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1 Introduction

It has long been recognized! that there are many reactions which
can be promoted by light-activated solids which are not con-
sumed in the overall reaction; such solids are often referred to as
photocatalysts, or photosensitisers, and are invariably semicon-
ductors. Probably the most well-established example of semi-
conductor photocatalysis is paint chalking,? which involves the
photodegradation of the organic polymer part of the paint
sensitized by the semiconductor pigment, usually TiO,. Nowa-
days, this undesirable feature is often largely controlled by
coating the pigment with a hydrous layer of an inert oxide, such
as silica, alumina, or zirconia.

In recent years, there has been a growing interest in the use of
semiconductors as photosensitizers for the complete oxidative
mineralization of pollutants by oxygen.® ¢ In semiconductor
photocatalysis for water purification the pollutants are usually
organic and, therefore, the overall process can be summarized
by the following reaction equation:

semiconductor

organic + O,
pollutant

CO, + H,O + mineral acids
(1)

ultra-bandgap hght

In contrast to semiconductor photomineralization as a
method of water purification, the destructive technologies cur-
rently in use in the water industry, such as chlorination and
ozonation, all use strong oxidants of a seriously hazardous and,
therefore, undesirable nature. The predominant non-destructive
technologies currently in use, i.e. air-stripping and carbon
absorption, are also not without their problems. For example
the removal of volatile contaminants by air-stripping, converts a
liquid contamination problem into an air pollution problem,
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and carbon absorption produces a hazardous solid which in turn
must be disposed of.

The purification of water by semiconductor photocatalysis is
attracting a great deal of interest, not only from research
workers but also from water purification companies. This
interest arises because (i) the mineral ‘effluent’ it produces is
harmless to the environment, (ii) the process of photominerali-
zation can be turned on or off at the flick of a switch, and (iii)
there is a real possibility that it could be readily incorporated
into existing UV water purification systems.

2 Semiconductor Photocatalysis

Inasolid, the electrons occupy energy bands as a consequence of
the extended bonding network. In a semiconductor the highest
occupied and lowest unoccupied energy bands are separated by
a bandgap, E,. a region devoid of energy levels. Activation of a
semiconductor photocatalyst is achieved through the absorp-
tion of a photon of w/tra-bandgap energy which results in the
promotion of an electron, ¢~, from the valence band into the
conduction band with the concomitant generation of a hole, h*,
in the valence band. For a photocatalyst to be efficient, the
different interfacial electron transfer processes, involvinge ~ and
h* reacting with adsorbed species must compete effectively with
the major deactivation route of electron-hole recombina-
tions.3~ $

Semiconductor photocatalysis has its origins in the substan-
tial research effort, in the seventies and early eighties, into
photoelectrochemical systems and micro-photoelectrochemical
systems for solar to chemical energy conversion. The first
photoelectrochemical system for splitting water into hydrogen
and oxygen was developed by Fujishima and Honda® and
comprised a TiO, semiconductor photoanode coupled up to a Pt
cathode and a schematicillustration of this cell is given in Figure
1. After a few years research it was realised” that micro-
Fujishima—Honda cells, comprising TiO, particles with deposits
of Pt on them, would also work as photocatalysts for splitting
water, as illustrated in Figure 1.

As part of the research effort into solar-to-chemical energy
conversion using photoelectrochemical cells some attention was
given to the use of platinized TiO, powder as a photosensitizer
for the production of hydrogen from biomass and water.? i.c.
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Figure 1 Schematic illustrations of the Fupshima Honda photoelectro-
chemucal cell® (top), and a micro version of the cell, for the dissocia-
tion of water into H, and O,
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Figure 2 Schematic representation of the band energetic model of the

overall process of semiconductor photocatalysis for water
purification
Ti0,/Pt
biomass + H,O mcoz + H, 2)

where the biomass was natural products (such as glucose,
ethanol, cellulose, etc ), food (such as sweet potatoes and fatty
o1l), grass, clover, wood (including cherry wood), green algae,
seaweed, dead anmmals (e g cockroaches), and excrement
(including human urine) 8 Of course, for reaction 2 to work, all
irradiations had to be carried out 1n the absence of O, It 1s
interesting to note, however, that had the systems been aerated,
rather than N,-purged, then the reaction under study would
have been the semiconductor-sensitized photo-oxidative miner-
alization of the biomass

The first clearest recognition and implementation of semicon-
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ductor photocatalysis as a method of water purification came in
1983 from David Ollis and his co-workers through the publica-
tion of two papers® 1° on the photomineralization of haloge-
nated hydrocarbon contaminants, including trichloroethylene,
dichloromethane, chloroform, and carbon tetrachloride, sensit-
1zed by T10, (Interestingly, during conventional water chlori-
nation procedures, chloroform 1s the major halocarbon conta-
minant formed and 1s a suspected carcinogen )

Subsequently, 1t appeared!! that reaction 1 might be hmited
to non-aromatic compounds, however, these fears were quickly
eliminated through the work of Matthews,!? Barbeni et a/ ,!3
and Okamoto er a/,'* who demonstrated that TiO, could
sensitize the photomineralization of chlorobenzene, chlorophe-
nol, and phenol, respectively The list of organic pollutants
which have been shown to be photomineralized via reaction 1
using T10, as the sensitizer 1s extensive,! as indicated by Table
1,1% and increases daily

