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1. Introduction

A. General Background

The civilian, commercial, and defense sectors of
most advanced industrialized nations are faced with
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a tremendous set of environmental problems related
to the remediation of hazardous wastes, contami-
nated groundwaters, and the control of toxic air
contaminants. For example, the slow pace of hazard-
ous waste remediation at military installations around
the world is causing a serious delay in conversion of
many of these facilities to civilian uses. Over the last
10 years problems related to hazardous waste reme-
diation! have emerged as a high national and inter-
national priority.

Problems with hazardous wastes at military instal-
lations are related in part to the disposal of chemical
wastes in lagoons, underground storage tanks, and
dump sites. As a consequence of these disposal
practices, the surrounding soil and underlying ground-
water aquifers have become contaminated with a
variety of hazardous (i.e., toxic) chemicals. Typical
wastes of concern include heavy metals, aviation fuel,
military-vehicle fuel, solvents and degreasing agents,
and chemical byproducts from weapons manufactur-
ing. The projected costs for cleanup at more than
1800 military installations in the United States have
been put at $30 billion; the time required for cleanup
has been estimated to be more than 10 years.

In the civilian sector, the elimination of toxic and
hazardous chemical substances such as the haloge-
nated hydrocarbons from waste effluents and previ-
ously contaminated sites has become a major concern.
More than 540 million metric tons of hazardous solid
and liquid waste are generated annually by more
than 14000 installations in the United States. A
significant fraction of these wastes are disposed on
the land each year. Some of these wastes eventually
contaminate groundwater and surface water.

Groundwater contamination is likely to be the
primary source of human contact with toxic chemicals
emanating from more than 70% of the hazardous
waste sites in the United States. General classes of
compounds of concern include: solvents, volatile
organics, chlorinated volatile organics, dioxins, diben-
zofurans, pesticides, PCB’s, chlorophenols, asbestos,
heavy metals, and arsenic compounds. Some specific
compounds of interest are 4-chlorophenol, pentachlo-
rophenol, trichloroethylene (TCE), perchloroethylene
(PCE), CCl;, HCCls, CHCls, ethylene dibromide,
vinyl chloride, ethylene dichloride, methyl chloro-
form, p-chlorobenzene, and hexachlorocyclopentadi-
ene. The occurrence of TCE, PCE, CFC-113 (i.e.,
Freon-113) and other grease-cutting agents in soils
and groundwaters is widespread.

In order to address this significant problem, ex-
tensive research is underway to develop advanced
analytical, biochemical, and physicochemical methods
for the characterization and elimination of hazardous
chemical compounds from air, soil, and water. Ad-
vanced physicochemical processes such as semicon-
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ductor photocatalysis are intended to be both supple-
mentary and complementary to some of the more
conventional approaches to the destruction or trans-
formation of hazardous chemical wastes such as high-
temperature incineration, amended activated sludge
digestion, anaerobic digestion, and conventional phys-
icochemical treatment.1~5
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B. Semiconductor Photocatalysis

Over the last 10 years the scientific and engineer-
ing interest in the application of semiconductor
photocatalysis has grown exponentially. In the areas
of water, air, and wastewater treatment alone, the
rate of publication exceeds 200 papers per year
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Figure 1. Primary steps in the photoelectrochemical
mechanism: (1) formation of charge carriers by a photon;
(2) charge carrier recombination to liberate heat; (3)
initiation of an oxidative pathway by a valence-band hole;
(4) initiation of a reductive pathway by a conduction-band
electron; (5) further thermal (e.g., hydrolysis or reaction
with active oxygen species) and photocatalytic reactions to
yield mineralization products; (6) trapping of a conduction-
band electron in a dangling surficial bond to yield Ti(III);
(7) trapping of a valence-band hole at a surficial titanol
group.

averaged over the last 10 years.® In this paper, we
attempt to give an overview of some of the underlying
principles governing semiconductor photocatalysis
and to review the current literature in terms of its
potential applications as an environmental control
technology.b

Given the tremendous level of interest in semicon-
ductor photochemistry and photophysics over the last
15 years, a number of review articles have appeared.
For additional background information and reviews
of the relevant literature, we refer the reader to
recent reviews provided by Ollis and Al-Akabi,b
Blake,” Mills et al.? Kamat,® Fox and Dulay,®
Bahnemann,!! Pichat,!2 Aithal et al.,!® Lewis!* and
Bahnemann et al.}5 Earlier overviews are available
in the works of Fox,!6 Ollis et al.,}” Pelizzetti and
Serpone,!® Gritzel,!®* Matthews,?° Schiavello,??2 Ser-
pone et al.,?® Serpone and Pelizzetti,?* Anpo,25 Bah-
nemann et al.,? and Henglein.?’

Semiconductor photocatalysis with a primary focus
on TiO; as a durable photocatalyst has been applied
to a variety of problems of environmental interest in
addition to water and air purification. It has been
shown to be useful for the destruction of microgan-
isms such as bacteria?® and viruses,?? for the inacti-
vation of cancer cells,3%3! for odor control,32 for the
photosplitting of water to produce hydrogen gas,33-38
for the fixation of nitrogen 342 and for the clean up
of oil spills.43-45

Semiconductors (e.g., TiOg, ZnO, Fe205, CdS, and
ZnS) can act as sensitizers for light-reduced redox
processes due to their electronic structure, which is
characterized by a filled valence band and an empty
conduction band.*® When a photon with an energy
of hv matches or exceeds the bandgap energy, E;, of
the semiconductor, an electron, ey, is promoted from
the valence band, VB, into the conduction band, CB,
leaving a hole, hy,™ behind (see Figure 1). Excited-
state conduction-band electrons and valence-band
holes can recombine and dissipate the input energy
as heat, get trapped in metastable surface states, or
react with electron donors and electron acceptors
adsorbed on the semiconductor surface or within the
surrounding electrical double layer of the charged
particles.

In the absence of suitable electron and hole scav-
engers, the stored energy is dissipated within a few
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nanoseconds by recombination.4” If a suitable scav-
enger or surface defect state is available to trap the
electron or hole, recombination is prevented and
subsequent redox reactions may occur. The valence-
band holes are powerful oxidants (+1.0 to +3.5 V vs
NHE depending on the semiconductor and pH), while
the conduction-band electrons are good reductants
(+0.5 to —1.5 V vs NHE).}®* Most organic photodeg-
radation reactions utilize the oxidizing power of the
holes either directly or indirectly; however, to prevent
a buildup of charge one must also provide a reducible
species to react with the electrons. In contrast, on
bulk semiconductor electrodes only one species, either
the hole or electron, is available for reaction due to
band bending.#® However, in very small semiconduc-
tor particle suspensions both species are present on
the surface. Therefore, careful consideration of both
the oxidative and the reductive paths is required.

The application of illuminated semiconductors for
the remediation of contaminants has been used
successfully for a wide variety of compounds**~5¢ such
as alkanes, aliphatic alcohols, aliphatic carboxylic
acids, alkenes, phenols, aromatic carboxylic acids,
dyes, PCB’s, simple aromatics, halogenated alkanes
and alkenes, surfactants, and pesticides as well as
for the reductive deposition of heavy metals (e.g.,
Pt+*, Audt, Rh3*, Cr(VI)) from aqueous solution to
surfaces.!”57-5% In many cases, complete mineraliza-
tion of organic compounds has been reported.

A general stoichiometry for the heterogeneously
photocatalyzed oxidation of a generic chlorinated
hydrocarbon to complete mineralization can be writ-
ten as follows:

hv, TiO,

CH,CL + [x + 2o,

xCO, + 2H + 201" + 2 —ZH,0 (1

ll. Mechanisms of Semiconductor Photocatalysis

A. Basic Features and Characteristic Times

On the basis of laser flash photolysis measure-
ments®fl we have proposed the following general
mechanism for heterogeneous photocatalysis on TiOs.
Characteristic times for the various steps in the
mechanism are given to the right of each step.

Characteristic
Primary Process Times
charge-carrier generation
TiOz + hv — hwt + ew™ (fs) (2)
charge-carrier trapping
hw* + >TiVOH — {>TiVOH'}* fast (10 ns) 3)
esw” + >TilVOH « {>Till'OH} shallow trap (4a)
(100 ps)
(dynamic
equilibrium)
ew” + >TilV — >Tilll deep trap (10 ns) (4b)
(irreversible)

charge-carrier recombination
esw” + {>TiVOH'}* — >TiVOH
ha* + {>Ti"OH} — Ti'VOH
interfacial charge transfer
{>TiVOH'}* 4+ Red —
>TiVOH + Red+
ey~ + Ox — >TilVOH + Ox~

slow (100 ns) (5)
fast (10 ns) (6)

slow (100 ns) @)

very slow (ms) (8)

where >TiOH represents the primary hydrated sur-
face functionality of TiO:,%2 ey~ is a conduction-band
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Figure 2. Kinetics of the primary steps in photoelectrochemical mechanism. Recombination is mediated primarily by
>Ti(III) in the first 10 ns. Valence-band holes are sequestered as long-lived >TiOH'* after 10 ns. >TiOH is reformed by
recombination with conduction-band electrons or oxidation of the substrate on the time scale of 100 ns. The arrow lengths

are representative of the respective time scales.

electron, e, is a trapped conduction-band electron,
h.* is a valence-band hole, Red is an electron donor
(i.e., reductant), Ox is an electron acceptor (i.e.,
oxidant), {>TiVOH'}* is the surface-trapped VB hole
(i.e., surface-bound hydroxyl radical), and {>TillOH}
is the surface-trapped CB electron. The dynamic
equilibrium of eq 4a represents a reversible trapping
of a conduction-band electron in a shallow trap below
the conduction-band edge such that there is a finite
probability that e, can be transferred back into the
conduction band at room temperature. This step is
plausible if we consider that 27 at 25 °C is equivalent
to 26 meV. Trapped electrons have been estimated
to lie in the range of 25 to 50 meV below the
conduction-band edge of P25 Ti0,.6051

According to the mechanism illustrated in Figure
2, the overall quantum efficiency for interfacial
charge transfer is determined by two critical pro-
cesses. They are the competition between charge-
carrier recombination and trapping (picoseconds to
nanoseconds) followed by the competition between
trapped carrier recombination and interfacial charge
transfer (microseconds to milliseconds). An increase
in either the recombination lifetime of charge carriers
or the interfacial electron-transfer rate constant is
expected to result in higher quantum efficiencies for
steady-state photolyses. This relationship is verified
by time-resolved microwave conductivity studies
(TRMC) of several commercial TiO; samples (S7—
P25).6081 A contour plot of the quantum efficiencies
of the steady-state photolyses for the dechlorination
of HCCl; as a function of the recombination lifetime
and interfacial electron-transfer rate constant mea-
sured by TRMC is shown in Figure 3a; the subse-
quent linear transformation (Figure 3b) of the con-
tour plot of Figure 3a makes the correlation more
apparent. Figure 3a suggests S21-TiO, owes its
high photoreactivity to a fast interfacial electron-
transfer rate constant whereas P25 has a high
photoreactivity due to slow recombination. Bickley
et al.®® have suggested that the anatase/rutile struc-
ture of P25 promotes charge-pair separation and
inhibits recombination. The different recombination
lifetimes and interfacial electron-transfer rate con-
stants may be due to the different preparation
methods of the samples that result in different crystal
defect structures and surface morphologies. The
correlations observed between quantum efficiencies

(a)

Increasing

5 Photoreactivity

1.40

1.06

0.70

44%, S21
0.35 |-

0.00
0.00 0.10 0.20 0.30 0.40

Interfacial Electron Transfer

Recombination Lifetime (a.u.)

Rate Constant (ms™)

0.5 (b)
0.4
0.3
0.2

0.1

Quantum Efficiency (%)

0.0 1 ! i ]
0.00 0.05 0.10 0.15 0.20

(Carrier Concentration) * (Rate Constant) (mV ms")

Figure 3. (a) Contour plot of quantum efficiency as a
function of recombination lifetime and interfacial electron
transfer rate constant and (b) linear transformation of
contour plot.

and charge-carrier dynamics emphasize the impor-
tance of the interfacial charge transfer rate constant
and the charge-carrier recombination lifetime as
contributing factors to TiO, photoreactivity.

