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Abstract

The analysis of photocatalyst kinetics concerning degradation of water dissolved pollutants with TiO, suspensions has been built on for years in
a robotic way on the basis of the “Langmuir—Hinshelwood” (L-H) model. According to the L-H model the reaction rate is described by the
equation: rate = kp yKi [M]/(1 + K1 [M]), where K| is the Langmuir adsorption constant, ki y the apparent Langmuir rate constant and [M] is the
reactant concentration. Even in cases where 1/rate versus 1/[M] plots are apparently linear, as predicts the previous equation, it is frequently found
that K depends on the illumination flux, ¢, which contradicts the L-H model premise that equilibrated adsorption/desorption of reactants is
maintained under illumination. Moreover, the L—H model does not define the k; i dependence on @, so that by itself is unable to predict any existing
relationship between @ and the reaction rate. Here we describe in detail an alternative kinetic approach, the ““Direct-Indirect”” (D-I) model, which
is based on the degree of electronic interaction of the semiconductor surface with dissolved reactant molecules. The D-I model introduces the
systematic use of fundamental concepts like direct, indirect, adiabatic and inelastic interfacial transfer of charge as basic tools, giving a physical
meaning to the involved kinetic parameters. Moreover, it is shown to be able to predict the functional dependence of the photooxidation rate on the
experimental parameters (photon flux and pollutant concentration), distinguishing between strong (specific adsorption) and weak semiconductor—
reactant interaction (absence of specific adsorption). The general believe that OH® radicals, either TiO,-adsorbed or free, photogenerated from
OH™ groups adsorbed on terminal Ti atoms, behave as active species in interfacial oxidation reactions is disregarded by the D-I model, as adsorbed
OH"™ groups cannot be photooxidized with valence band holes.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Photocatalysis; TiO,-substrate interaction; Kinetic models; Rate equations: Primary reactions

1. Introduction

The scientific and technological interest in the application of
heterogeneous photocatalysis with suspensions of TiO,
nanoparticles has grown exponentially during the last two
decades. About 95 documents concerning TiO, photocatalysis
were published in 1985, 247 in 1995 and 2032 in 2005; in total
about 14,000 documents during the period 1985-2006 [1]. In
spite of this interest, detailed mechanisms of the photocatalytic
processes, and specially those concerning the initial steps
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involved in the reaction of photogenerated electrons and holes
with dissolved reactants, are far to be clear. It is well established
that interfacial transfer of conduction band electrons to
dissolved O,, which acts generally as primary electrolyte
electron acceptor, is the rate determining step of the whole
photocatalytic reaction [2,3]. With respect to photooxidation
reactions, a first source of debate comes from whether
delocalized (free), photogenerated valence band holes (h¢")
react directly with the organic substrate via a direct transfer
(DT) mechanism, or photooxidation occurs via an indirect
transfer (IT) mechanism with intervention of photogenerated
OH?* radicals (surface trapped holes, h,") [4]. Both processes
can be correlated with the well known outer sphere (IT) and
inner sphere (DT) electron transfer mechanisms. Although h;*
and OH® mediated pathways are different processes, both lead
to a similar distribution of photooxidized products, which
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makes their distinction difficult. This is the reason why the
nature of the interfacial hole transfer mechanism, either direct
or indirect, is in many cases object of controversy [5]. Another
source of debate is related to the localization of the
photooxidation process. Adsorption of dissolved organic
molecules (reactants) to the TiO, surface is often believed to
be a prerequisite for photooxidation. However, some authors
suggest that in the case of IT, adsorption is not required, as far as
photogenerated OH® radicals can diffuse into the solution to
react with organic molecules [4,6]. Whether a prerequisite or
not, the existence or absence of specific adsorption seems to be
critical [5].