2.1 Semiconductor Photocatalysis for Water Purification:
Choice of Semiconductor

There are a lot of different semiconducting materials which are
readily available, but only a few are suitable for sensitizing the
photomineralization of a wide range of organic pollutants, i e
sensitizing reaction 1 A sensitizer for reaction 1 must be (1)
photoactive, (11) able to utilise visible and/or near UV light, (111
biologically and chemically mert, (1v) photostable (z ¢ not liable
to photoanodic corrosion for example), and (v) cheap

In order for a semiconductor to be photochemically active as a
sensitizer for reaction 1 the redox potential of the photogener-
ated valence band hole must be sufficiently positive to generate
absorbed OH radicals, which can subsequently oxidize the
organic pollutant, and the redox potential of the photogener-
ated conductance band electron must be sufficiently negative to
be able to reduce absorbed O, to superoxide, a schematic
representation of the energetics associated with the overall
process 1s given 1n Figure 2 Figure 3 1illustrates band positions
for a variety of different semiconductors and the redox poten-
tials for the H,O/OH and O,/HO, couple at pH 0 (The
relationship between E,, 1n units of €V, and the approximate

E(O,/HO,) E(H,0/0H")
1 |
WOg% 2 8eV ' Jl
T|02 l[ 3 2ev 4%
SITI0s| 22e 1
cdse ¥
1 4eV
cdTe —p——
[ 32eV i
zZn0O I i
2 4eV
CdS — -
36eV
ZnS |— = -
[ T I T
-2 -1 0 +1 +2 +3

V vs NHE

Figure 3 Band positions of common n-type semiconductors used 1n
photocatalysis and the redox potentials of the H,O/OH" and O,
HO," redox couples at pH 0
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Table 1 Photomineralization of organic pollutants sensitized by TiO, Examples of compounds studied!s

Class
ALKANES

HALOALKANES

ALIPHATIC ALCOHOLS

ALIPHATIC CARBOXYLIC
ACIDS

ALKENES
HALOALKENES

AROMATICS
HALOAROMATICS

PHENOLS

AROMATIC CARBOXYLIC
ACIDS

POLYMERS
SURFACTANTS

HERBICIDES
PESTICIDES
DYES

Examples

methane, isobutane, pentane, isooctane, heptane, n-dodecane, cyclohexane, methylcyclohexane, 1,4-
methylcyclohexane, paraffin

mono-, di-, tri-, and tetra-chloromethane, fluorotrichloromethane, 1,1- and 1,2-dichloroethane, 1,1,1,2- and
1,1,2,2-tetrachloroethane, pentachloroethane, 1,1- and 1,2-dibromoethane, tribromoethane, 1,2-
dichloropropane, |-bromododecane, 1,1-difluoro-1,2-dichloroethane, 1,1-difluoro-1,2,2-trichloroethane,

1,1, 1-tnfluoro-2,2,2-trichloroethane, tributyl tin compounds

methanol, ethanol, 1sopropyl alcohol, cyclobutanol, #-propyl alcohol, propan-2-ol, butanol, penta-1,4-diol,
2-elloxyethanol, 2-butoxyethanol, dodecanol, benzyl alcohol, glucose, sucrose

formic, ethanoic, dimethylethanoic, mono-, di-, and tri-chloroethanoic, propanoic, butanoic, dodecanoic
oxalic

propene, cyclohexene

perchlorethene, 1,2-dichloroethene, 1,1,1- and 1,1,2-trichloroethene, tetrachloroethene, mono-, di-, and
tetra-fluoroethene, 3,3,3-trifluoropropene, hexafluoropropene

benzene, naphthalene

chlorobenzene, bromobenzene, 2-, 3-, and 4-chlorophenol, 2,4- and 3,4-dichlorophenol, 2,4,5- and 2,4,6-
trichlorophenol, pentachlorophenol, 2-, 3-, and 4-fluorophenol, 2,4- and 3,4-difluorophenol, 2,4-
dimitrophenol, 1,2-dichlorobenzene, 1,2.4-trichlorobenzene, 2,3- and 3,4-dichloronitrobenzene 1,2-
dichloronitrobenzene

phenol, hydroquinone, methylhydroquinone, catechol, 4-methyl catechol, 4-nitrocatechol, resorcinol, 2-
naphthol, o-, m-, and p-cresol

benzoic, 4-amino benzoic, 3-chloro-4-hydroxybenzoic, phthalc, salicychc, m- and p-hydroxybenzoic, 3-
chlorohydroxybenzoic

polyethylene, PVC

SDS, p-nonyl phenyl polyoxyethylene ether, polyethylene glycol, p-nonyl phenyl ether, sodium dodecyl
benzene sulfonate, benzyl dodecyl dimethyl ammonium chloride, p-nonyl phenyl poly(oxyethylene)esters,
sodium benzene sulfonate, paraxon, malathion, 4-nmitrophenyl ethyl phosphinate, 4-mtrophenyl isopropyl
phosphinate, |-hydroxy ethane-1,1-diphosphonate, 4-nmitrophenyl diethyl phosphate, trimethyl phosphate,
trimetyl phosphite, dimethyl ammonium phosphodithionate, tetrabutyl ammonium phosphate

methyl viologen, atrazine, simazine, prometon, propetryne, bentazon

DDT, parathion, lindane

methylene blue, rhodamine B, methyl orange, fluorescein, umbelliferone

threshold wavelength of light, Ay, 1n nm, below which the
semiconductor will absorb strongly, e Ay, 1S given by the
expression Ep, = 1240/Ay)

