.17 to 0.74 for Langmuir)
but, conversely, a better fit to Langmuir at 24 hours (R?
is 0.97 to 0.98 compared to 0.77 to 0.91 for Freundlich).
The Langmuir isotherm assumes monolayer coverage of
sorbent but also that all the sorption sites are identical and
that there is no interaction between sorbent molecules [21].
By comparison, the Freundlich isotherm assumes that the
enthalpy of adsorption decreases exponentially with coverage
[22]. The data show that the Langmuir model fits much more
closely to the experimental data for this dye for sample A and
sample C at equilibrium.

Thus a mechanism of sorption can be envisaged whereby,
for the pristine oxide surface, the largest number of vacant
sorption sites are available and the initial rate of dye uptake
is quite rapid (Figure 2). For sample A, this results in almost
quantitative dye sorption in equilibrium with very low dye
concentration in the surrounding solution. However, as the
sorption sites are filled, fewer vacant sorption sites remain
and relatively more dye molecules remain in solution. This
can be represented quite clearly when considering how the
partition coefficient (Kj) varies with time. For instance, at
lower dye concentrations, there is a trend towards increasing
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FiGUre 3: Kinetic plots at initial dye concentration of 650 mg17!. First-order plots for (a) sample A and (b) sample C. Second order plots for

(c) sample A and (d) sample C.

K, with time. Thus, for sample A, at 200 mg 17!, K; increases
from 278 to 423 to 1085. This corresponds to an increasing
proportion of dye sorbing to Titania compared to that
remaining in solution. By comparison, although there is
still an increase, Ky remains more constant at the higher
dye concentrations (640mg 17!) for sample A. Overall,
comparing samples A and C after 24-hour equilibration
time, Ky ranges from 51 to 1085 for sample A but from 1 to
2.7 for sample C emphasizing that the equilibrium between
sorbed and dissolved dye is hugely in favor of sorption
for sample A across a range of dye concentrations but is
much more evenly balanced for sample C (particularly at
higher initial dye concentrations). Table 2 also shows that the
Langmuir coefficients (Q, and b) are larger for samples A
compared with sample C which corresponds with the much
greater dye uptake for the former over the latter.

Comparing all the sorption data with the characterisa-
tion data for the different Titania samples (Table 1) suggests
that dye uptake is strongly influenced by metal oxide surface
area and zero point charge. Most importantly, the higher
surface area of sample A appears directly related to the
increased uptake of this oxide because this presents a larger
number of sorption sites which would be expected to lead
to increased dye uptake. In addition, although the number

of samples is relatively small, the data suggest that a lower
value of zero point charge (ZPC) such as in sample A is
an advantage. This implies that Titania sample A has a
deprotonated surface at lower pH than Titania samples B
and C. This is important if the mechanism of dye uptake is
ascribed to chemisorption of the dyes to the Titania via the
formation of sulfonate ester linkages between dye and surface
O-H groups on the oxide with associated loss of water. Thus,
the chemisorption process can be envisaged as occurring by
nucleophilic attack of O—H groups from the Titania at the
sulphur atom of the sulfonate group of the dye to forming the
ester linkage. This suggests that deprotonation of the surface
would lead to stronger nucleophiles which would enhance
this process leading to more favourable uptake for sample A.

4. DYE SORPTION KINETICS

The results of the modelling of the kinetic data are shown in
Table 3 with selected graphs in Figure 3. The data show that
the linear regressions are poorer for the first-order kinetic
model compared to the second-order data particularly for
sample A (first-order R? ranges from 0.09 to 0.90 compared
to 0.99 to 1.00 for second order) across the three different
concentrations studied. This suggests a second-order kinetic
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TasLE 3: Kinetic parameters for Direct Red 23 uptake onto TiO, samples A and C. For R?, the range of values is shown from the replicate
experiments. For other parameters, the data shown are averages with standard errors in parentheses.

A C
C, (mgl™!) 163 330 650 163 330 650
R? 0.09-0.91 0.33-0.74 0.39-0.90 0.65-0.78 0.47-0.93 0.87-0.98
1st order K 2.42 (2.41) 1.15 (0.55) 2.97 (1.29) 19.1 (19.1) 91.4 (47.9) 295 (470)
Grmax 8.2 (0.1) 16.0 (0.6) 26.8 (2.8) 3.7 (3.7) 4.6 (0.3) 12.1 (9.5)
R? 0.99-1.00 0.99-1.00 0.99 0.07-0.99 0.90-0.97 0.60-0.95
7nd order K; 1.14 (1.75) 0.03 (0.03) 0.003 (0.002) 0.06 (0.06) 0.002 (0.002) 0.001 (0.001)
qe 8.1(0.1) 16.5 (0.1) 28.3(1.6) 5.5 (6.0) 7.9 (0.7) 12.9 (4.3)
h 73 (112) 8 (10) 3(2) 0.02 (0.04) 0.03 (0.01) 0.08 (0.05)
process dominates Direct Red 23 adsorption onto these ACKNOWLEDGMENTS

Titania samples. This suggests that the rate-limiting step is a
chemisorption process where sharing or exchange electrons
between sorbent and sorbate takes place. In this case, the
likelihood is that a sulfonate ester bond forms between the
sulfonate groups on the dye and surface hydroxyl groups in
the Titania.

Sample A produced the highest values for the parameters
in the second-order kinetics equation (Table 3). Comparing
the data for the initial adsorption rate (hour), these are
the highest at the lowest dye concentration, decreasing
dramatically as the initial dye concentration increases.
This suggests that the kinetics of adsorption to the most
energetically available adsorption sites are much faster and
that as coverage increases, the rate of adsorption slows when
only less energetically favorable sites remain. This gives a
different insight into the adsorption process compared to the
sorption isotherms (Langmuir) which reflect much more an
equilibrium situation.

5. CONCLUSIONS

Dye sensitization is a key process in the manufacture of dye
sensitized solar cell devices with very rapid dyeing uptake
leading to full-monolayer coverage representing optimum
objectives. Closely linked to these are the requirements for
large amounts of dye uptake to maximize light absorption
allowing for thinner devices along with a need for strongly
chemisorbed dye molecules which do not desorb under
device working conditions. The data presented for sorption
of Direct Red 23 onto Titania sample A (Degussa P25) do
show some of these characteristics and this is believed to be
related to the higher surface area of this material along with a
lower value of ZPC which offer a greater number of sorption
sites and a more favourable sites for chemisorption of the
dye, respectively.

Finally, whilse Direct Red 23 is not used in the currently,
most efficient dye sensitized solar cells, this commercially
available dye does possess similar anionic groups for adsorp-
tion onto Titania compared to Ru complexes and organic
dyes. Thus, the data presented have important implications
for dye sensitisation especially in the context of growing
interest in organic dyes for DSSC.

We gratefully acknowledge EU (ESF) Objective One funding
and Corus support for BVV, Dr. Callum Hill for BET data,
and Steve Jones for collecting the XRD data.
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An indicator ink based on the redox dye 2,6-dichloroindophenol (DCIP) is described, which allows the rapid assessment of the
activity of thin, commercial photocatalytic films, such as Activ. The ink works via a photoreductive mechanism, DCIP being
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which the dye finds itself and, as a consequence, its reactivity is altered significantly by small changes in the glycerol content. The
kinetics of photoreduction also appear linearly dependent on the UVA light intensity with an observed quantum efficiency of ca.
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1. INTRODUCTION

Semiconductor photocatalysis (SPC) has progressed signif-
icantly since the early research into the possible use of
semiconductor photochemistry to split water 30 years ago
[1], such that it is now one of the most actively researched
areas in photochemistry and is associated with several, major
commercial products [2]. Its potential use in environmental
remediation, based on the following reaction:

TiO,
UVA light

Mineral acids + H,O + CO»,
(1)

has been the main reason for much of the interest and the
semiconductor which has been the most heavily exploited
for this purpose is titania (TiO,). Despite having a relatively
large band gap (ca. 3.2¢eV), thus necessitating the use of
ultraviolet light (UV) to initiate the photocatalytic process,
titania is chemically and biologically inert, mechanically
robust, inexpensive, and highly active. Of the three known
forms of titania (anatase, rutile, and brookite), it is generally
accepted that anatase TiO, is the most active form for SPC
applications.

Organic material + O,

Upon activation of the titania with UV light, an electron-
hole pair is produced within the bulk of the material. These
species usually recombine rapidly; however, for reaction (1)
to occur, the electron-hole pair must migrate to the surface of
the semiconductor, whereupon the photogenerated electron
reduces atmospheric O, to superoxide, O, , which can
be reduced further to water through a number of highly
active intermediates, one of which is believed to be the
strongly oxidising hydroxyl radical, OH®. Conversely, the
photogenerated hole is capable of oxidising surface TiOH
groups to radicals, that is, TIOH®, that are capable of
oxidising many organic materials/pollutants into mineral
acids and CO..

One of the reasons why titania has proved successful in
the removal of both aqueous and atmospheric contaminants
is that it is easily adhered to a suitable supporting substrate,
which can subsequently be exposed to either an aqueous or
airborne pollutant. Suitable methods for preparing titania
films on the surface of a substrate include using a sol-gel
method [3, 4], physical vapour deposition (i.e., sputtering)
[5, 6], and chemical vapour deposition (CVD) [7, 8]. All
of these techniques have been exploited in the research
laboratories, but the method which has met with the most
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Ficure 1: The structures of the sodium salt of DCIP (left) and its
reduced product, dihydro-DCIP.

commercial success is CVD. Indeed, the world first self-
cleaning glass, Activ [9], formulated by Pilkington Glass
(Lathom, UK), is manufactured using an atmospheric
pressure CVD (APCVD) technique [10]. Many of the World’s
other major glass manufacturers have followed the lead
of Pilkington Glass and now manufacture their own self-
cleaning product [11, 12]. More recently, there has also been
the emergence of self-cleaning tiles [13], paints [14], and
concrete [15] products, particularly from Japan.

With so many photocatalytic materials appearing on the
market, there is an increasing interest in the development of
one or more standard methods for assessing the activity of
both laboratory and commercial samples. To date, there are
many tests which have been used in the research laboratories
to elucidate film activity, including the destruction of
nitrogen oxides [16—18], the mineralization/degradation of
dyes [19, 20] (particularly methylene blue [21, 22]), and
the destruction of stearic acid [23, 24]. However, with all
the methods outlined above, whilst suitable for use in the
research laboratories, the prospect of using them in the field,
for example, to demonstrate the efficacy of the photocatalytic
film to potential customers, or test samples in situ, is limited,
since each involves some degree of sample preparation,
use of expensive, often bulky, analytical equipment, and
technical skill to run the method and assess the results.
From an industrial perspective at least, what is needed
is a rapid, semiquantitative (if not quantitative) method
of demonstrating and assessing rapidly the activity of any
photocatalytic coating.

One possible route is to use a photocatalyst indicator
ink which, when deposited onto a photocatalytic coating,
changes colour upon UV activation of the coating. Such an
ink has been proposed recently based on the blue redox dye,
2,6-dichloroindophenol (DCIP) [25], the structure of which
is illustrated in Figure 1. The overall process involving the ink
is as follows:

DCIP + glycerol o
(blue) UVA light

letlc?—l?C)IP + glyceraldehyde.
)

The DCIP ink has the striking feature that it is blue before
UV irradiation, but colourless, due to the formation of leuco-
DCIP (the structure of which is also shown in Figure 1),
afterwards. The photocatalytic process is very rapid, that is,
within 7 minutes using typical solar UVA levels (ca. 4.5 mW

cm~?) on a commercial self-cleaning glass, such as Activ. In
addition, the photoreduction of the dye has also been shown
to be unaffected by both the level of O, and the humidity
of the environment under which the ink is being used. This
article reports the characterisation of a DCIP photocatalyst
indicator ink when used on a typical, commercial self-
cleaning glass (Activ).

2. EXPERIMENTAL

Unless stated otherwise, all reagents were Analar grade
and used, as received, from Sigma-Aldrich. The conditions
referred to as “ambient atmospheric conditions” are on the
open bench at room temperature (ca. 20°C) and a relative
humidity of ca. 60%.

A typical DCIP ink was prepared as follows: 3g of
a 1.5wt% hydroxyethylcellulose (Fluka, medium viscosity)
solution in water were placed in a sample bottle and to it
were added 0.3 g of glycerol. The resulting solution was gently
stirred whilst 5 mg of 2,6-dichloroindophenol (supplied by
Alfa-Aesar, sodium salt hydrate, 98%) were added slowly.
The solution was placed in an ultrasound bath and sonicated
for 5 minutes in order to ensure complete dissolution of
the dye, before being subjected to further gentle stirring
for 30 minutes. Ink produced in this manner appeared
stable and unchanged for at least 1month, and was used as
required. In terms of parts per hundred resin (pphr), the level
of polymer/SED/dye in the ink formulation is equivalent
to a ratio of 100/667/11. Such a DCIP ink is referred to
henceforth as the standard formulation.

The photocatalyst substrate used in this work was
Activ’™, kindly supplied by Pilkington Glass. Full details
on its preparation can be found elsewhere [10]. The bulk
Activ™ samples received were cut into 25mm X 25mm X
4 mm thick samples so that it was possible to place them in
a home-made cell holder for making spectral measurements
using a UV-vis spectrophotometer. Coating of a typical glass
sample was achieved by smearing approximately 1 mL of
the ink under test over the sample surface and spinning the
sample, using an Electronic Micro Systems Model 4000-1
spin coater, at 500 rpm for 15s, which generates a film ca.
900 nm thick on the photocatalyst surface. The ink was then
further dried by placing the spun-coated Activ'™ substrate
in an oven at 70°C for 10 minutes, although similar kinetic
results were also observed when the ink-coated substrate was
simply allowed to dry in air in the absence of light for 1 hour.

The UV-driven reduction of the dye on the photocat-
alyst surface was monitored via UV-visible spectroscopy,
using a Cary 50 Bio UV-visible spectrophotometer. The
instrument was configured to scan in the wavelength range
300-800 nm, with scans taken at time intervals between
UV irradiations typically ranging from 10s to 10 minutes
depending upon the observed rate of photoreduction (i.e.,
photobleaching). UV irradiations were conducted using a
hand-held, 2 x 4 W Black Light Blue (BLB) UVA source
(peak wavelength 365 + 20nm). Unless stated otherwise,
the UVA irradiance used for all irradiations was ca. 4.8
mW cm™2, which is comparable to the standard UVA
irradiance on a sunny day (ca. 4.5 mW cm~2) [26].
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3. RESULTS AND DISCUSSION

Both the DCIP ink and the resulting dried ink film on the
desired substrate are blue in colour, and this blue colour
persists when the ink is cast on plain glass, or indeed
any substrate with nil photocatalyst, and irradiated with
UVA light for an extended (ca. 1 hour) time period. With
such films, no significant change in the absorbance was
noted over this time period at the wavelength of maximum
absorbance, Ay (ca. 629 nm and HPBW ca. 100nm). In
aqueous solution, a dilute (i.e., 107* M) solution of DCIP
has a Apax at 600 nm and a half peak band width (HPBW)
of ca. 130nm (measured in house). Therefore, in the ink
it is observed that the An,y is slightly red shifted compared
to what is observed in solution. However, a similar HPBW
is observed with the dried ink film, which is indicative of
multimer (dimer, trimer, etc.) formation. The formation of
said multimers in the dried film is not surprising given the
effective dye concentration of 0.064 M.

In contrast, when cast on Activ, the blue ink film
is observed to be rapidly photobleached upon irradiation
with UVA light. Figure 2(a) shows the observed absorption
spectra obtained for a DCIP ink cast as a film on the surface
of Activ and subsequently irradiated with UVA light. Thus,
upon UV irradiation of a typical DCIP film on Activ, the
absorbance of the film decreases with time (as indicated by
the arrow) and the ink is completely bleached, that is, the dye
is fully reduced to dihydro-DCIP, after ca. 7.5 minutes. The
change in the absorbance (AAbs = Abs; — Abs., where Abs;
and Abs. are the absorbance of the film at UV irradiance
times ¢ and after complete photobleaching, resp.) at Amax
is shown more explicitly in Figure 2(b). The initial rate of
reduction of the ink, 7;, is derived from the absorbance data
recorded over the time necessary for the initial absorbance of
the ink to decrease by ca. 20% of its initial value. Based upon
the data presented in Figures 2(a) and 2(b), the initial rate of
reduction of a typical DCIP ink under ambient atmospheric
conditions using 4.8 mW c¢cm~2 UVA light is ca. 4.5 X 107*
AbsU s7!, where AbsU is used to denote absorbance units,
thus avoiding confusion that the value quoted is a rate
constant.

Since DCIP is a redox dye (E°(DCIP/dihydroDCIP) =
+ 0.228V at pH 7 versus SHE [27]), it is possible that,
once DCIP has been reduced on the surface of Activ to
dihydro-DCIP, the latter may be reoxidised by atmospheric
O,, regenerating the initial level of DCIP, and thus restoring
the original blue colour of the ink film. However, monitoring
the absorbance at A,y of a typical DCIP film on Activ before
and after UV bleaching revealed that the photobleached
DCIP only partially (ca. 38%) recovers its original colour
over a period of many hours (see Figure 2(c)).

The initial rate of recovery in absorbance at 629 nm of
the ink, from Figure 2(c), is typically 1.8 X 107® AbsU s71,
a rate which is more than 100 times slower than its initial
rate of reduction, thus allaying any concerns that the “dark”
reoxidation of dihydro-DCIP by ambient O, would compete
with the reduction of the dye during irradiation, that is,
effectively, the photobleaching of the DCIP ink on Activ
appears an irreversible process. This observation supports
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FIGURE 2: (a) The spectral shape obtained for a standard DCIP ink
cast on the surface of Activ, and the subsequent changes (from top
to bottom) in this spectral shape as the sample is irradiated with
UVA light at an intensity of ca. 4.8 mW c¢m~2. Spectra were recorded
at 30-second intervals. (b) The change in the absorbance (AAbs) at
Amax (629 nm) with UVA irradiation of a DCIP ink, based on the
data presented in Figure 2(a). (c) The reduction, and subsequent
recovery, of a DCIP ink on the surface of Activ at 629 nm. The
reduction conditions were similar to those detailed previously in
Figure 2(a), whereas the ink recovery was monitored in the dark
with spectra recorded at 1 hour intervals.
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F1GURE 3: The variation in the initial rate of reduction (r;) of a DCIP
ink on Activ as the level of dye in the ink formulation is altered
between 1 and 10mg. The dotted line indicates the calculated
average r; of 5.21 X 107* AbsU s™1.

the results of previous work on the ink, where the kinetics of
photoreduction by Activ were assessed under varying levels
of oxygen and noted to be the same under both anaerobic
and O,-saturated conditions [25].

3.1. The effect of dye loading on the initial rate of
photoreduction of a typical DCIP film on Activ

The variation of r; as a function of dye loading (5 mg dye
per 45 mg polymer in a typical ink formulation) was studied
over the range 1-10 mg (equivalent to 2.2-22 pphr) and the
results of this work are illustrated in Figure 3. From these
results, it appears that 7; is approximately independent of
dye loading, with an observed average r; of 5.2 x 107*
AbsU s7!. This result is in stark contrast to the behaviour
of the Rz photocatalyst indicator ink reported previously
[28] over a similar dye loading range, where the initial
rate of reduction was observed to decrease by a factor of
4 as the dye level was increased from 1 to 8mg. This
latter effect was attributed to an increasing level of less
reactive Rz dimers with increasing dye loading, supported
by spectral changes showing a shoulder peak emerging at
570nm as the dye loading was increased up to 40mg.
In contrast, the shape of the absorption spectrum of the
DCIP ink did not change as a function of dye loading.
The invariance of r; as a function of [substrate] is not
unusual in semiconductor photochemistry and implies that
either all the reactive sites associated with dye reduction are
occupied by molecules of DCIP; or that the rate-determining
step in reaction (2) does not involve the reduction of
DCIP.

