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We demonstrate that two large categories of compounds,
namely, polyoxometallates (produced by acid condensation
of mainly tungstates and/or molybdates) and aggr egates of
various metal oxides (formed by stirring, sonication etc)
have similar properties. Emphasis is given to the photo-
catalytic properties of the two systems. The various stepsin
the photocatalytic cycles are described and several exam-
ples, from both systems, have been used to demonstrate that
their photocatalytic performance is similar in terms of the
overall mechanism of photodecomposition of organic com-
pounds, the intermediate species involved and the final
photodegradation products (i.e., CO,, H,O and inorganic
anions).

1 Introduction

Unlike CrO42— that only dimerizes upon lowering the pH of an
aqueous solution, the corresponding M0oO,2— and WO42—
anionsform avariety of well defined metal oxygen clusters, the

so-caled polyoxometallates (POM),12 the history of which
goes back to early 19th century.1.2 Other metal oxide anions
such as vanadates, niobates and tantalates aso undergo
condensation reactions, but, generally the species formed are
not well characterized.3

Several categories of POM can be formed by careful
selection of the ingredients and by adjustment of pH and
temperature.2 We will mention a few characteristic groups of
the great variety that exist: (a) acid condensation of pure
Mo0O42— or WO,42— produces the so-called isopoly compounds
of the general formulaM,O,9—. A typical exampleis W00~
[Fig. 1(C)]. (b) If the original solution contains a heteroatom, A,
like phosphorus, silicon, arsenic, iron or cobalt (about 60
elements can function as heteroatoms), acid condensation
produces a heteropoly compound of the genera formula
AaMXqu_, for instance, H/V120403_ and P2W180526_ [F|g
1(A, B)]. (c) Mixed heteropoly compounds that contain various
ratios of molybdenum and tungsten arise from a solution that
contains both M0oO42— and WO42— and a heteroatom [Fig.
1(D)]. (d) By careful adjustment of pH, M—O moities can be
removed from POM and can be replaced by mainly transition
metals with a variety of ligands, thus forming the transition
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Fig. 1 Characteristic structures of POM. (A) PW 150403, Keggin structure;
(B) P2W150625—, Wells-Dawson structure; (C) The structure of the isopoly
anion W;003,4—. They are composed of WOg octahedra sharing cornersand
edges. In PW1,0403— the heteroatom P is within the centra tetrahedron
PO,. P,W1g06,5— arises from the Keggin anion, by removing three WOg
octahedraand joining the two 9-tungsto half units. Also shown in thisfigure
examples of: (D) Mixed POM with Wells-Dawson structure, for instance,
P,W15M 030625~ in which three W atoms have been replaced by Mo atoms
whose octahedra are shown hatched. (E) TMSP with Keggin stucture, for
instance [PW1,039Mn(H,0)]é-. In the shaded octahedron, —\W-O moiety
has been replaced by —-Mn—<H,0). Severa ligands, besides H,O, can
coordinate in the position shown as solid circle. Oxidized and reduced (by
one and two electrons) spectra of PW1,0403~ . The O—M CT band, the
intervalence electron transfer (M—M CT) and d—d transitions, are indicated
on spectra.2

metal  substituted  POM (TMSP),  for
[PW11030Mn(H20)]%~,12 [Fig. 1(E)].

POM have well defined structures and properties and their
size is typically a few nm. They have diverse chemistry with
applications in the field of analytical chemistry, biochemistry
and solid state devices and have been used as antiviral and
antitumor reagents. However, their most important property is
inthe field of catalysis.# POM, like metal oxides, participate in
catalytic processes as oxygen and multielectron relays. Several
books and review articles have already described the develop-
ment of POM and the field is expanding rapidly. New, larger
compounds have been formed that, besides their structural
interest, have other promising prospects.®

Although condensation produces afew metal oxideanions, as
mentioned above, aggregates of various sizes can be formed by
stirring or sonication of avariety of metal oxides, such as TiO,
or WOz, in aqueous solution. Other methods such as chemical
precipitation or controlled hydrolysis and subsequent polymeri-
zation can give materials of uniform size. Particulate systems
are commonly distinguished by their size and fal into the two
major categories of colloids and macroparticles. Macroparticles
have a size that exceeds ca. 100 nm and form turbid
suspensions, whereas colloids contain smaller particles that
form clear solutions.” In an excellent article Alivisatos de-
scribed how the fundamental properties of these aggregates or
clusters, vary, enormously, with size.8 Particles with adiameter
over roughly 15 nm behave, generally, as bulk semiconductors
(SC), whereas, smaller particles, of lessthan 5 nm have more or
lessmolecular characteristics and are classified as quantum size
clusters or quantum dots. Thus, POM, in SC terminology, may
be considered ideal quantum size clusters, or quantum dots.8

instance

Therefore, it is not surprising that these two systems exhibit
overall similar behaviour.