Numerous researchers have reported that the photooxidation
rate follows a classical Langmuir—Hinshelwood (L-H)
mechanism [4,7-10], assuming implicitly adsorption/deso-
rption equilibrium of reactants (Langmuir isotherm), not only
in the dark but also under illumination [9]. The L-H model
establishes that the photooxidation rate, vox, depends on the
concentration of reactants, [RH,],q, according to the relation-
ship vex = kLHKL[RHz]aq /(1 + Ky, [RHz]aq), where ky g is the
apparent L-H rate constant and K; is the photon-flux-
independent Langmuir equilibrium adsorption/desorption con-
stant. Alternatively, a pseudo-steady-state analysis has been
proposed for the case that adsorption/desorption equilibrium is
broken under illumination [9].

The application of the L-H model to the interpretation of
kinetic data in heterogeneous photocatalysis has received the
category of dogma for most authors [10]. One of the limitations
of the LH model resides in its incapacity to define a relationship
between v, and the illumination photon flux, &, unless the
dependence of kpy on @ is known. The pseudo-steady-state
approach of the LH model leads to the rate expression [10]:

Kaosk: ®[s][RHa ],

kg + kr[RHZ]aq M

VUox =

where [s] is the concentration of oxidant active species (h*,
hy"), ks and k4 are the rate constants for generation and decay
of photoactive species, respectively, and k, is the rate constant
for reaction of h¢" and/or h" species with (RH»),q dissolved
organic molecules. However, Eq. (1) formally belongs to an
Eley—Rideal (ER) type mechanism [10], and apparently pre-
dicts a linear dependence of v, on @ and, therefore, a photon
flux independent quantum yield. Eq. (1) can be reduced to the
L-H equation by substituting k,,s®@[s] for kg and k/kq = K1,
although the physical sense of k/ky = Ky, is entirely different
from that given by the L-H kinetic treatment [11].

Trying to fill up the gaps existing in the understanding of the
photocatalytic mechanisms, we have recently developed an
alternative kinetic model which is based on the degree of
interaction of dissolved organic species with the semiconductor
surface [12-14]. This model, in the following the Direct—
Indirect (D-I) model, introduces the concepts of direct,
indirect, adiabatic and inelastic processes as basic tools for
describing interfacial charge transfer. In the case of weak
electronic interaction (absence of specific adsorption), the DI
model establishes that interfacial hole transfer takes place

exclusively via an adiabatic IT mechanism involving surface
trapped holes and dissolved reactant molecules within the
electric double layer. In contrast, for the case of strong
electronic interaction (specific adsorption), interfacial hole
transfer takes place via a mixture of the IT and DT mechanism,
IT prevailing at low enough @ values while DT prevails at high
enough @ values [12]. Further, in contrast with the L-H model,
the D-I model states explicitly the sequence of primary
reactions occurring during the photocatalytic process and
provides a comprehensible physical meaning to the kinetic
constants appearing in the interfacial charge transfer reactions.
This confers to the model the capability of predicting the
influence that modifications of the photocatalyst, like doping,
metal coating or specific adsorption of inorganic ions, exercise
on its reactivity.

Here, we will go deeper into the understanding of these
fundamental questions, emphasizing the main predictions of
the D-I model with respect to the photooxidation quantum
yield dependence on photon flux and reactant concentration.

2. About the nature of surface active photogenerated
radical species: a misconception in TiO, photocatalysis

There exists a widespread consensus that a major photo-
oxidizing role in TiO, photocatalysis is played by OH radicals
photogenerated via trapping of valence band holes by water
species adsorbed on terminal Ti atoms. However, this contra-
dicts the fact, as deduced from UPS spectra of TiO,(1 1 0)
adsorbed water, that the top of the O:2p filled energy levels of
adsorbed water species are far below the top of the TiO, valence
band at the surface, which implicates that water molecules (and
hydroxyl groups) adsorbed on terminal Ti atoms cannot be
photooxidized with valence band holes [15,16]. Although these
studies refer to a TiO,(1 1 0) surface, the same conclusion
should be valid for other crystal faces. In fact, the energy
position of the electronic levels of the highest occupied
molecular orbitals (HOMO) of adsorbed water molecules
mainly depends on the interaction of 3d orbitals of terminal of
Ti atoms with 1b1 H,O orbitals [16], which should be scarcely
influenced by crystal orientation. The consequence is that the
only primary oxidant species active in photocatalytic reactions
would be holes trapped at terminal O,>~ intrinsic surface states
(02~ + h¢t — O, (h")) whose O:2p orbitals constitute the top
of the valence band at the TiO, surface. The same is extensive to
protonated O,*~ terminal ions (O,> + H™ — (0*~ — HY),),
which must be considered as lattice, surface hydroxyl groups
(intrinsic surface states) having nothing to do with hydroxyl
ions adsorbed on terminal Ti atoms (extrinsic surface states).
Consequently, the assumed possible existence of free OH
radicals in the aqueous solution as a result of the desorption of
photogenerated, adsorbed OH radicals must be disregarded.