3.2. Effect of glycerol level on the initial
rate of photoreduction

In the standard ink formulation, glycerol is present to act
as a sacrificial electron donor (SED); essentially, the glycerol

FIGURE 4: The variation in r; as the level of glycerol in the ink
formulation is altered between 0.1 and 0.9g. As in Figure 3, the
dotted line in the plot indicates the average r; of 5.15 x 10~*
AbsU s™!.

molecules act as “hole traps,” preventing recombination
of the photogenerated electron-hole pair by undergoing
oxidation, thus allowing any photogenerated electrons to
reduce the dye molecules in the ink at the photocatalyst
surface. If an ink formulation is prepared with no glycerol
present, cast on the surface of Activ, and irradiated with
UVA light over a prolonged irradiation period (ca. 1
hour), there is no observed photobleaching/reduction of
the dye on the photocatalyst surface, indicating that the
removal of the SED from the DCIP ink results simply
in electron-hole recombination becoming the predominant
process.

Experiments show that r; is independent of glycerol
loading over the range 0.1-0.9 g (typically, 0.3 g glycerol is
present in the formulation), as demonstrated in Figure 4.
However, r; does vary markedly from 0-0.1 g (0-222 pphr)
glycerol loading, as illustrated by the results in Figure 5. The
initial rate of reduction, r;, is observed to increase steadily
as the glycerol level is increased from 0 to ca. 0.03g (0-
66 pphr), after which point a plateau value is achieved. In
addition to the above kinetic data, Figure 5 also charts the
observed variation in the Amax of the resulting DCIP ink as
the glycerol level is varied over the same range. It would
appear from this plot that the variations in Ag.x and r;
are linked in some way, with A, being blue-shifted as the
glycerol level is increased. The likely cause of this shift in the
peak wavelength is a solvatochromic effect, brought about
by a change in the solvation shell of the dye molecules in
the ink formulation and subsequent ink film as the glycerol
level is increased. Such a change in the solvation shell is likely
to alter the reactivity of the DCIP and may be responsible
for the variation in r; with glycerol loading illustrated in
Figure 5.

However, there may be other effects working here since
the work by Van Keuren and Schrof [29] showed that in
a PVA/glycerol solution, where the glycerol content was
varied between 10 and 40 wt%, the diffusion coefficient for
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a dye, rhodamine B, increased by a factor of 10%. Beyond
40 wt% glycerol, the dye exhibited a diffusion coefficient
similar to that observed for the dye in neat glycerol. In
the DCIP ink formulations presented here, with a 0.1g
glycerol loading, the glycerol wt% is 66 wt%, and thus the
variation in r; as a function of glycerol loading illustrated in
Figure 5 could be simply due to the variation in the diffusion
coefficient of the dye from the bulk film to the surface of
Activ, assuming that this is the rate determining step for
the photoreduction/bleaching process. In this instance, the
maximum rate observed at glycerol loading >0.1 g is due to
the diffusion coefficient for DCIP in the film (HEC/glycerol)
reaching a limiting value, as was observed by Van Keuren for
rhodamine B in PVA/glycerol.

3.3. The effect of UVA light irradiance on
the initial rate of photoreduction

In a final set of experiments, the initial rate of reduction
of a typical DCIP film was determined as a function of
UVA light irradiance, varied from 0.44 to 7.41 mW cm™2,
and the results are illustrated in Figure 6. Not surprisingly, r;
increases with increasing light irradiance, since the number
of photons reaching the photocatalyst surface, and hence the
number of photogenerated electrons produced, will increase.
The strong linear dependence of r; on the UV light irradiance
is attributed to the relatively low light intensities used here
to reduce the dye, the low absorbance of the underlying
Activ photocatalyst layer, and the fact that, at such low UV
irradiance levels, the reduction reaction will be controlled
by the reactions at the ink/photocatalyst interface of the
photogenerated electron-hole pairs, as opposed to their
recombination (which is expected at high irradiance levels).
A similar linear dependence of r; on the UV irradiance
was observed for the Rz-based photocatalyst indicator ink
[28].

Since AAbs; for the reduction of DCIP is ca. 0.085 AbsU,
as illustrated earlier in Figure 2(b), for the standard ink
formulation, and since it is known that 1mWcm~2 of

Irradiance (mW cm™2)

F1GURE 6: The variation in r; with UVA irradiance.

365nm light is equivalent to 1.1 X 10'7 photons per cm?
per minute, the quantum efficiency for the process can be
estimated to be 0.0018 molecules per photon. It is also
known from spectral studies conducted elsewhere that Activ
only absorbs ca. 7.2% of the incident UVA irradiation from
black light blue lamps [30], thus the quantum vyield for the
reduction of DCIP on the substrate can be estimated to be
2.5%. Both of these estimated values are greater than those
observed for the Rz ink (2.5 x 10™* molecules per photon
and 0.35%, resp.) [28], although in practice the initial rate of
photoreduction of DCIP is slower than that of Rz in the ink
formulation under ambient atmospheric conditions [25].

4. CONCLUSIONS

A characterisation study of an indicator ink based on
the redox dye 2,6-dichloroindophenol for assessing the
photocatalytic activity of thin photocatalytic films of titania
has been conducted. The initial rate of photoreduction of
the dye in the ink formulation is independent of the dye
loading level but highly sensitive to the level of glycerol
present, reaching a plateau above a loading of 0.1 g glycerol.
Accompanying this trend in the reduction rate is an inverse
shift in the Admax of the dye, believed to be due to changes to
the solvent shell surrounding the dye with changing glycerol
content. As anticipated, the rate of photoreduction increased
with increasing UV irradiation intensity, similar to what has
been reported for an Rz ink. The quantum yield for the
photoreduction of DCIP by an Activ film was estimated to
be 2.5%, which is greater than that observed for the Rz-based
ink communicated previously.
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of methanol leads to the formation of surface-bound formic acid.

Copyright © 2008 William Balcerski et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

1. INTRODUCTION

TiO; is of great interest in the field of heterogeneous photo-
oxidation catalysis, especially in the area of environmental
cleanup. TiO, has the advantage of being relatively cheap,
nontoxic, and stable, all of which make it attractive for
remediation of environmental organic pollutants [1]. Studies
on the surface chemistry of TiO, help to answer important
questions such as the active species for photo-oxidation, the
fate of charge carriers, and the mechanism for transfer of
charge to species bound to the surface [2]. Previously, we
used FTIR (DRIFT) spectroscopy to monitor surface species,
surface electron, and hole traps on TiO, powders [3-5]; and
to attribute broad spectral features to free conduction band
electrons [3].

Representative hydrocarbon species (e.g., decane and
methanol) were chosen for further investigation of hydro-
carbon adsorption and photo-oxidation on the surface of
illuminated TiO,. The primary objective of these studies is
to gain insight into the gas-phase and surface-bound photo-
oxidation products.

2. EXPERIMENTAL PROCEDURES

TiO, (Degussa P25; 25% rutile, and 75% anatase), decane
(99.9%, Aldrich), methanol (99.9%, Aldrich), methanol-
d4 (CDs;OD, 99% isotopic purity, Aldrich), and formic
acid (889%, Aldrich) were used as received. Oxygen gas
(99.9%) was passed through a water trap before use in FTIR
experiments.

DRIFT spectra were acquired using a Bio-Rad FTS-45
spectrometer with a liquid N,-cooled MCT detector. Spectra
were collected at 8cm™! resolution using a Spectra-Tech
Collector diffuse-reflectance accessory. The solid samples
were held in the sample cup of a Spectra-Tech high-
temperature environmental chamber (HTEC) that could
be resistively heated to 1000K (+1K), and the chamber
evacuated to 10uTorr. A gas manifold connected to the
sample chamber allowed for pure gas samples (e.g., O3)
or organic vapors (e.g., decane and methanol vapor) to be
introduced and removed as needed. The organic samples
were attached to the system via a glass bulb, and these
samples underwent several freeze-thaw cycles to remove
dissolved gases. UV radiation from a 1 kW Oriel Xe lamp was
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focused into the HTEC chamber through a moveable mirror
and lens system that allowed for photolysis experiments to be
conducted without breaking system purge.

3. RESULTS AND DISCUSSION
3.1. Hole and electron trapping on TiO; surfaces

One of the primary results of our previous work [3] was an
observed rise in the DRIFT spectrum baseline when TiO,
is irradiated in vacuo, which was caused by the generation
of free electrons. The baseline gradually decayed over the
course of several hours, leading to a stable trapped electron
in a Ti(II1)-OH group at 3714 cm™!. We now believe that
the impurities seen in previously C-H bands found at
2927 and 2859 cm~! are indicative of surface-bound species
responsible for hole trapping. To test this hypothesis, a small
amount of methanol vapor was added to the system, followed
by the normal vacuum pumping on the system to remove as
much methanol as possible. Experiments conducted in the
weeks following the methanol exposure led to a background
C-H signal, which had been observed previously, but more
importantly led to the expected baseline increase and Ti(I1I)—
OH formation upon irradiation.

Figure 1 shows the DRIFT spectra for TiO, powder in
vacuo under different conditions. In the untreated powder,
bridging hydroxyl groups are seen at 3414 cm~! and Ti(IV)-
OH stretches are seen around 3645cm™!. There is also
a broad adsorption between 3000 and 3600cm™! due to
surface-bound water molecules. Upon heating to 200°C,
surface water is lost, allowing the bridging hydroxyl groups
to be more clearly seen in the spectrum. Furthermore,
the Ti(IV)-OH peak becomes more clearly defined as a
single peak at around 3645 cm~!. Upon irradiation, bridging
hydroxyl groups are completely lost, the Ti(IV)-OH peak
is reduced in intensity, and a new peak at 3714cm™! is
seen, which corresponds to trapped electrons in Ti(III)-OH
groups. These results are consistent with our earlier work [3].

Alcohols are known to chemisorb to TiO, surfaces, [6—
8] thus the expected surface species in the case of methanol
vapor would be Ti-OCH3. This adsorbed species provides a
viable hole trap, by either direction hole transfer or through
a chemical reaction to form formate:

Ti(IV)-OCH; + h* — Ti(IV)-O'CH;, (1)

Ti(IV)-OCH; + h* — Ti(IV)-OCH,™* + H*

2
— CH,O(abs, g) + e, + H. @

In either case, free electrons are present in the conduction
band, leading to the aforementioned rise in baseline and a
change in the color of the powder from white to blue as a
result of Ti(III) atoms.

In the reaction described by (2), the injection of an
electron into the lattice would create a current-doubling
effect, which is well known for the case of organic photo-
oxidation by TiO; [9-12]. Thus, some of the free electrons
observed after photolysis may be a result of such an effect.
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— Difference between P25
and post-UV P25

FiGure 1: DRIFT spectra showing the effect of heating (to 200°C)
and UV irradiation on P25 TiO, powder in vacuoin presence of hole
scavenger contaminants.

The electron-generating reaction would have to proceed
under anoxic conditions, and would likely be initiated by
the loss of a proton. Figure 2 shows the effect of sequential
heat treatment (523 K) and UV treatment in vacuoon a TiO,
surface which had been exposed to methanol vapor. The
heat treatment effectively removed all the water and some
of the methanol, but the UV treatment led to an additional
decrease in C—H intensity, as seen in the difference spectrum.
Thus, there is a photochemical methanol loss pathway, even
in vacuo, which supports the mechanism postulated in (2).

When the system was under a constant 1.0 atm N,
and the fresh TiO, sample was not exposed to a vacuum,
the baseline did not increase upon irradiation. This was
most likely due to the inability of methanol molecules to
desorb or detach from the walls and diffuse to the powder
surface. The background methanol persisted in the system
on the order of weeks and months, unless vigorous cleaning
methods (frequent purging of the gas manifold with N, or
0,) were taken. Given the well-known affinity for TiO, to
sorb hydrocarbons, [2] it is not unlikely that a small amount
of impurity in the system could transfer from the walls to the
TiO, powder, especially given that the amount of manifold
surface area is several thousand times larger than the surface
area of the powder in the sample compartment. Indeed,
work with other organic samples such as methoxychlor
and lindane led to a several-month contamination of the
experimental setup, as new TiO, samples would continually
turn orange from picking up these long-lived residual
pesticide molecules. The problem of reproducing clean TiO,
systems is not unique, as seen by the debate over the cause of
UV-induced hydrophilicity on TiO, crystal surfaces, which
has only recently been shown to be a result of the removal of
surface hydrocarbon contaminants [13].
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FiGure 2: DRIFT spectra of TiO, powder heated and irradiated in
vacuo after absorbing methanol vapor, and the difference spectrum
showing the effect of irradiation on the surface which had already
undergone heat treatment.

Given this new information, some of the previous
conclusions need to be refined, especially in regards to
postirradiation baseline relaxation. As reported earlier, both
thermal treatment at 423K as well as exposure to O, at
300K led to a rapid relaxation of the baseline, as opposed
to slow relaxation if the system was left alone [3]. These
experiments were repeated, and in the case of relaxation
by O,, the resulting peak at 3714 cm™! is much larger, as
seen in Figure 3. This can be explained as follows. The slow
relaxation is a result of charge recombination, and has been
studied previously [5]. The rapid relaxation from exposure
to oxygen is due to electron scavenging by oxygen, as it is a
well-known electron acceptor:

02 + e];u]k —_— 02_. (3)

The relaxation from thermal treatment is due to injection
of trapped holes back into TiO, upon methanol desorption,
which begins to occur at 400 K under vacuum conditions [6].
Not all methanol will be removed by this pathway though, as
even at 475K, the TiO; surfaces can contain alkoxides [7]:

Ti(IV)-O*CH; + Ti(IV)-OH

— Ti(IV)-O-Ti(IV) + CH3OH(g) + h™. )

The injected holes can then recombine with bulk electrons,
that is, annihilation, but they can also combine with the
trapped electrons in the form of Ti(III)-OH groups:

h* + Ti(I)-OH — Ti(IV)-OH. (5)

Thus, since the O, treatment does not remove the surface
methanol, there are both less holes injected into the lattice

3718
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2 T T T 1
4000 3500 3000
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—— Oy treatment
—— Thermal treatment

FiGure 3: DRIFT spectra of TiO, powder irradiated in the presence
of methanol vapor, followed by either thermal or O, treatment.

and more hole traps, leading to an increased intensity of the
Ti(III)-OH peak at 3714 cm ™.

It was observed that the Ti(III)~OH groups could be
removed by illumination under O,, but only after being
partially rehydrated under H,O vapor [3]. This result is
consistent with loss of chemisorbed methanol (and thus
hole injection) upon rehydration as reported elsewhere
[14]. Thus, the previous explanation for this observed
behavior, which stated that defects were stabilized by surface
reconstruction involving OH groups, needs to include the
possibility of the methanol loss pathway. Likewise, the role
of lattice O-vacancies in the mechanism of hole-trapping,
while not completely disproved, cannot account for all the
experimental results.

3.2. Decane adsorption and degradation
on TiO; surfaces

A potential practical application of TiO; is in the remedi-
ation of oil spills by coated glass beads [15]. In order to
gain insight into alkane photocatalysis by TiO,, decane was
chosen as a sample hydrocarbon for a series of photoexper-
iments. The primary reasons for choosing decane were its
simplicity (straight-chain alkane) and its vapor pressure (~1
Torr at room temperature, ideal for dosing samples via the
gas manifold).

Hydrocarbon oxidation on TiO; has been studied exten-
sively. Several decades ago, Djeghri et al. [16] used a flow-
through reactor to study the UV-illuminated photocatalysis
of alkanes (methane through octane) in the vapor phase.
They found that the alkanes are oxidized to ketones, aldehy-
des, and CO,, and that steady-state product concentrations
are reached within minutes [16]. More recently, Minabe et
al. have studied the photo-oxidation of long-chain organics
on TiO; thin film, and observed that only CO, and H,O
were produced in the gas phase [17]. They suggest that the
initial reactants as well as all intermediates were continuously
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attached to the TiO, surface; however, they offered no insight
into how the organics were oriented on the surface, or
on the nature of the intermediates. The authors prepared
their samples by melting their organics, then spreading the
liquid on the TiO; thin-film surface, whereas Teichner et al.
introduced the organics in the gas phase over nonporous
anatase particles. These differences in catalyst and sample
introduction, as well as the long exposure time of Fujishima’s
physisorbed organics compared to the gas-phase organics in
Teichner’s experimental setup, likely account for Fujishima
and coworkers inability to detect any intermediates.

In the first set of experiments, decane vapor was
introduced to TiO; surfaces that had been pretreated by UV
irradiation in vacuo, and surface coverage was compared
to the nonirradiated case. It was known at the time that
UV treatment makes TiO, surfaces superhydrophilic, and
we believed that the UV pretreatment would affect the
ability for decane to absorb to the surface. Decane dosing
was performed by opening a glass bulb containing decane,
which was attached to a section of the gas manifold, for
2 minutes. The bulb was then closed, and that segment of
the manifold was then opened to the sample chamber. The
decane vapor was allowed to equilibrate with the sample
for 10 minutes, and an initial FTIR spectrum was taken.
The system was then opened to vacuum, and a series
of scans were taken as the system was pumping down.
Figure 4 shows the results of these experiments. Although
initial decane concentrations were different (¢t = 0, while
sample was sitting nonevacuated under decane vapor), after
exposure to vacuum, both samples had near identical decane
desorption profiles. Nearly all decane was lost from both
the nonirradiated and irradiated surfaces during vacuum
treatment, indicating that the decane was weakly bound, that
is, physically absorbed to the surface. These experiments pro-
vide support for the theory that hydrocarbon contaminants
[13], not UV-induced defects [18] or UV-induced rupture of
Ti—OH bonds [19], are responsible for surface hydrophilicity.
The experiments suggest that the UV pretreated surface, once
exposed to decane vapor, lost its super-hydrophilic character
and behaved similarly to the nontreated surface in regards to
the amount of decane adsorbed on the surface.

In the next series of experiments, the oxidation of decane
on TiO, was studied. After dosing the sample with decane,
the system was immediately exposed to 1 atm O,, so as
to prevent the decane from desorbing from the surface.
The sample was then irradiated for 5-10-minute intervals,
at which point the lamp was turned off and a spectrum
was recorded. Total time spent undergoing irradiation was
1 hour. Figure5 shows the resulting spectra over 2000—
4000cm~!. As expected, both water (broad adsorption
between 3000 and 3600 cm~!) and CO, (2320 cm™!) are pro-
duced, with a loss in hydrocarbon intensity (C-H stretches
between 2800 and 3000 cm™!). To further probe the reaction
products, a series of difference spectra are used, as shown
in Figure 6. After one minute of irradiation, water (but not
CO,) is seen to form, and peaks are seen in the 1350—
1750 cm™! region, which are indicative of C-O bonds. The
initial formation of water indicates that hydrogen abstraction
is the first step in decane oxidation [20]. As the oxidation

progressed, these C-O stretches eventually gave way to the
C=0 stretch at 1737 cm™!, simultaneously accompanied by
the formation of CO,, as seen in the difference spectrum
between 5 and 20 minutes of irradiation. At the end of the
photoreaction, the system was exposed to vacuum, and some,
but not all, of the reaction products were removed. Further
oxidation in vacuo was used to remove the more strongly
bound surface species.

Two possible mechanisms for the reaction are as follows.
The active species for oxidation could be a surface-bound
hydroxyl radical, which abstracts a hydrogen atom from a
surface decane molecule, forming an alkyl radical. The alkyl
radical could then react in any number of ways, such as
attachment to a Ti—O-Ti group to form an alkoxy species,
which would then undergo further oxidation to ketones and
eventually CO;:

h* + Ti(IV)O-H — [Ti(IV)O"-H]" (Y),
Y + CH3(CH,),CH3
— CH3(CH,),_,CH*CH; + Ti(IV)-OH,",
CH;(CH,),_,CH*CH; + Ti-O-Ti — Ti-O(CHR)-Ti,
Ti(IV)-OCHR + h* + O, — ketones + further products.
(6)

Another possible mechanism involves superoxide formation,
which leads to a free-radical-chain mechanism as outlined
below:

Oy +e Oy,

0,5 + RCH;R — RCH R+ HO; ",

RCH'R + O; — RCH*(0,)R, (7)
RCH®(O;)R + RCH;R — RCH(O,H)R + RCH"R,
RCH(O;H)R — RC(=0O)R + H;O.

On the basis of the FTIR data alone, neither mechanism
can be proved nor disproved, although ketones are clearly
an intermediate product. The spectra are especially complex
between 1300 and 1700 cm ™!, likely due to peak overlap from
ethers and ketones of various carbon-chain lengths, making
absolute product assignment impossible.