In this general mechanism, we have assumed that
the substrate does not undergo direct hole transfer
and that oxidative electron transfer occurs exclu-
sively through a surface-bound hydroxyl radical,
{>TiOH'}"* or equivalent trapped hole species. How-
ever, there exists a significant body of literature that
oxidation may occur by either indirect oxidation via
the surface-bound hydroxyl radical (i.e., a trapped
hole at the particle surface) or directly via the
valence-band hole before it is trapped either within
the particle or at the particle surface.
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In support of hydroxyl radical as the principal
reactive oxidant in photoactivated TiO; is the obser-
vation that intermediates detected during the pho-
tocatalytic degradation of halogenated aromatic com-
pounds are typically hydroxylated structures.4%.64-68
These intermediates are consistent with those found
when similar aromatics are reacted with a known
source of hydroxyl radicals. In addition, ESR studies
have verified the existence of hydroxyl and hydro-
peroxy radicals in aqueous solutions of illuminated
Ti0,.8%-71 Mao et al.”? have found that the rate of
oxidation of chlorinated ethanes correlates with the
C—H bond strengths of the organics, which indicates
that H atom abstraction by OH* is an important
factor in the rate-determining step for oxidation. The
strong correlation between degradation rates and
concentration of the organic pollutant adsorbed to the
surface®%73-® algo implies that the hydroxyl radicals
or trapped holes are directly available at the surface;
however, evidence has also been presented for the
homogeneous phase hydroxylation of furfuryl alcohol
in aqueous ZnO suspensions.? On the other hand,
Mao et al.”? have observed that trichloroacetic acid
and oxalic acid are oxidized primarily by valence-
band holes on TiO2 via a photo-Kolbe process. It
should be noted that these compounds also have no
hydrogen atoms available for abstraction by OH".
Likewise, Draper and Fox® were unable to find
evidence of any hydroxyl radical adducts for the TiO»-
sensitized reactions of potassium iodide, 2,4,5 trichlo-
rophenol, tris(1,10-phenanthroline)iron(II) perchlor-
ate; N,N,N’ N'-tetramethyl-p-phenylenediamine, and
thianthrene. In each case where the product of
hydroxyl radical-mediated oxidation was known from
pulse radiolysis studies to be different from that of
direct electron transfer oxidation, Draper and Fox
observed only the products of the direct electron-
transfer oxidation.

Carraway et al.5! have provided experimental
evidence for the direct hole oxidation of tightly bound
electron donors such as formate, acetate, and gly-
oxylate at the semiconductor surface. In the case of
the gem-diol form of glyoxylate, the photocatalytic
oxidation appears to proceed via a direct hole transfer
(i.e., electron transfer from the surface-bound sub-
strate) to form formate as a primary intermediate as
follows:

HCOCO,™ + H,0 < HC(OH),CO,”  (9)

HC(OH),CO,” + h,," —HC(OH),CO," (10)

HC(OH),CO,’ — HC(OH)," + CO,  (11)
HC(OH)," + h,,” — HCO,” + 2H*  (12)

Grabner et al.?? have used time-resolved absorption
spectroscopy to demonstrate the formation of phe-
noxyl and Cly'~ radical anions in the photooxidation
of phenol on TiO; colloids. The formation of Cls*~ was
postulated to occur by the direct hole oxidation of Cl-,
which was introduced into the solution as HCI to
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adjust the pH. Richard® has argued that both holes
and hydroxyl radicals are involved in the photooxi-
dation of 4-hydroxybenzyl alcohol (HBA) on ZnO or
TiOs. His results suggest positive holes and hydroxyl
radicals have different regioselectivities in the pho-
tocatalytic transformation of HBA. Hydroquinone
(HQ) is thought to result from the direct oxidation
of HBA by h.", dihydroxybenzyl alcohol (DHBA)
from the reaction with *OH, while 4-hydroxybenzal-
dehyde (HBZ) is produced by both pathways. In the
presence of isopropyl alcohol (;-PrOH), which is used
as a '‘OH quencher, the formation of DHBA is
completely inhibited and the formation of HBZ is
inhibited.

B. Formation of Reactive Oxygen Species

Hydrogen peroxide is formed on illuminated TiO;
surfaces in the presence of air via dioxygen reduction
by a conduction-band electron in the presence of a
suitable electron donor such as acetate according to
the following mechanism:51,84.85

>TiV0,"” + H;0" < >Ti"VOH, + HO," (14)
2HO," + 2H" — H,0, + O, (15)

In the presence of organic scavengers, organic
peroxides and additional HsOs may be formed through
the following generalized sequence:518¢

>TiOH"* + RCH,R” — >TiOH,* + RR"CH" (17)
RR”CH' + 0, — RR"CHO,’ (18)

RR”CHO," + RH — RR”"CHOOH + R"” (19)

HO,'
R"+0,— RO, —=RO,H+0, (20

where RR”CH; is a general organic electron donor
with an abstractable hydrogen atom and RR”CH* is
the free-radical intermediate produced by oxidation
of RR”CHs.

In most experiments and applications with semi-
conductor photocatalysts, oxygen is present to act as
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Figure 4. Secondary reactions with activated oxygen species in the photoelectrochemical mechanism.

the primary electron acceptor. As a consequence of
the two-electron reduction of oxygen, Hs0; is formed
via the above mechanism. This process is of particu-
lar interest since Gerischer and Heller have sug-
gested that electron transfer to oxygen may be the
rate-limiting step in semiconductor photocataly-
sis.438687 Hydroxyl radicals are formed on the surface
of TiO; by the reaction of hy*, with adsorbed H,O,
hydroxide, or surface titanol groups (> TiOH); these
processes are summarized and illustrated in Figure
4. Hy0; may also contribute to the degradation of
organic and inorganic electron donors by acting as a
direct electron acceptor or as a direct source of
hydroxyl radicals due to homolytic scission. How-
ever, we need to point out that due to the redox
potentials of the electron—hole pair, H;O; can theo-
retically be formed via two different pathways in an
aerated aqueous solution as follows:

O, + 2e,” + H" — H,0, (21)

2H,0 + 2h,” — H,0, + 2H" (22)

Hoffman et al.8 and Kormann et al.®* have shown
that the quantum yield for hydrogen peroxide pro-
duction during the oxidation of a variety of low
molecular weight compounds has a pronounced Lang-
muirian (i.e., Langmuir—Hinshelwood) dependence
on the Oy partial pressure. These observations
suggest that the primary formation of HsO2 occurs
via the reduction of adsorbed oxygen by conduction
band electrons. Hoffman et al.® have used 20
isotopic labeling experiments to demonstrate that all
of the oxygen in photochemically produced hydrogen
peroxide (e.g., H808QH) arises from dioxygen (e.g.,
180;) reduction by conduction-band electrons in the
case of ZnO photocatalysis of carboxylic acid oxida-
tion. No Hy0; is detected in the absence of oxygen.

Ill. Chemical Kinetics of Semiconductor
Photocatalysis

A. Heterogeneous Photochemical Kinetics

1. Reaction Stoichiometry

In general, the rates of change of a chemical
substrate undergoing photocatalytic oxidation or
reduction can be treated empirically without consid-
eration of detailed mechanistic steps as given above.
In the case of the photocatalytic oxidation of chloro-
form on bulk-phase TiO,, which occurs according to
the following stoichiometry:

TiO,, hv

2CHCl,; + 2H,0 + O, 2C0, + 6H™ + 6CI~

(23)

the rate of chloroform degradation in a well-mixed
slurry reactor conforms to the following standard
kinetic relationship:5°

3 d[CHCl,] _ d[O,] _ d[C17]
2dt dt  6dt

An obvious consequence of the limitations imposed
by the stoichiometry of eq 24 is that the extent of
degradation of the substrate, in this case chloroform,
will depend on the availability of oxygen as a limiting
reagent, even though from a mechanistic perspective
the reaction is initiated by hydrogen atom abstraction
via the action of a surface-bound hydroxyl radical,
>TiOH' as follows:

(24)

Ti (~wOH" “ Yo,
A\

——
'I'i o333]| OH2+

O
/ >

"ﬁ 33| OH2+ 5_0 C\

T [~=OH;
cCly
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Unless oxygen or another suitable electron acceptor
(e.g., H2Oq, O3, BrO4~, I04~, HSO57) is supplied on a
continuous basis to a photocatalytic reactor, the rate
of photocatalytic oxidation will decrease dramatically
after depletion of the primary electron acceptor due
to charge-carrier recombination.

In the absence of O, the principal stoichiometric
oxidant will be the surface-bound hydroxyl radical,
{TiOH'}", with an overall stoichiometry of

2CHCL, + 4{>Ti"VOH"*} + 4H,0 —
2C0, + 6H" + 6C1™ + 4{>Ti"VOH,"} (25)

The intrinsic rate of production of >TiOH** will be
limited by the photon flux and the relative efficiency
of surface titanol groups as hy,* traps. By using the
mechanism of eqs 2—8, the quantum efficiency of a
charge pair generated by eq 2 toward the oxidation
of a substrate as indicated by eq 7 is given by

ko[>TiOH " J[Red]
¢7 = I

a

(26)

where the absorbed light intensity, 1., is constant,
k7 is the rate constant of eq 7, (where the rate of eq
7 is v7 = ¢vl,), and ¢ is the quantum efficiency of eq
7. During continuous irradiation over relatively
short periods of time with A < 4, [hw™], [es ™1, [{>Ti-
OH}], [{>TiOH'}*], [Red], and [Ox] may be consid-
ered constant because changes due to the photooxi-
dation of primary substrate (i.e., Red) occur much
more slowly (minutes) than the time period of the
transition from transient conditions to steady-state
conditions (ms).

2. Reaction Rates, Surface Interactions, and Quantum
Efficiencies

If we consider a typical set of conditions in a slurry
reactor in which TiO; particles are suspended in
solution at a nominal concentration of 0.5 g L™! and
we assume that each particle is spherical in shape
with an average particle diameter of 30 nm and a
density of 3.9 g em™3, then each discrete TiO; particle
contains 4.16 x 10% TiO; molecules. On the basis of
this simple calculation, the molar concentration of
particles is 15 nM. At this concentration, particles
of this relative size (e.g., Degussa P25) absorb light
at a rate of 2.5 x 107 mol Av L min™!. Given this
absorbed photon flux each particle is hit by a photon
on the average of every 4 ms. If ¢7 & 1, then the
maximum possible rate of substrate oxidation by
surface-bound hydroxyl radicals would be

vy = ¢ol, = 2.5 x 10™* M min! (27)

However, given the high probability of charge-carrier
recombination (eqs 5 and 6), ¢7 < 1 and v7 < 2.5 x
10 M s~1. Thus, we see that in the absence of O;
or other electron acceptors, the background rate of
oxidation of electron donors decreases dramatically
as shown by Kormann et al.50

As reported by Kormann et al.,’° typical empirical
rates of degradation show the following form written
here for chloroform oxidation:
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d[CHCl,]
BT

in which ¢ is an effective photon-to-product conver-
sion efficiency, I, is the absorbed light intensity,
[O2lads is the oxygen adsorbed, and [CHCl3lags =
[CHCl3]O¢nuci, is the chloroform adsorbed to the
particles where Ocnucy, is the fraction of chloroform
adsorbed. Ollis and co-workers®®8? have shown that
the extent of adsorption of several chlorinated hy-
drocarbons can be satisfactorily described in terms
of a Langmuirian adsorption isotherm for a concen-
tration range in which [CHCl;] < 1 mM. However,
at higher concentrations, Kormann et al. have found
it necessary to use a two-site Langmuirian model to
express the observed rate of reaction for chloroform
concentrations > 1 mM of the following form:

. _ XK,[CHCl) X,K,[CHCl,]
CHClyads — 7 1 K,[CHCl;] 1+ K,[CHCl,]

= ¢Ia[02]ads[CHC13]ads (28)

(29)

where X is the fraction of total surface sites repre-
sented by the strong binding sites, X; is the fraction
of total surface sites represented by the weak binding
sites, and K; and K; are the apparent surface binding
constants for CHCl; binding to the two different sites.
In the case of chloroform interacting with Degussa
P25 at pH 5, Kormann et al.5° determined X; = 2%,
Xo = 98%, K, = 104 M—l, and K; = 1 M-l At
concentrations < 1 mM only the strong binding site
(i.e., K1) dominates sorption, while at concentrations
of CHCl; > 1 mM most of the observed rate of
reaction can be attributed to activity at the weak
binding site (i.e., Kz). The two-different modes of
binding can be visualized as follows:

Ti 3{ “““‘“%c \/c\ Ti B, c\/c’\
H
Ti .mu%H 5. o Ti J ||O\H5f o

Sutface Binding Site 1

Sutface Binding Site 2

The kinetic effect of the electron acceptor, dioxygen,
on the overall rate of reaction can be modeled in
terms of a simple Langmuir adsorption isotherm:

K, [0O,]

00,,ads 1+ K,0,] (30)

In the case of O; binding to Degussa P25 TiO,,
Kormann et al.?%8 found a value of Ko = (13 £ 7) x
10¢* M1, while Mills et al.?® reported a value of Ky =
3.4 x 103 M for the photooxidation of 4-chlorophe-
nol. For comparison Okamoto et al.’! reported a
value of Ky = 8.6 x 102 M! for the photooxidation of
phenol.