In many cases, the semiconductor 1s hable to oxidative
decomposition by the photogenerated hole It 1s generally found
that only n-type semiconductor oxides are stable towards
photoanodic corrosion, although such oxides usually have
bandgaps which are sufficiently large that the semiconductors
absorb only UV light CdS 1s an example of a highly active
semiconductor photosensitizer which has the highly desirable
feature that 1t can be activated using visible light (thus, sunlight
could be used), but, as 1s typical for visible hight absorbing
semiconductors, 1t 1s liable to photoanodic corrosion

CdS + 2h* - Cd?* + S| 3)

and this feature renders 1t unacceptable as a photocatalyst for
water purification

Of all the different semiconductor photocatalysts tested suc-
cessfully for reaction 1, TiO, appears the most active, as
llustrated by the results in Figure 4 for reaction 1 where the
organic pollutant 1s pentachlorophenol (PCP) !¢ In addition,
although T10, 1s only a UV absorber (Epg = 3 2eV),1t1s cheap,
msoluble under most conditions, photostable, and non-toxic
Indeed, the complete absence of any biological activity asso-
ciated with this bright white pigment, allows 1t to be used 1n a
wide range of domestic goods, including sunblocks, vitamin
tablets, and chicken roll’

Although there are many different sources of T10,, Degussa
P25 ThO, has effectively become a research standard because 1t
has (1) a reasonably well-defined nature (1 e typically a 70 30
anatase rutile mixture, non-porous, BET surface area
=55+15 m? g~!, average particle size 30 nm) and (1) a

50 T

[PCP]/ 10 5 mol dm ?
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Figure 4 Photodegradation of pentachlorophenol (PCP) sensitized by
dispersions of the following semiconductors + TiO,, x ZnO, O
CdS, OO WO,;, and A SnO, In each case the solution was air-
saturated, and the semiconductor and imtial PCP concentrations were
2gcm 3 and 45 pmol dm 3, respectively Data from reference 16

substantially higher photocatalytic activity than most other
readily available samples of T10,

2.2 Kinetics of Pollutant Photomineralization Sensitized by
TiO,

In the photomineralization of organic pollutants sensitized by

T10,, numerousstudies®* * % have reported that the imitial rate

r, of disappearance of the pollutant S fits a Langmuir—Hinshel-

wood kinetic scheme, 1 ¢
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Figure 5 Initial rate of CO, generated 1n the photomineralization of 4-
chlorophenol sensitized by T1O, versus temperature used to anneal the
TiO, Data from reference 19

y, = Z 48l _ kS)K(S)S),

4)
dr 1+ K©S)S]

where, [S], = initial concentration of the pollutant S, and, tradi-
tionally, K(S) 1s taken to represent the Langmuir absorption
constant of the species S on the surface of T10,, and k(S) 1s a
proportionality constant which provides a measure of the
mtrinsic reactivity of the photoactivated surface with S It 1s
found that k(S) 1s proportional to I2, where 7, 1s the rate of light
absorption and 61s a power term whichisequal to 4, or 1, at high,
or low, light intensities, respectively It 1s also found that £(S) 1s
proportional to the fraction of O, adsorbed on the T1O,, i e
fO,), which 1s defined as follows

S103) = Ko, [0,)/(1 + Ko, [O,]) (5)

where Ko, 1s the Langmuir adsorption coefficient for O,, which
appears to be non-competitively absorbed on TiO, owing to its
exclusive absorption at Ti!! sites, hydroxyl radicals and organic
substrates are believed to be exclusively absorbed at TilV-lattice
oxygen sites Thus, a more complete form of equation 4 1s given
by the following expression

r= }'Ko,[Oz]IgK(S)[S]. (6)
(1 + ko [O,](1 + K(S)(S])

where y 1s a proportionality constant

Cunningham and his co-workers!” and others have measured
dark Langmuir adsorption 1sotherms for T10, for a variety of
different organic pollutants and found them to be significantly
smaller than the values of K(S) obtained from plots 1/r, versus
1/[S], It appears likely that the value of K(S) derived from a
kinetic study 1s not directly equivalent to the Langmuir absorp-
tion coefficient for S on T1O, Turchi and Ollis!® have proposed
four possible different mechanistic schemes involving OH' radi-
cal attack in T10,-sensitized organic photomineralization reac-
tions, all of which yield a rate equation of the form of equation 6
In each scheme the fundamental interpretation of the constant
K(S) 1s different and none are simply equivalent to the dark
Langmuir absorption coefficient In the Appendix we describe
the two schemes which appear most likely, given the increasing
evidence that the OH' radical1s bound to the surface,* 51 e Case
A adsorbed hydroxyl radical attack on adsorbed S, and Case B
adsorbed hydroxyl radical attack on free S In both cases, a final
working equation 1s developed, : e equation A19 1n the Appen-
dix, which has an 1dentical form to that of the empirically
derived equation 6