3.3. Methanol adsorption and degradation
on TiO; surfaces

Methanol was chosen as the next molecule to examine,
due to the simplicity of possible photo-oxidation products
(no long-chain carbon products) as well as the ability for
methanol to chemisorb to the TiO, surface [6-8]. Samples
were dosed with methanol vapor in a similar manner to
decane, but unlike decane, the methanol species remained
behind on the surface after complete evacuation of the
sample chamber. Figure 7 shows the difference spectra before
and after methanol and d4-methanol adsorption onto the
TiO, sample. Both samples show a loss of Ti-OH groups, as
methanol molecules can displace surface OH groups during
chemisorption as seen below:

R-OH(g) + OH(ad) — R-O(ad) + H,O (gorad). (8)
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FIGURE 4: Typical time series of decane desorption on TiO; in vacuo (a), and hydrocarbon peak intensity of decane absorbed to UV versus
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Figure 5: DRIFT spectra taken during the course of 1-hour UV
oxidation of decane on TiO, under 1 atm O,. Arrows indicate
increase in surface-bound water and CO, vapor, and a decrease in
hydrocarbon intensity.

For d4-methanol, CDs stretches are seen at 2072 and
2226 cm™!, and the methanol OD stretch is seen as a broad
peak centered at 2470 cm~!. An OD stretch corresponding
to Ti-OD is also seen at 2716 cm ™!, indicating scrambling of
surface OH groups with methanol [3].

Figure 8 shows a series of difference spectra taken during
the course of methanol oxidation under 1 atm O,. Within the
first 5 minutes, both water and CO; are seen to form. There
is a decrease in CHj stretches at 2916 and 2816 cm™!, and a
new peak assigned to a CH, stretch at 2862 cm™!. There are
also 2 new peaks at 1583 and 1361 cm™!, which are assigned
to the asymmetrical and symmetrical stretching bands of

carboxylate anion, respectively [21]. These products were
also seen in the case of d4-methanol (Figure 9). To further
validate that formic acid is indeed the intermediate species
identified in the difference spectra, a drop of formic acid
was placed directly on a fresh TiO, surface, and the resulting
DRIFT spectrum is shown in Figure 10. Carboxylate peaks
are observed in the same location as the peaks from the
difference spectra, confirming the assignment.

After 15 more minutes of irradiation, there is a decrease
in the carboxylate species, and an increase in CO, occurs.
Upon evacuation, surface water and CO, are lost, but an
increase is seen in carboxylate, indicating that it is a surface-
bound species which now has increased signal strength,
possibly due to readsorption of gas-phase carboxylic acid
molecules once surface water was removed. A possible
mechanism for the reaction, which is consistent with the
spectral evidence presented above, is as follows. The ini-
tiating step is hydrogen abstraction, either by direct hole
transfer or superoxide. A hydroperoxy species is formed,
which rearranges to a surface-bound formic acid, which can
then be released as CO;:

Ti(IV)-OCH; + h* — Ti(IV)-OCH,* + H*,

Os + Ti(IV)-OCH; — Ti(IV)-OCH,* + HO, ",

Ti(IV)-OCH,* + 0, — Ti(IV)-OCH,00%,

Ti(IV)-OCH,00* + (R-H or Ti~OH) (9)
— Ti(IV)-OCH,00H,

Ti(IV)~OCH,00H — Ti(IV)-OC(=0)H + H,O0,

Ti(IV)-OC(=0)H + I* — Ti(IV) + CO, + H*.
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FIGURE 6: Time series DRIFT difference spectra following course of decane oxidation.

4. CONCLUSIONS

Only when TiO, is irradiated in the presence of a hole
scavenger, even at very low surficial concentrations, electrons
are trapped at Ti(III)-OH sites, and free electrons are also

generated. Upon heating, the hole scavengers are desorbed
and with the consequent reinjection of previously trapped
holes. This leads to a decrease in detectable Ti(III)-OH
centers. Decane adsorption experiments lend support to
the theory that removal of hydrocarbon contaminants is
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responsible for the appearance of super-hydrophilic TiO,
surfaces. While the oxidation of decane did not lead to any
definitive product assignments, the oxidation of methanol
led to identification of surface-bound formic acid.
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INTRODUCTION

Efficient photocatalysis for gas cleaning purposes requires a large accessible, illuminated active surface in a simple and compact
reactor. Conventional concepts use powdered catalysts, which are nontransparent. Hence a uniform distribution of light is difficult
to be attained. Our approach is based on a coarse granular, UV-A light transparent, and highly porous adsorbent that can be
used in a simple fixed bed reactor. A novel sol-gel process with rapid micro mixing is used to coat a porous silica substrate
with TiO,-based nanoparticles. The resulting material posses a high adsorption capacity and a photocatalytic activity under
UV-A illumination (PCAA = photocatalytic active adsorbent). Its photocatalytic performance was studied on the oxidation of
trichloroethylene (TCE) in a fixed bed reactor setup in continuous and discontinuous operation modes. Continuous operation
resulted in a higher conversion rate due to less slip while discontinuous operation is superior for a total oxidation to CO, due to a
user-defined longer residence time.

Copyright © 2008 Peter Pucher et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

of a successful reactor design [2]. One approach to meet

Many pollutants, smells, and odors as well as bacteria and
pathogens exist in the atmosphere. They influence the quality
of life and they are sources of illnesses and allergies even
if they are at very low concentrations. An abatement of
these unwanted substances with state-of-the-art technol-
ogy is either technically complex or energetically expen-
sive. The photocatalytic oxidation technique represents a
new and promising method for gas cleaning. Hence, the
interest in photocatalytic chemistry is rising worldwide as
demonstrated by high numbers of citations and patents
[1]. However, upscaling and technical implementation of
photocatalysis are difficult, which is one of the reasons why
industrial realizations are still limited.

The basic problem of the photocatalytic processes scale-
up for commercial utilization is to provide sufficient illu-
minated active surface area. A uniform distribution of light
inside the reactor and provision of a high number of active
surface sites per reactor volume unit are key parameters

these requirements is based on a fixed bed reactor with an
irradiated nanocoated fill. The used material should possess
optimal optical properties and a large inner surface with
unhindered access by pollutant to catalyst layer. Coarse-
granular wide-pore silica is an excellent candidate because
it has open porous structure and high-specific surface area,
and it satisfies UV-light transmission [3].

In the present communication we report on a new photo-
catalytic active adsorbent (PCAA) as a combination of TiO,-
sol nanoparticles immobilized on a UV-transparent coarse-
granular porous silica support. The UV-light-triggered
degradation of trichloroethylene is investigated and its
kinetics is discussed.

2. EXPERIMENTAL
2.1. Preparation and immobilization of nanoparticles

The sol nanoparticles are prepared in a sol-gel reactor
using titanium tetraisopropoxide (TTIP) as a precursor. This
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FIGURE 1: (a) Cut section of the photocatalytic reactor and (b) simplified flow sheet of the setup.
TasLE 1: BET surface and pore characteristics of PCAA.
Substrate Mean grain size (mm) BET surface (m?/g) Most abundant pore diameter (nm) Pore volume (mm?/g)
Porous silica granulate 3-4 330 + 30 6+0.7 810 + 70

reactor has been described in [4]. In present experiments,
the standard operation conditions were conserved: two stock
solutions of TTIP/propan-2-ol and H,O/propan-2-ol (Cr;
0.146 M, H = Cy,0/Crj = 2.46) were synchronously injected
at high Reynolds numbers into the reactor container through
the static Hartridge-Roughton-type T-mixer by applying a
dry nitrogen gas pressure. The reactor temperature was
maintained at 20.0°C. As a result, metastable sol particles
of size 2R = 6.0nm with a narrow size distribution were
generated in the reactor. The sols slowly grow in size during
the so-called induction period that amounts for ti,g = 55
minutes. Particle immobilization was achieved during the
period of their relative stability: t < tinga/2. The support was
immersed into the reactive colloid for ~25 minutes, then
withdrawn, cleaned, and dried. The TiO, nanoparticles are
involved into their bulk by capillary forces, then reacting on
the internal surface of pores. Hence, they are immobilized on
the support surface. After the drying stage in a glove box and
then in an oven (80°C), a calcination at 450°C was performed
typically during 4 hours. The deposited catalyst mass on the
porous substrate was measured as described in [5]. A mean
value of 0.55 wt.% has been obtained.

2.2. Photocatalytic reactor

The photocatalytic performance of the prepared PCAA was
studied in a fixed bed plug flow reactor setup, depicted in
Figure 1. Trichloroethylene (C,HCIs, TCE) was used as a
model pollutant at an inlet concentration varied from 25 to
300 ppmv. Purified-compressed air and N, acted as carrier
gas, free of oil, CO/CO,, and humidity. The overall gas flow
of 1l/min s.t.p. was controlled by mass flow controllers.
All experiments were carried out at ambient pressure and

temperature (~1bar, 23 + 3°C) with dry gas. The inlet
and outlet gas temperatures were monitored by two type-K
thermocouples. The coated material was filled in the stainless
steel reactor of a rectangular shape (fill size 50X 76 X 11 mm?)
covered by a UV-A transparent glass window. One UV-
A fluorescent tube (Sylvania BL350 8W, peak emission at
350 + 15 nm) illuminated the material. Its performance was
adjusted from 25% to 100% by an electronic ballast (Philips
EVG HF-R 114 TL5). This corresponds to the integral
intensity I varied from 0.68 to 5.35 mW/cm?, measured with
a Solatell Sola-Scope 2000 setup. The TCE concentration was
measured by a flame-ionization detector (FID TESTA 123),
which was calibrated with TCE gas before the measurements.
A CO/CO; gas analyzer (NDIR Hartmann&Braun URAS
14) measured the final products of the photocatalytic TCE
oxidation. The reactor could be bypassed to measure the inlet
concentrations.

3. RESULTS AND DISCUSSION

3.1. Surface area and pore size

The uncoated substrate and impregnated PCAA grains were
analyzed for their total pore volume and pore size distri-
bution with Hg-intrusion method (Porotec Inc., Nieder-
hotheimer Str. 55a, 65719 Hotheim, Germany), and their
internal surface area with BET method (STROHLEIN AREA-
meter II). The nanoparticle coating process appears to
have no significant influence on both pore volume and
surface area. Table 1 summarizes the results for PCAA. The
measured properties for coated and uncoated materials were
found to be within the range of deviation due to inhomo-
geneities in the raw material. Thus, it can be concluded that
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Ficure 2: Electron microscope EDX spectrum of nano-TiO,
impregnated silica substrate PCAA (FELMI Graz).

hardly any pores are blocked by incorporated TiO, particles.
The pore size distribution of the substrate is broad enough
to give sufficient room for nanoparticles already at wide pore
diameters. On the other hand, an increase of the surface area
due to the nanoparticles is low because of their low-mass load
(~0.55wt.%). Benmami et al. [5] have reported the specific
surface of the noncrystalline TiO, nanoparticles in the range
of 480 m?/g correlated to their own mass. Being normalized
on the total PCAA mass, this corresponds to an active surface
area of about 2.7 m?/g or just 0.8% of the substrate surface.

3.2. Morphology analysis of PCAA

EDX (Zeiss DSM 982 GEMINI), XRD (XRG 3000 INEL),
and TEM (JEOL 200 keV) measurements were carried out
to characterize the immobilized catalyst nanoparticles on the
inner substrate surface. Beneath the typical peaks for the
silica substrate (Si, O), the EDX spectrum (Figure 2) shows
a small peak for titanium at about 4.5 keV. Because of a low-
mass loading of TiO, nanoparticles embedded in amorphous
silica, the XRD patterns of PCAA showed no characteristic
peaks. It was not possible to identify the crystalline phase of
TiO, with this method. High-resolution TEM measurements
of PCAA bulk material have been performed to investigate
particle size and distribution of the nanoparticular TiO,
mater. Figure 3 evidences rare nonagglomerated crystalline
domains of size in the range between 5 and 10 nm. These
rare crystallites are surrounded by amorphous silica matrix
visualized by low-contrast gray slabs and spots. A first
approximation of their crystalline layer distances indicates
the anatase phase.

3.3. UV-absorption of the nanocoated substrates

The UV transmission of a substrate is one important
property, since a large active area has to be illuminated
in practical applications. The substrate must not absorb
photons at energies sufficient to elevate an electron from the
valence band to the conduction band of the semiconductor.

10nm

FiGure 3: High-resolution TEM image of the TiO, nanoparticles
immobilized into the nanoporous silica substrate (LIMHP Paris).

A custom-made setup consisting of a big volume quartz cell
(55 x 35mm? window size) with adjustable spacing and
an 8W UV-A tube (Sylvania BL350) light source was used
to measure the optical transparency dependence on the fill
thickness (10-30 mm). The penetrating light was detected
by a Chromex 250IS monochromator (grating 1501/mm,
f = 30cm, slit 20um) equipped with a CCD detector
(Princeton). Figure 4(a) shows the spectral dependence on
the absorption shows a plateau with no particular band
structure. Because the silica band gap is large, we assign
this opacity to the light scattering on silica pores. On the
other hand, the opacity of TiO,-coated PCAA exhibits a
characteristic onset below ~400 nm, which corresponds to
the bulk TiO; anatase absorption [6]. Short-wave UV-light
is thereby scattered and absorbed inside PCAA, while long-
wave UV/VIS light is transmitted through a fill of PCAA. This
finding is documented by Figure 4(b)) which clearly shows
a red shift of the normalized absorbance with increasing fill
thickness.

3.4. Photocatalytic oxidation in continuous mode

First experiments were carried out under continuous gas feed
and UV-A illumination. The photocatalytic performance of
PCAA was studied by the TCE degradation rate (rrcg) based
on the volume of the fixed bed (Vgp). The experimental data
of pollutant concentration (in ppmv) at inlet (Yyy) and outlet
(Your) and the total molar gaseous flow Ng (in mol/s) were
used to calculate the experimental rate rrcgeyp as presented
in

N,

— mol
rcEexp (Y) = Tli'(YIN - Your) (m3-s)' (1)

Due to reactions, the TCE concentration decreases down-
stream of the gas flow. Thus assuming Langmuir-Hinshel-
wood reaction kinetics, this experimental rate is related to the
logarithmic mean concentration Y between inlet and outlet:

(Yin — Your)

7 = N~ Tout)
In (Yin/Your)

(ppmv). (2)
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FIGURE 4: (a) Spectral dependence of the absorbance of pure and nano-TiO, impregnated silica substrate. (b) Red-shift of the normalized

absorbance with increasing fill thickness of PCAA.

Among different kinetic studies concerning the photo-
catalytic oxidation of TCE reported in literature (see, e.g.,
Anderson et al. [7], Demeestere et al. [8], Doucet et al. [9]),
we found that none of them provided sufficient information
about the reaction rate dependence on light intensity over
a wide range of concentrations. Our experimental kinetic
study was performed in continuous operation mode for
different inlet concentrations and varying light intensity I.
We developed a modified Langmuir-Hinshelwood kinetic
model to accommodate the influence of the concentration
and light intensity on the TCE decomposition rate rrcg:

ki-Kpgq-Y o mol
ree(Vo]) = PR (e et () )

The influence of the light intensity I is expressed by the
exponential term of (3). Thereby, the intrinsic light intensity
I was related to the maximal intensity L. (5.36 mW/cm?).
A dimensionless adjustable parameter C, with no further
physical meaning, was used as a fit parameter. This expo-
nential term was suggested to describe best the observed
saturation behavior over the applied concentration range.
Figure 5 illustrates this behavior in a 3D surface fit. The
points set for the experimental data obtained with (1) and
(2), while the surface presents the calculated model according
to (3), computed with the kinetic parameters of Table 2. The
model satisfactorily describes the measured data with a high-
correlation coefficient r? of 0.976.
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FiGure 5: Experimental results (dots) and kinetic fit for the
photocatalytic oxidation of TCE on PCAA in dependence of
concentration and light intensity.

3.5. Photocatalytic oxidation in discontinuous mode

PCAA possesses a large inner surface and hence a high
capacity for the adsorption of polar pollutant molecules. In
case of TCE, experiments resulted in the adsorption of about
1.4mg/g at 100 ppmv (23°C) and no UV-A illumination.
This adsorption capacity combined with the photocatalytic
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TaBLE 2: Calculated kinetic parameters for the photocatalytic oxidation of TCE (25-300 ppm) on PCAA in dependence of UV-A light

intensity (0-5.35 mW/cm?, 11 mm fill thickness).

Catalyst Rate k; (mol-m™3-s71) Adsorption constant Kyg (ppm™") Light constant C (1) Correlation r? (1)
PCAA 0.0149 0.0085 0.325 0.9769
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Ficure 6: Transient TCE, CO, and CO, concentration at reactor
outlet for the discontinuous oxidation of TCE on PCAA (50 ppm
TCE inlet concentration, mode B: teg = 2-t,0 = 120 minutes).

activity can be used to run a reactor unit equipped with
PCAA in a discontinuous mode for gas cleaning purposes.
In this regime, first the adsorption step occurs of a pollutant
from the raw gas stream under no UV-A illumination,
followed by a regeneration step with/without clean air flush
under UV-A illumination. Zou et al. [10] described the
photocatalytic oxidation of toluene on titania-silica pellets in
alternating adsorption/regeneration mode. A higher removal
efficiency is generally expected with an increased regenera-
tion time.

To test PCAA in discontinuous operation conditions, we
conducted experiments at 50 ppmv and 100 ppmv TCE inlet
concentration under two different conditions. Mode A was
designed with the adsorption time f,4 = 60 minutes and
equal regeneration time ty, = tg. Mode B was designed
with a twice longer regeneration time trg = 2-fuq (120
minutes). During regeneration, the reactor was flushed
with 11/min s.t.p. clean air and UV-A light was on with
the maximum lamp performance (5.36 mW/cm?). Figure 6
shows the transient analyzer signals for Mode B at 50 ppmv
TCE inlet concentration. Since the fill volume was small
(42 cm?), a certain amount of TCE passed as slip the fixed
bed reactor during the adsorption step (UV-A lamps off).
Around 50% of the incoming TCE molecules were emitted
on this stage. During the regeneration step only a very low
TCE quantities were emitted and the adsorbed TCE was
stored in PCAA, being slowly oxidized by the photocatalytic
process until the next adsorption step.

continuous and discontinuous operation modes

A complimentary possibility in evaluation of the material
photocatalytic performance is to follow the reaction prod-
ucts formation. CO, is the most desired final product of
this process. Table 3 compares the main figures of overall
conversion efficiency, oxidation rate Cox/Crcg, and ratio of
produced CO, versus CO in discontinuous and continuous
operation modes. This comparison shows a much higher
conversion efficiency in the continuous mode compared
to the discontinuous one. This is well supported by the
high slip of our setup during the adsorption step, as we
defined conversion efficiency as (TCEy — TCEour)/TCEN.
The main advantage of the discontinuous operation mode is
the longer residence time of the pollutant in PCAA. Hence,
a much higher conversion of TCE to CO and CO; can be
achieved. This is illustrated by the Cox/Crcg ratio, which
is computed out of a carbon balance for adsorbed/reacted
TCE to produced CO and CO;. Furthermore, a full oxidation
to CO; is preferred with longer regeneration time, which is
illustrated by a higher CO,/CO ratio for mode B. For all
discontinuous tests, the computed oxidation rate was smaller
than 1 which implies that a larger-quantity pollutant was
adsorbed than oxidized at the regeneration steps. Hence, the
regeneration time was too short and the system was still
in an unsteady regime after ~15 hours operation in mode
B. Out of this finding, it can be concluded that TCE is
to be converted into chlorinated intermediates (e.g., DCAC
[11, 12], Phosgene [11-13], etc.) in a first fast reaction
step. FTIR measurements proved the presence of DCAC
and phosgene in the off-gas stream of the photo-reactor.
Since their high polarity, these chlorinated intermediates can
remain adsorbed onto the polar PCAA surface and oxidized
slowly to the final oxidation products including CO and
CO;. We assume a first-order kinetic reaction with the molar
load of hydrocarbon in PCAA as determining concentration.
Figure 7 shows the transient outlet concentration of CO/CO,
during a long-term regeneration step. Thereby, the plotted
lines were calculated with a first-order reaction scheme. A
detailed analysis of the reaction pathways was not subject of
the present communication.