By employing time-resolved laser flash photolysis, Bahne-
mann et al. [17] have been able to detect two types of surface
trapped holes: holes at deep traps, which are long-lived but non-
reactive with specifically adsorbed species, and shallow traps in
thermal equilibrium with top energy levels of the valence band
and which reactivity is comparable to free holes. Deep traps of
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Bahnemann et al. [17] could be identified with OSZ_ and/or
(02* — H"), intrinsic surface states.

3. Direct versus indirect interfacial hole transfer

According to the D-I model, direct and indirect mechanisms
play an essential role in interfacial hole transfer. On the one
hand, DT of valence band free holes can occur either to (RH;),q
dissolved species, in the absence of specific adsorption,

het + (RHy),, —>(RH"),, + Hyg" (DT,1)
or to (RH,), specifically adsorbed species
he' + (RH,), == (RH"), + Hyg " (DT.2)

On the other hand, IT of surface trapped holes also takes place
to either (RHy),q dissolved species

By + (RHy), " (RH®),,, + Hag* (T.1)
or (RH,), surface-bound species
h* + (RHy), = (RH"), + Hy ",

(IT,2)

Vit

he" + (RH*);—R + Hyq "

4. Adiabatic versus inelastic hole transfer

In the absence of specific adsorption, hole transfer to
(RH»),q dissolved species takes place adiabatically, the transfer
rate being defined by the Fluctuating Energy Level Model
developed by Marcus [18] and applied by Gerischer to the
semiconductor electrolyte interface [19,20]. This model
predicts a hole transfer rate constant

2
_(Ered - Es) :| (2)

K ocexp [ 40kT

where Ej is the energy of surface trapped holes, h,* (empty
surface states) to which electrons are transferred adiabatically
from filled energy levels of (RH,),q dissolved species, Ey.q the
most probable energy for the occupied energy levels of (RH,),q
species and A is the reorganization energy (typical values of A
are between 0.5 and 1.0 eV). As shown in the energy diagram of
Fig. 1, for DT, E, represents the energy of valence band free
holes (E(hs") = Ey), while for IT, E; is the energy of surface-
trapped holes (E, = E(h,")). Because of the very positive value
of Ey for TiO,, except for highly reductant dissolved species,
(Ereqa — Ev) reaches quite high values (about 1.0 eV for the
H3;COH/H,COH® redox couple by considering a A =0.7 eV)
[21], which results in a extremely small value of kﬁfb in Eq. (2)
and, therefore, in a negligible probability of adiabatic DT.
Adiabatic reactions in Fig. 1 are (DT,1) and (IT,1).

Under strong electronic interaction of dissolved reactant
species with the semiconductor surface (specific adsorption in
competition with that of water molecules), the hole transfer
mechanism to (RH,), species is not adiabatic but inelastic, the
Marcus—Gerischer model does not apply and the hole transfer

CB
E, o
hv. E,

. | E“((RHZ)WI(RH')W)
D'J"O‘”} s m— E.
- Z
h——h} —
vB ' fDTf‘”’