Detailed studies of the kinetics of water purification photo-
sensitized by TiO, have identified the following mmportant
factors
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221 Crystal Phase'®

Even after choosing T10, as the semiconductor photocatalyst,
the choice of which crystalline form 1s still important The
crystaline forms of T10, are anatase, rutile, and brookite,
although brookite 1s not commonly available The result of an
mitial study on the photomineralization of phenol indicated that
rutile T10, 15 1nactive as a catalyst, although 1t 1s not clear why
this should be, given that the redox potentials of the valence and
conductive bands for anatase and rutile TiO, are quite similar 1©
However, a more rigorous study using the same pollutants
showed that T10, was active or mactive according to the mitial
conditions used to prepare the TiO, The popular Degussa P25
TiO, used 1n most photomineralization studies 1s primarily
anatase (70%), but can be converted into rutile TiO, by anneal-
g at 800°C for Shinair Such treatment reduces the photocata-
lytic activity of the TiO, dramatically, as indicated by the plot of
mitial rate of CO, evolution versus annealing temperature for
the photomineralization of 4-chlorophenol illustrated in Figure
5 '* However, this behaviour appears to be associated more with
the concomitant decrease 1n specific surface area (from 50 down
to 5m? g~ !) than the conversion of the TiO, from anatase into
rutile Thus, the crystal phase of TiO, used may not be that
mportant a factor, but the method of its preparation 1s,
especially with regard to 1ts porosity and surface area

222 Ti0, Concentration

Ti0, 1s often used as a dispersion to sensitize reaction 1, and
Figure 6(a) provides an 1llustration of a typical ‘batch’ reactor
for this work 2° In ‘batch’ reactors the rate of photomineraliza-
tion 1s often found to increase with increasing [T10,] and to tend
towards a hmiting value at high concentrations (typically ca 0 5
mg cm~3) In any commercial system 1t 1s more likely that the
T10, will be fixed and the contaminated water will be flowed
over 1t Such a ‘flow’” system would eliminate the need for
filtration or setthing/resuspension of the photocatalyst In the
development of a wide range of flow reactors Ti0, has been (1)
incorporated n Nafion film, ceramic film, silica gel, and (1)
attached to glass 1n the form of tubing, beads, and mesh The
tremendous tenacity with which T10, readily adheres to glass
makes the production of a glass ‘flow’ reactor fairly easy, typical
glass flow reactors are 1llustrated 1n Figure 6(b) 2!

There have been many attempts® 5 to improve the photo-
catalytic activity of TiO,, in particular by depositing small
amounts of metal (Pt, Ru, or Cu) on 1ts surface, or extending 1ts

|~

Figure 6 Schematic illustration of the two different types of photoreac-
tor used 1n the study of water purification by semiconductor photo-
catalysis, 1 e

(a) a ‘batch’ photoreactor,?? comprising two half-cylinders (A), each
containing 6 x 8 W Blacklight UVA lamps, which when pushed
together form the photoreactor, and a reaction vessel (B) with a top
(C) through which O, gas 1s continuously bubbled through the
reaction solution by means of a penstaltic pump (E) The reaction
solution 1s usually stirred continuously by means of a magnetic stirrer
(D),
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(b) two ‘flow” reactors,?! (I) comprising TiO,-coated glass mesh 1n the
annulus between a UVA lamp and the outer glass wall and (II)
comprising a glass tube spiralled around a UVA lamp, with a thin
inside coating of T10,, over which the polluted water 1s flowed

wavelength range of photoactivity, by dye sensitization, or
doping with transition metalions (e g Fel' or Crl'") To date this
work has largely been unsuccessful and Degussa P25 Ti0,
remains the best, readily available form of T10, for reaction 1

2 2 3 Organic Pollutant Concentration

As noted earlier, for most of the organic pollutants tested the
kinetics of reaction 1 are described by equation 4, a Langmuir—
Hinshelwood-type expression, and this feature 1s rather nicely
illustrated 1in Figure 7, a plot of rate of oxidation of pollutant to
CO, versus [pollutant], for a variety of different pollutants 22 It
1s clear that the kinetics of photomineralization will depend
upon the ease with which 1t can be oxidized by the photogener-
ated hole and how well 1t absorbs on the surface of T10,

It 1s also worth noting that the absorption spectrum of the
pollutant can drastically affect the kinetics of photocatalysis In
particular, if the pollutant 1s a strong UV absorber, then, as its
concentration is increased 1t will eventually begin significantly to
screen the T10, from the w/tra-bandgap light and the kinetics of
photomineralization will begin to deviate from equation 4, with
the rate decreasing with increasing [pollutant] Many of the
pollutants listed 1n Table 1 do not absorb significantly 1n the
300—400nm wavelength region, and the problem of screening
(as well as the homogeneous photochemical decomposition of
the pollutant) 1s rendered 1nsignificant through judicious choice
of 1rradiation source (usually black-light bulb, emission
Amax = 365nm) and 1rradiation vessel (usually borosilicate glass
which cuts off ight below 300nm) The effect of screening on the
kinetics of photocatalysis can, however, be readily observed
using dyestuffs, such as rhodamine 6G Screening of the T1O, by
highly coloured pollutants, or deposits of particulate matter on
the surface of TiO, for that matter, appears to be a quietly
forgotten general major drawback of T10, photocatalysis as a
method of water purification
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Figure 7 Rates of oxidation to CO, versus mitial pollutant concent-
ration for the following difterent pollutants (top to bottom) chloro-
form (<), methanol (A), 4-chlorophenol (), phenol (O), acetic acid
(x)and propan-2-ol (+) Data from ref 22, determined using a flow
photoreactor (20 W UVA lamp, 40°C and circulation rate = 300 cm?
min~')