4. CONCLUSION

A photocatalytic active adsorbent (PCAA) was prepared
by coating a coarse granular porous silica with TiO,
nanoparticles in a sol-gel reactor. The used substrate acts as
adsorbent possessing a high inner surface (BET = 330 m?/g)
with an open wide pore structure. A high-resolution TEM
image revealed a particle size of 5-10 nm. The crystalline
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TaBLE 3: Conversion efficiency, slip during adsorption, oxidation ratio, and CO,-to-CO ratio for regeneration time equals adsorption time
(teg = tad, mode A), regeneration time twice adsorption time (tg = 2-t,4, mode B), and continuous operation (mode C).

TCE inlet ppm Mode Total TCE conversion (%) Slip during adsorption (%) Cox/Crcg (%) C0O,/CO (1)
A 45 51 32 2.73
50 B 44 49 65 3.43
C 89 — 25 1.75
A 38 55 30 2.04
100 B 40 53 48 3.05
C 73 — 28 1.61
s S Ea— E— Ea— Ea— E— Ea— = i Recent experiments indicate a photo-induced activity of the
] uncoated substrate for the destruction of TCE developed
7 40 1 - after some UV-A illumination time. This currently unknown
é 35 L process maybe driven by a chlorine radical reaction. Further
= experiments with photocatalytic oxidation of methanol on
2 307 i PCAA are under way.
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Ficure 7: Transient CO, CO, concentration at reactor outlet for a
long-term regeneration run. The measured data points were fitted
with a first-order kinetic fit (line).

particles are isolated embedded in the amorphous silica
matrix. Experimental test for the photocatalytic oxidation
of trichloroethylene (TCE) was conducted in a fixed-bed
reactor setup under dry conditions. A study of influence of
the pollutant concentration and UV-A light intensity was
performed in a continuous operation mode. An adapted
Langmuir-Hinshelwood kinetic model was found to sat-
isfactorily describe the measured TCE destruction rate.
The continuous operation mode resulted in a higher TCE
conversion efficiency but a lower oxidation ratio to CO
and CO, than the discontinuous operation mode. The
main problem of a discontinuous operation was the slip of
pollutant during the adsorption step. This problem can be
solved by a longer length of the PCAA fill. The CO and CO,
production rates were found to be directly dependent on
the amount of pollutant or intermediate adsorbed in PCAA
rather than on the inlet concentration.

PCAA can be regenerated by the photocatalytic oxidation
process. This opens up new and alternative ways in photocat-
alytic reactor design and gas cleaning technology. Our results
indicate a large material potential for applications at low
pollutant concentrations and small to medium gas flow rates.
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The stability of Ag-TiO, photocatalysts was examined for the photocatalytic degradation of dichloroacetic acid (DCA) as a
function of the recycling times. The photocatalytic activity was investigated by measuring the rate of H ions released during
the photodegradation of DCA and confirmed by measuring the total organic carbon removal. The photodegradation reactions
were studied at pH 3 and pH 10 for a series of Ag-TiO, photocatalysts as different with Ag loadings . All the Ag-TiO, and bare
TiO, photocatalysts showed a decrease in photocatalytic activity on recycling for the DCA photodegradation reaction. The decrease
in activity can be attributed to poisoning of active sites by Cl~ anions formed during the photocatalytic DCA degradation. The
photocatalytic activity was, however, easily recovered by a simple washing technique. The reversibility of the poisoning is taken as
evidence to support the idea that the recycling of Ag-P25 TiO, photocatalysts does not have a permanent negative effect on their
photocatalytic performance for the degradation of DCA. The choice of the preparation procedure for the Ag-TiO, photocatalysts
is shown to be of significant importance for the observed changes in the photocatalytic activity of the Ag-TiO, particles.

Copyright © 2008 Victor M. Menéndez-Flores et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.

1. INTRODUCTION

The presence of cocatalytic noble metal deposits on metal
oxide particles is often employed to enhance the photocat-
alytic oxidation efficiency of processes through achieving
a more efficient charge separation [1]. Considerable work
has been done on Ag-TiO, modified photocatalysts and
their potential applications as enhanced photocatalysts. The
presence of Ag deposits on the TiO, surface can help to
efficiently separate the electron hole pairs by attracting the
conduction band photoelectrons. This process has been
shown to improve the overall efficiency for a number of
photocatalytic reactions [2]. Ag-TiO; particles are typically
prepared by photodeposition with the titanium dioxide
particles being suspended in an aqueous solution containing
the metal salt. When the suspension is illuminated, metal
ions are reduced by conduction band electrons to form
the metal deposits on the TiO, surface. This process is
described by the series of reactions (1)—(3). Depending on
the preparation conditions, this photodeposition procedure

typically yields small metal deposits ranging from a few
nanometers to tens of nanometers [2]

TiO; + hy — TiO,(e”,h"), (1)
(TiO,)OH + h* — (TiO,)OH"*, @)
Ag"+e — Ag. (3)

The size and dispersion of metal deposits on TiO, particles
are critical in controlling their photocatalytic activity. Given
the strong effect of deposit size and dispersion, the devel-
opment of preparation methods which provide such close
control over deposit size is essential [3, 4]. An issue that
is not often addressed is the stability of these metal-doped
particles and hence the effects, if any, on the longer-term
application potential and shelf-life stability of these particles.
This is particularly true for applications as photocatalysts,
where these particles are subjected to irradiation with
UV(A) light. Reformation of surficial metal clusters when
the semiconductor particles are exposed to ultrabandgap
irradiation has often been reported [5, 6]. For example, while
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cluster stabilization can be achieved by adsorption of metal
clusters onto a solid surface, it has been shown that the rate
of cluster growth on a quartz surface is accelerated by UV
light [5].

The stability of metal deposits on photocatalysts under
illumination may depend on a number of factors, such as,
for example, the type of metal, the deposit size, the photocat-
alytic reactions taking place, and the reaction conditions such
as solution pH. Additionally, the redox potential can affect
the reduction state of the supporting oxide. For example,
the efficiency of the cluster-oxide coupling has been found
to strongly depend on the band bending in TiO, after silver
deposition which in turn varies with the reduction state of
the oxide [7].

Despite the large volume of studies focusing on metal-
deposited TiO, photocatalysts, particularly Ag-TiO,, the
photocatalyst stability and recycling has been addressed only
in a few studies. Reproducibility tests were carried out on
Ag-doped TiO; films prepared through a 2-step dipping and
illumination process using Degussa P25 as the photocatalyst.
These tests proved that the photocatalytic activity of the
silver-modified films for the degradation of methyl orange
remains unchanged even after six consecutive experiments
with newly added pollutant quantities [8]. Xu et al. [9]
have studied recycled 0.5atom% Ag-deposited magnetic
Ti0,-S10,-Fe304 photocatalysts and have also found that
the photoreactivity for the degradation of orange (II) was
maintained after 3 recycles. However, the total irradiation
time was only 20 minutes which is relatively short.

In a study by Zhang, Ag-TiO, photocatalysts were in fact
deactivated during the photocatalytic degradation of acetone
in air [10], with a 73% reduction in activity during the
fourth hour of reaction. The deactivation was explained as
being due to interactions between partially oxidized organics
and the Ag deposits, and possibly by the aggregation of
the silver nanoparticles, which was reflected in changes in
the absorption spectra of these particles. Regeneration was
achieved by visible light illumination and was attributed to
the oxidation of Ag deposits to Ag™ ions, in the form of Ag,O,
which were reduced to Ag” upon UV illumination. This study
raised the issue of the nanometre level control of feature
size and interfeature spacing and the long-term stability of
such structures, hindering their full exploitation for device
applications [11].

Apart from photocatalytic applications, Sun et al. [12]
have studied Ag-TiO, cyanide sensors prepared by the
photodeposition method which were tested under mild con-
ditions and found to give good results using 0.1-10 gmol/L
cyanide at pH 9-12. The Ag-TiO, sensors were found to be
effective, without the need for regeneration for up to one
month. It must be said that the available silver content was
greater than the amount of cyanide to be detected.

In this study, we have examined the durability of Ag-TiO,
photocatalysts under practically relevant conditions. The
model reaction was the photodegradation of dichloroacetic
acid (DCA). DCA is a known industrial pollutant the
photodegradation of which has been studied extensively, for
example, by Bahnemann et al. [13]. Important parameters
selected for an initial exploration were the duration of

illumination and the silver content. The poisoning of the
photocatalyst surface by chloride ions was explored and
reactivation was investigated using a simple washing tech-
nique. The deactivation of self-prepared colloidal TiO, was
compared to that of the commercially available P25 TiO,
photocatalysts.

2. EXPERIMENTAL

2.1. Preparation of Ag-TiO, and colloidal
TiO, photocatalysts

The Ag-TiO, photocatalysts were prepared by a photodepo-
sition process. Degussa P25 was used as the TiO, photocata-
lyst. P25 TiO; consists of 70% anatase and 30% rutile with
an average primary particle diameter of 55 + 5nm and a
BET surface area of 48 m?/g. The photochemical experiments
were performed in a reactor (50 mL) with a plain quartz
window on which the light beam (A = 320nm) was
focused. Figure 1 provides a schematic of the photocatalytic
reactor setup. The reactor was equipped with a magnetic
stirring bar, a water-circulating jacket and three openings
for pH electrode, gas supply, and sample withdrawing.
The photoreactor was filled with 50 mL of the aqueous
suspension containing the TiO, photocatalyst at a loading of
0.5 g/L. The photocatalyst slurry was illuminated with UV(A)
light for 20 minutes to oxidize any possible organic carbon
impurities on the TiO, surface.

Silver ions in the form of AgClO, were then added to the
TiO; slurry at an initial pH of approximately 6 to obtain
the desired Ag":Ti ratio. The suspension was illuminated
for 24 hours. A series of Ag-TiO, photocatalysts with a
respective Ag loading of 0.1, 0.2, 0.35, 0.5, 1, and 2 atom%
was prepared. The samples were labelled as xAg-TiO,, where
x is the amount of Ag" added given in atom%.

The prepared particles were characterized by electron
microscopy (emission transmission electron microscope
JEOL JEM-2100F-UHR and emission scanning electron
microscope JEOL JSM-6700F). The STEM was supported
by an energy dispersive spectroscopic analysis (EDX) and
elemental X-ray mapping images provided information
regarding the distribution of the various components (TiO,
and Ag) and ions (Ti, Ag, Cl) before and after the photoreac-
tion.

Colloidal TiO, was prepared by a method described by
Bahnemann [14] that involved the dropwise addition of
titanium tetraisopropoxide dissolved in 99.99% 2-propanol
to an aqueous hydrochloric acid solution of pH 1.5. The
final concentrations of TiO, and 2-propanol were 1.5 X 1072
and 1.2 M, respectively. The reaction volume was 1L. This
mixture was stirred overnight employing a magnetic stirrer.
The final solution was optically transparent. Evaporation
under vacuum was used to collect the TiO, powder which
can be resuspended in water and other polar solvents (e.g.,
alcohols) to form transparent colloidal suspensions. UV-
Vis absorbance measurements in the wavelength range 200—
700 nm showed the steep increase in absorption below
approximately 350 nm which is typical for nanosized TiO,.
The final TiO; solution, whose photoactivity was tested, was
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prepared by suspending 500 mg of this powder in 1L of
water.

2.2. Photocatalytic degradation of DCA

After the photodeposition reaction, the Ag-TiO, photocat-
alysts were collected and sonicated for 15 minutes before
the addition of 1mM DCA into the slurry. The pH was
then adjusted to either 3 or 10, by addition of 0.1 M
HCIO4 or 0.1 M NaOH, respectively. The temperature of
the suspension was maintained at 25°C. The suspension
was vigorously stirred without illumination for 30 minutes
to attain adsorption equilibrium of the DCA molecules
on the photocatalyst surface and continuously purged with
air to ensure a constant O, concentration throughout the
experiment. After this adsorption period, UV illumination
was provided by a high-pressure Xe-lamp (OSRAM HBO-
500W). A UV(A)/Vis illumination was achieved employing
a band-pass filter (WG 320) which eliminates UV-radiation
below A = 320 nm. The intensity of UV(A) illumination was
20 mW/cm? at the entrance window of the photoreactor as
measured by a UV light meter (ultraviolet radiometer LT
Lutron UVA-365).

The pK, of DCA is 1.29 [15] and it thus exists in
its anionic form in aqueous solutions at pH > 2. The
photocatalytic oxidation of one DCA anion results in the
formation of one proton, two CO, molecules, and 2 Cl™ ions
(4). The reaction pH was maintained constant using a pH-
stat setup with the addition of HCIO4 or NaOH as needed.

CHCLCOO™ + 0, 1% 500, + H* +2C1°.  (4)

The rate of the photodegradation of DCA was followed
by measuring the amount of OH™ added to keep the pH
constant and thus the amount of H* formed using the pH-
stat technique as described by Bahnemann et al., 1993 [16].
Samples were taken at the beginning and at the end of each
run for total organic carbon (TOC) analysis. The reaction
time was 4 hours for each run. In total, 3 consecutive runs
were preformed with the same photocatalyst. 1 mM of DCA
was injected at the beginning of each run. For the third run,
4mM CI™ was also added to selected experiments in order
to compare and investigate the effect of chloride ions on the
photocatalytic reaction rate.

3. RESULTS AND DISCUSSION

For the preparation of the Ag-TiO, photocatalysts, the first
indication of the deposition of metallic silver onto the TiO,
surface upon irradiation of the TiO, and Ag" suspensions
was a color change of the particles from white to brown. A
higher concentration of silver ions corresponded to a higher
intensity of this brownish color. According to the literature,
the photodeposited Ag should be present in metallic form,
based on XRD analysis of Ag/TiO, particles prepared using
20.0 atom% Ag"* loading which confirmed the presence of
metallic silver [17]. At lower Ag content, metallic silver could
not be detected since the mass of silver in the sample was
below the detection limit of the employed instrument [17].

In Figure 2(a), the degradation of 1 mM DCA within
each run (followed as release of H* ions during the degra-
dation process) using pure Degussa P25 as the photocatalyst
is shown. Three runs were consecutively carried out and
a third run from a second series of experiments is also
presented here with 4 mM Cl™ added before the illumination
to evaluate a possible poisoning effect of the photocatalyst’s
active sites by chloride ions. It can be clearly seen that
both the reaction rate and yield are reduced during each
consecutive run with the most obvious inhibition being
observed upon the addition of chloride ions.

As shown in Figure 2(b), the photocatalytic activity of
Degussa P25 toward the degradation of DCA is almost
completely recovered once the catalyst is simply washed with
pure water before the next activity test. This clearly indicates
the inhibitory effect of Cl™ ions that was already obvious
from the results presented in Figure 2(a).

The effect of recycling the 0.35 Ag-TiO, photocatalyst
on the photocatalytic degradation rate of DCA is shown in
Figure 3(a) and once again employing the washing technique
in Figure 3(b). The reaction conditions were the same as
described previously for the experiment with pure P25 TiO,.
As can be seen from Figure 3(a), the reaction rate is found
to be lowered after the first run, and is lowered even more
during the 3rd run. Once again, the reaction rate is further
reduced when this third run is carried out after the addition
of 4mM CI™. Moreover, the reaction seems to stop in this
case after about 20% of the initially present DCA has been
degraded. This is consistent with the respective TOC results
shown in Figure 6 (vide infra).

In the next set of experiments, the aim was to investigate
whether the negative effect of recycling the Ag-TiO, photo-
catalyst can also be avoided by a simple washing technique.
Washing of the photocatalysts was carried out by recovering
the material by centrifugation of the reaction slurry after
each run and resuspending it in distilled water, followed by
the appropriate adjustment of pH. The results are shown in
Figure 3(b). As in the case of pure Degussa P25, it is obvious
that this simple intermittent washing technique between
each reaction run leads to a remarkable improvement in
activity following the first and second recycles.

The results shown in Figures 2 and 3 clearly show that
a “clean” surface is a prerequisite for the photocatalyst to
exhibit its full activity independent of the absence or presence
of cocatalysts such as Ag-deposits. The detrimental effect of
codissolved ions such as Cl™ is known since they are likely to
adsorb onto the TiO; surface and can disturb the adsorption
of the organic compounds [18].

The self-prepared colloidal TiO, photocatalyst was tested
with the same intention as pure Degussa P25 and P25-Ag
under the identical experimental conditions. Figure 4 shows
the results of these experiments. Obviously, the reaction rate
and yield also decrease in subsequent runs. However, this
poisoning effect appears to be much less pronounced for the
colloidal particles as compared with pure or Ag-deposited
Degussa P25. Even with the further addition of 4 mM of
Cl™ ions before the third run, no substantial difference is
observed as compared with a third run without the addition
of chloride ions. Thus the capacity of the self-prepared
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FIGURE 1: Schematic presentation of the photocatalytic reactor setup.

colloidal particles to accommodate chloride ions without any
loss in photocatalytic activity appears to be very high.

The results of the TOC analysis performed at the end of
each experimental run, that is after 4 hours of illumination,
and the H* production efficiency in percent increase at the
same time are presented in Figures 5-7. These figures provide
a summary of the effect of recycling and washing of the
photocatalysts with respect to the mineralization of DCA.
The TOC removal results are in fact in good agreement with
the results obtained following the release of H', evincing that
the simple stoichiometry given in (4) is indeed correct.

In Figure 5, the results for pure Degussa P25 are shown.
The gradual decline in photoactivity following each recycle
can be seen from set A for the consecutive runs. In set B, the
strong detrimental effect of chloride ion addition before run
3 can be clearly seen. In set C, the photocatalyst was collected
after each run by centrifugation, resuspended in distilled
water at the correct pH and placed back in the reactor.
However, for the pure P25 photocatalyst, the recovery of
the photoactivity was not complete. Comparing the results
obtained from set A with those of set C, however, it is obvious
that the photoactivity after the washing technique is slightly
higher than that observed without washing.

The results for the TOC removal using the 0.35 Ag-
TiO, photocatalyst are presented in Figure 6. These are also
in agreement with the DCA degradation results shown in
Figures 3(a) and 3(b). The results of set C show the successful
application of this simple washing technique resulting in
an almost complete recovery of the photocatalytic activity.
While the amount of DCA degraded after 4 hours of
illumination even seems to slightly increase after each
illumination/washing cycle (Figure 6, set C), the initial
rate of degradation is found to decrease (Figure 3(b)), in
particular, for the second run. In comparison with the results
obtained for pure Degussa P25, however, it is obvious that
the photocatalytic activity of Ag-TiO, can be recovered much
more rapidly by this simple washing procedure. As will be
shown below (in Figures 13 and 14), this might be due to
the fact that the chloride ions show a strong tendency to
adsorb at the silver clusters from where they can obviously
be removed much easily than from the bare TiO, surface.

For the colloidal TiO, particles, the analysis of the
TOC removal after 4 hours of illumination also showed

the durability of this photocatalyst (the results are shown
in Figure 7). In fact, this photocatalyst showed a greater
resilience to deactivation compared to pure Degussa P25
and to the Ag-TiO, photocatalysts. This is believed to be
due to the greater number of active sites provided by
this photocatalyst for the photocatalytic reaction, hence
minimizing the observed poisoning by the chloride ions. It
is important to note that due to its colloidal nature, this
photocatalyst could not be separated by centrifugation and
hence it could not be washed between the recycles. Both its
advantages and drawbacks need to be taken into account
when considering its application under real conditions.

In the next set of experiments, the effect of catalyst
recycling on the photocatalytic DCA-degradation rates was
examined for a series of Ag-TiO, photocatalysts varying the
amount of deposited Ag. These degradation experiments
were carried out both under acidic (pH 3) and under
basic (pH 10) conditions. The aim was to identify reaction
conditions or photocatalyst composition, where the observed
reduction in photonic efficiency due to recycling can be
minimized. Figure 8 provides a summary for the results
obtained for the measured photonic efficiencies (based on
the initial degradation rate of DCA as measured by the
release of H).

The photonic efficiency ( is defined as the ratio of the
initial degradation rate and the incident photon flux (see
(5)), where the initial photocatalytic rate is calculated from
the slope of the individual concentration versus time profiles.
This definition of the photonic efficiency was first suggested
by Serpone and Salinaro [19]. The incident photon flow
per volumetric unit (I varied between 3.39 x 10~? Einstein
L 'h™! and 3.74 x 1072 Einstein L™'h™!) was calculated
based upon the UV-A light meter measurements [20], the
irradiated surface area of 8.042 cm?, and the volume of the
suspension (5 x 1072 L).