Fig. 1. Energy diagram showing TiO, and electrolyte energy levels according
to the Marcus—Gerischer “Fluctuating Energy Level Model”. The arrows
indicate interfacial charge transfer reactions, either inelastic (vertical and/or
leaned arrows), as is the case for direct interfacial transfer of h;" valence band
free holes to filled intrinsic bandgap surface states, to produce hy" surface
trapped holes (DTO), or adiabatic (horizontal arrows), as is the case for direct
transfer of hs* holes (DT,1) and indirect transfer of h" holes (IT,1) to filled
energy levels of (RH»),q dissolved species. Rates are proportional to the arrow
thickness, so that (IT,1) rate is higher than the (DT,1) rate, as the overlap with
filled electrolyte levels is higher for hy* than for h¢" holes.

rate constant is " oc o ¢, where ¢ is the thermal velocity of free
holes and o is the hole capture cross-section of filled surface
states [22]. These can be either intrinsic, such as those
associated to semiconductor surface atoms, or extrinsic, as
correspond to electrolyte surface-bound species. In the latter
case, o depends on the degree of semiconductor—reactant
electronic interaction. Since the activation energy term
(exponential term) of Eq. (2) disappears in this case, v is
generally higher than vf,?(b, except for cases where (E.q — E) is
small enough. As shown in the energy diagram of Fig. 2,
inelastic hole transfer reactions are (DT,2) and (IT,2), together
with transfer of free holes to filled intrinsic surface states, which
is defined by the rate vy. Assuming that both hy* and (RH,)s

species are immobile on the semiconductor surface, the redox

cB

Fig. 2. Energy diagram showing interfacial hole transfer reactions. Direct hole
transfers of hy* holes to filled energy levels of intrinsic bandgap surface states,
(RH,),q dissolved species or extrinsic bandgap states associated with (RH»)s
surface-bound species, are represented by DTB“S, DTi% and DT, respectively.
Indirect transfer of hg* holes to filled energy levels of either (RH,), surface-
bound species or (RH»),q dissolved species is represented by their respective
rates IT and IT2%®. IT™ mechanism is depicted by means of a dotted vertical
arrow indicating that, in general, its rate can be considered to be negligible
(see text).
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Table 1
Main features of the D-I model

Substrate-TiO, interaction Conventional kinetic model

Surface adsorptions sites Prevailing D-1 mechanisms

Specific adsorption L-H

Absence of specific adsorption E-R

DT, inelastic; IT, adiabatic
DT, inelastic

Terminal Tiv
Terminal 0.2~

- IT, adiabatic

reaction (IT,2) would be very improbable, unless the surface
density of (RH,); species is very high (near a mono-layer) so
that the mean h,*—(RH,), distance is of the order of a few
angstroms. In general vo>>vpr), vUpr2>>vpr; and
upT2 > ViT,1, because of the existence of the exponential
reorganization energy term for reactions (DT,1) and (IT,1).

In the case of specific adsorption, inelastic direct transfer
(reaction (DT,2)) necessarily coexists with adiabatic indirect
transfer (reaction (IT,1)). Only when E,..q = Ev (i.e., for very
reductant (RH,),q species) it can be vpr, ~ vpr,1. Moreover, it
must be emphasized that indirect transfer is the only possible hole
transfer mechanism in the absence of specific adsorption (IT,1).

Summing up, in the case of specific adsorption, DT should,
in general, predominate on IT, although both mechanisms
coexist. In contrast, in the absence of specific adsorption, IT
is the only possible hole transfer mechanism. Moreover,
because of the existence of an activation energy for IT, unless
Ereq =~ E(hy), it must be kg}f < kﬁib, DT being more efficient
than IT. Table 1 summarizes the main features of the D-I
model. Note that neither the L-H model, which is based in the
existence of specific adsorption, nor the E-R model, which
is valid in the absence of specific adsorption, distinguishes
between direct and indirect interfacial charge transfer [4].
Moreover, the photooxidation reactions involving surface-
bound OH radicals as active species are not taken into
account by the D-I model, as their existence is questionable
(see Section 2).