224 O, Concentration

As you might expect, given the reaction stoichiometry of equa-
tion 1, photomineralization will not proceed unless O, 1s pres-
ent In most kinetic studies, the observed variation of the rate of
photomineralization as a function of [O,] 1s described very well
by equation 6 Thus, a double reciprocal plot of the data yields a
straight line and from the ratio of the intercept to the gradient of
the straight line a value of K(O,) can be obtained Figure 8
illustrates plots of Reo, versus %0, and 1/Rco, versus 1/%0,
determined?? as part of a kinetic study of the photomineraliza-
tion of 4-chlorophenol by Degussa P25 T10,, from this work a
valued of 0 044 + 0 005 kPa~! was determined which s a typical
for such work Thus, increasing the O, concentration from air-
saturated (20% O,) to O,-saturated (100% O,) conditions, will
typically only increase the rate by a factor of 1 7

Oxidants other than O,, such as H,0,, S,04, and Ag™ 10ns,
have been used with some success but, 1n terms of a practical
approach to water purification, only O, and H,O, appear a
viable choice of oxidant Although H,O, does enhance the rate
of photomineralization of some organics by T10,, with others 1t
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Figure 8 Plots of the imitial relative rate of CO, generated in the
photomineralization of 4-chlorophenol sensitized by TiO,, 1e Rco,.
versus [O,] and 1/R¢o, versus 1/[O,] Irradiations were carried out
using the batch reactor illustrated in Figure 6(a), with pollutant = 4-
chlorophenol (100 ¢cm3, 1072 mol dm~3), [T1I0,]=05 mg cm 3,
pH =2, T=30°C The results of a least-squares analysis of the data
points 1 the double-reciprocal plot are as follows gradi-
ent =18 5+ 24 %O0,, intercept = 0 81 &+ 0 07, and correlation coef-
ficient = 0 9841 Data from reference 23
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has a negative, or no, effect, 1t has been suggested that H,0, or
the hydroperoxy radical may 1n fact function as a hydroxyl
radical scavenger 3 °

225 Light Intensity

In most kinetic studies of reaction 1, the light intensities used
have been such (typically > 6 x 10'* u/tra-band gap photons
cm~2 s 1) that the rate has usually been found to bc pro-
portional to 1%, However, some workers have successfully tested
for the theory-predicted transition 1 dependence of rate from
first-order to half-order as the light intensity 1s increased from
low to high levels A notable example of this 1s the work of
Egerton and King,?* on the photo-oxidation of 1sopropyl
alcohol to acetone (on 1ts way to complete mineralization) by
rutile ThO, 1n air-saturated solution, the results of this work are
illustrated in Figure 9
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Figure 9 Rate of acetone generation from 1sopropyl alcohol photo-
sensitized by pure rutile (400 mg in 40 cm?) versus incident light
tensity Data from reference 24

226 Temperature

The overall process of semiconductor photocatalysis 1s not
usually found to be very temperature sensitive, thus, reported
activation energies generally lie 1n the range 5—16 kJ mol !

227 pH and Anions
The pH of the aqueous solution significantly affects Ti0,,
includig the charge on the particles, the size of the aggregatesit
forms, and the positions of the conductance and valence bands
It 1s somewhat surprising, therefore, that the rate of photocata-
lysts 1s not usually found to be strongly dependent upon pH,
typically varying by less than an order of magnitude from pH 2
to pH 12 Higher reaction rates for various Ti0,-sensitized
photomineralizations have been reported at both low and high
pH

Matthews and his co-workers?$ have carried out one of the
most rigorous studies on the effect of anions on the rate of
photomineralization of organic pollutants (salicyclic acid, ani-
line, and ethanol), sensitized by T1O, From the results of this
work 1t appears that perchlorate and nitrate have very httle
effect, whereas sulfate, chloride, and phosphate at concent-
rations > 103 mol dm ~ 3 can reduce the rate of photominerali-
zation by 20~70%, due to their absorption at the oxidation sites
on the T1O, We have recently found that mitrate, at concent-
rations of ca 0 4 mol dm~3, can indeed reduce the rate of T1O,-
sensitized photomineralization of 4-chlorophenol by 50%, not
by blocking oxidation sites, but rather by UV screening the T1O,
particles 23