B. Surface Chemistry of Metal Oxide
Semiconductors

The interactions of electron donors and electron
acceptors with metal oxide semiconductors is deter-
mined, in part, by surface chemistry intrinsic to this
class of compounds.®®> Metal oxide particles sus-
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pended in water are known to be amphoteric. In
titration experiments, metal oxide suspensions be-
have as if they were simple diprotic acids.%>=** In the
case of TiO,, the principal amphoteric surface func-
tionality is the “titanol” moiety, >TiOH. Hydroxyl
groups on the TiO; surface are known to undergo the
following acid—base equilibria:

Ks
>TiOH," <~ >TiOH + H* (31)
. PKsp .~ +
>TiOH — >Ti0O” + H (32)

where >TiOH represents the “titanol” surface group,
pK;, is the negative log of the microscopic acidity
constant for the first acid dissociation of eq 31, and
pK;, is the negative log of the microscopic acidity
constant for the second acid dissociation of eq 32. The
pH of zero point of charge, pH,,., is given by one-
half of the sum of the two surface pK,’s (as in the
case of amphoteric amino acids) as follows:

szpc = 1/2(pK§11 + pK;Z) (33)

The pH,,. is readily determined by titration and other
experimental techniques. Due to electrostatic effects
of the electrical double layer surrounding charged
particles, the microscopic acidity constants need to
be corrected (e.g., as in the case of activity coef-
ficients) to yield the intrinsic surface acidity con-
stants as follows:

K inte = K3y exp(—=Fyy/RT) (34)
Ko intr = Koo exp(=Fyy/RT) (35)

where W, is the surface potential. The relationship
between net surface charge, o, (with units of C m~2),
and surface potential for a diffuse layer model is

o, = y/(8RTee,C:10°) sinh(ZW(F/2RT) (36)

where R = 8.314 J mol ! K71, T is temperature (in
units of K), € is the dielectric constant of water (i.e.,
78.5 at 298 K), ¢, is the permitivity of free space (i.e.,
8.854 x 10712 C2J ' m™1), C is the molar concentra-
tion of background electrolyte (M), and Z is the ionic
charge for a symmetrical electrolyte. In the case of
low surface potential, eq 36 can be expanded to give
a linearized form as follows:

0, = €€k ¥, (37)
where « is the inverse thickness of the electrical
double layer (¢! is in meters) and is given by

2 3
o, = (%O;LI?) (38)

and where u is the ionic strength in molar units. At
298 K, 0, = 2.3 u?W,. For example, the thickness
of the diffuse double layer, « 1, at 298 K in the
presence of 3 mM NaCl as a background electrolyte
is 10 nm.
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Figure 5. pH dependence of the rate of degradation of
trichloroacetate (®) and chloroethylammonium (O) ions
where [CCl13C0O;™ ]y = [CI{CH3);NHz]o = 10 mM, [TiO;] =
0.5 g L1, [Oz]y = 0.25 mM, and I, (310—380 nm) = 2.5 x
104 einstein L~ min~1.

In the case of Degussa P25, the corresponding
surface acidity constants were found to be pKj;;, =
4.5, pK;, = 8 which yield a pH;,. = 6.25.5% The
surface proton exchange capacity of P25 is 0.46 mol
g ! with a specific surface area of 50 m? g1, In very
simple terms, a pH,,. of 6.25 for TiO; implies that
interactions with cationic electron donors and elec-
tron acceptors will be favored for heterogeneous
photocatalytic activity at high pH under conditions
in which the pH > pH,,, while anionic electron
donors and acceptors will be favored at low pH under
conditions in which pH < pH,,..

A variety of electron-donating (e.g., Cl-, SO5%-,
HCOZ_, CH3C02_, CICH,CO;™, C13CC02_, CegH,Cl;-
CH2CO;™) and electron-accepting (e.g., HSOs~, Cl0;™,
104, HO;~, OCl-, OBr-, S;04%7, P,Og*") substrates
and nonredox ligands (e.g., HCO;~, CO32~, HPO,")
in aqueous solution undergo inner-sphere ligand
substitution reactions with the surface of TiO; as
follows:

S
>TiOH + CL,CCO,” + H' A

>Ti0,CCCl, + H,0 (39)

S

>TiOH + SO,*” + H* 2 >Ti0,S0™ + H,0 (40)

Kormann et al.’ have argued that the observed
enhanced rates of oxidation of many electron-donat-
ing cations at alkaline pH (i.e., pH > pH,;.) cannot
be explained by a simple shift of the band edges of
TiO; in aqueous solution. If shifting the redox
potential of the band edges was dominating the
reactivity of the TiO; particles, then lower rates of
substrate oxidation should be observed at high pH
since the valence-band edge (i.e., the redox potential
of the valence-band hole or trapped hole) decreases
by 59 mV for each increasing unit of pH. Surface
sorption of the electron donor to TiO; particles
appears to play a more important role in determining
the photoreactivity than shifts in nominal redox
potentials of h.,* and ey.

In the case of trichloroacetic acid oxidation on TiO,
(Figure 5), the rate of reaction increases with a
decrease in pH below the pH,,.. This trend parallels
the observed and predicted degree of inner-sphere
complexation of Cl3CCO:H by >TiOH surface sites
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according to eq 39. The rate of trichloroacetic acid
oxidation was near zero above the pH,,.. On the
other hand, in the case of the oxidation of protonated
secondary amines, surface complexation is favored
at pH values above the pH,,.. In turn, the rate of
photooxidation increases as the fraction of protonated
amine present on the surface increases.

Hoffmann and co-workers3%%4 have utilized the PC-
based Fortran program SURFEQL,% which was
developed to perform general purpose multiphasic
equilibrium calculations, to predict on a fundamental
thermodynamic basis, the surface speciation of elec-
tron donors and electron acceptors on metal oxide
semiconductors. Detailed equations and examples of
the application of this code are provided by Faust et
al.%

Moser et al.”® reported that monodentate and
bidentate benzene derivatives, such as benzoic acid,
phthalic acid, isophthalic acid, terephthalic acid,
salicylic acid, and catechol were strongly bound to
the surface of TiO; colloids. Sorption of these sub-
strates followed a typical Langmuir isotherm. Elec-
trophoretic measurements showed that the adsorp-
tion was accompanied by a decrease in the pH,,. by
0.5 pH unit. At pH 3.6, the influence of the adsorbate
on the ¢ potential (y,) of the TiO; particles is
relatively small. The largest effect is observed with
isophthalate, which decreases 1, from 78 to 51 mV.
In addition, Moser et al. used laser photolysis experi-
ments to show that surface complexation of TiO; by
the benzene derivatives drastically accelerated the
electron transfer from the conduction band of the
colloidal oxide to acceptors in solution. The rate
enhancement depended strongly on the structure and
chemical nature of the adsorbate. At monolayer
coverage, isophthalate enhances the rate of interfa-
cial electron transfer to methylviologen (MV?*) 1700
times while terephthalate increased the rate by a
factor of 133-fold. Similar effects were observed for
oxygen as an electron acceptor.

Tunesti et al.”” explored the role of phenyl substitu-
ent groups in the formation of surface complexes at
the surface of titanium dioxide ceramic membranes
using cylindrical internal reflection—Fourier trans-
form infrared (CIR—FTIR) spectroscopy. They did
not observe any adsorption of the substrates on the
rutile phase of TiO;, and thus they excluded the role
of 5-fold coordinated Ti cations in the sorption
process. For the anatase phase, they noted that
single isolated carboxylate groups do not result in
strong surface complexation (e.g., benzoic acid), but
that amino and hydroxyl groups substituted in the
ortho position to a carboxylate group (e.g., salicylic,
3-chlorosalicylic, and anthranilic acid) result in the
formation of strong mononuclear bidentate surface
complexes with 4-fold coordinated surface titanium
cations.

Ohtani et al.”® present a detailed mechanism for
the photooxidation of alcohols on TiO; that requires
the reductive and oxidative trapping of pairs of
photoexcited electrons and holes by surface-adsorbed
substrates. In the absence of appropriate substrate
sorption, they report that recombination of the initial
excited state is extremely rapid. Coverage of surface
sites with 2-propanol via Langmuirian adsorption
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was reported to control the distribution of free holes
generated by the reductive trapping by surface-bound
Ag™.

Numerous investigators have reported that the
rates of photodegradation of chemical compounds on
semiconductor surfaces follow the classical Lang-
muir—Hinshelwood expression and that the sorption
of substrates to the semiconductor surfaces follows
most often Langmuir sorption isotherms.749%-111

C. Langmuir—Hinshelwood Kinetics

In the Langmuir—Hinshelwood treatment of het-
erogeneous surface reactions, the rate of the photo-
chemical degradation!?~117 can be expressed in gen-
eral terms for both the oxidant (e.g., O2) and the
reductant (e.g., CHCI;) as follows:

__d[Red] _ d[Ox]
dt d¢

= R40realox (41)

where &4 is the photodegradation rate constant, Greq
represents the fraction of the electron-donating re-
ductant (e.g., chloroform) sorbed to the surface, and
fox represents the corresponding fraction of the
electron-accepting oxidant (e.g., oxygen) sorbed to the
surface. This treatment is subject to the assumptions
that sorption of both the oxidant and the reductant
is a rapid equilibrium process in both the forward
and reverse directions and that the rate-determining
step of the reaction involves both species present in
a monolayer at the solid—liquid interface. The equi-
librium constant, K,q4,, for sorption of each reactant
is assumed to be readily determined from a classical
Langmuir sorption isotherm. In this case, the sur-
face concentration of the reactants is related to their
corresponding activities or concentrations in the bulk
aqueous phase as follows:

P _ KadsaRed — KadsCRedYRed —
Red (1 + K4 0pea) (1 + K,4:CRedVRea)
KadsCRed,eq

; (42)
1+ KadSCRed,eq)

where ageq is the equilibrium activity of the reductant
in aqueous solution, ygeq is the activity coefficient of
the reductant, and Creq,eq is the equilibrium concen-
tration of the reductant in aqueous solution. An
analogous expression is also written for the oxidant
as shown in eq 30 for the case of oxygen as the
electron acceptor.

In order to see the kinetic basis for the empirical
observations embodied in eqs 41 and 42, we can
explore the photocatalyzed oxidation of acetate on
ZnO particles with the corresponding reduction of
dioxygen to produce hydrogen peroxide.’48593,118 In
this case, we assume that acetate is sorbed at its
saturation value (i.e., Ocu,co,z = 1) and that we are
looking primarily at HyO; production from O; reduc-
tion. The proposed mechanism?:848 ig as follows:

Zn0 2 h, " + ey (43)

h," + ey, — ZnO + Av (or heat) (44)
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>ZnOH,” + 0, < >ZnOH,™:0, (45)
>Zn"OH," + e, < >Zn'OH,”™  (46)
CH,CO,” + h,”— CH; + CO, (47)

h," + >Zn"OH — >Zn""OH"* (48)

k
>Zn'OH,"" + >Zn"OH" —
>Zn""OH," + >Zn"OH (49)

If the rate-determining step is the reduction of the
adsorbed oxygen with surface-trapped electrons, then
the rate of reduction of dioxygen to produce super-
oxide, which in turn self-reacts to produce hydrogen
peroxide, is given by

d0;" g,

dz
Standard steady-state analysis on [Zn'—H;0"] and on
[es ], under the assumption that after absorption of

a single photon [hy,*] = [es ], yields the following
kinetic expression for high light intensity conditions:%

d[OZ'—ads] _
dt
k50k46k44—1/21 absl/z[ > ZnHOH2+][ > ZnHOZ]adS

k —486 + kSO[ > ZnHOZ]ads

= kgol>Zn'OH, " [>Zn"0,] 4, (51)

(52)

and the corresponding equation for low intensity is
given by

d[OZ.—ads] _ kSOIabs[ i ZnHOZ]ads

= (53)
dt k_g5 + kgol> ZnHOZ]ads

Rearrangement of these equations and collection of
the intrinsic rate constants gives the following sim-
plified Langmuir—Hinshelwood-type equation for the
conditions of high light intensity:

dl0y " ags) _ kahsK1>Z0"0y 1oy,
de 1 + K[> Zn"0,],4,

(54)

where kops = kackas 1/Zlabsl/z[>Z11HOH2+] and K = ksy/
k-4 and an analogous rate expression for low light
intensity

dl0; " ags) _ LpKT>Z0"0, )4
de 1 + K'[>Zn"0,]

(55)

ads

The quantum yield for superoxide production is
defined as the ratio of the rate of the reaction to the
rate of photon absorption. Therefore, corresponding
expressions for the quantum yields at high light
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intensity and at low light intensity, respectively, are
as follows:

_ Fopdans PKT>Z0"0,)

- ads (56)
1+ K[>Zn"0,)

ads

® = K'>Zn"0,) 4 57)
1 + K'>Zn"0,)

ads

As can be readily seen, these equation are also in the
general Langmuirian form.