5. Kinetic implications of DT and IT mechanisms: the
photooxidation quantum yield dependence on photon
flux and substrate concentration

5.1. The IT mechanism

The following primary interfacial reactions, which are
described schematically in Fig. 3, are taken into account [12]:
Charge-carrier generation

TiO, + hv—Shet + e, v) = Ky

Charge-carrier trapping

he" + 02 —5h", v =K [h[0,]
for non-protonated terminal oxygen ions and

/
Y

he" + (0" —H"),—h", v =K [h'][(0* —H")]

for protonated oxygen ions, where surface trapped holes should
be identified with (O~ — H*), species.

Charge-carrier recombination

!

hs+ + ef_i’osz_> U;J = k1/-1 [ef_][h5+]

Interfacial-charge transfer

v/
— red —
e +(02),,—027,
ind

h* + (RHy), - RHy" + Hyg®, v

Ui‘ed = k;ed [ef_} [02]aq )

ox ki)r;d [hS+] [RHZ]

aq’
ind,2

hy" + RHy"==Rag + Hg ", vi? = ki [, 7][RH,q ]
kg is an empirical proportional factor that depends on the nature
of the catalyst, the reactor geometry and/or the film thickness if
the semiconductor is immobilized as a nanoporous film [23]. If
we assume that this factor does not depend on &, such a
constant will not affect to the model predictions. On the other
hand, TiO, is a semiconductor with an indirect optical transi-
tion; consequently, the recombination process will take place
with participation of free electrons and surface trapped holes
rather than via free electrons and free holes i£§]'

back

The back reaction Hyq™ + e~ + (RHyq*)—(RHy),, is not
considered since, in practice, k) o exp[—(Ec — Eox)” /4AKT]
must be very small compared with K" ocexp[—(Ewea—
E(hg™))?/4AKT], as (Ec — Eoy) > (Ereq — E(hs")) if an efficient
photooxidation reaction is to be expected.

Under steady-state conditions the following expression is
obtained for the IT quantum yield [12]

2 1/2
(QY)ind _ al(RHy),,] N 2a[(RHy),,] B al(RHz),,]
) ) ¢y
3)
CB

E, e, ——€; = _‘_/f; N _)( 0, )-aq

Visek . [Xsq
=T
& (.-,
Vo

E° ((RH, e .'(RH')BQ)
t (En—E.)

ind
’LLLL R
V. § —
E 1”7

ve hi——h &

Fig. 3. Energy diagram showing the primary interfacial reactions involved in
the indirect hole transfer mechanism.
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with a = kinlk;4[02] /4k; ko, which is a photon flux and
reactant concentration independent constant. a is susceptible
to be modified experimentally, allowing for the control of the
quantum yield.

According to Eq. (3), an increase of the constant a leads to a
QY increase. But a can be increased via an increase of k.., and/
or k", or a decrease of k.. Since k., depends on the nature of
the Ti—O chemical bonds in the TiOé structure, its modification
is not easy. However, k.., and k"® are both rate constants for the
adiabatic charge transfer between energy levels of the
semiconductor surface and dissolved reactant species of the
electrolyte, and can be modified in a simpler way. For instance,
the adsorption of inorganic anions (e.g., F~) on the Ti surface
atoms, which implicates desorption of adsorbed water species,
produces a change of the TiO, net electric surface charge. This
produces a shift of the semiconductor energy levels with respect
to the electrolyte that leads to a change of the (E,.q — E(hs"))
energy difference in Eq. (2). The consequence is a change of
both ksgb and k;ed, that leads to a modification of the QY [23].
This allows to explain in a simple way the observed increase of
phenol photooxidation rate when the TiO, surface becomes
fluorinated, without necessity of invoking the photogeneration
of free OH radicals which, as shown in Section 2, is an
unrealistic hypothesis.

Fig. 4 shows plots of (QY)ind versus @, log(QY)r versus
log @ and (QY)™ versus @2, The main features of Fig. 4 are:
(1) the quantum yield increases steadily as @ decreases (no
maximum is predicted in the (QY)™ vs. [(RHy),q] plot); (2)
limg_oQY = 1; (3) (QY)™ x @™, with 0 <m < 1/2, and
m = 1/2 for @/[(RH,),q] > a/2.