I-A
]O_NA'h'C, ()
5
ko V
(%) = Jo- A 100

with Jo = light flux [mol®s™' cm™2]; I = light intensity
[J*s~'cm~2]; Na = Avogadro’s number [6.022-10% mol ' ];
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FiGURE 2: (a) Degradation of DCA (shown as release of H") using
the photocatalyst Degussa P25 at pH 3 in 3 consecutive runs, 1st
run (—), 2nd run (-—-), 3rd run (- --), a 3rd run (---) with
addition of 4mM Cl~ before the run started, and slope (—)
used for the determination of the photonic efficiency of each run
with I ~ 3.39 x 1072 Einstein L™'h™". The photocatalyst loading
was 0.5g/L. (b) Degradation of DCA (shown as release of H")
using the photocatalyst Degussa P25at pH 3 in 3 consecutive runs
with intermittent washing between the runs, Ist run (—), 2nd run
(===),3rd run (- - - ), and slope (—) used for the determination
of the photonic efficiency of each run with I ~ 3.39 x 1072 Einstein
L~'h". The photocatalyst loading was 0.5 g/L.

h = Planck constant [6.63-107**Js]; ¢ = light velocity
[3-108m*s~1]; k = initial rate constant [s"!]; A = area [cm?];
Co = initial DCA concentration [mol*L™']; A = wavelength
[nm]; V = volume [L] .

In Figure 8, the photonic efficiency measured for each
run is presented, comparing the fresh photocatalyst with the
recycled ones after the second and third runs. Figure 8 shows
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Figure 3: (a) Degradation of DCA (shown as release of H") using
the photocatalyst 0.35 Ag-TiO, at pH 3 in 3 consecutive runs, Ist
run (—), 2nd run (-—-), 3rd run (- --), a 3rd run (---) with
addition of 4mM Cl~ before the run started, and slope () used
for the determination of the photonic efficiency of each run with
I ~ 3.39 x 1072 Einstein L™'h™". The photocatalyst loading was
0.5g/L. (b) Degradation of DCA (shown as release of H") using
the photocatalyst 0.35 Ag-TiO, at pH 3 in 3 consecutive runs with
intermittent washing between runs, 1st run (—), 2nd run (-—-),
3rd run (- - - ), and slope (—) used for the determination of the
photonic efficiency with I ~ 3.39 x 1072 Einstein L™'h™". The
photocatalyst loading was 0.5 g/L.

overall higher rates during the first run at pH 3 compared
to pH 10 both, for pure Degussa P25 and when silver
is photodeposited. This DCA degradation trend, although
performed with a different photocatalyst, is in agreement
with earlier studies reported by Bahnemann et al. [13], who
attributed the faster rates observed under acidic conditions
(pH 2.6) to the favorable DCA coordination through the
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F1GURE 4: Degradation of DCA (shown as release of H") using the
prepared colloidal TiO, photocatalyst at pH 3 in 3 consecutive runs
without intermittent washing between runs, 1st run (—), 2nd run
(==-), 3rd run (- - - ), a 3rd run (---) with addition of 4mM Cl~
before the run started, and slope (—) used for the determination
of the photonic efficiency of each run with I ~ 3.39 X 1072 Einstein
L™'h™". The photocatalyst loading was 0.5 g/L.
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Ficure 5: Removal of DCA (TOC removal) after 4 hours of
illumination using the photocatalyst P25-TiO, at pH 3 in 3
consecutive runs (1st run M, 2nd run B, and 3rd run O), the H"
production efficiency after 4 hours of illumination is also shown
(1st run , 2nd run ., and 3rd run EE) in set A, with chloride ion
addition before the third run (set B), and with intermittent washing
between runs (set C). The photocatalyst loading was 0.5 g/L and the
light intensity I ~ 3.39 x 1072 Einstein L"'h™".

formation of bidentate complexes that could not be formed
in alkaline medium at pH 11.3. The absolute value of the
photonic efficiency for the pure P25 photocatalyst obtained
here is slightly lower than that reported previously [21],
where a photonic efficiency { = 3.9% was measured at
pH 3 under similar conditions. This could, for example, be
explained by a variation of the activity of such a commercial
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FiGure 6: Removal of DCA (TOC removal) after 4 hours of
illumination using the photocatalyst 0.35 Ag-TiO, at pH 3 in 3
consecutive runs (1st run M, 2nd run M, and 3rd run O), the H*
production efficiency after 4 hours of illumination is also shown
(Ist run , 2nd run ., and 3rd run E) in set A, with chloride ion
addition in set B before the third run and with intermittent washing
between runs (set C). The photocatalyst loading was 0.5 g/L and the
light intensity I ~ 3.39 x 1072 Einstein L"'h™".
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F1GURE 7: Removal DCA (TOC removal) after 4 hours of illumina-
tion using the colloidal-TiO, photocatalyst at pH 3 in 3 consecutive
runs (1st run B, 2nd run M, and 3rd run 0) the H" production
efficiency after 4 hours of illumination is also shown (1st run B,
2nd run BA, and 3rd run F) in set A and with chloride ion addition
before the third run (set B). The photocatalyst loading was 0.5 g/L
and the light intensity I ~ 3.39 x 1072 Einstein L 'h™".

product between different production batches which are
well known for most catalysts. It is interesting to note the
influence of the presence of chloride ions in the suspension.
With the presence of 8§ mM NaCl (2 X 2 mM for runs 1 and 2
plus 4 mM added before run 3) prior to run 3 the efficiency
decreases by approximately 50%, that is, the photocatalytic
activity can be considerably inhibited by the presence of
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Ficure 8: Effect of recycling Ag-TiO, photocatalysts on observed
photonic efficiencies at pH 3 and pH 10 (1st run B, 2nd run M, and
3rd run 0J), degradation of I mM DCA without any extra addition
of chloride ions or washing technique performed. The photocatalyst
concentration was 0.5 g/L with different silver loadings (atom%).
The light intensity at pH 3 was I ~ 3.39 x 1072 Einstein L 'h™" and
at pH 10 was I ~ 3.74 x 1072 Einstein L™"h™".
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FIGURE 9: Effect of recycling Ag-TiO, photocatalysts on observed
TOC removal at pH 3 and pH 10 (1st run B, 2nd run B, and 3rd
run [J), degradation of 1 mM DCA without any extra addition of
chloride ions or washing technique performed. The light intensity
at pH 3 was I ~ 3.39 x 1072 Einstein L"'h™' and at pH 10 was
I~374% 107 Einstein L"'h™".

anions such as chloride. A similar yet less pronounced effect
has been reported previously [21].

In Table 1, all photonic efficiency values are presented
that have been calculated using (5) for each experiment.
Previous reports ([21], Figure 4), concerning the photonic
efficiency of the degradation of DCA in the presence of P25,
are consistent with the photonic efficiency values obtained
in this work. Here, the photonic efficiency was found to
be between 2.83 and 3.69% at pH 3 (cf. { = 3.9% at
pH 3 [21]). Also, a decrease of the photonic efficiency was
previously noted at pH 10 (cf. { = 0.6% at pH 10 [21]). The
results obtained here concerning the influence of Cl~ can be
compared with a set of experiments carried out previously
also [21], where the efficiency was reported to decrease from
{ = 3.8% with the number of subsequent experiments to
{ = 2.0% during run 3 and { = 0.9% during run 6. Once

Intensity (a.u.)

0 1 2 3 4 5 6 7 8 9 10
Energy (keV)

FiGUrE 10: EDXS-spectrum of Degussa P25 prior to the photode-
position of silver or the photodegradation of DCA.
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FiGure 11: EDXS spectrum of 0.2 Ag-TiO, photocatalyst prior to
the photodegradation of DCA.

again, the photonic efficiency recovered after washing of the
photocatalyst (reaching { = 2.2% [21]) as confirmed in the
present results.

A closer inspection of the results shown in Figure 8
reveals that while at pH 10 there is no clear relationship
between the observed photonic efficiency and the absence
or presence of Ag on the photocatalyst, at pH 3, the fresh
0.2 Ag-TiO, photocatalyst slightly outperforms pure Degussa
P25. For the second run, however, the situation has changed
with 0.35 Ag-TiO, now being the best photocatalyst for the
DCA degradation. Finally, in the third run all tested catalysts
exhibit almost the same photocatalytic activity ({ < 1%).
Apparently, the CI™ ions formed during the photocatalytic
oxidation of dichloroacetate are able to completely “neutral-
ize” any enhancement in activity induced by the Ag clusters.
Based on the experimental evidence given in Figures 13 and
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TABLE 1: Photonic efficiency values of the employed photocatalysts (e.g., as given in Figures 2 and 3).
pH3 pH 10
Photocatalyst Rate Intensity Photonic Rate Intensity Photonic
[0.5g/L] [mol/Lh] [mol/Lh] Efficiency (%) [mol/Lh] [mol/Lh] Efficiency (%)
1.00E-04 1.00E-04
Runl Run2 Run3 Runl Run2 Run3 Runl Run2 Run3 Runl Run2 Run3
P25 9.58 326 2.65 3.39E-02 283 09 078 390 260 1.70 3.74E-02 1.04 0.70 0.45
0.1 6.00 430 260 3.39E-02 1.77 127 0.77 486 239 195 3.74E-02 130 0.64 0.52
0.2 11.42 3.48 3.00 3.39E-02 337 1.03 089 284 184 1.24 3.74E-02 0.76 049 0.33
0.35 8.50 6.40 3.00 3.39E-02 2.1 1.89 089 216 095 095 3.74E-02 0.58 0.25 0.25
0.5 722 388 333 3.39E-02 213 1.15 198 420 3.20 2.59 3.74E-02 1.12 0.85 0.69
P25-Ag% 535 390 353 3.39E-02 1.58 1.15 1.04 5.61 278 2.00 3.74E-02 150 0.74 0.53
526 3.84 3.74 3.39E-02 155 1.13 1.10 3.12 2.16 1.48 3.74E-02 0.83 0.58 0.40
0-35 8.03 545 235 3.39E-02 237 1.61 0.69
(4 mM CI)
0.35
1250 6.17 854 3.39E-02 3.69 1.82 252
Washed
P25
before 3rd run 9.32 3.14 0.75 3.39E-02 275 093 0.22
(4 mM CI)
P25
1230 9.37 931 3.39E-02 3.63 2.77 275
Washed
Tio; 11.40 9.07 6.73 3.39E-02 337 2.68 199
colloid
TiO; colloid
before 3rd run 11.20 892 6.44 3.39E-02 331 2.63 1.90
(4 mM Cl)
@™ illumination for the same experiments shown in Figure 8.
Figure 9 shows the TOC removal measured for each run,
© comparing the fresh catalysts with the recycled photocata-
lysts after the third run. Again, the results show the decline
in activity on recycling, with no particular trend with regard
B to the amount of silver deposited or to the reaction pH. It
E is clear from both, the results in Figures 8 and 9, that while
Z there is an optimum silver loading at 0.2 atom% at pH 3, this
E 0.2 Ag-TiO, photocatalyst has no clear advantage compared
to the other Ag-TiO, samples after recycling. Finally, it
should be noted that while the initial degradation rate (used
to calculate the {-values presented in Figure 8) seems to be
ﬁ rather sensitive to the presence of the Ag-clusters (at least at
pH 3), there is no such dependence observed for the overall
o 1 2 3 4 5 6 s 10 reaction yield after 4 hours of illumination (cf. Figure 9).
Energy (keV) At pH 10, all the Ag-TiO, photocatalysts showed a similar

FiGUure 12: EDXS spectrum of 0.2 Ag-TiO, photocatalyst after
photodegradation of DCA in three consecutive runs.

14 below, this is explained by the preferred adsorption of
chloride ions at these silver clusters.

In Figure9, a summary is provided of the results
obtained for the measured TOC removal after 4 hours of

performance regardless of silver content. Given that P25
TiO; and Ag-TiO; photocatalysts had a similar photoactivity
after recycling, this study demonstrates that at least for
the photodegradation of DCA, there was no advantage in
depositing Ag on the TiO, surface if the intention is to recycle
the photocatalyst with no intermittent washing. For practical
applications, where recycling is part of a normal assumed
procedure [22], this finding is of great consequence.

TEM analysis of the photocatalysts was carried out with
the aim to examine if any visible morphological changes
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Electron image 1

(a)

(b)

F1GuUrEe 13: Electron microscopy analysis of 0.2 Ag-TiO, photocatalyst particles before the DCA photodegradation reaction. (a) STEM image
of particles, (b) corresponding Ti X-ray map, and (c) corresponding Ag X-ray map.
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FIGURE 14: Electron microscopy analysis of 0.2 Ag-TiO, photocatalyst particles after the DCA photodegradation reaction. (a) STEM image
of particles, (b) corresponding Ag X-ray map, and (c) corresponding Cl X-ray map.

had occurred to the photocatalyst samples after the second
recycle. The TEM analysis was combined with an EDXS-
REM from which elemental maps of Ti, Ag, and CI were
obtained to observe their distribution in the samples. As
a blank comparison, Figure 10 presents an EDX spectrum
of Degussa P25 before the photodeposition of silver or
the photodegradation of DCA. Figure 11 shows the same
sample after Ag was deposited on the surface. The results
are presented for the 0.2 Ag-TiO, sample which showed the
highest initial activity at pH 3 and the greatest decline in per-
formance after 2 recycles. Figure 12 shows the EDX spectrum
after the photodegradation of DCA in three consecutive runs.
The presence of Cl™ ions detected, indicative of the poisoning
of the photocatalyst surface.

In Figure 13, the STEM image and the elemental maps
of Ti and Ag in the 0.2 Ag-TiO, are shown. These show
the distinct silver deposits present in the samples. The size
of the silver deposits in 0.2 Ag-TiO, sample is larger than
that typically presented in the literature [2]. This is believed
to be due to the comparatively long irradiation time of 24
hours during the photodeposition reaction. Figure 14 shows
the STEM image of the same 0.2 Ag-TiO, photocatalyst
sample after the DCA photodegradation reaction. The
corresponding X-ray maps of Ag and Cl confirm the presence
of the Cl™ ions and the close association of Ag with the Cl~
ions.

Based on the above electron microscopy results, it is clear
that following the DCA degradation, there is a considerable
amount of Cl™ ions on the photocatalysts surface.

It is believed that the chloride ions are merely physically
adsorbed onto the surface of the photocatalyst rather than
reacting with the silver deposits. This was supported by
the fact that the photocatalysts were found to regain their
activity by a simple washing procedure. When considering
the preparation of the Ag-TiO, particles by photodeposition,
the silver salt (AgClO,4) was added at slightly acidic pH (pH
6) and the titration to the reaction pH followed afterward.
Hence at pH 10, the silver ions are expected to stay adsorbed
on the surface and there will be hardly any external formation
of AgOH precipitates. Similarly, at pH 3 the silver ions are
expected to remain adsorbed onto the TiO, surface. This
is believed to have minimized the reaction between Cl™
ions and Ag" or AgOH as the photodegradation reaction
proceeded.

If, on the other hand, the titration of the titania to pH
3 or pH 10 was to be done before the silver was added,
different results would have been expected. At pH 3, there
would have been a lower amount of silver adsorbed onto
the titania surface since both Ag" and the titania surface
are positively charged. At pH 10, AgOH will most certainly
form adjacent to the titania particles. When CI™ anions are
formed in solution, these are expected to react with the Ag*
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(b)

FiGure 15: TEM images of 0.2 Ag-TiO, photocatalyst (a) before and
(b) after recycle.

ions or AgOH to form the silver halides (silver chloride has
a solubility of 0.8 ppm (K, (AgCl) = 1.6 x 10~'%) which is
pH independent, so most of the silver chloride would have
precipitated). Upon UV exposure, the silver salts/compounds
are expected to be reduced to silver atoms (as in the
photographic process). This would have quite a significant
impact on the photolytic formation of the silver deposits
on the titania surfaces and the subsequent photocatalytic
behavior of the material.

It is also often reported that small photodeposited Ag
particles grow due to Oswald ripening as the photodeposi-
tion reaction proceeds. For example, at a silver loading of
0.39 wt%, after 60 seconds of irradiation, the size of the Ag
deposits was 3 nm which increased as the irradiation time
was doubled with some larger Ag deposits (23 nm) being
formed [23]. TEM analysis was carried out on the 0.2 Ag-
TiO, photocatalysts before and after recycling to check, if the
silver deposits were in fact reforming after multiple expo-
sures. The results presented in Figure 15 demonstrate that
there was no observable change in the size of the Ag deposits.
This was as expected since the preparation process allowed
24 hours of illumination for the deposition of the silver
particles. As mentioned earlier, the initial Ag deposits were
in fact much larger than Ag-TiO, photocatalysts which are
typically studied. Such studies often employ much shorter
irradiation times (30 minutes to few hours) [2]. For our case,
the intention was to mimic real conditions which in fact can
involve long periods of illumination as several pilot plant
studies on photocatalysis have demonstrated [18, 22]. Hence

the procedure for preparing the Ag-TiO, photocatalyst
particles is critical in determining the nature of the Ag-TiO,
particles that are formed and the subsequent changes and/or
interactions which may occur as the photocatalytic reaction
proceeds under real conditions.

4. CONCLUSIONS

In this study, it was possible to demonstrate the drop
in photocatalytic activity after 3 consecutive runs for the
degradation of DCA, using Ag-TiO, photocatalysts under
both acidic and basic conditions. The aim was to test
these photocatalysts under realistic process conditions which
may involve photocatalyst recycle, and extended periods
of illumination (up to 12 hours). Interestingly, a minimal
reduction in activity was observed for high-surface area,
colloidal TiO,. This is believed to be due to the greater
number of active sites in this sample which made it more
resilient to poisoning by the released chloride ions during the
photodegradation of DCA.

The photocatalytic activity was easily recovered by a
simple washing technique, which involved the collection
of the photocatalyst particles by centrifugation and their
resuspension in a chloride-free solution. The reversibility of
the poisoning by the chloride ions provides evidence to the
assumption that the recycling of Ag-P25 TiO, photocatalysts
(for a total 12 hours of illumination) does not have a per-
manent negative effect on their photocatalytic performance
for the degradation of DCA. This was clearly affected by
the choice of preparation procedure which minimized the
interaction of the chloride ions with free Ag* ions or AgOH
precipitates in solution, hence avoiding the formation of
AgCl. The formation of AgCl in the system would have
lead to complex photolytic reactions, whereby the overall
performance for the photodegradation of DCA would have
been difficult to predict.
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1. INTRODUCTION

Hydrocarbons can contaminate the aqueous environment
through several routes, for example, as by-products of the
oil and gas industry such as drill cuttings, or as surface run
off from petrol stations and garages. Pollution resulting from
hydrocarbons [1, 2] contaminating the marine environment
must be addressed due to the potential toxic effects associated
with these compounds can cause considerable harm to a
range of targets within the environment [3-5]. Produced
water presents a significant environmental problem to the oil
industry internationally. In one year over 8500 tonnes of oil
was discharged from oil and gas installations to the North
Sea from produced water discharges [6]. This is a particular
problem now as the offshore industry is moving towards zero
discharges from platforms.

Drill cuttings are one of the by-products of oil explo-
ration and recovery, with around 8000 m? of diesel and low
toxicity oil contaminated drill cuttings deposited around the
base of platforms in the North Sea [7]. Drill cuttings consist
of small pieces of rock which are generated when drilling
a well, which vary in size from gravel to fine silt. These
cuttings are carried from down hole to the oil platform by
drilling fluid which not only lubricates and cools the drill

bit, but also prevents blowouts. On the platform, the cuttings
are separated from the fluid with the fluid being reinjected.
Most of the cuttings will also, at some point, come into
contact with hydrocarbons which are difficult to remove in
an environmentally friendly manner. In the past, almost all of
the drill cuttings from the North Sea were dumped overboard
onto the seabed.

Since the detrimental environmental impacts [8] of
these cuttings were established, the government legislation
has reduced the amount of drill cuttings permitted to be
discharged into the sea and is moving towards banning the
practice altogether [9, 10]. Consequently, the oil and gas
industries have investigated alternative methods for dispos-
ing of drill cuttings. Processes that have been investigated
include reinjecting the cuttings back into the well (well
injection) [7] or shipping the cuttings to shore for treatment.
The on-shore treatment and disposal options which include
techniques such as thermal desorption, thermal distillation,
solvent extraction, solidification, incineration/combustion,
and landfill [11].