D. Heterogeneous Quantum Efficiencies

In photodegradation studies, the apparent quan-
tum efficiency is often defined as the initial measured
rate of photodegradation divided by the theoretical
maximum rate of photon absorption (assuming that
all photons are absorbed by the semiconductor and
that actual light-scattering losses out of the reaction
cell are negligible) as determined by chemical acti-
nometry. This definition for species i can be ex-
pressed as follows:

+(d[X;Vdt),

= (58)
%7 dlhv], Jdt
where ®x, = the apparent quantum efficiency for
chemical species, X;; d[X;1/d¢ is either the initial rate
of formation or loss of chemical species, X;; and d[hAv)/
dt is the incident photon flux per unit volume.

In the case of hydrogen peroxide production coupled
to acetate oxidation, a general empirical rate expres-
sion of the following form is observed:3485118

d[H,0,]  d[hvl,,
dt % dz

= f(CH,CO,H,0,) =
ky0ch,coubo, (69)

for the overall stoichiometric equations
Oy +2e, + 2H" — H,0, (60)
2H,0 + 2h " — H,0, + 2H™ (61)

Since hydrogen peroxide is also destroyed by reaction
with holes or trapped holes on the surface, one must
also consider the photochemical rate of peroxide
destruction as follows:

_dlH,0,)

d(Av],
dt = ®1[H202] be —

dt
f(CH,CO,H,0,,H,0,) (62)

Combining the expressions for peroxide production
and destruction yields an overall empirical equation
of the following form:

d[H,0,]
dt

where @, is the quantum yield for peroxide produc-
tion and ®; is the quantum yield for peroxide
destruction at the illuminated interface. During

AT,
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continuous photolysis a photostationary state is
achieved which yields the very simple steady-state
relationship valid for long irradiation times in a
photochemical reactor:

[H,0,1,, = (®y/®,) (64)

Equation 64 states that the steady-state concentra-
tion of an intermediate, which also serves as an
electron donor, in a photochemical reactor is given
by the ratios of the intrinsic quantum yields for
production and destruction.

E. Sorption of Electron Donors and Acceptors

From the above discussion, it is clear that sorption
of electron donors and electron acceptors to the
semiconductor surface is a critical step in photodeg-
radation. The summation of chemical and electro-
static forces that bring substrates into contact with
photoactive semiconductor surfaces include: inner-
sphere ligand substitution (vide supra) for metal ions
and conventional organic and inorganic ligands, van
der Waals forces, induced dipole—dipole interactions,
dipole—dipole interactions, hydrogen bonding, outer-
sphere complexation, ion exchange, surface organic
matter partitioning, sorbate hydrophobicity, and
hemimicelle formation.!® In general, all of these
surface interactions yield sorption isotherms of a
Langmuirian nature. For example, ion-exchange
equilibria involving organic ions at the amphoteric
semiconductor surface (i.e., with both positively and
negatively charged surface moieties) and in bulk
aqueous solution along with competing ions will
exhibit the following form:

[organic ion]g, 4. =

K, .0, Alorganic ion],,

(65)

(lcompeting ion] + [organic ion],)

where 0. is surface charge density (mol m=2), A is
the specific surface area (m? kg~!), and K. is the ion-
exchange equilibrium constant. In Langmuirian
terms, the maximum sorbed concentration is [organic
ionJsurface,max = 1A and the Langmuirian equilibrium
constant is K1, = Kj/[competing ion].

The hydrophobic effect, which serves to drive
hydrophobic organic compounds out of the bulk
aqueous phase and on to surfaces, increases regularly
with the size of the nonpolar part of the molecule.
For linear aliphatic organics the free energy of
sorption due to hydrophobic effects can be expressed
as follows:

AGhydrophobic =m AG—CHQ— (66)

where m is the number of methylene groups in the
aliphatic chain, and AG_cu,- is the hydrophobic
contribution made by each methylene group to the
net driving force for the organic substrate into the
electrical double layer and into vicinal water. Given
this consideration the charged organic substrate may
be attracted to the surface by both electrostatic and
hydrophobic effects. This combined effect can be
expressed as follows:
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[organic]surf _ (_(AGelect + AGhydrophob)
[organicl,;, exp RT ) -
eXp(_(ZF 1/)0 + AGhydrophob)
RT
IV. Bulk-Phase Semiconductors

) e

A. Metal Oxide Semiconductors and TiO;

Several simple oxide and sulfide semiconductors
have band-gap energies sufficient for promoting or
catalyzing a wide range of chemical reactions of
environmental interest. They include TiO; (E; = 3.2
eV), WO; (E; = 2.8 eV), SrTiO; (E; = 3.2 V), a-Fez03
(Eg = 8.1 eV for O?~ — Fe®* transitions), ZnO (Ez =
3.2 eV), and ZnS (E; = 3.6 eV). However, among
these semiconductors TiO; has proven to be the most
suitable for widespread environmental applications.
TiO; is biologically and chemically inert; it is stable
with respect to photocorrosion and chemical corro-
sion; and it is inexpensive. The primary criteria for
good semiconductor photocatalysts for organic com-
pound degradation are that the redox potential of the
H;0/0H (OH™ ='OH + e~; E° = —2.8 V) couple lies
within the bandgap domain of the material and that
they are stable over prolonged periods of time. The
metal sulfide semiconductors are unsuitable based
on the stability requirements in that they readily
undergo photoanodic corrosion, while the iron oxide
polymorphs (a-Fez03, a-FeOOH, 5-FeOOH, 6-FeOOH,
and y-FeOOH) are not suitable semiconductors, even
though they are inexpensive and have nominally high
bandgap energies, because they readily undergo
photocathodic corrosion,120

Titanium dioxide in the anatase form appears to
be the most photoactive!?122 and the most practical
of the semiconductors for widespread environmental
application such as water purification, wastewater
treatment, hazardous waste control, air purification,
and water disinfection. ZnO appears to be a suitable
alternative to TiOs; however, ZnO is unstable with
respect to incongruous dissolution5%:859 to yield Zn-
(OH); on the ZnO particle surfaces and thus leading
to catalyst inactivation over time. Titanium dioxide
is widely used as a white paint pigment, as a
sunblocking material, as a cosmetic, and as a builder
in vitamin tablets among many other uses.

In recent years, Degussa P25 TiO; has set the
standard for photoreactivity in environmental ap-
plications, although TiO; produced by Sachtleben
(Germany)®®®! and Kimera (Finland) show compa-
rable reactivity. Degussa P25 is a nonporous 70:30%
anatase-to-rutile mixture with a BET surface area
of 55 + 15 m? g™! and crystallite sizes of 30 nm in
0.1 um diameter aggregates. Many researchers claim
that rutile is a catalytically inactive®%123 or much
less active form?336%75124 of TiOy, while others find
that rutile has selective activity toward certain
substrates. Highly annealed (T' = 800 °C) rutile
appears to be photoinactive®?%'2® in the case of
4-chlorophenol oxidation. However, Domenech!? has
shown that TiO; in the rutile form is a substantially
better photocatalyst for the oxidation of CN~ than is
the anatase form; on the other hand, he also showed
that Degussa P25 was a better catalyst than rutile
for the photoreduction of HCrQ4~.126:127
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Tanaka et al.!2® have shown that photocatalytic
degradation of several compounds over different
mineral phases and preparation methods of TiO; was
dependent upon the calcination temperature for some
samples and independent for others. They found that
the rate of TCE photodegradation in water increased
with TiO; calcination temperatures up to 500 °C or
in some cases up to 600—700 °C and then decreased
above those temperatures. They also noted that
commercial anatase forms (Degussa & TP-2) were
better for CI,CCClIH degradation than commercially
available rutile (Katayama, TP-3 and TM-1) and that
specific surface area did not appear to be a determin-
ing factor. Tanaka et al. concluded that synthesized
anatase that was calcined was better than P25 and
that both of these types were better than 100% rutile.
However, when hydrogen peroxide was added as an
electron acceptor, rutile showed greater photocata-
lytic activity.

Martin et al.!?® report an increase in photodegra-
dation rates of 4-chlorophenol as the anatase form
of TiO; is calcined progressively from 100 to 400 °C
(i.e., the particles calcined at 400 °C yield the highest
photodegradation rates) and then a decrease in
photodegradation rate was noted for samples calcined
above 500 °C. For comparison, the apparent quan-
tum efficiency (eq 58) was found to be 0.23% for
anatase (400 °C) and 0.03% for rutile (800 °C).

B. Metal lon Dopants and Bulk-Phase
Photoreactivity

In order to enhance interfacial charge-transfer
reactions of TiO; bulk phase and colloidal particles,
the properties of the particles have been modified
by selective surface treatments such as surface
chelation,®12® gsurface derivatization,!!® platiniza-
tion, 130131 and selective doping of the crystalline
matrix, 33123132149

Fe(III) doping of TiOz has been shown to increase
the quantum efficiency for the photoreduction of
N,185:13813% and of methyl viologen!® and to inhibit
electron—hole pair recombination,50:61:150 while in the
case of phenol degradation, Fe(III) doping was re-
ported to have little effect on efficiency.!?®13® En-
hanced photoreactivity for water cleavage!®! and Ny
reduction'® with Cr(III)-doped TiO; has been noted:
however, others!5215 have found the opposite effects
with Cr(III) doping. Negative effects of doping!4?
have been noted for Mo and V in TiO,, while Gritzel
and Howe!®® note an inhibition of electron—hole
recombination with the same dopants. Karakitsou
and Verykios® reported that doping TiO; with cations
of higher valency than that of T(IV) resulted in
enhanced photoreactivity, while Mu et al.15% noted
that doping with trivalent and pentavalent cations
was actually detrimental to the photoreactivity of
TiOs.

Mixed-phase Ti/Fe metal oxide colloids'5* contain-
ing from 0.1 to 50 atom % Fe have been investigated
with respect to providing a broader range of wave-
lengths suitable for bandgap excitation than pure
TiOz. In this regard, Bahnemann and co-workers!5*
have studied the photodegradation of dichloroacetic
acid (DCA) using Ti/Fe mixed-oxide particles with
variable iron content over a broad range of pH. At
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pH = 2.6, they reported that the iron-containing TiO,
particles showed higher quantum yields than pure
TiO; colloids, although the highest enhancement in
photoreactivity was obtained with an iron content of
2.5 atom %. In the latter case, the degradation of
DCA was found to be almost 4 times as efficient as
with pure TiO; colloids. Ferric ions within the TiO;
matrix are thought to inhibit the recombination of
photogenerated charge carriers. At pH = 11.3, the
quantum yields for the destruction of dichloroacetic
acid were found to be smaller than at pH = 2.3 due
to the less favorable sorption of DCA at high pH. In
addition, the energy levels of the band edges are
shifted cathodically with increasing pH (59 mV per
pH unit at 300 K); this shift results in a decrease of
the oxidation potential of the valence-band holes at
high pH and could contribute to the lower rates of
DCA oxidation at pH 11.3.