It should be noted that despite determination of the Keggin
and Wells-Dawson structures, mentioned below, many chem-
ists, up until the Sixties, considered POM as inorganic
polymers. A similarly unclear picture exists for the exact
structure of metal oxide particulates. It is expected that these
particles will resolve to definite structures, following the
historical development of POM, but from the oppositedirection,
i.e., from larger to smaller sizes.

2 Properties

In the last twenty years or so, we have seen important
developments in the photochemistry and photocatalysis of
semiconductors and, to a lesser extent, POM. Each of the
various observations and explanations given for one group
appears to have a counterpart in the other group. Y et, there are
generally, (and unintentionally), no cross references between
the two groups. This matter has improved recently as discussed
below.

Some general points are worth mentioning. For instance:

() If one looks at the electronic absorption spectra of the
oxidized and reduced WO; colloids and at their electrochemical
behaviour, it can be seen that they have a pattern characteristic
of polyoxotungstates,® as others have also noticed, 0 (Fig. 2).
The case of TiO, isaso similar.11. The overall resemblance to
the spectraof POM (shownin Fig. 1) isapparent. The blue color
of reduced POM is thus attributed to intra electron transfer
between adjacent metal ions, M—M charge transfer (CT) bands?
and a somewhat similar explanation holds for the blue
coloration of reduced WO3 and TiO,.

(b) The band gap in SC, Eg (see below), is afunction of the
size of the metal oxide particulates. The smaller the size, the
higher the Eg.8 A similar trend is noticed with POM as
exemplified by the threshold and peak absorptions of the spectra
of Keggin (ionic size ca. 7.2 nm3) and Wells-Dawson (ionic
size ca. 10.3 nm3) structures of phosphomolybdates and
phosphotungstates, that have overall similar characteristics
[Fig. 3(A and B)].2

(c) It has been stated that accumulation of electrons on POM
lowerss the efficiency of photoreaction. For instance, in the
photooxidation of propan-2-ol to propanone by PW1,0403—, the
efficiency drops by an order of magnitude in going from the
oxidized 12-tungstophosphate, PW;,0403—, to the form
PW 1,040 that is reduced by one electron.l2 An analogous
statement has been made for SC (TiO,), namely, that accumula-
tion of electrons on SC lowers the quantum yield3 by
increasing the electron hole (h* + e—) recombination rate (see
below).

(d) Appreciable negative charge can be built up on meta
oxide particulatesin the absence of an acceptor. Thisisalso true
for POM, whose characteristic property is that they undergo
multiple, stepwise, ‘reversible’ (from achemical point of view)
reductions without decomposition.2

(e) Accumulation of charge on SC drives the redox potential
to more negative values, i.e., the redox potential isafunction of
the charge density.24 This result was demonstrated, along time
ago for POM with the Keggin structure by Pope and Varga,
(Fig. 4).15

(f) Therate-determining step in photocatal ytic processes with
metal oxide particulates was reported to be the removal of the
electrons from the SC.13 Again, a similar statement has been
made for POM, namely, that the rate-determining step in the
photocatalytic cycle is the regeneration (reoxidation) of the
catalyst.12

(g) Both systems, i.e., polyoxotungstates and TiO, partic-
ulates, are effective photocatalysts for the mineralization to

Chem. Soc. Rev., 2001, 30, 62-69 63
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Fig. 2 (a) A metal oxide particle, i.e., aSC, isusually represented asacircle
with two bands: VB (valence band) and CB (conduction band), separated by
the energy gap Eg; seetext. (b) Absorption spectraof WO; colloids (0.4 M)
inwater, with diameters 2-5 nm. The oxalic acid concentration that controls
the size of the particleswasi, 0.16, ii, 0.23 and iii, 0.31 M;® (c) Absorption
spectra of deaerated agqueous suspension of WOj3 colloids (0.4 M) following
UV photolysis (A > 300 nm) for 6 min.,, in presence of various
concentrations of oxalic acidi, 0.16, ii, 0.23 and iii, 0.31 M. (Reprinted from
reference 9, with permission.)