228 Wear Efficiency and Costings

Most workers have not noticed an appreciable loss 1n the
photocatalytic activity of Ti0, with 1ts repeated use as a
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photosensitizer for reaction 1 Figure 101llustrates the results for
a typical set of successive kinetic runs 1in which 4-chlorophenol
(0 155 x 10”3 moldm 3)1s the pollutant in reaction 1 and ThO,
the photosensitizer 2¢ If semiconductor photocatalysis 1s to be
used extensively as a method of water purification then much
more significant extended wear tests will need to be carried out
than have been to date

4 T T T T T
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0 200 400 600 800 1000 1200
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Figure 10 Ten successive photomineralization cycles involving 4-chlor-
ophenol and the same portion of TiO, The dotted lines correspond to
the readjustment of the 4-chlorophenol concentration to c«
0155 x 10 3 moldm 3 and to a dark period of 20 min so that the
adsorption equilibrium 1s attained exciting hight > 340 nm Data
from reference 26

If semiconductor photocatalysis as a method of water purifi-
cation 1s to have a viable commercial future 1ts operating costs
must compare favourably with those of its competitors A major
component of these costs will be that of the electricity used to
generate the necessary UV hight The manufacturers of the 8 W
blacklight (UVA) bulbs used 1n our work on the T10,-sensitized
photominerahzation of 4-chlorophenol quote a UV output at
344 nm of 08 W, 1e 10% electricity to hight conversion
efficiency Ferrioxalate actinometry carried out using the batch
photoreactor 1llustrated in Figure 6(a) showed?3 that one § W
blackhght bulb generated 5 x 10'° photons s ! in the wave-
length region 300-400 nm, 1f we assume, for the sake of
simplicity, that all these photons are of wavelength 355 nm, then
the electricity to light conversion efficiency 1s only 0 35% 1n our
system, 1t 1s not at all clear why this figure should be so very
different to that reported by the manufacturer

Using the photoreactor illustrated in Figure 6(a), with 11
lamps on, the 1n1tial rate of destruction of 4-chlorophenol was
determined as 6 x 10!'% moleculess ! and, therefore, the formal
(maximum) quantum yield for the photomineralization of this
pollutant 1s 0011 In most photommeralization studies the
reported quantum yield lies typically in the range (1—0 1)%

In 1987 Ollis carried out a preliminary comparison of the
process economics associated with the removal of PCBs from
waste water using activated carbon, UV-ozone, and a near-UV
semiconductor photocatalysis system 27 The calculated operat-
ng costs, updated from 1987 to 1993, for a range of system sizes
are given 1n Table 2 Although 1t 1s just a preliminary study, the
calculations do indicate that heterogeneous semiconductor pho-
tocatalysis could be economically comparable with activated
carbon systems on intermediate to large size water purification
systems

229 4-Chlorophenol/Ti0,/Awr A Standard Test System

As can be seen from Table 1, research mto the photomineraliza-
tion of organic compounds sensitized by semiconductors has
progressed to such an extent that there 1s a real need to define a
standard test system, since 1t would help facilitate a companson
of results between groups using different experimental con-
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Table 2 Estimated process costs for different water
purification systems?

0029 0115 023 092 244
$779 425 319 221 195
$13 00 632 492 383 310
$9 85 436 321 232 200

System size MGD*
Carbon

UV ozone

UV photocatalysis’

The 1993 costs have been estimated from Ollis s original 1987 costs?” by
assuming a 10%0 per year rise giving a multiple of 1 77 Olhis assumed that the
labour maintenance requirements will only be 2 4h/day * MGD = million of
gallons per day Incinerative regenerator included 1n larger sizes only No
carbon disposal costs included 1in small unmits ~ / UV ozone process minus
ozone generation dissolution

ditions, such as alternative semiconductors, pollutants, reac-
tant concentrations, irradiation sources, and temperatures At
present so disparate are the conditions used by the different
groups 1n their research on semiconductor photocatalysis that
such comparisons are usually meaningless

As noted before, the commonly accepted standard form of
T10, forsuch work 1s Degussa P25 T10,, and this 1s usually used
under air-saturated conditions Of the many organics studied 1n
the photomineralization of pollutants sensitized by T10,, 4-
chlorophenol has attracted particular attention and appears a
good candidate for a standard test organic pollutant We have
suggested that Degussa P25 T10,/4-chlorophenol/air-saturated
aqueous solution at pH 2 should be adopted as a standard test
system for water purification by semiconductor photocalysis,
and 1 order to characterize this system thoroughly we have
carried out a detailed study of the kinetics of photomineraliza-
tion23 and the intermediates?® involved 1n this standard test
system

2210 Methylene Blue/Ti10,/Air A Simple Visual

Demonstration of Semiconductor Photocalysis
Methylene blue 1s a brightly coloured, commonly available,
water-soluble dye which 1s stable in air-saturated solution when
irradiated with light of wavelength > 300 nm It has been
established?® that T10, 1s able to photocatalyse the complete
oxidative mineralization of methylene blue by O,, 1 e

TO, air
2 v >37%eV

C,6H,sN;SCl + 2510
methylene blue

16CO, + 6H,0 + 3HNO, +
H,SO0, + HCI

O]