V. Quantum-Sized Semiconductors

A. Basic Characteristics and Behavior

When the crystallite dimension of a semiconductor
particle falls below a critical radius of approximately
10 nm, the charge carriers appear to behave quantum
mechanically®1%5-165 a5 a simple particle in a box
(Figure 6). As a result of this confinement, the band
gap increases and the band edges shift (Figure 7) to
yield larger redox potentials. The solvent reorgani-
zation free energy for charge transfer to a substrate,
however, remains unchanged. The increased driving
force and the unchanged solvent reorganization free
energy in size-quantized systems are expected to
increase the rate constant of charge transfer in the
normal Marcus region.!66-168 Thug, the use of size-
quantized semiconductor TiO; particles may result
in increased photoefficiencies for systems in which
the rate-limiting step is charge transfer.169170
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Figure 7. UV/vis reflectance spectra of size-quantized
TiOs.

The use of size-quantized semiconductors?5169-173
to increase photoefficiencies is supported by several
studies. However, in other work, size-quantized
semiconductors have been found to be less photoac-
tive than their bulk-phase counterparts.l’%!’4 In the
latter cases, surface speciation and surface defect
density appear to control photoreactivity.?+12217%5 The
positive effects of increased overpotentials (i.e., dif-
ference between E.; and Eea0x) On quantum yields
can be offset by unfavorable surface speciation and
surface defects due to the preparation method of size-
quantized semiconductor particles.

B. Doped Quantum-Sized TiO

Choi et al 150176177 have recently shown that selec-
tively doped quantum- (Q-) sized particles have amuch
greater photoreactivity as measured by their quan-
tum efficiencies for oxidation and reduction than
their undoped counterparts. They present the results
of a systematic study of the effects of 21 different
metal ion dopants on the photochemical reactivity of
quantum-sized TiO, with respect to both chloroform
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oxidation and carbon tetrachloride reduction (Figure
8). Their results are summarized in terms of a
periodic chart of dopant effects on oxidation and
reduction quantum yields. Enhanced photoactivity
was seen for Fe(III), Mo(V), Ru(III), Os(III), Re(V),
V{IV), and Rh(III) substitution for Ti(IV) at the 0.5
atom % level in the TiO; matrix. The maximum
enhancements were 18-fold (CCl; reduction) and 15-
fold (CHCl; oxidation) increases in quantum ef-
ficiency for Fe(I1I)-doped Q-TiOs.

Choi et al.1%° used laser flash photolysis measure-
ments to show that the lifetime of the blue electron
in the Fe(Il)-, V(IV)-, Mo(V)-, and Ru(III)-doped
samples was increased to 50 ms, while the measured
lifetimes of the blue electron in undoped Q-particles
were < 200 us.150176177 They established that the
experimental quantum efficiencies for oxidation and
for reduction could be correlated to the measured
transient absorption signals of the charge carriers.
In general, a relative increase in the concentration
of the long-lived (ms) charge carriers results in a
corresponding increase in photoreactivity. However,
if an electron is trapped in a deep trapping site, it
will have a longer lifetime but it may also have a
lower redox potential that could result in a decrease
in photoreactivity. Reactivity of doped TiO, appears
to be a complex function of the dopant concentration,
the energy level of the dopants within the TiO,
lattice, their d-electronic configuration, the distribu-
tion of dopants, the electron-donor concentration, and
the light intensity.

The photophysical mechanisms of doped TiO; are
not well understood. Key questions include the
following: (1) Are the transition metal ions located
primarily on the surface or in the lattice? (2) Is the
surficial binding of substrates affected by doping? (3)
Do transition metal ions influence charge-pair re-
combination? (4) Do altered interfacial transfer rate

L Photocatalytic Effects of Varlous Metal-lon Dopants in Q-TIO,
0.1
<0.08 upper number dcrcs (%)
2:
Mg Y v v+ lower number ®ccwicr (%) A%+
014| | 102 | o051 0.08
<0.08 1.72 0.66 <0.08
T4 v | o Mn* Fe® Co| NiZ*|| zn?*| Ga™
0.16 1.09 | 0.21 059 | 238 | 0.08| 050 0.20 0.15
<0.08| 160 | 0.16 | 0.12 | 1.74 | <0.08| 0.09 <0.08 | <0.08
Zr**| N> Mo® Ru® Rh* sn* sp>
009 | 023 | 1.82 172 | 0.87 0.11 | 0.15
0.11 | <0.08]| 1.59 0.38 | 0.44 <0.08 | <0.08
Ta Re% 0s%4
0.27 1.20 | 1.60
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All dopant concentrations are 0.5 atom% except Mo%* (0.1 %).

Figure 8. Periodic chart of the photocatalytic effects of various metal ion dopants in TiOy. The upper bold-faced numbers
are the quantum yields (%) for the oxidative chloroform degradation, ®cpcy,, and the lower numbers are the quantum
yields (%) for C1~ production from the reductive dechlorination of carbon tetrachloride, ®coycr-. All the oxidation states
represent those of the precursor metal ions. All dopant concentrations are 0.5 atom % except Mo®* (0.1 atom %). Ti***

refers to the undoped TiOs.
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Figure 9. Charge-carrier dynamics of vanadium-doped
TiO,.

constants associated with surficial transition metal
ion complexes play a primary role in altered photo-
chemical kinetics?

In order to address these questions, Martin et al.123
selected a single dopant (vanadium) for detailed
investigation to elucidate the mechanism of the
dopant action on the photoreactivity of TiO,.123
Vanadium-doped TiO; was prepared by standard co-
precipitation methods. Five fractions were heat-
treated in quartz boats for 4 h at 25, 200, 400, 600,
and 800 °C and labeled TiOs-25 through Ti0,-800,
respectively. Vanadium doping of the crystals is
found to reduce the photooxidation rates of 4-chlo-
rophenol (4-CP) relative to undoped TiO;. Vanadium
is present on TiOs-25 primarily as >VOs" (~90%) and
secondarily as interstitial V4* (~10%). The deposi-
tion of vanadium as surficial islands of V,05 occurs
on Ti0,-200/400. A small fraction of the total vana-
dium (~1%) in Ti0,-200/400 is also present as V(IV).
Vanadium dopants in TiO,-600/800 are found to be
present primarily as a solid solution of V,Ti;-,Os.

Vanadium appears to reduce the photoreactivity of
TiO2-25 by promoting charge-carrier recombination
via electron trapping at surficial >VO," sites, whereas
V(IV) impurities in surficial V305 islands on TiO.-
200/400 promote charge-carrier recombination by
hole trapping. Substitutional V(IV) in the lattice of
Ti02-600/800 appears to act primarily as a charge-
carrier recombination center that shunts charge
carriers away from the solid—solution interface with
a net reduction in photoreactivity. Figure 9 gives a
pictorial view of the important electronic processes
that may be operative due to vanadium doping. The
energy levels of the vanadium groups are approxi-
mated based upon VO, t/VO2* (E°y, = +1.00 V), VO2/
VIII) (E°ys = +0.337 V), and bulk V05 (E = +0.9
V,Ey, = +3.7 V).17® The complexities of the physical
and electronic effects of vanadium doping may be
expected to be present in the mechanisms of other
transition metal ions doped into TiO; (Figure 9).

VI. Photochemical Reactors

A. Water Treatment Systems

A variety of photochemical reactor configurations
have been employed in photodegradation studies and
for actual treatment situations (see Figure 10 for
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Figure 10. Photochemical reactor configurations: (a)
fixed-bed continuous flow gas reactor (reprinted from Peral,
J.; Ollis, D. J. Catal. 1992, 136, 554—565; copyright 1992
Academic); (b) fluidized-bed continuous flow gas reactor
(reprinted from Dibble, L. A.; Raupp, G. B. Environ. Sci.
Technol. 1992, 26, 492—495; copyright 1992 American
Chemical Society); and (c) pilot-scale solar photocatalytic
water detoxification system (reprinted from Pacheco, J. E.;
Mehos, M.; Turchi, C.; Link, H. In Photocatalytic Purifica-
tion and Treatment of Water and Air; Ollis, D. F., Al-Ekabi,
H., Eds.; Elsevier Science Publishers, 1993; copyright 1993
Elsevier Science Publishers).

some examples). Most often in laboratory experi-
ments, well-mixed heterogeneous batch reac-
tors®49-51,85,94,118,169,170,179-184 have been employed. In
slurry reactors, the semiconductor particles must be
separated from the bulk fluid phase after treatment
by filtration, centrifugation, or coagulation and
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flocculation. These added steps add various levels
of complexity to an overall treatment process and
they clearly decrease the economical viability of
slurry reactors. Alternative reactor configura-
tions28:104,110,182,183,185-202 include either fluidized!81,203
or fixed-bed reactors.2’* In most practical applica-
tions of semiconductor photocatalysis, fixed-bed reac-
tor configurations with immobilized particles or
semiconductor ceramic membranes may be required.
A fixed-bed reactor system allows for the continuous
use of the photocatalysts for processing of aqueous-
or gas-phase effluents while eliminating the need for
post-process filtration coupled with particle recovery
and catalyst regeneration. In typical fixed-bed pho-
tocatalytic reactors the photocatalyst is coated on the
walls of the reactor,2%:2% on a solid-supported matrix,
or around the casing of the light source. However,
these reactors have several drawbacks; most notable
are the low surface area-to-volume ratios and inef-
ficiencies introduced by absorption and scattering of
light by the reaction medium. Fine particle entrap-
ment can be achieved by immobilization on glass
beads,?°” immobilization on walls of reaction ves-
sels?6208 or tubes,32209210 immobilization on fiber-
glass?11:212 or woven fibers,?!? and compression of fine
particles into ceramic membranes, 2147216

B. Gas-Phase Treatment Systems

A number of reactors have been designed specifi-
cally for the treatment of gas-phase chemical con-
taminants.3%78199.217-225 For example, Anderson and
co-workers!® have developed a photochemical reactor
for purification of gas streams contaminated with
chlorinated hydrocarbons. They examined the pho-
toassisted catalytic degradation of trichloroethylene
(TCE) in the gas phase using a packed bed reactor
containing TiO, pellets which were 0.3—1.6 mm in
diameter. The pellets had measured porosities of
50—56% and specific surface areas of 160—194 m? g1,
The apparent quantum yields for the conversion of
TCE were reported to be in the range 0.4—0.9. For
a single pass at a volumetric flow rate of 300 mL
min~!, the TCE concentration was reduced from 460
ppm in the influent stream to 3 ppm in the effluent
stream (i.e., a 99.3% conversion efficiency) using only
four 4 W black lights and 0.56 g of TiOs.

Nimlos et al.?!® have also described a detailed
investigation of the gas-phase photocatalytic oxida-
tion of TCE over TiO;. They reported very high levels
of destruction of TCE in short periods of time with
apparent quantum yields near 1.0. However, they
used direct-sampling mass spectrometry and gas-
phase Fourier transform infrared (FTIR) spectros-
copy to detect significant levels of phosgene, dichlo-
roacetyl chloride (DCAC), carbon monoxide, and
molecular chlorine in the gas-phase effluent stream.
Nimlos et al. present a reaction mechanism in which
the TCE molecules are oxidized in a chain reaction
involving Cl atoms on the hydrated surface of TiO;
to produce DCAC as a reaction intermediate. Phos-
gene appears to arise from the photocatalytic oxida-
tion of DCAC, and molecular chlorine arises from the
recombination of chlorine atoms.

Phillips and Raupp” used transmission infrared
spectra of untreated titania to show that the surface
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is highly hydrated in a fixed-bed gas-scrubbing
reactor designed for TCE oxidation. The IR spectra
showed that nominally dry TiO;, contains both hy-
droxyl groups and chemisorbed water; however, no
evidence of chemisorbed trichloroethylene (TCE) was
apparent in the IR spectra. They reported that
illumination with UV light in the presence of TCE
vapor leads to the desorption of molecular water and
subsequent formation of several adsorbed intermedi-
ates (e.g., dichlorinated olefins and dichloroacetal-
dehyde) and carbon dioxide. Phillips and Raupp™
compared the O—H stretching regions of the IR
spectra during illumination in the absence and pres-
ence of TCE to show that surficial hydroxyl groups
are consumed during TCE oxidation. Their observa-
tions are consistent with a mechanism in which
water desorption is a prerequisite “trigger” step for
oxygen adsorption and subsequent reactive hydroxyl
radical and hydroperoxide radical formation in gas—
solid reactors, as well as for TCE adsorption. They
also suggested that attack of adsorbed olefinic de-
rivatives of TCE by hydroxyl radicals or by hydro-
peroxide radicals leads to production of dichloroacet-
aldehyde. Ultraviolet illumination appeared to
promote the desorption of CO; formed by further
hydroxyl radical attack on the aldehyde intermedi-
ates.