With thermal desorption [12], the drill cuttings are
treated by heating the materials, which results in the vapor-
isation of water and hydrocarbons. This vapour is separated
and subsequently recondensed giving an oil/water liquid and
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FIGURE 1: Prototype flat plate reactor treatment system under a UV source.

clean drill cuttings. The drill cuttings are then bagged and
used for landfill whilst oil and water are separated. The
recovered oil is burned in oil-fired power stations whilst
the water is filtered to remove any residual hydrocarbons
before being discharged into the sea. This water may still have
residual hydrocarbon content.

Hydrocarbon contamination of water can also occur at
the distribution stage as well as extraction. A particular
example of such contamination results from “surface runoff”
from Garage Forecourts. This effluent frequently contains
petrol, diesel, oils, brake fluids, and also dust from brake
parts and exhaust particles. The effluent is collected from
drainage tanks for specialised treatment and disposal. Typ-
ically, the waste water effluent is passed through filtration
systems but cannot fully remove volatile organic compounds
(VOCs), and hence secondary treatment is often required.

Semiconductor photocatalysis is a rapidly developing
process which may have a significant impact on the reduction
and removal of these harmful and toxic compounds from
produced water and waste water effluents and has even been
used for potable water treatment [13-17]. This technology
should be therefore a highly feasible process for the treatment
of both produced waters and waste water runoff from garage
forecourts. Although the use of the technology for removal of
a vast range of compounds from water has been previously
reported, one of the main challenges to date has been the
up-scaling of the process to a size where it can practically
treat large volumes of water. Many processes reported are
usually treating litres per hour or even tens of litres per
hour. Most practical effluent treatment processes require at
least 5-10 m*hr !, and some offshore oil and gas platforms
generate up to 10° m*hr~'. A review by Alfano et al. [18]
provides an excellent overview of many of the practical
processes that have been developed for photocatalytic water
treatment, particularly those utilising solar energy. In this
paper, we report the development of both flat bed and drum
reactor designs for the treatment of two real contaminated
water samples, that is, a pretreated produced water and
a waste water sample from a garage forecourt. The basic
concept of these processes has been assessed and described
herein.

In this paper, we describe a method of substituting the
water filtration system, as an addition to the current system,
to achieve very low levels of hydrocarbons in water.

2. MATERIALS AND METHODS
2.1. Multiplate thin film reactor design

There are several important parameters in the reactor
design; one of the most significant of which is the active
photocatalyst coating and the underlying substrate material.
In addition, the coating preparation and the surface area
of the catalyst available to the pollutant molecules are also
crucial considerations. Two substrate materials were studied
in this investigation: polymethylmethacrylate (PMMA) and
titanium metal.

It is well known that certain forms of PMMA are
transparent to ultraviolet radiation making the material
ideally suited for an optical type chemical reactor where
ultraviolet light is used to activate the photocatalyst. The
other material under investigation is titanium. Although
expensive, there is an important property in that when the
titanium is oxidised, titanium dioxide is produced which is
the photocatalyst being used in the reactor. There may also
be advantages in that; there is likely to be good adhesion
between the titanium and titanium dioxide.

The initial system developed for treating contaminated
water was based on a thin film photocatalytic reactor.
Figure 1 shows the prototype design of the photocatalytic
reactor where the UV source was mounted on a support
frame above the coated plate. The plate was placed on a water
tight channel which had an effluent delivery tank at the head
and an effluent collection reservoir at the base. The plate was
mounted at an angle inducing effluent flow when introduced
at the top of the unit.

The thin film plates of either PMMA or titanium
were coated with TiO; in a 50 mL methanol suspension,
containing between 200 and 250 mg of photocatalyst. This
was achieved by stirring the solution for 10 minutes to obtain
an evenly distributed mixture; this was then applied to the
PMMA or titanium plates. The plate to be coated was placed
in a shallow vessel with the TiO,/methanol solution applied
centrally, and the vessel gently tipped from side to side to
produce an even coating.

In this type of unit, the plates and plate reservoirs ulti-
mately could be jointed creating a “concertina” multiple plate
reactor module for large-scale water treatment (see Figure 2).

The contaminated water sample used to assess the
efficiency of this reactor was a sample of effluent taken
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FIGURE 2: Multiple thin film plate reactor stack (a) lab-based unit, (b) concept design for scaled-up unit.
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FiGure 3: Demonstration of the decrease in both absorbance and
fluorescence activity of produced water with reaction time.

from a thermal desorption plant used to treat drill cuttings.
The water sample typically contained 100-200 ppm hydro-
carbons. This is significantly higher than the permissible
discharge consent level for the UK controlled waters which
is currently 30 mg/L [19].

We have previously reported the use of fluorescence
spectroscopy for in situ monitoring of hydrocarbons in the
marine environment. As part of this study, the applicability
of absorption spectroscopy as an alternative technique to
fluorescence spectroscopy was assessed. Figure 3 shows the
results obtained for the analysis of a produced water sample
using absorption and fluorescence spectroscopy, when the
sample was treated using a flat plate reactor. As can be seen
from the figure for this study, a good correlation between
the two techniques was obtained and hence absorption
spectroscopy was used for monitoring the hydrocarbon
reduction for this investigation. The analysis was performed
using a Novaspec II absorption spectrometer monitoring the
decrease of the broadband peaking at 335 nm.

2.2. Drum reactor design

The drum reactor was designed to be a single pass continuous
flow system for produced water/effluents. If after one pass the
water was still above the discharge level for hydrocarbons, the
water was allowed to run into a lower reservoir. Typically,
the residence time in each drum was just over 3 minutes,
with a total treatment time after passing through three drum
modules being around 10 minutes. If at this stage the sample
was still contaminated, it was then recirculated.

The addition of hydrogen peroxide to the photocatalytic
system has been previously reported to enhance photocat-
alytic degradation rates through the generation of additional
OH radicals via the conductance band reaction with the
peroxide molecule [20, 21]. This was also found to be the
case for the degradation of hydrocarbons in both our systems
so was introduced into the final reactor setup. The hydrogen
peroxide concentration was 0.5% v/v total concentration in
the effluent. This recirculation process was continued until
the hydrocarbons had been removed.

The TiO, utilised in the reactor was a Hombikat C mate-
rial supplied by Sachtleben Chemie, Duisburg, Germany. The
reactor drums were irradiated using 36 W Philips PL-L sun-
lamp UV tubes supplied by RS Components Ltd, Northants,
UK. Figures 4(a) and 4(b) show the patented photocatalytic
drum reactor configuration [22]. Sampling was achieved via
the open air vents at the fluid inlet side of the reactor drum.

The waste water sample was taken from an interceptor
waste water collecting effluent from a Garage Forecourt. This
sample contained a mixture of hydrocarbons at a total COD
level of between 3500 and 4000 ppm.

The destruction of the hydrocarbons was monitored by
both measuring the chemical oxygen demand of the sample
and also by gas chromatography/mass spectrometry (GCMS)
using a Hewlett Packard model 5890 series II GC connected
to a Hewlett Packard model 5971A mass selective detector.

3. RESULTS AND DISCUSSION
3.1. Flat plate reactor

Initial experiments focused on the optimisation of the TiO,
coating on the plate substrate were performed by preparing
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FIGURE 4: (a) Photocatalytic reactor drum setup with patented paddle design [20] and (b) drum reactor configuration in UV box.

different coatings using the slurry method described above.
It can be seen from Figure 5 that the most effective coatings
were achieved using suspensions of between 200 and 250 mg
of TiO; (Degussa P25) in 50 mL of pure methanol followed
by air drying at room temperature. Experiments were also
carried out using elevated temperatures for evaporating off
the methanol. As can be seen from Figure 5, the effect of
catalyst loading on the system was only marginal, which
would be expected in this type of unit where mass transfer
kinetics would be expected to predominate [23-25].

After establishing loading parameters, the reaction rate
was studied as a function of plate angle and substrate mate-
rial. It can be seen from the plot that the PMMA substrate
plate consistently outperformed the titanium substrate when
both are coated with the optimal TiO, loading at a sub 15°
angle. The primary reason that the shallower plate angle had
greater destructive efficiency is most likely due to a greater
contact time of the effluent on the catalyst plate due to
the slower flow rates and hence longer residence time (see
Figure 6).

To determine increase in efficiency of the reaction by
the addition of an alternative electron acceptor to oxygen
(air), hydrogen peroxide solution was added at an optimum
initial concentration of 0.5% to the produced water sample.
Figure 7 shows the results of bubbling air only through the
produced water, using a combination of air and hydrogen
peroxide and hydrogen peroxide only. It can be seen that a
significant enhancement was obtained with the addition of
the peroxide alone. In addition bubbling air through this
system did not lead to any additional enhancement of the
destruction of the hydrocarbons in the produced water. This
supports similar observations previously reported by our
own group and others [26-31] and indicates that the rate of
aeration of the solution by ambient air is faster than the rate
of oxygen consumption associated with the photocatalytic
destruction of the hydrocarbons.

3.2. Drum reactor

Initial experiments using the drum reactor were configured
for continuous flow effluent treatment. The photocatalyst
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was initially washed with distilled water to remove excess
particulates TiO, from the surface of the pellets which
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TaBLE 1: Mean COD values for pretreatment, 1st pass and 2nd pass
through the drum reactor.

Sample pass Mean COD mg/L
0 pass pretreatment 3618
Ist pass through drum reactor 2166
2nd pass through drum reactor 868

could affect the photocatalytic reaction by providing a higher
surface area of catalyst within the reactor drum. This would
also cause secondary problems for the setup of the reactor
as the excess particulates could block the effluent transfer
pathways.

Figure 8 shows the GC/MS results which clearly show a
90% overall destruction over 10 minutes of VOCs present
in the waste water effluent treated through a total of 600 g
of the TiO, catalyst. This was achieved by passing the waste
water effluent through three consecutive reactor drums each
containing 200 g loads of photocatalyst. It can be seen that
with 10 minutes and after passing through the third drum,
the level of hydrocarbons in the water sample had virtually
disappeared.

The chemical oxygen demand (COD) of the water
samples was also measured as an indicator of the total
hydrocarbon level in the untreated and treated samples.
Table 1 shows the mean COD values obtained from 5
experimental runs with each point being an average of 3
samples. It can be seen that the COD value decreases very
quickly during the time it takes to process through the 3
consecutive reaction drums (10-minute reaction time). As
these experiments were performed on different days and
the waste water effluent was decanted from a large storage
drum, it is possible that the effluent content was not 100%
consistent.
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FiGure 8: GC/MS chromatogram of waste water effluent, (a) pure
sample with no treatment, (b) 1st pass through drum reactor, (c)
2nd pass through drum reactor, and (d) 3rd pass through drum
reactor (accumulative total) catalyst treatments over a 10-minute
irradiation.

4. CONCLUSION

The results of this study have demonstrated that both reactor
designs proved effective for the removal of hydrocarbon
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contamination from waster water effluents. With the thin
film plate reactor, the assessment of PMMA and titanium
metal plates as substrate materials was investigated under
different conditions. By varying the mounting angle of the
plates, the PMMA plate mounted at 15 degrees produced
60% destruction after 15 minutes. This demonstrated that
the lower plate angle increases the retention time of the
pollutant and therefore the chance of a successful catalyst—
pollutant interface. An investigation into the effect of adding
air and H,0; to the system showed that the addition of air
alone to the reactor produced 40% degradation, compared
to the 80% degradation of H,O,, over 135 minutes.

With the development of the pelletised TiO,, it was
possible to develop an alternative reactor configuration with
a smaller foot print. Conventional powder catalyst systems
have traditionally posed removal problems with filtration,
and settling is required to remove powder from the effluent.
This limits the type of reactor design to batch, as it is
impractical to provide online filtration for a continuous flow
reactor system.

The drum reactor reported in this study was configured
for continuous flow through 3 reactor tubes (see Figure 4(b))
each containing the same quantity of catalyst; GC/MS results
showed the effective 90% removal of VOCs over 5 minutes.
The mechanical mixing action of the paddle array within
the reactor tubes greatly increases the pollutant-catalyst
interface, enhances mass transport, and also removes the
need for additional air to be added to the system. The
patented paddle array also maintains an even spread of
the catalyst pellet within the drum which would normally
suffer from “corkscrew” effect of the turning drum. Using a
standard indicator for organic compounds in water, chemical
oxygen demand, the drum reactor showed an 85% reduction
of organic content.

It should finally be noted that for both reactors assessed
in this paper, the processes had been developed as “polishing”
units and a complementary technology to existing tech-
niques. The technique would not be viable for more heavily
contaminated water samples as the kinetics of the process
would require very significant reaction times and the photo-
catalytic process cannot compete with existing technologies,
where semiconductor photocatalysis has demonstrated a
particular effectiveness in such a final polishing step for
removal of more resilient compounds that traditional waste
water technologies are not capable of removing.
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1. INTRODUCTION

A wide variety of organic pollutants especially pesticides are
introduced into the water system from various sources such
as industrial effluents, agricultural runoff, and chemical spills
[1, 2]. Their toxicity, stability to natural decomposition, and
persistence in the environment have been the cause of much
concern to the societies and regulatory authorities around
the world [3, 4].

The control of organic pollutants in water is an
important measure in environmental protection. Among
many processes proposed and/or being developed for the
destruction of the organic contaminants, biodegradation
has received the greatest attention. However, many organic
chemicals, especially those that are toxic or refractory, are not
amendable to microbial degradation [5]. Recently, consider-
able attention has been focused on the use of semiconductor
photocatalysis as a means to oxidise toxic organic chemicals
[6-18]. The mechanism constituting heterogeneous photo-
catalytic oxidation processes has been discussed extensively
in the literature (see, inter alia, [19, 20]). In many of these
studies, although the initial disappearance of the pollutant is
rapid, a number of by products are formed which can also be
potentially harmful to the environment.

The organophosphates exhibit considerable persistence
in groundwaters and are highly hydrophilic. These com-

pounds are the most prevalent pesticides and remain the
choice of most farmers because of their effectiveness against
large numbers of insect species. They are potent acetyl-
cholinesterase inhibitors and are utilised to control chewing
and sucking insects and spider mites on ornamental plants,
citrus fruits, stone fruits, and other agriculture crops. For
example, the pesticide derivative, glyphosate is a nonselective
systemic herbicide that can control most annual and peren-
nial plants [21]. It controls weeds by inhibiting the synthesis
of aromatic amino acids necessary for protein formation in
susceptible plants. Glyphosate is strongly adsorbed to soil
particles, which prevents it from excessive leaching or from
being taken up from the soil by nontarget plants [22-26]. It
is degraded primarily by microbial metabolism, but strong
adsorption to soil can inhibit microbial metabolism and
slow degradation. The half-life of glyphosate ranges from
several weeks to years, but averages are two months. In
water, glyphosate is rapidly dissipated through adsorption to
suspended and bottom sediments and has a half-life of 10-12
days [22-24, 27-29].

Although originally thought to be unaffected by sunlight
[24], later studies found glyphosate to be susceptible to pho-
todegradation. A half-life of 4 days in deionised water under
UV light has been reported [30]. Recently, the photocatalytic
degradation of glyphosate in the presence of TiO, has been
reported by Shifu and Yunzhang [31]. However, no effort has
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been made to look into the degradation products. Therefore,
we have studied the degradation of glyphosate in aqueous
suspension of TiO, with an aim to identify the products
formed during the photooxidation process.
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)\/111\/ P\—OH
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2. EXPERIMENTAL METHODS
2.1. Reagent and chemicals

Analytical grade glyphosate was obtained from Fluka and
used without further purification. The water employed
in this study was purified by a Millipore system. The
photocatalyst titanium dioxide Degussa P25 was used in all
the experiments reported here. Degussa P25 contains 75%
anatase and 25% rutile with a specific BET surface area of
50 m? g~! and a primary particle size of 20 nm [32].

2.2. Procedure

A solution of glyphosate at the desired concentration was
prepared in water. For the irradiation experiments, 80 cm?
of this desired solution was pipetted into a photochemical
reactor. The pH of the reaction mixture was adjusted by
adding a dilute aqueous solution of HNO3 or NaOH. The
photoreactor was comprised of a quartz glass reaction vessel
equipped with a magnetic stirring bar, a water circulating
jacket, and opening for gas supplies, placed within a bespoke
circular photoirradiation system (photochemical reactors
LTD Buckingham, UK) comprised of 12 X 15 watt Blacklight
UVA lamps (Amax = 312 nm), 42 cm long.

The required amount of the particulate photocatalyst
was added to the glyphosate solution, and the solution was
stirred in the dark for 10 minutes to allow equilibration of the
system so that the loss of compound from the solution phase
due to to-particle adsorption can be taken into account. The
zero time reading was obtained from blank solution kept
in the dark but otherwise treated similarly to the irradiated
solution. Photodegradation experiments were conducted by
irradiating the sample solutions with 312nm light, the
irradiated solutions being continuously purged with air

throughout each experiment. Samples (5 cm?) were collected
before and at regular intervals during the irradiation. These
were centrifuged before being subjected to analysis.

2.3. Sample analysis

Elucidation of the mechanism and kinetics of photocat-
alytically driven glyphosate degradation requires a means
to follow the concentration of glyphosate as a function of
time. Secondary amines such as glyphosate and sarcosine
are most easily determined by spectroscopic analysis of their
nitro derivative. All secondary alkyl or aryl amines yield N-
nitrosoamines with an absorbance at or about A = 243 nm.
Scheme 1 shows the route by which secondary amines are
transformed to the N-nitroso compounds.

The procedure for both calibration measurements and
the analysis of experimental samples, whether derived from
dark adsorption experiments (vide infra) or photodegra-
dation experiments, involves the shaking of centrifuged
glyphosate adsorbed or irradiated solutions (1cm?® of expt.
sample or 1 cm® of 1 x 10~* mol dm~3calibration solution)
in the presence of water (5cm?), HySO4(1:1, 0.5cm?), KBr
(25 %, 0.1 cm?), and NaNO, (0.2 N, 0.5cm?) in a 25cm?
red volumetric flask for 30 minutes followed by dilution
with water to 25 cm®. Absorbance was measured at 243 nm
versus blank reagent containing all above reagents except
glyphosate.

The product analysis was carried out using HPLC (Perkin
Elmer 410 Bio) fitted with a nitrile column (cyanopropyl
5um). The eluent consisted of pure water; the compounds
were detected employing a UV-detector at 254 nm.

3. RESULTS AND DISCUSSION
3.1. Dark adsorption of Glyphosate onto TiO,

The possible dark adsorption of glyphosate on the surface
of the photocatalyst was investigated by stirring aqueous
solutions of glyphosate (1 X 107> moldm™3, 35cm?) at a
range of pH in the absence of illumination for 4 hours at
different catalyst loadings (2-10 gdm?). Analysis of samples
after centrifugation using the N-nitroso method (vide supra)
showed that greatest adsorption occurs at lower pH values
and that the extent of adsorption decreases as pH increases,
as can be seen in Figure 1.
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TaBLE 1: Table showing different forms of glyphosate and the net charge on glyphosate and the surface of TiO, as a function of pH.
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Ficure 1: Glyphosate adsorption on the surface of Degussa
P25 TiO, photocatalyst in the dark at different pH, assessed
by measuring the concentration of free solution glyphosate as a
function of solution loading of the catalyst.

This behaviour could be attributed to glyphosate con-
taining three functional groups—phosphate, amino, and
carboxylic—all of which can be protonated and deproto-
nated depending on individual functional group pKa values.

The point of zero charge (pzc) of TiO, (Degussa P25) is
widely reported as pH ~6.25 [33]. With this in mind, Table 1

shows the ionic structure of glyphosate indicating the net
charge on the molecule and TiO, surface as different pH
values.

At low pH values (~pH 3), the TiO, surface will be
positively charged, while the phosphate group of glyphosate
will be negatively charged leading to the expectation that
the compound will adsorb the surface of TiO,. In contrast,
at higher pH values, the catalyst surface as well as the
compound will be negatively charged, and hence adsorption
in dark would not be expected, as evident from the exper-
imental results shown in Figure 1. The Langmuir constants
at pH 3 (glyphosate uncharged, where phosphate is —1 and
the TiO, surface has a net positive charge) and pH 5 (when
glyphosate is —1 (phosphate and carboxlate are both —1) and
TiO; is slightly positive/near neutral) have been calculated
as being 88610 and 1087 dm® mol™!, respectively. At pH 7
(when glyphosate is —2 (phosphate —2, carboxylate —1) and
the TiO, surface has a net negative charge), there is little
evidence of any adsorption. Results at pH 9 and pH 11 are
similar to those at pH 7. Therefore, the Langmuir adsorption
pattern is congruent with that expected from columbic
arguments. The magnitude of the adsorption coefficient at
pH 3 compared with that at pH 5 suggests that the primary
locus of adsorption is through phosphate group.