CO,, H,0 and inorganic anions of a great variety of organic
pollutants (see below).

Thus, as mentioned earlier, the two systems have advanced
independently, yet they exhibit great similarities, asisnow quite
obvious.

Asaways, the generalities break down when we get down to
specifics. For POM the well defined properties, such as
solubility, stability,! excited state life times, 16 can be associated
with the structure. Thus, for example, W;0Oz4~ with a
structure other than the Keggin and Wells-Dawson structure
(Fig. 1), does not follow the rule of size, having ca. 450 and 320
nm for the threshold and peak absorptions, respectively [Fig.
3(C)].

No such specific properties can be noted for SC clusters for
lack of structural data until now. In POM electrons are trapped
in reasonably well understood molecular orbitals, so that
reduced POM can be isolated, studied and prevented from
undergoing further reactions. No such treatment is possible, so
far, with band gap illuminated SC. For instance, most
commercial SC samples have catalytic activity that varies from
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Fig. 3 Comparison of the spectra of the oxidized forms of: (A) PW 120403~
and PW1g0656~; (B) PM012040%~ and PoM01g0g2%~; (C) W1gOsz%~.
POM, ca. 2 x 10-5 M, in 50:50 CH3;CN-H,0; 0.1 M HCIOj.
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Fig. 4 Half-wave potentials for one-electron reduction vs. charge of the
anions with Keggin structure: PW;50403~, SiW12040%~, FEW15040°—,
CoW150406—, HaW1,0405~ @. (Reprinted from reference 15, with
permission.)



batch to batch. In SC oxidations and reductions are not easily
separated and cannot be stoichiometrically controlled.

3 Photochemical behaviour

The points listed above are some genera thoughts and
observations scattered in the literature, referring to either of the
systems under discussion. It isthe similaritiesin behaviour that
we will focus upon, providing an overall picture of the parallel
photochemical behaviour of these two categories of compounds
in their reactions with organic substrates in aqueous solutions,
as presented in the literature.

We will mainly consider the behaviour of TiO, and WO; as
SC and that of polyoxotungstates as POM. A somewhat similar
approach to the overall characteristics of POM and SC, but not
to their specific photochemical behaviour, has been reported by
Gomez-Romero;10 a comparison of several POM and semi-
conducting materialsin CHzCN has al so been presented by Hill
and Chambers.1” Maldotti et al. have mentioned the similarity
between the behaviour of photoexcited WOz and TiO, with that
of POM.18 We will present afew key points of the several that
substantiate each case.

The following steps are encountered in the photochemistry
and photocatalytic processes undergone by polyoxotungstates
and metal oxide particulates.

3.1 Preassociation of catalysts with substrate

Several observations suggest the formation of a preassociated
complex or a preassociated equilibrium of the catalyst with the
organic substrate in agueous solution,

M+ S M-S o)

where M is a polyoxotungstate or metal oxide particulate, and S
an organic substrate. For POM the association is suggested by:
(& NMR data® (b) the rate constants (1012 M—1s-1) for
reaction of excited POM with substrate (i.e, faster than
diffusion-controlled),1® (c) X-ray data,2° (d) electronic spec-
trat0.17 and (e) the Langmuirian behaviour of the system.12.21
Incidently, in al studies so far, high affinity of the organic
compounds for POM has been observed (i.e., high association
constants). Evidence for this arises from the fact that even trace
amounts of organic pollutants (i.e. of concentrations in the ppb
range) undergo effective photodecomposition in homogeneous
aqueous sol utions containing POM (see bel ow). For metal oxide
particulates, the corresponding association is demanded by the
fact that: (a) diffusion is too slow to compete with (e~ + h*)
recombination whose life time is in the order of nanoseconds.
Thus the organic species must be preassociated with the catalyst
before the arrival of the activating photon,22 see below and (b)
the Langmuirian behaviour.23 As far as the latter case is
concerned, plots of initial rates of photoredox reactions as a
function of increased concentration of organic substrate, for a
certain concentration of catalyst, yield similar type of diagrams
(Fig. 5). This means, as aready mentioned, that both systems
follow Langmuir—Hinshelwood behaviour or Michaglis-Men-
ten kinetics. Thus, at low concentrations of organic substrate,
the initial photoreaction is first order with respect to substrate,
moving progressively (flat area) to zero order. This behaviour
has been observed in every substrate tried so far with metal
oxide particulates or POM and does not differ between
semiheterogeneous systems, as encountered with metal oxide
particulates, or homogeneous systems that use POM.