VIl. Important Reaction Variables

In addition to the particular mineral phase, the
surface modifications, and the doping level of the
semiconductors, other extensive and intensive reac-
tion/reactor variables are important in determining
the rate and extent of compound transformation in
both aqueous- and gas-phase systems.? They include
the semiconductor concentration,#50:8485,94,118,170 reqc.
tive surface area,33124.226-228 norogity of aggre-
gates,76:123:228,229 the concentration of electron donors
and acceptors,19:50.74,8594,99,169,170,198,230~232 the inci-
dent light intensity,5085109,169,170,193,229,230,233-235 the
pH, 49.50,58,76,94,103,124,126,236-238 the presence of competi-
tive sorbates,50,96,97,193,230,232,239-241 a11d the tempera-
ture, 103,109,186

In terms of future applications of semiconductor
photocatalysis, a major concern has to be the non-
linear (e.g., photochemical rate o +/I or as shown in
eq 56 ® « (vI)™!) dependence of rate (or quantum
efficiency) on light intensity for many degradation
reactions,817:49,50,85,112,170,229,239,242,243 This feature ar-
gues against employing concentrating solar collectors
with enhanced light fluxes. The net effect would be
to lower the overall efficiency of the process.

Kormann et al.®° and Martin et al.® have shown
that the rate of chloroform, CHCIls, degradation in
the presence of Oz is a nonlinear function of the light
intensity. The rate of reaction conformed to the
following empirical expression:

d[CHCl,]
- —dt—‘a— = kons1a (68)

where I, is the incident light intensity (in 4E L
min~!) and kus is the observed rate constant with
units of (uE L' min~1)2, In addition, the measured
quantum yield of the reaction increases with decreas-
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ing light intensity. For example, single wavelength
irradiation at 4 = 330 nm with an absorbed light
intensity of 2.8 4E L™! min~! yielded ® = 0.56 for
CHCl; degradation. On the other hand, with the
absorbed light intensity increased to 250 yE L™!
min~! under the same conditions, ® was reduced to
0.02. Similar results have been reported by Hoffman
et al.l’0 for the photocatalytic production of poly-
(methyl methacrylate) via ZnO photocatalysis and by
Harvey and Rudham?# for the photocatalytic oxida-
tion of I".

As shown in development of eqs 51—57, the square-
root dependence of the reaction rate can arise from
enhanced bandgap recombination at higher light
intensities.6%61,245  An alternative explanation® for
the square-root dependence of the rate of reaction on
the light intensity focuses on the role of surface-
bound hydroxyl radical, {>TiOH'}", as the principal
hole trap and the primary initiator of oxidation of
electron-donating substrates. In this mechanism it
is assumed that the photogenerated conduction-band
electrons are efficiently removed by an electron
acceptor and that holes are trapped in relatively long-
lived hole traps. The surface-bound hydroxyl radicals
are thus free to initiate the oxidation of chloroform
as follows:

rds

k
>TiOH"" + >HCCl; — >TiOH," + >'CCl, (69)

where the symbol > indicates surface-bound species.
The steps after the rate-determining step are given
below (vide infra). The rate constant k.4 can be
estimated to be comparable to the rate constant
measured for hydroxyl radical reacting with chloro-
form in homogeneous aqueous solution (e.g., 2 = 107
M! s7!). In addition to direct H-atom abstraction
from a bound substrate, the surface-bound hydroxyl
radical, {>TiOH'}", could in turn react with itself as
follows:

- ks
>TiOH* + >TiOH™ + H,0 —
>TiOH,” + >TiO,H," (70)

provided that they are within reasonable proximity
of each other on the surface. Assuming a photosta-
tionary state for >TiOH'* we can perform a standard
steady-state kinetic analysis to obtain a quantum
yield of chloroform degradation, ®,, that can be
expressed in terms of k.4s and &; as follows:

d[>TiOH’]
— % - 1®. 108 —
k4[> TIOH"[> HCCL,] — &[> TiOH"? (71)

3 k4[> TiOH'"][> HCCl,}

" ko[> TiOH")[>HCCL,] + &[> TiOH" ]2
(72)

r

under the assumption that the quantum yield for
>TiOH'* production ~ 1. Two limiting cases for eq
72 arise. For conditions of low absorbed light inten-
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sity where k,q4[>TiOH'*][>HCCl:] > & [>TiOH'*},
®, — 1 and for conditions of high absorbed light
intensity, I, kJ[> TiOH**12 > k4[> TiOH'*][>HCC]3],
the overall quantum yield for the reaction is given
by

k.4 [>HCCL
o, = krgo[> HCCly] (73)

k.

For the oxidation of chloroform as reported by Kor-
mann et al., a value for the ratio of rate constants is
obtained as follows:

k
kg =—==2.0x10°Ms)™?  (74)

obs \/k_s

From the numerical value of k., we can conclude that
the reaction of >TiOH'* with >HCC]ls (k.4) is rela-
tively slow compared to an efficient second-order (ks)
recombination process with a characteristic time of
0.1 us.

Inhibition of chlorinated hydrocarbon oxidation on
irradiated TiOs by cations, anions, and neutral
molecules can result from competition either for
reactive surface sites (e.g., >TiOH, >TiO~, and
>TiOHy") or for highly reactive transient species
(e.g., >TiOH'*) on the surface.’® The effects of
competitive electron transfer or H atom abstraction
substrates on the net reaction rate of a chlorinated
hydrocarbon such as HCCl; can be modeled in terms
of a simple mechanism as follows:

krds

>TiOH"" + >HCCl, — >TiOH," + >'CCl; (75)

redy

k
>TiOH* + >Red, —> >TiOH + >Red,” (76)

where Red; is a competitive electron donor that reacts
with the surface-bound hydroxyl radical with a
second-order rate constant, k..q;. The reaction of eq
76 competes effectively for > TiOH** and reduces its
rate of reaction with the primary electron donor (e.g.,
HCCl3). Thus, the higher the concentration of com-
petitive electron donors on the TiO; surface during
irradiation, the more extensive the observed competi-
tive inhibition. Given the competition for the prin-
cipal oxidation initiator, > TiOH'", we can write an
overall kinetic equation for the rate of surface hy-
droxyl radical production as

d[>TiOH""]
dt -

L. roms — krgsl> TIOH T[> HCCl,) —

k>TiOH"1Y k.4 [Red;] (77)
=1
Under steady-state illumination we can use eq 77 to

obtain the following overall rate equation for chlo-
roform oxidation for conditions of low light intensity:
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d[HCCl,]
dt

krdsla(p>’1‘iOH'+[HCC13]

(78)
kyq[>HCClg] + k[>TiOHTY ko4 [Red,]

i=1

(Equation 79 deleted in proof)

VIll. Photochemical Transformation of Specific
Compounds

A. Inorganic Compounds

In addition to organic compounds, a wide variety
of inorganic compounds are sensitive to photo-
chemical transformation on semiconductor sur-
faces. Examples include ammonia 246247 azjde 248
chromium species,214249-251 copper, 98,126,235,252-265
cyanide,9:124126,191,197,256-262 o]q 38,57.68,265-266 halide
ions,81.267-269 jron gpecies, %120 manganese species,?8103
mercury, 251270271 nitrates and nitrites,105.106.111,246258,272
nitric oxide and nitrogen dioxide,220-247:273-276 pjtro-
gen, 1277 gyyoen 848593118278 oz0ne 279,280 palladium
species,®® platinum species,59:251,281.282 rhodium spe-
cies,® silver,3875,226:251,272,279283.284 and sulfur spe-
Cies?+106,118,179,261,285-289 amono others.

In addition to the oxidative transformation of
inorganic compounds, illuminated aqueous suspen-
sions of semiconductors (CdS, CdSe, a-Fex0s, TiOq,
and ZnO) have been shown to generate significant
concentrations of hydrogen peroxide via reductive
pathways.84118280-2%¢ Hoffman et al.?5 have recently
shown that ZnO produces H20; more efficiently than
TiO,. This characteristic, combined with the rela-
tively benign environmental effects of ZnO, may
make semiconductor photocatalysis an attractive
potential source of HO; production to be applied for
contaminant destruction technologies.

B. Organic Compounds

Photocatalytic oxidation of organic compounds is
of considerable interest for environmental applica-
tions and in particular for the control and eventual
destruction (i.e., elimination) of hazardous wastes.
The complete mineralization (i.e., oxidation of organic
compounds to COz, H;0, and associated inorganic
components such as HC1, HBr, SO42~, NO;™, etc.) of
a variety of aliphatic and aromatic chlorinated hy-
drocarbons via heterogeneous photooxidation on TiO,
has been reported.

The general classeg®8:15181.2% of compounds that
have been degraded, although not necessarily com-
pletely mineralized by semiconductor photocatalysis
include alkanes, haloalkanes, aliphatic alcohols, car-
boxylic acids, alkenes, aromatics, haloaromatics,
polymers, surfactants, herbicides, pesticides, and
dyes. A partial tabulation of organic reactions cata-
lyzed by illuminated semiconductors is provided in
Tables 1—4. In addition to providing these primary
references, we have summarized some representative
kinetic data for the photochemical oxidation of phenol
and 4-chlorophenol (Table 5) that are analyzed in
terms of Langmuir—Hinshelwood parameters.
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Table 1. Semiconductor Photodegradation of

Chlorinated Aromatics

substrate

refs

2-chlorophenol
3-chlorophenol
4-chlorophenol

2,4-dichlorophenol
3,4~dichlorophenol
2,6-dichlorophenol
2,4,5-trichlorophenol
pentachlorophenol
chlorobenzene

1,2 4-trichlorobenzene
1,3-dichlorobenzene
1,2-dichlorobenzene
1,4-dichlorobenzene
2,3,4-trichlorobiphenyl

2,7-dichlorodibenzo-p-dioxin

2-chlorodibenzo-p-dioxin

2,4,5-trichlorophenoxyacetic acid
2,4-dichlorophenoxyacetic acid

hexachlorobenzene
PCB’s

DDT

chlorinated surfactants

53,54,225,302,307—313

54,308,309,313

8,53,76,79,90,107,112,
180,186,192,198,306,
308,309,311,313—-325

102,306,313,320,321

53

53

53,81,306,313,322

49,313,320,323—325

65,225,311,325—327

328

328

328

149,175,238,264

215,329—331

302,307,330,331

330,331

322

237

325

215,331,332

325,333

55,334

Table 2. Semiconductor Photodegradation of
Chlorinated Aliphatic and Olefinic Compounds

substrate

refs

,1,1-trichloroethane
,1,2,2-tetrachloroethane

72,225
72,325

1,1

1,1

1,1,1,2-tetrachloroethane 232
1,1,2-trichloroethane 72
1,1,2-trichlore-1,2,2-triflucroethane 72
1,1,1-trifluoro-2,2,2-trichloroethane 325
1,1-difluoro-1,2,2-trichloroethane 325
1,1-difluore-1,2-dichloroethane 325
1,1-dichloroethane 72

>

>

>

1,2-dichloroethane 65,72,311
1,2-dichloroethylene 325
1,2-dichloropropane 325
bis(2-chloroethyl) ether 325

carbon tetrachloride
chloroacetic acid

65,88,118,325,335—338

51,52,65,190,294,
339—342

chloroethane 72

chloroform 50,65,88,196,225,325,

326,338,343—346

methylene chloride 65,88,311,325,347,348

tetrachloroethylene 66,190,341,348—-350

trichloroethylene 65,78,89,189,190,194,
199,217,218,221,223,
225,311,321,325,341,
342,345,349,351—-353

chloral hydrate 354

chleranil 49

chloroethylammonium chloride 50

dichloroacetic acid
trichloroacetic acid

26,52,65,205
50-52,65,72,120

The Langmuir adsorption constants, K,,,, which
can be determined independently from dark adsorp-
tion isotherms, have been reported to be significantly
different from the equivalent constants determined
from kinetic data obtained in photocatalytic systems.
Mills and Morris'®” have shown that the Langmuir
adsorption constant for 4-chlorophenol sorbed to TiO»
was about 200 times less than its counterpart in a
TiOq-sensitized photodegradation system. Cunning-
ham and Al-Sayyed?% have tried to predict the rates
of photodegradation of substituted benzoic acids on
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Table 3. Semiconductor Photodegradation of
Nitrogenous Compounds

substrate refs

2-, 3-, and 4-nitrophenol 210,236,355—358

2,5-dinitrophenol 355

trinitrophenol 355

atrazine 56,185,195,240,302,
307,356,359—362

dimethylformamide 225

nitrobenzene 56,210,237,251,309,
311,326

4-nitrophenyl ethylphenylphosphinate 305

4-nitrophenyl diethyl phosphate 305

4-nitrophenyl isopropylphenyl- 305

phosphinate

azobenzenes 363—-366

cyclophosphamide 356

EDTA 251,325,356

methyl orange 289,367—369

methylene blue 289,369,370

methyl viologen 76,81,132,207,231,
371-373

monuron 374

nitrotolulene 225

picoline 375

piperidene 356,376

proline 356

pyridine 356,376

simazine 362

theophylline 356

thymine 377

trietazine 362

the basis of the experimentally determined adsorp-
tion constants and eq 41. The predicted rates were
much lower than the actual photodegradation rates
at low Credeq and higher than the observed photo-
degradation rates at high Cgedeq. A rapid release of
photogenerated *OH radicals from the surface or the
photoadsorption of substrates may account for these
differences.