The IT quantum yield dependence on the substrate
concentration for different @ values is shown in Fig. 5. The
main features in this case are: (1) the higher [(RH;)yq], the
lower d(QY)"™/3[(RH,),ql; (2) 1/(QY)™) does not depend
linearly on 1/[(RH,),q] in the whole [(RH5),q] range (the LH
model does not apply); (3) the [(RH»),q] range where linearity
apparently exist increases as @ decreases. The influence of the
kff(b rate constant on the QY has been analyzed in Ref. [12].

Kinetic expressions like that described by Eq. (3), where
QY o @' for high enough illumination intensity values, have
been obtained by Gerischer [3] and Minero et al. [24,25] by
considering primary chemical reaction events similar to those
used by us. Martyanov and Savinov [26] also obtain a similar
expression by considering that the loss of activity of photoexcited
TiO, particles takes place via OH® radical combination
(OH® + OH®* — H,0,), something kinetically improbable if
compared with OH® annihilation via recombination with free
conduction band electrons. However, for these authors, the rate
constants k2% and ;.4 did not have a specific physical meaning in
contrast with the D-I model. This constitutes a serious limitation
for predicting the actual behaviour of the photocatalytic system
when experimental parameters are modified [27].

5.2. The DT mechanism

Since DT always coexists with IT, the following interfacial
reactions should also be considered [12]:

(a) 1.0qy.
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Fig. 4. Influence of the pollutant concentration on the IT quantum yield
dependence on the illumination intensity (linear plot (a) and logarithmic plot
(b)), and on the square root of the illumination intensity (c), according to Eq. (3).

The following parameters were used:k[,4[02] = 10 cms ™!, ky = 107, k], =

1078 cm?s~! and kind = 10~ ecm? s~1). The slopes of log(QY)™ vs. log @ are
indicated in (b).

Interfacial-charge transfer
ng Y
he + (RH2)—>RH* + Hag ™, 05, = kg [ ][(RHy) ]
Back reactions

vdac — .
Hﬁ‘q+ +er + RHS.L;(RH2)55 vgack = kgack [ef HRH@ ]

With respect to the adsorption/desorption kinetics of (RH;),q
species, two different cases arise.
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Fig. 5. Plots of: (a) quantum yield vs. pollutant concentration, (b) inverse of the
IT quantum yield vs. the inverse of the pollutant concentration, for different
illumination intensities, according to Eq. (3). The following parameters were
used: Kl y[02] =10 ems™!, ky =107, Kk =10"Fcm®s”!, Kd=
1078 emd st

5.2.1. Equilibrated adsorption of reactants (the
adsorption/desorption equilibrium in the dark is not
modified under illumination)

If a Langmuir type adsorption isotherm is assumed, the
following relationship exists between the concentration of
dissolved and adsorbed species

ab{(RH), "

(RE) = afri),

where a is the adsorption constant and b is the density of surface
sites available for adsorption. Therefore, the quantum yield for
direct hole transfer becomes [12]:
vl opind _ d
Y d _ Yox ox back
(Qu)! =ttt tht
(aki[Os*7] + abk$,)[(RHy),g] + K1 [05*7]
kg)lcs [052_] [(RHz)aq}
ky®
_ kgack [(RHS.)}
kgack[(RHS.)} + ki,l [hS+] + k;ed [02}

®)