3.2 Excitation of the catalysts

In metal oxide particulates atomic and molecular orbitals
coalesce to form energy bands. Impinging light 1 > Eg (Eg, the

Initial rate

1 1 ! 1

[Substrate]

Fig. 5 Typical plot showing thevariationin theinitial rate of the photoredox
reaction as a function of increased concentration of organic substrate, for a
certain concentration of catalyst (metal oxide particulate or POM).

band gap energy of semiconductor) leads to electron hole
separation (Fig. 2a).

By analogy, excitation into the O—M CT band of POM
(near-visibleand UV region), resultsin electron hole separation,
which can be represented as

.. hv
_W:Q

wW—o¢*
(where —W=0 represents a tungsten—oxygen bond in poly-

oxotungstates). Thus, for both systems the excited state can be
described as

M—M(h* +¢€") ®)

In egn. (2), we have avoided the preassociated complex for
reasons of clarity.

3.3 Photolysisin deaerated solutions

Excitation renders these systems powerful oxidizing reagents,
able to oxidize a great variety of organic compounds. In the
absence of electron trapping reagents (mainly dioxygen),
electrons accumulate on metal oxide particulates, and POM,
leading to the gradual development of ablue color, especialy in
the case of POM (Fig. 6). Noteworthy are the similaritiesin the
photolysis spectra of deaerated aqueous solutions of
PW 15,0403~ (Fig. 6)12 and agueous suspensions of WO; colloids
in the presence of organic substrates,® (Fig. 2c).
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Fig. 6 Gradua development of a blue color, indicating the successive

formation of one-electron (750 nm) and two-electron (650 nm) reduction

products of PW1,0403—, 0.1 mM; propan-2-ol, 2 mM in 0.1 M HCIOy;

deaeration with Ar. Photolysis at 254 nm.

0.0

3.4 Formation of OH radicals upon photolysis of catalysts
in aqueous solution

Reaction of the excited catalyst with H,O (i.e. oxidative hole
trapping) creates “ surface” bound OH radicals, according to the
following equation.

M(e~ + h*) + H,0 <> M(e~) + OH + H* )

Chem. Soc. Rev., 2001, 30, 62-69 65
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Fig. 7 Ground state and excited state redox potentials and corresponding energy levels, relative to vacuum and to NHE (normal hydrogen electrode), of some
POM together with those of characteristic SC, WOs and TiO,, for comparison. Only the first few energy levels of POM are indicated on the diagram. For
instance, for PW 120403~ (PW153~) the first two energy levels are shown, corresponding to the following reactions:

3 e 4 & 5
PW ;0,40 —— PW3,040 —— PW3,04

Thus, the oxidizing ability of the ground state of PW;, O403— i50.221 V vs. NHE (first reduction step), whereas the excited state potential is more positive
by 350 nm (or 1240/350=3.5 eV) more positive, i.e., =3.7 V vs. NHE, as shown in the diagram and explained in the text.

The OH radicals react subsequently with substrates Sin various
ways, such that OH + S — hydroxylation, hydrogen abstraction,
dehal ogenation and oxidation products.

The following observations substanti ate the formation of OH
radicals. (a) OH adducts (hydroxylation products) have been
detected in photolysis experiments with aromatic hydrocarbons
in the presence of the POM2.24 and TiO,.2526 Thus, for
example, photolysis of phenol, whether in the presence of TiO,
or PW1,0,403— yields hydroquinone, catechol and 1,2,4-trihy-
droxybenzene (pyrogallol).23 In principle, the hydroxylated
product may originate from the hydrolysis of cation radicas
produced from direct hole trapping by the organic adsorbate;23
this subject is considered below. (b) ESR trapping experiments
had detected OH radicals upon photolysis of POM1827 and
SC.28 (¢) The generation of OH radicalsis also suggested by the
fact that the excited state potentials of most POM and SC are
more positive than the reaction given in egn. (4).