The apparent adsorption constants, K, and the
apparent photodegradation rate constants, &, vary
over a wide range and appear to be dependent upon
the exact experimental conditions for the photocata-
lytic oxidation of phenol and 4-chlorophenol on TiO;
(Degussa P25). The sorption constant, K, is expected
to remain relatively constant over various conditions
if it truly reflects the adsorption affinity of a sub-
strate for a surface. The apparent variability of K
indicates the inadequacy of the traditional interpre-
tation of K as an intrinsic adsorption (thermody-
namic) constant. Turchi and Ollis®” have shown that
four different reaction schemes yield the same gen-
eral rate equation of the basic Langmuir—Hinshel-
wood form (eq 41) with two independent parameters
k and K. According to their kinetic models, the
fundamental interpretation of K is different for each
reaction scheme, while % is a function only of catalyst
properties and light intensities irrespective of which
of the four cases is considered. However, K and k&,
which are supposed to be two independent param-
eters, seem to be dependent on each other as shown
in Figure 11. One possible explanation for this
behavior is that various equilibrium adsorption con-
stants involved are changed under the photostation-
ary conditions (e.g., photoadsorption and photode-
sorption). In these cases, K appears to be a function
of light intensity and is dependent on k.

Hoffmann et al.

Table 4. Semiconductor Photodegradation of
Hydrocarbons, Carboxylic Acids, Alcohols,
Halocarbons, and Heteroatom Compounds

substrate refs

1,3-butadiene 378

1,2-dibromoethane 379

2,2 5-trimethylpentane 225

2-ethoxyethanol 380

2-methoxyethanol 225

acenapthene 381

acetone 217,225,254,311

benzene 66,225,326,382,383

ethylbenzene 110

benzoic acid 73,76,77,210,309,311,312,
326,339,384,385

bromoform 325

catechol 64,304,386

cresols 97,113,387

cyclohexane 388

diethyl phthalate 360

di-n-butyl phthalate 389

ethylene 378,390

formaldehyde 217

hexane 183

2-propanol 75,83,226,230,243,272,
311,391-396

malathion 305

methanol 75,86,210,225,288,309,311,
397-399

methyl vinyl ketone 108

naphthalene 312

phenol 64,74,76,82,91,98,99,139,195,

polynuclear aromatics
propene

tert-butyl alcohol
toluene

xylene
1,3-diphenylisobenzofuran
bromodecane
bromododecane
dodecanol

1-propanol
fluorophenols
(4-thiophenyl)-1-butanol
4-hydroxybenzyl alcohol
acetic acid

acetophenone

adipic acid

alkylphenols

1-butanol

butadiene

butyric acid

cyclohexene
cyclohexanedicarboxylic acid
dibromomethane
diphenyl sulfide
dodecane

dodecyl sulfate
dodecylbenzene sulfonate
ethane

ethanol

ethyl acetate
formic acid

isobutane
isobutene
lactic acid
oxalic acid
propionic acid
pyridine
salicylic acid

sucrose
tetrafluoroethylene

204,239,242,251,284,318,
383,400—411

412

378,413,414

75,415

98,225,321,337,382,416

217

417

418

418

418

311,398,419

304

420

83

51,562,84,210,227,235,309,
311,421-426

382,394

385

427

217,398,428

378

422,429

388,430

431

379

432

418

418,433

55,434

435,436

75,210,301,309,311,326,396,
398,419,432,433,437,438

311

147,185,210,251,254,309,311,
326,434—436

297-299

297,298,300,378,413

231

254,429,439

51,254,422

356,376,440

76,210,251,301,309,311,
326,369,441

210,311

390
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Table 5. Langmuir—Hinshelwood Rate Constants (k) and Adsorption Constants (K) for Photocatalytic Systems
Utilizing TiO; (Degussa-P25) for Phenol and 4-Chlorophenol (4-CP) Degradation

substrate k (uM min1) K (uM™) experimental conditions ref
phenol 24.4 2.97 x 1073 [TiOs]=2 g L™, 125 W Hg lamp, pH 6 405
phenol 12.9 2.19 x 1072 [TiOz] =1 g L!, 15 W blacklight (350 nm) 441
phenol 32.7 1.02 x 1072 [TiOz]=1 g L1, 15 W germicidal lamp (254 nm) 441
phenol 1.687 3.00 x 107! [TiOz]=1 g L™, 100 W Hg lamp, pH 5.5 74
phenol 1.15 1.80 x 107! [TiOz]=1gL™!, 100 W Hg lamp, pH 3.5 74
phenol 1.70 7.68 x 1072 [TiOz]=1g L™}, 100 W Hg lamp, pH 8.5 74
phenol 76.5 6.78 x 1073 [TiOz] =1 g L™!, 20 W blacklight, pH 3.5 309
phenol 108.4 2.26 x 1073 immobilized TiO; film, 20 W blacklight, pH 3.6 311
4-CP 78.6 5.78 x 1072 [TiOz]=1 g L1, 20 W blacklight, pH 3.5 309
4-CP 0.77 2.90 x 1072 [TiO2]=0.5 g L', 48 W blacklight, pH 2 107
4-CP 5.17 1.66 x 1072 [TiOz] =2 g L1, 125 W Hg lamp (1 > 340 nm) 112
4-CP 1.2 1.90 x 1072 immobilized TiO, film, 90 W blacklight, pH 5.8 306
4-CP 79.3 4.88 x 1073 immobilized TiO; film, 20W blacklight, pH 3.6 311

500 T T r r r with abstractable hydrogen atoms. In the case of

chlorinated hydrocarbons with no abstractable hy-

i ° drogen atoms or with tetravalent carbon in C(IV)

400 J

300

1/K (uM)

200

100

0 1 L H ] L
0 20 40 60 80 100 120

k (M min™)
Figure 11. Plot of 1/K vs k from Table 5 for phenol (O)
and 4-chlorophenol (®).

IX. Mechanistic Aspects of Selected Reactions

A. Chloroform

Kormann et al.’ have proposed the following
mechanism for chloroform oxidation after generation
of the electron—hole pair due to excitation at wave-
lengths less than 380 nm:

kl‘
>TiOH" + >HCCl; — >TiOH," + >°CCl, (80)

k
>Ti™OH™ + >TiOH,"0, —
>Ti"VOH + >TiOH,"—0,” (81)

k
>*CCl; + 0, — *0,CCl, + > (82)
k
2°0,CCl; — 2'0CCl, + O, (83)

k
*0CCl, + HO,' —> Cl,COH + 0,  (84)
k85 + -
ClL,COH — CL,CO + H* + Cl (85)
k
CLCO + H,0 — CO, + 2H" + 2CI”  (86)

We believe that similar mechanisms are operative for
a wide range of oxidizable chlorinated hydrocarbons

state, reactions can be initiated by direct hole or
electron transfer as in the case of trichloroacetic acid
or carbon tetrachloride, respectively:

k
>Ti—h, "'—OH + >CCl,C0,” —
>TiOH + >"CCl; + CO, (87)

k
>Ti—e, —OH + >CCl, —
>TiOH + >'CCl; + Cl™ (88)
We note that the identical carbon-centered CCls*
radical is generated either by direct hole transfer (i.e.,
the photo-Kolbe process of eq 87) or by direct electron

transfer to the carbon(IV) center. The CCls' radical
then continues to react via eqs 82—86.

B. Pentachlorophenol

Pentachlorophenol (C¢ClsOH, PCP) has been used
widely as a pesticide and a wood preservative. The
photooxidation of PCP in the presence of TiO; pro-
ceeds via the following stoichiometry:

hv, TiO,
9HOCC; + 70,

4HCO,H + 8CO, + 10HCl (89)

In homogeneous solution, photolysis of PCP has been
shown to produce toxic byproducts such as tetrachlo-
rodioxins; however, in the presence of illuminated
TiO; suspensions, the intermediate dioxins are ef-
fectively destroyed.®®* Mills et al.*® reported that
complete dechlorination of 47 uM PCP was achieved
after 3 h of illumination at high intensity with
apparent quantum efficiencies for (®pcp, ®c1-, Pu+,
®n,0,) ranging from 1 to 3%. p-Chloranil, tetrachlo-
rohydroquinone, H2Os, and o-chloranil were formed
as the principal intermediates. Formate and acetate
were formed as products during the latter stages of
photooxidation. The mechanism for photooxidation
of PCP appears to proceed primarily via hydroxyl
radical attack on the para position of the PCP ring
to form a semiquinone radical which in turn dispro-
portionates to yield p-chloranil and tetrachlorohy-
droquinone. The initial steps in the photocatalytic
degradation of PCP as proposed by Mills et al. are
as follows:
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Under high-intensity illumination, the PCP—OH
reaction intermediates are attacked further by ‘OH

to yield HCO,~, CH5CO;~, COs, H*, and Cl~ with
initiation as follows:

OH
i\ _cl Cl _cl
+ >TIOH* —» + >TiOH,*
N a o Y a
OH

OH

Ring fragmentation appears to be a slow process and
probably occurs between carbon atoms of the ring
which have no chlorine atoms, since chloroacetic acid
is not found among the detectable products. The
formation of acetate appears to involve a reduction
of carbon centers and probably proceeds via dispro-
portionation reactions of free-radical intermediates
as proposed below for a likely ring-fragmentation
biradical:

OH

4 :
=C //
2 EE——— CHa“'—'C\ + 2CO, + O,
Si \
HO - OH
2

The direct electron-transfer reaction between a sur-
face-trapped hole and a surface-bound PCP molecule
is expected to yield a phenoxyl radical as follows:

OH (oM
Ck Ql

N _ql
+ hy' — + H*
cr 7 al cr 7 al

Cl Cl

Hoffmann et al.

The resulting pentachlorophenoxyl radical is most
probably a strong oxidant which will be reduced by
electrons from the conduction band or by peroxide
radicals to regenerate PCP, thus yielding a closed-
loop reaction with no net degradation (vide infra).