Because of the bright colour of the dye ‘pollutant’, the methylene
blue/T10,/air system provides a simple visual demonstration of
the mineralization of organic pollutants by O,, photosensitized
by T10, In a typical demonstration using the batch irradiation
system 1llustrated 1n Figure 6(a), 10 mg of Degussa P25 T1O, are
dispersed 1 100 cm3 of air-saturated water contamning
105 x 10 5 mol dm 3 methylene blue, which 1s sufficient to
turn the T1O, dispersion very blue This reaction solution 1s then
placed 1n a 100 cm? Dreschel bottle and then irradiated with the
12 x 8 W UVA lamps of the photoreactor The variation of the
absorbance due to the dye versus irradiation time1s 1llustrated 1n
Figure 11 and shows that the dye has apparently all been
photomineralized within 6 min In fact it can be shown that the
dye 1s bleached within 6 min and colourless mntermediates have
been generated, quantitative evolution of CO, according to the
reaction stoichiometry 1in equation 7 takes about three times as
long as the bleaching

22 11 Other Novel Applications of TiO, Photocatalysis

There 1s a growing interest 1n the application of T10, photoca-
talysis 1n areas other than the photomineralization of organic
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500 650 800
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Figure 11 Plot of absorbance at 660 nm due to methylene blue
(105 x 10 Smoldm 3)recorded as a function of irradiation time 1n
the presence of TiO, (10 mg 1n 100 cm3 of air saturated water) where
the normahized absorbance of 1 1s equivalent to a true dye absorbance
of 0 78 In this work the methylene blue samples were taken from the
reaction solution at regular intervals and both absorbance and
absorption spectra were recorded (sec 1nset)

pollutants and some of these other uses are listed in Table 3
Thus, Matthews and his co-workers have reported that a TiO,
photocatalyst for reaction 1 can be used to carry out total
organic carbon analysis (0 1—30ugem 3)1n < 10 min, the CO,
generated being detected quantitatively using a conductivity
cell In this work 1t appears to be assumed that all organics will
be totally mineralized by this technique, despite the fact that
there are known exceptions An mstrument for the rapid deter-
mination, based on T10, photocatalysis, of organic carbon 1n
water has just been made commercially available ~ the SGE
ANATOC™

Another mtriguing use of Ti0, as a photocatalyst 1s 1n
mediating the destruction of cancer cells 3° Not surprisingly, the
workers mvolved believe that the photoinduced death of the
cancer cells was due to attack from photogenerated hydroxyl

Table 3 Other novel applications of T1O, photocatalysis

Application Ref
Solar to chemuical energy conversion a
Photoelectrochemical detector (photocurrent measured) for b
flow 1injection analysis and hquid chromatography

Photocatalytic oxidation system for total organic carbon ¢
analysis

Photoinduced cytotoxic action towards cancer cells d
Photodeodonzer for kitchens and bathrooms e
Photo-oxidation of o1l shcks using Ti0, coated hollow glass f
microbeads

Recovery of platinum group metals from industrial wastes or g
dilute solution

Photoinduced detoxification of cyamdes h

K Kalyanasundaram 1n Energy Resources through Photochemistry and
Catalysis ed M Gratzel Academic Press New York 1983 Chapter 7
» G N Brown J W Birks and C A Koval Anal Chem 1992 64 427
434 R W Matthews M Abdullah and G K C Low Anal Chim Acta
1990 233 171 179 ¢ R Car Y Kubota T Shuin H Saker K Hashimoto
and A Fupshima Cancer Research 1992 52 2346—2348 T Ogawa T
Saito T Hasegawa H Shimozaki K Hashimoto and A Fujishima m The
First International Conference on TiO, Photocatalytic Purification and
Treatment of Water and Air Book of Abstracts London Ontario Canada
November 1992 p 192 (1 Rosenberg J R Brock and A Heller J Phys
Chem 1992 96 3423 3428 = E Borgarello R Harris and N Serpone
Nouv J Chim 1985 9 743 + N Serpone E Borgarello and E Pelizzetti 1n
Photocatalysis and Environment Trends and Applications ed M Schiavello
Kluwer Academic Publishers Dordrecht 1988 p 499
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radicals and hydrogen peroxide It 1s surprising that more work
1s not 1n progress in the general area of photocatalytic steriliza-
tion by T10, as a means of destroymng bacteria, viruses, and
cancer cells

T10, photocatalysis can be used to destroy volatile organics in
air, thus, 1t has potential as a photodeodorant It has been
suggested3! that T10, could be used to deodorize cars, kitchens,
and bathrooms Some research workers have even gone as far to
develop an mterior tile with a ca 1 um thick TiO, film for this
purpose

It has also been suggested?? recently that T1O, photocatalysis
could be used to assist 1n the clean-up of o1l spills To this end
T10, has been coated 1in part onto low-cost, hollow glass
microbeads (50—200 wm diameter) which float on water and are
readily separated These oleophilic T1O, photocatalyst coated
beads clean up small-scale experimental o1l spills by (1) stripping
and aggregating the oil, followed by mechanical clean-up, (1)
photoassisting the oxidation of the oil, and (11) controlling the
combustion of the o1l films on water