OH+H*+e —H,0 E=19VvsNHE (4)

To elaborate on this matter, we notice that excitation in SC
promotes an electron from the valence band (VB) to the
conduction band (CB), whereas in molecules (i.e. POM) the
corresponding process is described as occurring from the
highest occupied molecular orbitals (HOMO) to lowest un-
occupied molecular orbitals (LUMO) or O—M CT band. If the
threshold absorption is, say, 350 nm, for either SC or POM, the
excited states will be better oxidants than the ground states by
350 nm or 1240/350 = 3.5 eV.

Fig. 7 shows the ground state and excited state potentials of
some POM together with those of characteristic SC for
comparison. The excited state potential of POM was cal cul ated
from the equation: [excited state potential of POM (V vs. NHE)]
= [ground state reduction potential of POM (V vs. NHE) +
1240/(0-0) transition energy], where (O-O) transition energy
is, roughly, the threshold absorption (nm) of the O—M CT band
in the near-visible area.

To compl ete the argument in favour of OH radical formation,
it has also been observed that the photodecomposition of
trichloroacetic acid, which lacks «-hydrogen atoms, is much
slower than that of chloroacetic acid (Fig. 8).2° As is already
known from radiation chemistry studies in agueous solutions
OH radicals attack preferentially «-hydrogen atoms.

Most of the metal oxides are large band gap semiconductors,
as so are the polyoxotungstates. Thus, only light below 400 nm
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Fig. 8 Comparison of the photodegradation of CICH,COOH and
CCI3COOH upon photolysis of an oxygenated agueous solutions of
PW,040%—. Solution volume 4 mL; catalyst, 0.7 mM; substrate, 2 mM; pH
1.0 (HCIOy); A > 320 nm. (Adapted from ref. 26, with permission).

is capable of producing electron hole pairs and so less than 5%
of solar light can be utilized. One exception is iron(in) oxide
with aband gap of 2.2 eV (for hematite «-Fe,O3).23 Hence, «-
Fe,O5 absorbs in the visible below 560 nm. However, its
photocatalytic action is limited to a few cases. Other SC
particles, namely, CdS and GaP, aso absorb larger fractions of
the solar spectrum, but these catalysts are degraded during
repeated photocatalytic cycles.23 Curiously enough, POM that
absorb in the visible region, up to ca. 600 nm, such as
molybdates, mixed tungstomolybdates and molybdovanadates,
have limited photocatalytic activity and are unstable.12

From a philosophical point of view it seems that Nature
preserved thisworld by not activating various metal oxideswith
visible light that would have destroyed organic matter. It isthis
goal, i.e., destruction of organic pollutants using solar light, that
the scientific world is trying to achieve in a controlled
manner.

3.5 Direct reaction of the excited state of the catalyst with
substrate

The organic substrates, for both systems, act as adsorbed traps
for the photogenerated holes either directly or through the



intermediacy of ‘surface’ hydroxyl radicas as mentioned
earlier.

Diffuse reflectance flash photolysis has been employed to
distinguish the products of direct electron transfer to TiO, in
aqueous suspensions from those resulting from reaction with
OH radicals. This, however, has not produced indisputable
results.22:30

3.6 Mineralization of organic pollutants.
Photodecomposition Kinetics

The high oxidizing ability of the excited states and the
formation of OH radicas by both polyoxotungstates and SC
(TiO,), as mentioned above, are the causes of photodegradation
(to CO,, H,O and inorganic anions) of agreat variety of organic
compounds.23.24 Thus mineralization has been reported in both
systems for acohols, adehydes, ketones, acids, aromatic
compounds substituted with CI, Br, OH and for pesticides.
Mineraization of carbon can be monitored through either the
evolution of CO, or the disappearance of al the organic carbon.
Over 1500 papers have been published on the ability of TiO, to
cause mineralization, whereas the contribution of POM to the
subject has been recognized only recently.21.24 Fig. 9 shows a

14

B p-chlorophenol
124 | © co,
L e o

101

84

mol x 10

N b
L L

(e}

0 120 240 360 480
Time (min)

Fig. 9 Photocatalytic degradation and formation of Cl— and CO, of an
oxygenated aqueous solution of 4-chlorophenol in presence of W;003z,%—
0.7 mM; pH, 2.5; 1 > 320 nm. Photolyzed solution 4 mL.