3.2. Photocatalytic destruction of Glyphosate on
TiO,-loss of Glyphosate

Irradiation of an aqueous suspension of glyphosate (80 cm?,
1 X 107> moldm?) in the presence of TiO, (Degussa P25,



International Journal of Photoenergy

[R (NH)R'] (mol dm~3)

0 20 40 60 80 100

Irradiation time (minutes)

—&— Blank pH9
-m— pH3 - pH11
~A— pH5.7

FiGUre 2: Photocatalytically induced loss of secondary amine
functionality (measured using the N-nitroso method, see text) in
glyphosate as a function of pH.
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Figure 3: HPLC analysis of glyphosate in aqueous suspension of
TiO; in the dark (zero irradiation time).

1gdm?) using 312nm light in a tubular photochemical
reactor with constant stirring and bubbling of air led to a
decrease in glyphosate concentration as a function of time.
The photodegradation was investigated at pH values 3, 5.7,
7,9, and 11. The decrease in secondary amine concentration
(as determined by the N-nitroso method, vide supra) as a
function of irradiation time at different pH values is shown
in Figure 2. The net loss and rate of loss of secondary amine
was found to increase with the increase in pH, the highest
rate being observed at pH 11. Further, for data recorded at
pH 3 and pH 5.7, there appears to be an induction period
during which no loss of secondary amine is observed for
a time immediately after the onset of illumination. We will
return to this point below.

3.3. Photocatalytic destruction of Glyphosate on
TiO,-product analysis

Figure 3 shows the HPLC trace of an aqueous suspension
of glyphosate and TiO, at zero time irradiation indicating
a strong peak at retention time R; = 1.184 minutes and
a medium peak at R; = 0.941 minute. Irradiation of the

140
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FiGure 4: HPLC analysis of authentic sarcosine in aqueous solution.
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Figure 5: HPLC analysis of authentic glycine in aqueous solution.

solution for 90 minutes at pH 2 led to the formation of
a product which is indicated by appearance of a strong
peak at Ry = 1.651 minutes and a shoulder at R, = 1.599
minutes in addition to the unchanged starting material (see
Table 2). Said product exhibited an HPLC retention time and
peak shape typical of a carboxylic acid (determined through
comparison with HPLC analysis of methanoic and ethanoic
acids on same instrument, not shown). However, during
this period, no concomitant loss of secondary amine was
observed leading us to conclude that the C—P bond had been
broken in the formation of this product and that the product
itself was most likely the amino acid sarcosine-N-methyl-2-
aminoethanoic acid. The HPLC trace of authentic sarcosine
is shown in Figure 4.

Primary product assignment was confirmed by adding
authentic sarcosine to the photodegraded reaction mixture.
Peaks in the HPLC trace recorded from this degraded
sample/authentic sarcosine mix were found to be coincident
with peaks in the HPLC trace recorded from the degraded
reaction mixture alone (compare sample row 5 with sample
row 4 in Table 2).

At longer times, both the concentration of secondary
amine as determined by the N-nitroso method and the
area of the peak at R, = 1.523 minutes, associated with
the secondary amine sarcosine, were seen to decrease with
illumination time. The latter was accompanied by the
concomitant formation of a second product peak at R, =
1.56 minutes, in the vicinity of but not coincident with the
sarcosine peak in the HPLC trace. Again, by addition of



M. Muneer and C. Boxall

TaBLE 2: Table showing HPLC peaks retention times, R,, for glyphosate, sarcosine, glycine (sample rows 1-3, resp.), irradiated mixtures of
glyphosate at pH 3 and pH 11 (sample rows 4 and 6, resp.), and irradiated mixtures of glyphosate at pH 3 and pH 11 with authentic samples
of sarcosine and glycine (sample rows 5 and 7, resp.). Peaks associated with glyphosate, sarcosine, and glycine are shown as bold, underlined,

and double underlined text, respectively.

Sample

HPLC peak retention time (R;)/minutes

1. Glyphosate (from Figure 3)

2. Sarcosine (from Figure 4)

3. Glycine (from Figure 5)

4. Glyphosate, 90 min Irradiation, pH3

5. Glyphosate (90 min irradiation, pH3) + authentic Sarcocine
6. Glyphosate (60 min irradiation, pH 11)

7. Glyphosate (60 min irradiation, pH 11) + authentic Glycine

0.941 (min), 1.184 (s)
1.105 (w), 1.531 (s)
0.834 (), 1558 (s)

0.948 (min), 1.061 (min), 1.13 (s), 1.599 (min), 1.651 (s)
0.948 (min), 1.039 (min), 1.117 (s), 1.523 (min), 1.651 (s),
1.161 (s), 1.548 (min), 1.662 (min)

1.108 (s), 1.543 (min), 1.665 (min)

s-strong, m-medium, w-weak.
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FiGuUre 6: The interaction of glyphosate with the surface of TiO, in dark and the subsequent interaction of photogenerated electrons and
hydroxyl radicals with glyphosate upon illumination of the TiO, with ultraband gap irradiation.

authentic material to photodegraded reaction mixtures, this
second product was identified as glycine—2-aminoethanoic
acid. The HPLC trace of authentic glycine is shown in
Figure 5.

HPLC analysis of photodegraded reaction mixtures at pH
11 also indicates the formation of product (R; = 1.548 and
1.662 minutes) in the vicinity of but not coincident with
the sarcosine peak in the HPLC trace. No sarcosine peak
was observed at any irradiation time at this pH. Following
the methodology employed at pH 3, HPLC analyses of the
photodegraded reaction mixture and samples of authentic
materials shows that the primary reaction product is glycine
(compare sample row 7 with sample row 6 in Table 2 and
note coincidence of peaks at R; = 1.548 minutes). This is
most likely derived from C-N bond cleavage in nonadsorbed
glyphosate (Figure 6).

The N-nitroso-based secondary amine analysis of
Figure 2 indicates that at low pH, secondary amine is
retained but glyphosate is lost due to loss of phosphate
group and appearance of a peak in the carboxylic acid

region of the HPLC trace. In conjunction with the product
identification and the fact that adsorption occurs at low pH,
the results suggest that at low pH the photocatalytic reaction
is most likely initiated by from-particle electron transfer. In
contrast, under alkaline pH where little adsorption is seen
to occur (Figure 1) solution-phase hydroxyl radical attack
plays an important role, said hydroxide radicals having been
generated in the reaction medium by photogenerated holes.

Figure 6 provides a schematic summary of these pro-
cesses, wherein it is assumed that, at low pH, the
photogenerated electron on irradiated TiO; attacks through
-phosphate-adsorbed-glyphosate leading to the formation
of carbon centered radical which then reacts to form
nonadsorbed sarcosine. Readsorption of sarcosine onto the
positively charged TiO, surface is then inhibited by the
anticipated net positive charge on the molecule, arising from
the protonation of the secondary amino nitrogen at this
pH. At high pH, photoelectrochemically generated hydroxyl
radicals attack nonadsorbed glyphosate, causing C-N bond
fracture and ultimately forming glycine. It is pertinent to
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ScHEME 2: Scheme showing the probable route for the degradation of glyphosate on irradiated TiO, at low and high pH.

mention here that photocatalysed degradation of glycine
has a well-known mechanism and has been reported earlier
[34]. Returning to pH 3, it can now be seen that sarcosine
which is not adsorbed at the TiO, surface due to the loss of
the phosphate group is then susceptible to similar solution-
phase OH radical attack as nonadsorbed glyphosate at pH
11, so generating the same product, glycine. A mechanism
consistent with these observations is shown in Scheme 2.

4. CONCLUSIONS

The pesticide derivative glyphosate has been found to
degrade efficiently under alkaline conditions. Under acid
conditions, it exhibits a strong, primarily coulombically
driven dark adsorption onto the surface of the TiO,
photocatalyst. Again, under acid conditions, the compound
has been found to undergo efficiently photocatalytically
promoted P—C bond cleavage leading to the formation of
sarcosine and glycine like the main intermediate products.
A probable degradation route involving a direct interfacial
electron transfer reaction at low pH and hydroxyl radical
/superoxide radical anion-mediated solution-phase oxida-
tion at high pH on irradiated semiconductor particles has
been proposed.
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1. INTRODUCTION

Photocatalysis represents one of the promising technologies
for photoenergy conversion started with the pioneer findings
of Fujishima and Honda [1]. Its applications in water
recycling, air-pollution treatment, as well as in organic
synthesis have found a great interest [2—6].

There are many studies focused on the photocatalytic
oxidation and degradation of several classes of organic
compounds catalyzed by TiO, semiconductor particulates
[7-13].

Photocatalytic oxidation and degradation of alcohols
catalyzed by TiO; and other semiconductor particulates have
found some interest. For example, Harvey et al. [14] studied
photocatalytic oxidation of liquid propan-2-ol to propanone
using suspensions of titanium dioxide irradiated with filtered
UV radiation. The dependence of reaction rate on the square
root of the intensity of the incident radiation, together with
low quantum yields, reflects the dominance of photoelectron
and photohole recombination within the TiO,. Cameron
and Bocarsly [15] studied the photocatalytic oxidation of
ethanol, benzyl alcohol, cinnamyl alcohol, n-hexyl alcohol,
isopropyl alcohol, cyclopentanol, and cyclohexanol which

converted to the corresponding aldehyde or ketone by using
oxygen gas and visible light 488 nm (85 mW) illumination
from an Ar laser. The process was catalyzed by the presence
of H,PtClg and CuCl.

Nishimoto et al. [16] studied the photocatalytic dehy-
drogenation of aliphatic alcohols by aqueous suspensions of
platinized titanium dioxide, photoirradiation (Aex > 300 nm)
of Ar-purged aqueous propan-2-ol solution gave hydrogen
and acetone. The regioselectivity in the semiconductor-
mediated photooxidation of 1,4-pentanediol was studied in
1989 by Fox et al. [17].

We also studied the photocatalytic oxidation of selected
aryl alcohols [18, 19]. The main oxidation products were
the corresponding aldehydes or ketones and acids. Kinetic
studies revealed a second-order reaction rate for benzyl
alcohol as a model alcohol. Also photocatalytic oxidation of
fluoren-9-ol and 4,5-diazafluoren-9-ol in nonaqueous oxy-
gen saturated TiO, suspension to the corresponding ketones
was formed in a high yield, in addition to minor amount
of the corresponding hydrocarbon and other decompo-
sition products. Interestingly, photocatalytic oxidation of
the parent fluorene afforded fluorenone under the same
conditions. Similarly, Phenyl-4-pyridylmethanolas an acyclic
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simulant gave the corresponding ketone and hydrocarbon.
Furthermore, the effect of solvent polarity has been tested
[18, 19].

Pillai and Salhe-Demessie [20] studied the selective
oxidation of primary and secondaryaliphatic alcohols to
their corresponding carbonyl compounds in gas phase. In
2006, Wu et al. [21] studied the long-term photocatalytic
stability of Co?"-modified P25-TiO, powders for the H,
production from aqueous ethanol solution. In this paper,
the long-term stability of photocatalytic activity of Co**
doped P25-TiO, nanoparticles for hydrogen production
from aqueous ethanol solution was discussed in detail using
a photoelectrochemical method.

It is clear from the previous survey that the effect of
ring size and conditions on the photocatalytic oxidations of
secondary cycloalkanols has not been tackled. So, this study
will be of great interest.

2. EXPERIMENTAL
2.1. Materials

Titanium dioxide P25 (Degussa-Hiis AG, powder) was dried
at 120°C for 24 hrs before use, these particles are composed
mostly of anatase with surface area of 37.7 m?g~!, average
particle size 21 nm, and pore diameter 31.0. Oxygen was
dried by passage through a drying calcium chloride tube.
Acetonitrile and acetone (Sigma Aldrich, St. Louis, USA,
HPLC grade) were distilled before use. Hydrogen peroxide
was 30% (v/v). Cyclohexanol (1), cyclopentanol (2) and
cycloheptanol (3) were purchased from Aldrich chemical
company and were distilled before use. The authentic sam-
ples cyclohexanone (4), cyclopentanone (5), cycloheptanone
(6), and 1,4-cyclohexadione (7) were obtained from Aldrich,
whereas cyclohexyl formate (8) [22], 2-cyclohexenone (9)
[23], 2-hydroxycyclohexanone (10) [24], n-hexanoic acid
(11) [25], cyclohexyl hexanoate (12) [22], n-pentanoic acid
(13) [22, 26], cyclopentyl pentanoate (14) [22], and n-
heptanoic acid (15) [27] were synthesized as described in
literatures. All the prepared authentic samples were analyzed
by IR, 'H-NMR, GC, and GC/MS analyses as synthetic
mixture.

2.2. Apparatus

A 450 W medium pressure mercury lamp (ACE glass,
immersion type) with a pyrex well was used as the light
source, which has a maximum emission range 296.7-578 nm
(4.18 — 2.15eV). The system was covered with aluminum
foil which served as light reflector to decrease light loss and
the apparatus was set up in a metallic cabinet. The distance
between sample and irradiation source was 5 cm.

IR spectra were recorded using IR-470, IR spectro-
photometer-Shimadzu using thin film and NaCl disks. The
electronic absorption spectra were recorded using UV-2101
PC, UV-VIS scanning spectrophotometer-Shimadzu. 'H-
NMR spectra were carried out using 90 MHz Varian 390
in CDCl; and TMS as an internal standard. GC analy-

ses were performed employing Perkin Elmer, Autosystem
XLGC using capillary column (5% diphenyl-95% dimethyl
polysiloxane), length 30 m, internal diameter 0.32 mm, film
thickness 0.25pum. The initial temperature of column is
40°C and the final temperature is 280°C, the rate of
heating is 20°C/min. The injector temperature is 300°C
and the detector used is a flame ionization detector at
250°C. GC/MS analysis were carried out using GC model:
GC 2000 thermo, capillary column DB-5 (5% phenyl-95%
methyl polysiloxane, L. 30 m, I.D. 0.25 mm, ET. 0.25 ym,
temperature of column from 50°C to 300°C, 10°C/min. and
injector temperature 250°C), attached with mass spectrom-
eter: model SSQ 7000 produced by Finnigan. All melting
points were determined on a Gallen-Kamp melting point
apparatus.

2.3. General procedure

A 75ml (0.1 M) solution of the investigated cycloalkanols
(1-3) was prepared in the used solvent, 75 mg of titanium
dioxide (P25 Degussa-Hiis AG) was added to the solution,
the mixture was transferred to the reaction vessel and
sonicated in an ultrasonic bath for 15 minutes. The stirred
suspension was bubbled with a stream of oxygen gas
at a flow rate (30ml/min) and then illuminated for 20
hours using 450 W medium pressure mercury lamp.The
reaction progress was monitored by GC. After irradiation,
the titanium dioxide powder was removed by filtration using
a medium porosity frit and the solvent was evaporated
by using rotatory evaporator. The reaction mixture was
analyzed by using GC and GC/MS techniques, and then
the products were identified and estimated with convincing
match qualities compared with the standard mass spectra
in the mass spectral libraries and with their retention time
matched with authentic samples.

3. RESULTS AND DISCUSSIONS

Application of photocatalysis in our daily life and chemical
industries has found a great interest. As reported in the
introduction, the superior TiO, photocatalyst was elegantly
used for several photocatalytic oxidation processes. The
present work is directed for synthesis, mechanistic, and
selectivity studies as well as for decontamination purposes.

The target starting materials include three selected
alicyclic alcohols; cyclohexanol (1), cyclopentanol (2), and
cycloheptanol (3); of different ring sizes.

OH

OH OH

Cyclohexanol (1) Cyclopentanol (2) Cycloheptanol (3)

Results obtained in this work will be presented for each
individual alcohol; and collective table and figures are also
available in the following discussion.
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3.1. PCO of cyclohexanol (1) and cyclohexanone (4)

3.1.1. PCOof 1in acetonitrile

After irradiation of 1 in dry acetonitrile, the photol-
ysis product, using GC/MS technique, were cyclohex-
anone (4, 45.6%), 1,4-cyclohexanedione (7, 3.2%), cyclo-
hexyl formate (8, 2.5%), 2-cyclohexenone (9, 1.8%), 2-
hydroxycyclohexanone (10, 1.1%), n-hexanoic acid (11,
4.0%), 5-hexenal(16, 2.9%), 4-hydroxycyclohexanone (17,
4.4%), and cyclohexyl hexanoate (12, 3.0%), and other
product (19, 2.9%) (Table 1, Exp. 1).

Cyclohexanol (1) is a sensitive probe, for it has been
established that two electron oxidation will give cyclohex-
anone (4) [17] as a primary product, whereas single electron
oxidation selectively produces the open-chain unsaturated
aldehyde 5-hexenal (16) [17], also 5-hexenal (16) formed by
intramolecular hydrogen transfer reaction of cyclohexanone.
Cyclohexanone was also oxidized to n-hexanoic acid (11)
[28, 29].

Cyclohexanone (4) can be hydroxylated by “OH radi-
cal to 4-hydroxycyclohex-anone (17) and 2-hydroxycyclo-
hexanone (10). 1,4-cyclohexanedione (7) is most probably
formed by oxidation of 4-hydroxycyclohexanone (17) [30]
and 2-cyclohexenone (9) was probably formed by dehy-
dration of 2-hydroxycyclohexanone (10) [14, 17], respec-
tively. 3-hydroxycyclohexanone may be formed also, but not
detected, and dehydrated to 2-cyclohexenone (9). This is
because the heat of formation [31] of the three hydroxylated
cyclohexanones are close to each other (—101.61, —99.88,
—103.64 Kcal/mol, resp.). This means that they are close
in stability and probability of formation. 5-hexenal (16)
oxidation by double bond cleavage to formaldehyde [32]
which by further oxidation gives formic acid. Cyclohexanol
(1) can react with formic acid to give cyclohexyl formate (8),
and with n-hexanoic acid (11) to give cyclohexyl hexanoate
(12), (Scheme 1).

3.1.2. PCOof1in acetone:

After irradiation of 1 in acetone, the photolysis prod-
ucts analyzed by GC/MS technique were cyclohexanone
(4, 25.2%), 1,4-cyclohexanedione (7, 3.4%) cyclohexyl
formate (8, 2.3%), 2-hydroxycyclohexanone (10, 0.5%),
n-hexanoic acid (11, 5.4%), 5-hexenal (16, 1.9%), and
4-hydroxycyclohexanone (17, 3.5%),1,1’-bicyclohexyl-1,1"-
diol (18, 2.5%) (Table 1, Exp. 4).

GC chromatogram and the suggested mechanism of
these products showed that nearly all products formed in
acetone are the same as the products formed in acetonitrile,
but in lower conversion. From Table 1, the conversion of
cyclohexanol (1) in dry acetonitrile was 71.6%, while in
dry acetone equals to 45% (Figure 1). This is because the
dielectric constant (DEC) of acetonitrile is much higher than
that of acetone, 37.5 and 21.4, respectively [33]. A plausible
explanation is that increase of solvent polarity increases the
stabilization of the intermediate radical cations which in
turn raise the percentage of the oxidation products [33].
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Figure 1: Effect of solvents on photocatalytic oxidation of cyclo-
hexanol (1).

This supports the electron/hole mechanism in photocatalytic
oxidation of the investigated alcohols.

3.1.3. PCO of 1in acetonitrile-water (4: 1)

Irradiation products of 1 in acetonitrile-water mixture
(4:1), as analyzed by GC/MS, were cyclohexanone (4,
39.7%), 1,4-cyclohexanedione (7, 3.7%), cyclohexyl for-
mate (8, 1.43%), 2-cyclohexenone (9, 2.4%), 2-hydroxy-
cyclohexanone (10, 7.8%), 5-hexenal (16, 1.8%), 4-
hydroxycyclohexanone (17, 11.0%) and 1,4-cyclohexanediol
(20, 6.5%), (Table 1, Exp. 2).