Fig. 6 shows the quantum yield dependence on the photon
flux according to Eq. (5). It is inferred from this figure that for

low enough @ values the quantum yield is governed by an IT
mechanism, while for high enough @ values DT predominates
on IT, the quantum yield becoming @ independent. This
behaviour is due to the absence of intermediary species (OH
radicals in the IT mechanism) acting simultaneously as
recombination and interfacial charge transfer centres in the
DT mechanism. To our knowledge, no kinetic model has been
proposed up to date predicting the behaviour of Eq. (5), i.e., the
existence of a transit from a linear dependence of the QY on &'
for low enough @ values to a photon flux independent QY for
high enough @ values. Eq. (5) also explains why under
appropriated modification of the TiO, surface (e.g., by
fluorination), so that specific adsorption of the reactant (e.g.,
formic acid) becomes hindered (v¢, = 0), a transit from DT to IT
is produced and a quantum yield decrease is observed [27,28]. In
contrast, in the absence of specific adsorption of the reactant
(e.g., phenol), as surface fluorination produces an increase of the
kg}(d rate constant, the QY increases [27]. Plots of (QY)d versus
[(RH3)aq], and 1/(QY)d versus 1/[(RH,),q] for variable photon
flux, according to Eq. (5), are shown in Fig. 7. As can be seen, the
higher [(RH,),], the lower d(QY)¥d[RH,] ag» the quantum yield
becoming apparently flat for high enough @ and [(RH,),q]
values (@ > 10" cm 2 s~ ! and [(RH)aq] > 10" cm ). More-
over, for high enough @ values (@ > 10" cm ™2 sfl), 1/(QY)d
depends linearly on 1/[(RH,),q] (L-H behaviour), the linearity
range increasing with @. The influence of the interfacial electron
transfer rate constant and recombination rate constant on (QY)‘l
has been analyzed in Ref. [12].

Studying the photooxidation of formic acid, which adsorbs
specifically on TiO, [27], Dijkstra et al. [29] found a photon
flux independent QY, as predicted by the DT mechanism. In
fact, a similitude exists between Egs. (5) and (16) of Ref. [29].
These authors attribute formic acid degradation to the reaction
of free holes or adsorbed, photogenerated OH radicals with
specifically adsorbed reactant molecules [29]. Interestingly,
Dijkstra et al. propose a reactions scheme that omits
photogenerated intermediate radicals acting simultaneously
as recombination and interfacial electron transfer centres, as
assumed by our DT mechanism.

5.2.2. Non-equilibrated adsorption of reactants (the
adsorption/desorption equilibrium in the dark is broken
under illumination)

The L-H model assumes equilibrated adsorption of
reactants. According to Ollis [9], this is the reason why
frequently the L-H model is not able to fit the kinetics of the
catalyzed photooxidation reactions. For instance, Emeline
et al. found that experimental kinetics concerning phenol
photooxidation is apparently fitted by the L-H model [11],
although they arrive to the internal contradiction that the Kj,
Langmuir constant is photon flux dependent. In order to
overcome this drawback, Ollis assumes that adsorption—
desorption equilibrium is broken under illumination condi-
tions and proposes a pseudo-steady-state analysis for reaction
intermediates [9]. Ollis arrives to the following expression for
the photooxidation rate (r): r = kotkir Ca/ (k> + Ca),

diss diss
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where C, is the substrate concentration, while ki and
kP are photon-flux-dependent, apparent rate constant and

the dissociation constant, respectively. Apparently, Ollis’
model is able to save the internal contradiction found
by Emeline et al. when analyzing phenol photooxidation
experimental data with the L-H model [11]. However, Ollis’
model assumes that the photocatalytically active surface
species are OH radicals, either adsorbed or dissolved

Table 2

red

(free), generated by the photooxidation of adsorbed water
species with valence band holes [4,9], which, as shown in
Section 2, is questionable. In the following we will apply
Ollis’ idea of non-equilibrated adsorption of reactants to the
case where photocatalytically active species are not OH
radicals but photogenerated valence band free holes able to
attack specifically adsorbed species via an inelastic DT
mechanism.

Experimental tests for differentiating direct from indirect interfacial hole transfer according to the D-I kinetic model

Substrate-TiO,
interaction

Adsorption

site transfer mechanism

Predominant interfacial charge

Kinetics dependence on illumination flux (@) and substrate
concentration ([RH;],q)

Weak (non-specific
adsorption)

IT at any @

Strong (specific adsorption)
(a)Equilibrated
adsorption
of reactants

IT at small enough @;
DT at high enough @

Terminal Til¥

Terminal O;>~ DT at any @
(b) Non-equilibrated
adsorption of
reactants

IT at small enough @;
DT at high enough @

Terminal Ti!¥

Terminal O;>~ DT at any @
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According to the pseudo-steady-state approach proposed by
Ollis [9], it can be written for DT:
RN .