Experimental results*® suggest that *OH radicals
react at least 10 times faster with tetrachlorohydro-
quinone than with p-chloranil:

H
? Cl

N a Al
O + >TiOH* —» +
of Y Ca o Y “a

I
OH OH

C. Glyoxylic Acid

Carraway et al.’! have reported that glyoxylate
(HCOCO;") is rapidly oxidized to formate on the
surface of illuminated Q-sized ZnO colloids over a
broad range of pH. The intermediate product, for-
mate, in turn serves as an effective electron donor
with the concomitant reduction of dioxygen. On the
basis of their kinetic studies Carraway et al. have
proposed the following mechanism to account for
their kinetic observations:

HCOCO,” + H,0 « HC(OH),CO,”  (90)

>TiOH,*

HC(OH),CO,” + h,,* — HC(OH),CO," (91)
HC(OH),CO," — HC(OH),” + CO,  (92)

HC(OH), + h,," —HCO,” + 2H"  (93)

0,+ey, — O, (94)
0,” + H" —HO,’ (95)
HO, + e, — HO,” (96)
HO,” + H" — H,0, (97)

The net reaction occurring on ZnO, obtained by
summing the oxidative and reductive steps, is as
follows:
HCOCO,” + 0, + H,0 — HCO,” + CO, + H,,0,
(98)
In addition, glyoxylate is known to react homoge-
neously with hydrogen peroxide as follows:
HCOCO,  + H,0,—HCO,” + CO, + H,0O (99)
This dark reaction couples to eq 98 to yield the
following overall photocatalyzed reaction:
2HCOCO,” + O, — 2HCO, + 2CO, (100)

D. Acetic Acid

Carraway et al.’! have also studied the photocata-
lytic oxidation of acetate (CH3;COz™) on Q-sized ZnO
colloids in which the overall stoichiometry is as
follows:

CH,COOH + 20, 2C0O, +2H,0 (101)
The reaction intermediates were determined to be

ZnO + hy
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HCO;~, CHOCO;~, HCHO, CH;00H, CH;COOOH,
and H;O.. Formate and glyoxylate also serve as
effective electron donors on illuminated ZnO surfaces.
The relative reactivity of electron donors toward
photooxidation was found to occur in the following
order: CHOCO;~ > HCO;~ > HCHO > CH3CO;~ >
H;O, > CH3COOOH > CH3;00H. The product
distributions were analyzed in terms of pathways
involving direct oxidation of surface-bound acetate
by valence-band holes (or trapped holes) and the
indirect oxidation of acetate by surface-bound hy-
droxyl radicals. The product distribution observed
at low photon fluxes indicates that both pathways
occur in parallel.

Carraway et al.5! have proposed a reaction mecha-
nism involving the reaction of an intermediate carbon-
centered radical with >ZnOH surface sites. When
electron donors are strongly adsorbed to semiconduc-
tor surfaces, surface-mediated reactions appear to
play a dominant role in determination of the time-
dependent product distributions.

The formation of methyl hydroperoxide and per-
oxyacetic acid as reaction intermediates during the
course of acetate oxidation appears to be consistent
with the following mechanism:

CH,COO0™ +h,"—"'CH, +CO, (102)
CH,' + HO," — CH,00H (103)
CH; + 0, — CH,0,’ (104)
2CH,0," — CH;00H + HCO,H  (105)

CH,COO0™ + H,0, — CH,COOO0H + OH™ (106)

Wolff et al.?®” have examined the photocatalytic
oxidation of acetate on TiO; in an attempt to answer
the question of the intermediacy of *OH radicals in
photocatalytic systems. It has been established in
detailed radiation chemical investigations that hy-
droxyl radicals attack acetate ions mainly at the
methyl group:2%8

*OH + CH,COOH — "CH,COOH + H,0 (107)

In the presence of oxygen, the radicals thus formed
react quickly with molecular oxygen leading to the
formation of CHOCOOH, HOCH,COOH, HO,CH,-
OOCH,CO.H, HCHO, and CO,. Direct electrochemi-
cal oxidation of acetate results in the well-known
Kolbe decarboxylation with the formation of a methyl
radical:

h, "+ CH;CO,” —'CH; + CO,  (108)

In this case, the product distribution should include
CH;COOH, CH300CH3, HCHO, CH3;0H, HCOOH,
and HyO;. Wolff et al.?®” reported that at pH 10.6,
the main products of the photocatalytic oxidation of
acetate on TiO; were glycolate and formate. Glyoxy-
late was also detected at relatively short illumination
times. On the other hand, under acidic conditions
they found only formate and formaldehyde. As noted
by Carraway et al.5! glycolate and glyoxylate are
readily oxidized in the presence of TiO; under band-
gap illumination. They argue that these observations
are consistent with reactions initiated by hydroxyl
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radicals, since decarboxylation of glycolate should
only result in C; products such as methanol or
formate. The formation of glycolate and glyoxylate
is thus taken as evidence for the oxidation of acetate
via hydroxyl radicals. The relative importance of the
hydroxyl radical pathway appears to be higher with
increasing pH. Since the TiO; is negatively charged
above pH 6.5 (vide supra) electrostatic repulsion
should hinder the inner-sphere adsorption of acetate
molecule thus favoring an attack of surface bound
hydroxyl radicals on the methyl group. On the other
hand, negatively charged carboxylate groups are
attracted toward positively charged surface groups
of the metal oxide semiconductor particles at pH
values below the pH,,; this attraction leads to an
inner-sphere coordination through >TiOH groups.
When an electron donor is strongly bound via inner-
sphere sorption at the surface, electron transfer
appears to occur via the valence-band holes or
trapped holes on the surface. This pathway clearly
favors direct decarboxylation of the acetate.

E. Carbon Tetrachloride

Choi and Hoffmann?®® have investigated the pho-
toreductive degradation of carbon tetrachloride (CCLy)
on TiO; in aqueous suspensions in the presence of a
variety of organic electron donors (alcohols, carboxylic
acids, and benzene derivatives) over a broad range
of pH. CHCl;, C:Cls, and CyCls were detected as
intermediates during photolysis:

TiO,, hv

CCl, + 2H,0 CO, + 4H™ + 4Cl™  (109)

The rate of CCly dechlorination can be enhanced
significantly when alcohols and organic acids are
used as electron donors. Kinetic isotope effects and
structure—reactivity relationships show that hydro-
gen abstraction by hydroxyl radicals plays an impor-
tant role in hole-scavenging mechanisms. Choi and
Hoffmann?® argue that the pH of the TiO; suspen-
sion influences the rate of CCly reduction either by
altering the electrostatic interactions of electron
donors on the TiO: surface or by changing the
reduction potential of the conduction band electron
in a Nernstian fashion. They also report that dis-
solved oxygen is nonessential for complete mineral-
ization of CCls. To account for these results Choi and
Hoffmann?® propose a reaction mechanism in the
absence of oxygen, which involves dichlorocarbene
formation through a two-electron transfer pathway
initiated by conduction-band electron transfer as
follows:

CCl, + e~ — CCly" + CI” (110)
CCly + e, — :CCL, + CI” (111)
CCl, + 2e,” —CCl,"+CI™  (112)

CCl;~ — :CCl, + C1™ (113)

RCH,0H + >TiOH'* (h,,") —
RCHOH + >TiOH," (114)

RCHOH + CCl, — CCl," + HCl + RCHO  (115)
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RCHOH + CCl," — :CClL, + HC1 + RCHO (116)
CCl,” + H™ — HCCl, (117

2CCl," — CL,CCCl, (118)

2:CCl, — C1,C=CCl, (119)

:CCl, + H,0 — CO + 2HClI (120)

>TiOH'" + CO — >TiH" + CO,  (121)

iyt H,0 s + .
>TiH"* + CCl, — >TiOH," + CCl," + HCI
(122)

In the presence of oxygen, the following additional
steps appear to be operative:

+3Ht

CCl," + 0, — C1,CO,’ — CO, + 3HCI (123)

Hilgendorf et al.3% have also studied the degradation
of CCly in detail. They report the rate of CCly
degradation is not enhanced by the presence of Pt
islands which are often known to reduce the overpo-
tential of heterogeneous electron-transfer processes
(e.g., for the reduction of protons to molecular hy-
drogen). The absence of a catalytic effect of the
platinum deposits could either be explained by a
small overpotential for the reaction or by a failure of
Pt islands on the TiO; surface to transfer electrons
to CCly rather than to HzO or protons.

The pH-independent polarographic reduction po-
tential Ey,; of CCly is —0.51 V while the conduction-
band reduction potential of TiOz is known to follow
standard Nernstian behavior as follows:

EReq = (—0.1t0 0.059 pH) V=—0.572 V at pH 8
(124)
Thus the reduction potential of the conduction band

electrons above pH 8 should be sufficient to reduce
carbon tetrachloride according to eqs 110—112 above.

Hoffmann et al.

Hilgendorff et al.3% report that the rate of degrada-
tion of CCl, is enhanced considerably in the presence
of a hole scavenger such as 2-methyl-2-propanol due
to the formation of the 2-methyl-2-propanol radical.
This S-hydroxyl radical is not capable of direct CCl,
reduction (as are the a-hydroxy radicals) nor is it able
to inject an electron in the conduction band of TiO;
to yield a current-doubling effect. Hilgendorff et al.
propose that 2-methyl-2-propanol inhibits the elec-
tron—hole recombination by increasing the number
of electrons in the semiconductor particle which can
induce the reduction of CCly via reaction. On the
other hand, the a-hydroxy radicals formed according
to the above mechanism during the one-electron
(hole) oxidation of 2-propanol, ethanol, and methanol
are able to reduce CCly as well as to inject an electron
into the TiOs-conduction band. Hilgendorff et al.3%°
report that the quantum yield of CCl; degradation
increases by a factor of 80 in oxygen-free solutions
due to the absence of competition from O for conduc-
tion-band electrons and to the lack of scavenging of
the a-hydroxy radicals by Os.

F. 4-Chlorophenol

The formation of several different surface struc-
tures by an adsorbate may be expected to yield
several concurrent reaction pathways. Mills et al.5107
determined that the photooxidation of 4-chlorophenol
(CIC¢H4OH) is best described by three concurrent
reaction pathways. One reaction pathway leads to
an unstable intermediate that undergoes ring cleav-
age and subsequent rapid decarboxylation and dechlo-
rination. The other two reaction pathways result in
stable intermediates, including hydroquinone (HQ)
and 4-chlorocatechol (4-CC). The addition of inor-
ganic oxidants such as ClO;~, S:082-, C103~, 1047,
and BrO;~ increases the rate of degradation of
4-CP.31303 Consistent with Mills’ explanation and
other previous mechanistic studies,23:54301,304-306 the
reactions shown in Figure 12 explain the effects of
ClO;~ and the formation of intermediates.2%

OH
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3 OH
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. H O ———
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o
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Figure 12. Reaction scheme for the degradation of 4-CP in th

|

co,
e presence of C10;~.
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According to the mechanism shown in Figure 12,
three parallel reaction pathways are open; these
pathways proceed in parallel after the initial hy-
droxylation of 4-CP to form the 4-chlorodihydroxy-
cyclodienyl radical (4-CD). Reduction by a conduction-
band electron (pathway 1) yields HQ and Cl-.
Abstraction of an H-atom (2) occurs by an active
oxygen species (e.g., HOg* or HO*) or by the two-step
process of electron abstraction by a valence-band hole
followed by deprotonation. The resultant unstable
intermediate, 1, is hydrolyzed to form a ring-opened
acid chloride, 2, which itself hydrolyzes to a car-
boxylic acid, 3, and releases HCl. Abstraction of an
electron (3) from 4-CD to yield 4-CD* is facilitated
by ClOs~. Subsequently, 4-CD™ either undergoes a
back-reaction to 4-CD (4) via reduction by a conduc-
tion-band electron or deprotonates (5) to form 1 and
subsequent products, 2 and 3.

The pathways are not equally efficient with respect
to photooxidation. Pathway 2 proceeds through three
thermal oxidation steps subsequent to its initiation
by one photon. Pathway 3, on the other hand,
provides no additional fast thermal oxidation steps
and 4-CD" exhausts additional photogenerated charge
carriers via the reductive pathway 4 by undergoing
further oxidation with valence-band holes and hy-
droxyl radicals. In general, the highest oxidation
quantum efficiencies are expected by the selection of
pathways such as 2 for which a maximum number
of thermal oxidation steps occur. The ClO;~ anion
is a selecting agent for pathway 3. Whereas reducing
the rate of charge-carrier recombination and increas-
ing the rate of the primary interfacial charge transfer
are well-known strategies to increase catalyst per-
formance, the implication for heterogeneous photo-
chemistry is that pathway-selecting agents may
provide another effective route to higher quantum
efficiencies. In addition, macroscopic measurements
of quantum efficiencies based upon product yields
may not be representative of the branching ratio
between charge-carrier recombination and interfacial
charge transfer due to thermal oxidative events
initiated by a photooxidative event.

X. Conclusions

Semiconductor photocatalysis appears to be a
promising technology that has a number of applica-
tions in environmental systems such as air purifica-
tion, water disinfection, hazardous waste remedia-
tion, and water purification. In addition, the basic
research that underlies the application of this tech-
nology is forging a new understanding of the complex
heterogeneous photochemistry of metal oxide systems
in multiphasic environments.
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