The products formed in aqueous acetonitrile are almost
similar to those formed in acetonitrile, but the experimental
conversion and vyield distribution are different (Table 1).
Conversion of 1 in aqueous acetonitrile (4: 1) is 74.3% more
than in dry acetonitrile (71.6%) this is because the dielectric
constant (DEC) of water is 78.3 [34] (Figurel). Also
primary oxidant in this reaction is expected to be the strong
oxidant *OH radical generated by trapping a photohole
at an adsorbed water molecule [35]. The percentage of
hydroxylated compounds increased from 5.5% to 25.3%, and
a new product is formed 1,4-cyclohexanediol (20).

3.1.4. PCOof 1in acetonitrile-30% H,O, (4:1)

Irradiation of 1 in acetonitrile-30% hydrogen peroxide
(4:1) without oxygen passage, using GC/MS analyses
of the photolysat gave cyclohexanone (4, 13.6%),
1,4-cyclohexanedione (7, 8.7%), 2-cyclohexenone (9,
5.1%), 2-hydroxycyclohexanone (10, 10.2%), 4-hydroxy-
cyclohexanone (17, 10.5%) and 1,4-cyclohexadiol (20,
8.2%), glutaric acid (21, 12.0%) and adipic acid (22, 29.8%)
(Table 1, Exp. 3).
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TasLE 1: Photocatalytic oxidation of the investigated cyclalkanols 1-3.

Exp. Substrate Solvents

Time (hrs)

Conv. (%) Products (No, yield%)

1 Cyclohexanol (1) CH;CN 20

Cyclohexanone (4, 45.6),
1,4-Cyclohexanedione (7, 3.2),
Cyclohexyl formate (8, 2.5),
2-Cyclohexenone (9, 1.8),
2-Hydroxycyclohexanone (10, 1.1)
n-Hexanoic acid (11, 4.0), Cyclohexyl
hexanoate (12, 3.0), 5-Hexenal (16, 2.9),
4-Hydroxycyclohexanone (17, 4.4), Other
product (19, 2.9).

71.6

2 Cyclohexanol (1) CH;CN+H,0 (4:1) 20

Cyclohexanone (4, 39.7),
1,4-Cyclohexadione (7, 3.7), Cyclohexyl
formate (8, 1.4), 2-Cyclohexenone (9,
2.4), 2-Hydroxycyclohexanone (10, 7.8),
5-Hexenal (16, 1.8),
4-Hydroxycyclohexanone (17, 11.0),
1,4-Cyclohexanediol (20, 6.5).

74.3

3 Cyclohexanol (1) CH;CN+H,0, (4:1) 20

Cyclohexanone (4, 13.6),
1,4-Cyclohexadione (7, 8.7),
2-Cyclohexenone (9, 5.1),
2-Hydroxycyclohexanone (10, 10.2),
4-Hydroxycyclohexanone (17, 10.5),
1,4-Cyclohexanediol (20, 8.2), Glutaric
acid (21, 12.0), Adipic acid (22, 29.8).

98.0

4 Cyclohexanol (1) H;COH; 20

Cyclohexanone (4, 25.2),
1,4-Cyclohexadione (7, 3.4), Cyclohexyl
formate (8, 2.3),

45 2-Hydroxycyclohexanone (10, 0.5)
n-Hexanoic acid (11, 5.4), 5-Hexenal (16,
1.9), 4-Hydroxycyclohexanone (17, 3.5),
1,1'-Bicyclohexyl-1,1"-diol (18, 2.5).

5 Cyclopentanol (2) CH;CN 20

Cyclopentanone (5, 72.7), n-Pentanoic
acid (13, 4.3), Cyclopentyl pentanoate
(14, 2.8), 4-Pentenal (23, 3.7), Other
products (24, 3.1), (25, 5.8), (26, 1.8).

94.2

6 Cycloheptanol (3) CH;CN 20

Cycloheptanone (6, 79.9), n-heptanoic
acid (15, 3.2), 6-Heptenal (27, 1.8),
4-Hydroxycycloheptanone (28, 4.1),
1,4-Cycloheptadione (29, 4.7),
2-Hydroxycycloheptanone (30, 1.5).

100

GC chromatogram and the suggested mechanismof
these products showed that most of products formed
in acetonitrile-30% H,O, (4:1) mixture are the same as
formed in dry acetonitrile with almost complete conversion
of 1 (98%), that is, more than in dry acetonitrile or in
aqueous acetonitrile (Figure 1). Electrons are donated from
TiO, to hydrogen peroxide because it is a stronger oxidant
than molecular oxygen [30]. When hydrogen peroxide
accepts an electron, *OH radical may be produced according
to (1) [35], so the *OH radicals are generated in large
amounts, so the percentage of hydroxylated compounds
increased, for example, the % of compound 10 increased
from 1.1% to 7.8% to 10.2% in cases of acetonitrile, aqueous
acetonitrile or acetonitrile-30% H,O,, respectively, and new

products were formed such as glutaric acid (21) and adipic
acid (22).

Ti02(‘,,> +H,O0, — TlOz + OH + OH. (1)

The addition of H,0O, is a well-known technique for
increasing the rate of photocatalytic degradation with higher
quantum yield of formation of *OH [30]. Consequently, the
increased oxidation rate is expected by the addition of H,O,
as shown in Table 1 (Exps. 1-3).

It is worthy to mention that no oxidation products could
be detected with cyclohexanol in the absence of catalyst
and/or light [30]. This is a good proof for the role of each
parameter (H,O,, TiO, and light) in the photocatalytic
oxidation process.
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TaBLE 2: Photocatalytic Oxidation of the Investigated Ketones 4-6:

Exp. Substrate Solvents Time (hrs) Conv. (%) Products (No,%)
1,4-Cyclohexadione (7, 4.1),
2-Cyclohexenone (9, 1.4),
7 Cyclohexanone (4) CH3;CN 20 19.8 2-Hydroxycyclohexanone (10, 0.3)
n-Hexanoic acid (11, 6.2), 5-Hexenal (16,
3.5), 4-Hydroxycyclohexanone (17, 3.8).
8 Cyclopentanone (5) CH,CN 20 263 n-Pentanoic acid (13, 15.9), 4-Pentenal
(23,10.4).
n-heptanoic acid (15, 6.8), 6-Heptenal
27, 4.1), 4-Hydroxycycloheptanone (28,
9 Cyclohept 6 CH;CN 20 29.9 ( .
ycloheptanone (6) ’ 7.8), 1,4-Cycloheptanedione (29, 7.8),
2-Hydroxycycloheptanone (30, 3.4).
100 A 100 -
80 80 u
60 - S 60
fnl
< 40 A =
S g 40 = <
=] 210 A
£ 20 g \\
g 8 ]
2 6 S
Lo}
o8y 3 ] R —
S 2 S
6 -
O -
47 0 5 10 15 20
2 4 Photolysis time (hrs)
0 —=— Cyclohexanone (4) —v— 1,4-cyclohexanedione (7)
T T T T T T T T T —e— 2-cyclohexenone (9) —e— n-hexanoic acid (11)
0 5 10 15 20 —a— Cyclohexyl formate (8) ~ —<«— Other products
Time (hrs)

—m— Cyclohexanol (1)
—e— Cyclohexanone (4)
—A— 2-cyclohexenone (9)
—v— Cyclohexyl formate (8)

—&— 1,4-cyclohexanedione (7)
—4— n-hexanoic acid (11)
—»— Other products

F1GUrE 2: Photocatalytic Oxidation of cyclohexanol (1) in acetoni-
trile.

3.1.5.  PCO of cyclohexanone (4) in acetonitrile

To shed more light on the formation and fate of the primary
photooxidation products, cyclohexanone was irradiated at
the same previous conditions. The conversion was only
19.8% after 20 hours irradiation. The GC/MS analyses of the
photolysis products were 1,4-cyclohexanedione (7, 4.1%),
2-cyclohexenone (9, 1.4%), 2-hydroxycyclohexanone (10,
0.3%), n-hexanoic acid (11, 6.2%), 5-hexenal (16, 3.5%), and
4-hydroxycyclohexanone (17, 3.8%) (Table 2, Exp.7).

GC chromatogram and the suggested mechanism of
these products matches those obtained from photocatalytic
oxidation of cyclohexanol (1).

FIGURE 3: Selectivity of products of PCO of 1 in acetonitrile.

3.2. PCO of cyclopentanol (2) and cyclopentanone (5)

3.2.1.  PCO of 2 in acetonitrile using TiO,

After irradiation of 2 in acetonitrile, the residue was analyzed
by GC/MS. The photolysis products were cyclopentanone (5,
72.7%), n-pentanoic acid (13, 4.3%), cyclopentyl pentanoate
(14, 2.8%), 4-pentenal (23, 3.7%), and some other unidenti-
fied low concentration products (24, 3.1%, 25, 5.8%, and 26,
1.8%) (Table 1, Exp. 5).

GC chromatogram and the suggested mechanism of
these products showed that cyclopentanol (2) via two
electron oxidation gave cyclopentanone (5) [17] as a pri-
mary product, whereas single electron oxidation selectively
produces open chain unsaturated aldehyde 4-pentenal (23)
[17]. Also 4-pentenal (23) may be formed by intramolecular
hydrogen atom transfer reaction of cyclopentanone [28].
Cyclopentanone was also oxidized to n-pentanoic acid (13),
which reacted with cyclopentanol (2) to give cyclopentyl
pentanoate (14) (Scheme 2).
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FIGURE 4: Photocatalytic oxidation of cyclopentanol 2 in acetoni-
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FIGURE 5: Selectivity of products of PCO of 2 in acetonitrile.

3.2.2. PCO of cyclopentanone (5) in acetonitrile

Great attention was focused on the oxidation of the primary
oxidation product, cyclopentanone. Therefore, the photocat-
alytic oxidation of 5 under the same previous condition was
investigated. Low conversion (26.3%) was observed and the
photolysis products were n-pentanoic acid (13, 15.9%), and
4-pentenal (23, 10.4%) (Table 2, Exp. 8).

The suggested mechanism of these products is in
agreement with the suggested mechanism of photocatalytic
oxidation of cyclopentanol.

1 n
0.8
S
S 0.6
0.4
\.
0.2 TTTT——
T T T T T
0 5 10 15 20

Time (hrs)
—m— Cyclohexanol (1)

FIGURE 6: Photocatalytic disappearance of 1 in acetonitrile.

Time (hrs)

= Cyclohexanol (1)

FiGure 7: First-order PCO of 1 in acetonitrile (r = 0.9886, k =
—0.083 hr!).

3.3. PCO of cycloheptanol (3) and cycloheptanone (6)

3.3.1.  PCO of 3 in acetonitrile using TiO,

After irradiation of 3 in acetonitrile, the photolysis products,
analyzed by GC/MS, were cycloheptanone (6, 79.9%),
n-heptanoic acid (15, 3.2%), 6-heptenal (27, 1.8%), 4-
hydroxycycloheptanone (28, 4.1%), 1,4-cycloheptadione
(29, 4.7%) and 2-hydroxycycloheptanone (30, 1.5%)
(Table 1, Exp. 6).

The suggested mechanism of these products showed
that cycloheptanol (3) is a sensitive probe, therefore it
has been established that two electron oxidation will
give cycloheptanone (6) [17], whereas a single electron
oxidation selectively produces the open-chain unsaturated



Omima S. Mohamed et al.
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O
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2
16 (2.9%) H
(1) I:I, OH

H- COO@ CH3(CH,) moo@ % CH;3(CH);COOH

8 (2.5%) 12 (3%)

O
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9 (1.8%)
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7H20 @
&

11 (4%)

10 (1.1%)

17 (4 4%)

ScHEME 1: Suggested mechanism of PCO of 1 in acetonitrile.

aldehyde 6-heptenal (27) [17]. Also 6-heptenal (27) was
formed by intramolecular hydrogen transfer reaction for
cycloheptanone [28]. Cycloheptanone oxidiation affored n-
heptanoic acid (15). Also cycloheptanone (6) was hydroxy-
lated by "OH radical to give 4-hydroxycycloheptanone (28)
and 2-hydroxycycloheptanone (30). 1,4-cycloheptandione
(29) was most probably generated by oxidation of 4-
hydroxycycloheptanone (28) [30] (Scheme 2).

3.3.2.  PCO of Cycloheptanone (6) in Acetonitrile Using TiO,

Photocatalytic irradiation of 6 in dry acetonitrile, resulted
in 29.9% conversion. The photolysis products were 6-
heptenal (27, 4.1%), n-heptanoic acid (15, 6.8%), 4-
hydroxycycloheptanone (28, 7.8%), 1,4-cycloheptadione
(29, 7.8%), and 2-hydroxycycloheptanone (30, 3.4%)
(Table 2, Exp. 9).
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Q TiOz/h“V é + CH3(CH2)3COOH + CH3(CH2)3COO
CH,CN/O, 13 (4.3%) 14 (2.8%)
2) 5 (72.7%) i 8%
+ CH,;=CH(CH,),CHO + Other products
23 (3.7%) (10.7%)
oH TiO2/hy
CH;3CN/O, O + CH3(CH;)sCOOH + CH,=CH - (CH,)4CHO
15 (3.2% 27 (1.8%
(3) 6 (79.9%) (3.29%) (1.8%)
o) O
O + Q +
*HO
O OH
28 (4.1%) 29 (4.7%) 30 (1.5%)
ScHEME 2: Photocatalytic oxidation of 2 and 3.
(CH3CN) represents the best opportunity for controlling
14 = oxidative reactivity at the interface between a liquid reaction
\ mixture and a solid irradiated photocatalyst [18, 19, 36].
08 . To evaluate the role of each parameter in the system using
' cyclohexanol (1) as a model alcohol, we studied the effect
S of catalyst, light, oxygen, solvent polarity, and the effect of
S 0.6 - hydrogen peroxide as oxidizing agent instead of oxygen gas.

0.4

0.2

0 5 10 15 20
Time (hrs)

—m— Cyclopentanol (2)

F1Gure 8: Photocatalytic disappearance of 2 in acetonitrile.

GC chromatogram and the suggested mechanism of
these products are similar to the photocatalytic oxidation of
cycloheptanol (3).

The obtained results indicated that the percentage con-
version of 3 > 2 > 1, the same as that of corresponding
ketones where 7 > 6 > 5. This is in agreement with
their heat of formation (AHf = —-60.83, —66.98, and
—80.22) Kcal/mol, respectively. Of course cyclohexanol (1),
the most stable one [31] (AH; = —80.22 Kcal/mol), has the
lowest percentage of conversion compared with 2 and 3.

4. DISCUSSION

The main objectives of the present work include photocat-
alytic oxidation (PCO) of the selected alicyclic alcohols (1-
3) of different ring sizes in the presence of aerated titanium
dioxide (Degussa P25) suspensions in anhydrous acetonitrile
and other solvent mixtures. A polar, nonhydroxylic solvent

No oxidation products were detected upon irradiation
of cyclohexanol (1) in the absence of catalyst and/or of
light. Furthermore, experiments carried out in the absence
of oxygen showed also no significant evidence of products
formed. All these results confirm the essential role of oxygen,
TiO; and light in the photocatalytic oxidation process [18,
19, 33].

Furthermore, the UV absorption spectra of the target
compounds have been inspected to shed some light on
their behavior upon irradiation. The maximum absorption
of the investigated alcohols (1-3) ranges between 277.1 nm
for 2 and 287.1nm for 3, a range that will be cutoff by
pyrex glass [18, 19]. As the maximum emission of the
used 450 W medium pressure mercury lamp ranges between
296.7 nm-578.0 nm (4.18 — 2.15eV), the obtained products
are therefore originated through initial band gap excitation
of TiO, (3.23eV) [7, 37], but not through direct excitation
of the alcohol.

In a photocatalytic process, the primary step following
the radiation absorption by the photocatalyst is the gener-
ation of electron-hole pairs (2), which must be trapped in
order to avoid recombination, that is, charge separation is
essential for any photocatalytic electroprocess.

TiO, ™ [TiO,*] — egp + hig. )

Despite the contributions from a number of research
groups, detailed mechanisms of the photocatalytic oxidation
processes at the TiO, surface remain elusive for many
important organic materials particularly regarding the initial
steps involved in the redox radical reactions, which may
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FiGURE 9: First-order PCO of 2 in acetonitrile (r = 0.9918, k =
—0.094 hr1).

involve one or more of the following radicals O,°", *OH,
HOQ*, CI', and so on. The use of nonaqueous reaction
medium rules out the participation of hydroxy radicals
generated by water trapping of the hole, in the oxidation
process [38].

From the product distribution and reaction products
profiles, the reaction mechanism of TiO; sensitized photoox-
idation of the target alcohols (1-3) in aerated acetonitrile has

been proposed.
QCH — OHads + h-\'-/B e

Two fates are available to such radical. (1) A second
electron oxidation: the latter intermediate is extremely easily
oxidized [17] by loss of a second electron generating a
protonated carbonyl intermediate. This intermediate gives
the proton to the environmental forming the correspond-
ing carbonyl compound (two-electrons mechanism). (2)
Trapping of O, and/or O,°": An alternative mechanism
is the trapping of the a-hydroxy radical by oxygen forming

QC — OHggs L

The efficiency of the oxidation was governed by the
oxidation potential of the alcohol, the avability of a-
hydrogens and the tightness of the association with the
photocatalyst.

Cyclic voltammetric measurement using glassy carbon
electrode revealed anodic oxidation potential of the model
alcohol, cyclohexanol equals to (+0.85V) which is less
positive than the hole potential (+2.35 V), meaning that pho-
tocatalytic oxidation of cyclohexanol is thermodynamically
possible. Also as the reduction potential of oxygen (—-0.39 V)
is less negative than the conduction band electron (—0.88 V),
formation of the superoxide O, is thermodynamically
allowed in the reaction medium [18, 19, 33].

It is useful to stress on the point that in a photoreaction
occurring on a semiconductor catalyst powder both the
oxidation and reduction processes must occur on the same
particle, although reaction sites for these processes may be
different. Adsorbed oxygen species are the traps for electrons
according to the following (3), (4), forming the radical anion
0,"" (superoxide).

O;(solution) = O,(ads), (3)
Os(ads) + e~ — O,° (ads). (4)

On the other hand, the adsorbed alcohol species in
dry acetonitrile are the likely traps for holes forming the
radical cation, by single electron transfer, which rapidly
deprotonated producing a-hydroxy radical of reasonable
stability [17] as follows (5).

—H*

cH-omy,

C - OH, (5)

the peroxy radical or by superoxide (0,°") forming peroxy
anion, decomposition of which would be expected to occur
rapidly to produce the carbonyl products [17] (6), (7).

Formation of the open-chain carbonyl compounds (8)
can be produced by ring rupture of the a-hydroxy radical
cation [17] (single-electron mechanism).

These suggested mechanisms can be represented in
general as follows:

+ —_H*

C — OHads _— Cc=0 (6)

Cé—omds ¢ Oy (ads) <>c
|

C_\/C—OHads ¢ O (ad) —

OH

Oe

O - Oxidation products (7)
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+ o
CH - OHads —_—

Accordingly, the proposed photocatalytic oxidation
(PCO) of cyclohexanol (1), for example, could be present as
in Scheme 1. Also the PCO of 2 and 3 are summarized in
Scheme 2.

5. KINETIC STUDIES

The photocatalytic oxidation reactions of cyclohexanol (1)
and cyclopentanol (2) in acetonitrile were followed up by
GC, as shown in Figures 2 and 4, respectively.

Selectivity of photocatalytic oxidation of cyclohexanol
(1), cyclopentanol (2) are shown in Figures 3 and 5, res-
pectively.

From these results, we can conclude that the photo-
catalytic oxidation of secondary alcohols 1, 2 have high
selectivity to form ketones by more than 85%.

The kinetic disappearance [39] of the investigated alco-
hols (1, 2) from an initial concentration in acetonitrile was
shown in Figures 6 and 8, respectively.

The semilogarithmic plots [39] of concentration data
gave a straight line for cyclohexanol (1) and cyclopentanol
(2) in acetonitrile as shown in Figures 7 and 9, respectively.
These findings indicate that the photocatalytic oxidation of
the investigated alcohols in TiO; suspension can be described
by the first-order kinetic model; LnC = —kt + LnC,, where
C, is the initial concentration and C is the concentration of
alcohols at time #. This is in agreement with the former work
of Cinar on m-cresol [39].
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