— + —

T [RHz]aqkl(l —0a) —k_105 — kox[hf 16a =0 6)
where k; and k_, are the adsorption and desorption constant,
respectively (ki/k_; = a in Eq. (4)), so that it becomes:

- ab|(RH,), ]

1+ al(RHy), ) + (kS /k1) (ko @/ (ki [0
+ kS [(RH2),]))

In contrast with Eq. (4), Eq. (7) shows that [(RH,),] decreases

as @ increases. Moreover, under steady-state conditions it can
be written

[(RH2),]

)

d[t(;f;] o =0 (8)
d[zf:] =g~ Vit~ Veg — Vpuet =0 ©)
d[léir] — -y, =0 (10)
@:ng_vgackzo (1

064" [RH,],,/ cm”
: —10"
0.51 . 16
: ---5x10
. 0.4 ll - 10"
° & i |"_
S 0.3 H
~ \.
024 \“.
Nt
or{\ '~
0.0- ————====

00 2.0x10" 4.0x10" 6.0x10" 8.0x10" 1.0x10"
¢/cm?s”

Fig. 8. Plot of the photooxidation quantum yield vs. photon flux, for variable
concentration of (RHy),q dissolved species, according to the pseudo-steady-
state approach (adsorption/desorption equilibrium in the dark is broken under
illumination), for direct interfacial hole transfer. The following parameters were
used: ki&d =10""cm’s !, k;‘;‘ =10%cm’s™!, [0 Jin=3 x 10 cm™2,
k=1s"".

Fig. 8 shows the quantum yield dependence on the photon
flux, for variable substrate concentration, under non-equili-
brated adsorption of reactants, as defined by Eq. (5), obtained
by solving numerically the system of Egs. (7)—(11). Observe
the analogy with the behaviour shown in Fig. 4(a) for IT, which
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Fig. 9. Plots of: (a) direct quantum yield ((QY)py) vs. concentration of (RHy),q
dissolved species; (b) inverse of the quantum yield vs. the inverse of the
concentration of dissolved species, according to the pseudo-steady-state
approach (adsorption/desorption equilibrium in the dark is broken under
illumination), for direct interfacial hole transfer. The following parameters
were used: kM = 1070 cm’ s, k4 = 108 cm® 57!, K/ _4[0,] = 102 ems™!,
ky=1073, a=10"%cm™, bh=10"em™>2, K =k, 6 =103cm’s,
[0 Tin=3 x 10" em™2 ky=1s7L '
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indicates that, in principle, it is difficult to distinguish between
IT and DT in the absence of equilibrated adsorption/
desorption. However, Fig. 9 shows the plots of the quantum
yield versus the substrate concentration and the inverse of the
quantum yield versus the inverse of substrate concentration,
for different photon fluxes, obtained as for Fig. 8. Note that for
low enough photon flux (@ < 10"° cm s~ '), when adsorp-
tion equilibrium becomes reestablished, the plot becomes
linear. This feature allows to differentiate DT for non-
equilibrated adsorption—desorption of reactants from IT, as in
the first case linearity of 1/ (QY)gSS versus 1/[(RH,),q] is never
reached for low @ values.

Experimental tests for differentiating DT and IT mechan-
isms from the quantum yield dependence on photon flux and
substrate concentration are summarized in Table 2. Literature
examples where the QY is found to depend linearly on @~ 2, as
corresponds to IT, are those concerning photooxidation of
methanol [30,31], chloroform [32], methylviologen [26], 2-
propanol [33] and phenol [34]. On the other hand, the
photooxidation of formic acid [29], and acetic acid [35], are
examples of DT, as a photon flux independent quantum yield
has been reported.
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