typical photodegradation process of chlorophenol, in which the
disappearance of substrate and the formation of CO, and CI—
are illustrated. It can be seen that CO, is detected after an
induction period, asis observed for al aromatic substrates used
so far, indicating that the process of mineralization goesthrough
severa intermediates before the opening of the aromatic ring.
For both systems, the disappearance of organic compoundsasa
function of irradiation time obeys first-order kinetics.22.24

3.7 Formation and decay of similar intermediates

The process of mineralization, for both categories of catalysts,
passes through the formation and decay of several similar
intermediates. This is to be expected, since their oxidizing
ability is exercised mainly through OH radicals, as mentioned
earlier. Thus, the characteristic reactions of OH radicals have
been encountered: (&) hydroxylation of aromatic compounds
(i.e. OH adducts) as mentioned earlier; (b) H-abstraction; (c)
dehaogenations; (d) decarboxylations, (e) breaking of the
aromatic ring and formation of short-chain aliphatic acids. Also
addition or transfer of hydrogen atoms is observed.

We present below examples of common intermediates
encountered in the photodecomposition of, for example,
phenol 2331 (Scheme 1) and chlorophenols.24.32 (Scheme 2).

The formation of CH, and CH3 groups from aromatic carbon
(i.e. CH groups) implies that in the photocatalytic processes

@@Q@@
@0“ “°@

Scheme 1 Common intermediates detected during photodegradation of
phenol by polyoxotungstates and TiO,. (Reprinted from ref. 31, with
permission from Elsevier Science).
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Scheme 2 Intermediates detected during the course of mineralization of

chlorophenols by both systems. (Reprinted from ref. 24, with permission
from Elsevier Science).
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promoted by POM and TiO, there is a reductive (hydro-
genation) pathway, in addition to the oxidative process. On the
other hand, the formation of aliphatic acids and the ultimate
formation of CO, by both systems implies addition of OH
radicals to the organic ring, leading to the formation of CO
bonds or hydration of the oxidized organic radical cation.23.24

An interesting case that also demonstrates the similarity of
these processes is the photocomposition of nitrogen containing
aromatic rings. In particular, the initial photodecomposition of
atrazine, by both methods, takes place within a few minutes,
leading, within a few hours, to cyanuric acid (CA). However,
the latter resists photodegradation for tens of hours in the
presence of either TiO, or polyoxotungstates.33-34 Scheme 3
shows the main common intermediates identified in the
photodegradation processes of atrazine by the two systems and
the final products. Notice that in both cases, the chlorine groups
end up as chloride ions and amine nitrogen atoms as nitrate
ions.
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Scheme 3 The main common intermediates and final products detected in
the photodecomposition of atrazine by TiO, and polyoxotungstates.

We mentioned earlier that, getting down to specifics, the two
processes might present differences. In thisrespect, we note that
Texier et al.3* working with TiO, and W;00s%—, in the
photodecomposition of atrazine, have identified with TiO, two
transient amides, which they did not observe with W;003%—
Even in this case, the authors point out that these amides might
be too reactive toward W1,9Os,4~ and so their steady-state
concentration could be too low to be detected. A more serious
argument on their part is that they doubt the formation of OH
radicals with W19O3z,4—. They argue that in absence of organic
substrate, H,O, should have been detected. We think that even
in the case of W190324~ whose excited state life timeis longer
than those of most POM16 the indirect rate of electron hole
recombination,

h* + OH~ — OH ©)
OH +e — OH- 6)

does not alow the ‘surface’ bound OH radical to escape to the
bulk of the solution to encounter another OH radical for the
formation of H,O..