3 Conclusion

The purification of water by semiconductor photocatalysis 1s a
rapidly growing area of interest to both research workers and
water purification companies In this process, mnvariably, the
pollutant s organic and the semiconductor 1s T1IO, The range of
organic pollutants which can be completely photominerahzed
by oxygen, using T10, as the sensitizer, 1s extensive and includes
many aliphatics, aromatics, detergents, dyes, pesticides, and
herbicides Ti0, photocatalysis can also be used 1n (1) the
measurement of total organic carbon, (u) the killing of cancer
cells, (1) the removal of unwanted odours and (1v) the cleanup
of o1l spills

4 Appendix
4.1 Photochemical Reaction Schemes
Excitation
Tio, 2222V e (Al)
Back Reaction
e + ht————heat (A2)
Trapping
TiV(OH /H,0) + h*—————T1V—OH" (A3a)
TiV—-OH—Ti"Y(OH /H,0)+ h* (A3b)
K
TiV+e %—L'LTIIII (Ada)
K
Till + O, == TyIV-0 (Adb)

In the absence of O, no photomineralization occurs, thus the
efficiency of trapping ¢ , 8t, 1s a function of [O,] (which 1s
thought to be noncompetitively adsorbed onto the surface of the
T10, at il sites) If Kuup [O,] >> 1, 1t can be shown that 81
(= {{T] + [T1V-05 1/{fe 1+ [T+ [TilV-0; 1}) 1s given
by the following expression

8r =A0,) = K(O,) [0,]/(1 + K(0,) [O,]) (Adc)
where K(O,) = Ka,[TV]Ka4b

Absorption of organic pollutant (S) and photogenerated interme-
dates (Q,)

site + S =—————=8,4 (AS)

Kqy ad
site + QJ ‘_——QJ ads (A())
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Hydroxyl radical attack on the imitial organic pollutant generat-
g intermediates
TIV—OH" + Spyo————

TV +Q (ATa)

TiW-OH '+ S——TilV + Q (A7b)
Hydroxyl radical attack on intermediates generating other

intermediates

Aoy a )
TIV=OH" + Q, pgs ———T1"V + Q1| sas (A8a)

TIV-OH' + Q, —2—TiV + Q,., (A8b)

where the different intermediates are 1dentified by the different
mteger values of j The parameter j will have all values which lie

i the range m (=total number of intermediates
generated) > > 1
Other reactions
e +Ti'V-0; +2H* =————=T1'Y (H,0,) (A9)
TV-0, +H* =====Ti'Y(HO}) (A10)
Ti'V(H,0,) + TiV—OH" =====TI'Y(HO") + T"Y(H,0)
(A1)

Reactions (A9—A11) indicate that the reduction of O, by e
can lead to the formation of radicals, such as Ti'V(HO3), which
may be capable of oxidizing the organic pollutant S As a result,
under steady state conditions (of electron [e ], and hole [h*]
concentration) the overall rate of formation of oxidizing radi-
cals, which 1s usually taken to be = 8tkp;, [TIY(OH /
H,0)][h*],, may be best expressed as = adkas [TIIY(OH /
H,O0)][h*],. where for any 1rradiation system the term a 1s a
constant with a value which lies in the range 1 <a <2

4.2 Kinetic Equations
High absorbed light mtensity 1,

[h +]ss = (kAIIahsqSAc/kAz Vp)‘:L (A 1 2)

where ¢ 1s the quantum yield for reaction Al, A, 1s the area of a
T10, particle normal to the illumination, and V}, = volume of a
T10, particle

Low absorbed light intensity

[h * ]ss = kAIIabSQSAc/kA}a[TlIV(OH .’/HZO)]AS (A 1 3)

where A 1s the surface area of a T1iO, particle

Case A: Thedestruction of S occurs via hydroxyl radical attack
on adsorbed S, re equation 7a, and, in the other
major reactions, all intermediates are adsorbed on the

surface of the T10,
adrkas[TIV(OH [H,O)[h*],

kAJb + kA7a[Sads] + Z kQ] ads[Q| ads]
31

[TiV—OH'], = (Al4)

= d[S)/dr = kp7,[Suasl[T1V—OH | As (Al5)
kA7a[Sads]aBTkA.’;a[T]IV(OH /HZO)][h +]SSAS

kAih + kA7a[Sad~'] + Z ij dds[Qj ads] (AIG)
31

— d[S]/dt =

Case B: Thedestruction of S occurs via hydroxyl radical attack
of the non-absorbed S, 1 ¢ equation A7b, and, 1n the
other major reactions, all intermediates and S are not

absorbed on the surface of the T10,
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— d[S)/dr = ka-[SIT1V—OH ] As (A7)
karolSladk a3 [T1V(OH ~/H, O)][h* ;45

— d[S]/dr = h
kasy + kaqolS] + ZIkQJ[QJ]
=

(A18)

Summary
The final rate equations for both cases A and B have the same
form,:e

Sk gpscs[S]

1 + ws[S] + i kylQ]
3 1

— d[S)/dr =
(A19)

where the different parameters are defined as follows

8r = fl0O,) = K(O)[O.]/(1 + K(O,)[0,])

lon I kos = ak gy Lp A

high I Kop, = adskas [TIV(OH ™ [H,0)(ka  LipdAclkas V)t
CASE A CASEB

«s kazaKas[site]lAs/k sy karvikasp

KQ koy aasKqy aaslSite]As/kase  kolkasy
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