3.8 Degradation pathways

As has been mentioned earlier, hydroxylated products may, in
principle, arise from direct reaction of the aromatic ring with
OH radicals and/or from the hydrolysis of the oxidized cation
radical generated by direct hole transfer to the associated
organic substrate, or to put it in more familiar chemical
terminology, by direct electron transfer from the associated
organic substrate to the photoexcited catalyst. Scheme 4 shows
the common pathway of photodecomposition of an L-substi-
tuted aromatic compound as used by several workers working
with OH radicals produced in agueous solutions from ¢°Co-y-
radiolysis, TiO, photolysis or POM.24 Scheme 4 provides
details of the fate of the organic substrate, accounting for the
formation of hydroxy aromatic derivatives and the overall
mineralization process.24 For an ortho OH addition in the L-
substituted benzene ring above, the reactions depicted in
Scheme 5 explains, according to Matthews,26 the mineralization
process. Dioxygen is aso involved, the role of which is
considered below. Finally, a more specific example is the
photodecomposition of 2,4-dichlorophenol .35 Several common
intermediates, identified in the decomposition by both systems,
necessitate the degradation pathway shown in Scheme 6.
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Scheme 4 The common pathway of photodecomposition of an L-substituted
aromatic compound, as used by several workersworking with OH radicals.
(Reprinted from ref. 24, with permission from Elsevier Science).
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Scheme 5 The mechanism of mineralization after an ortho OH addition in
the L-substituted benzene ring, showing, also, the participation of dioxygen,
according to Matthews.26 (Reprinted from ref. 24, with permission from
Elsevier Science).
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Scheme 6 Photodegradation pathway according to the common inter-
mediates found in the photocatalytic decomposition of 2,4-dichlorophenol
by both systems. (Reprinted from ref. 35, with permission from Elsevier
Science).

3.9 Regeneration of catalysts

Both systems can serve as electron relays, i.e. they are able to
transfer the accumulated electrons to a variety of compounds
with a less negative reduction potential than the conduction
band of SC or the highest occupied molecular orbital (HOMO)
of POM and thus close the photocatalytic cycle, which is
represented for both systemsin Fig. 10. For both categories of
catalysts, the rate-determining step in the photocatalytic cycle
has been reported to be the reoxidation (regeneration) of
catalyst.12.13

Generally, photocatalytic reductions with SC (TiO,) are less
frequently encountered than are oxidations, probably because,
as has been stated, the reducing ability of the conduction band



Org.

hv POM, SC
(h*+e)
A > Org.(oxid.)...,Final:
CO2 ,H20, inorg. anions
Org.(oxid.)..
POM(e"), SC(e")
O, H*,
oxid. reagents
POM, SC
O™ +Org.
O, Hg, ..

Fig. 10 The photocatalytic cycle representing the reactions involved for
both POM and SC.

electrons is significantly lower than the oxidizing ability of a
valence band hole.3° This also holds true for POM as one can
see from theredox potential of Fig. 7 and for one further reason:
POM are in the d° electronic state (i.e. the highest, W6+,
oxidation state); therefore there are no electrons available for
reduction.

Hole oxidation of organic compounds accumulates el ectrons
on the catalyst, which can be delivered to various reducible
speciesin the solution. Thus, for instance, H* has been reported
to be reduced to H,,1230 haloaromatics undergo reducible
dehal ogenation23.24 and nitrobenzene has been reported to be
reduced to aniline.

Various oxidants have been used as photoel ectron traps (or
oxidizing reagents for reduced catalysts) such as S,0g2—, 10,4,
BrOs;—, ClO3;— and H,0,.23 Dioxygen is the most effective and
the cleanest electron trapping reagent for both types of catalysts.
In the process, the superoxy radical is formed,

M) +0; > M+ Oy ™

which may further participate in the oxidation processes?4.29
(Fig. 10 and Scheme 5).

4 Conclusions

(a) Meta oxide particulates and POM upon excitation with near
visible and UV light serve as photocatalysts in a variety of
similar processes. (b) For photoreaction to occur, before
deactivation of the excited catalyst takes place, both systems
require the formation of a preassociated complex or preassocia-
tion equilibrium or, for that matter, a supramolecular species
between the catalyst and substrate. (c) For both systems, the
rates of photooxidation of substrate are the result of two
competitive reactions: (i) direct reaction of the excited catalyst
with substrate and (ii) reaction through OH radicals. (d) Both
systems cause mineralization (i.e. formation of CO,, H,O and
inorganic anions) of a great variety of organic pollutants, via
similar intermediates. (€) The photodecomposition rates obey
first-order kinetics with respect to the organic species. (f) For
both systems, the rate-determining step in the photocatalytic
cycle has been reported to be the regeneration (reoxidation) of
the catalyst with dioxygen being the most effective and the
cleanest oxidizing reagent. (g) Using chlorophenol as an
example, the overall photodecomposition reaction is

CIC¢H,OH +13/20, T 0'POM _, 65, + HC + 2H,0
®
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