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Abstract

The photooxidative degradation of phenol in aqueous TiO2 dispersions has been revisited to determine the dependencies of the rate on
the concentration of phenol and on the photon flow (ρ) of the actinic light at 365 nm. The principal objective was to assess the factors that
influence the efficiency of the photocatalytic process, the rate of which is described by the function

dC

dt
(ρ, C) = (const)Cnρm

wheren andmare orders of the reaction with respect to concentration and photon flow (light intensity), respectively. The reaction orderm
varies with reagent concentrationC, whereas the ordern depends on photon flowρ. The description indicates thatm→1 if n→0, whereas
n→1 if m→0. Therefore, the reaction ordersmandn of phenol photodegradation are interdependent. A detailed kinetic description of the
process is given based on two well-known mechanistic/kinetic models, namely (i) the Langmuir–Hinshelwood (LH) model whereby the
organic reagent is pre-adsorbed on the photocatalyst surface prior to UV illumination, and (ii) the Eley–Rideal (ER) model for which the
organic reagent diffuses from the solution bulk onto the photocatalyst surface to interact with the activated state of the photocatalyst. The
kinetic treatment infers that it is possible (under certain conditions) to delineate between the LH and ER mechanistic models on the basis
of the magnitude of the Langmuir constantKL at very high photon flow, i.e. whenρ→∞ {for the LH pathway,KL→K; for the ER model
KL→0}, and on the dependence ofkobs of the process onρ. For the ER model,kobs scales linearly withρ at high photon flow, whereas
for the LH pathwaykobs displays a sub-linear dependence onρ and tends toward saturation at high photon flow. © 2000 Elsevier Science
S.A. All rights reserved.
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1. Introduction

Photodestruction of organic pollutants (e.g., phenols) in
aqueous media has become one of the most important ap-
plication of heterogeneous photocatalysis in the last decade
[1–6]. Developing an effective technology for the photocat-
alytic purification of water requires knowledge of optimal
process conditions. This goal can be achieved in either of
two ways: (i) on the basis of statistics from a wide collection
of experimental data, or (ii) from a clear understanding of
the mechanism of a given photoprocess. Both require exten-
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sive studies of the kinetics that include the dependencies of
the rate of photodegradation on different experimental con-
ditions (e.g., on the concentrations of the photocatalyst and
reagents), on light intensity (i.e. photon flow), and on reac-
tor geometry, among others. It is of no surprise that several
research studies have dealt with the determination of such
dependencies. The most valuable and systematic data most
often reported concern the rate dependencies on the concen-
tration of the organic pollutants [1,2,4,5,7–15].

Most dependencies of the photocatalytic reaction rates on
the concentration of organic reagents have been described
well by the Langmuir–Hinshelwood kinetic model (Eq. (1)).

dC

dt
= kobsKLC

(KLC + 1)
(1)
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wherekobs is an apparent reaction rate constant, andKL is
the Langmuir constant reflecting the adsorption/desorption
equilibrium between the reagent and the surface of the pho-
tocatalyst.

In more realistic and complex models employed to de-
scribe experimental dependencies of the rate on the concen-
tration of reagents, we also need to consider the possible
competition between the different reagents and/or solvent
in the adsorption/desorption process. In this instance, the
Langmuir–Hinshelwood kinetic model is characterized by
Eq. (2) [11,16,17]:

dC

dt
= kobsKLC

(KLC + 6KiCi + 1)
(2)

where Ki represents the adsorption/desorption constant
of other reagents, or the kinetically significant intermedi-
ates, or the solvent with the corresponding concentrations
Ci . Thus, according to Eqs. (1) and (2) the highest effi-
ciency of the photocatalytic degradation of organic pollu-
tants will be observed at relatively high concentrations of
reagents to satisfy the conditionsKLC�1 for Eq. (1), or
KLC�KiCi+1 for Eq. (2). Process efficiency will decrease
with concentration decay during photodegradation. Conse-
quently, in the case where photoprocesses take place via
a Langmuir–Hinshelwood pathway, the important require-
ment for the photocatalyst will be its high capacity for
‘dark’ adsorption of the reagent as determined byKL so as
to maintain the valueKLC high even at low concentrations
of reagents.

Surprisingly, some workers continue to assume that ob-
servation of kinetics of a photocatalytic reaction which ac-
cord with either Eqs. (1) or (2) is a sufficient condition to
infer that the Langmuir–Hinshelwood mechanism is the ac-
tual operational pathway. It has been demonstrated [7,10]
however, that other mechanisms, including different mod-
ifications of the Eley–Rideal mechanism, can result in the
same kinetics of photodegradation as represented by Eq. (1)
with apparent constantskobs and KL for which the phys-
ical sense can be different and depends on the particular
mechanism applied. Consequently, the required conditions
for higher efficiencies of the photocatalyst may be somewhat
different from its simple adsorption ability. In fact, for the
mechanisms suggested by Turchi and Ollis [7] the appar-
ent constantKL represents the different combinations of the
Langmuir constant, carrier trapping constants, and surface
reaction constants, all of which infer that the correspond-
ing processes are also important in order to achieve a higher
efficiency for the photocatalyst. The rate constantkobs de-
pends on light intensity: at low photon flowkobs scales lin-
early with light intensity, whereas at higher light intensity it
scales with the square root of the light intensity. These fea-
tures of the dependencies of reaction rates on light intensity
were treated as a consequence of the bimolecular inter-band
recombination of electrons and holes on the photocatalyst.

The linear and the square root dependencies of the rates
of photoprocesses on light intensity have been observed by

many research groups [16,18–22]. Note that in some cases,
the experimental data could be approximated neither by first
order nor by second order reaction kinetics with regard to
light intensity [10,11,23]. At very high light intensities, Ollis
[18] observed that the order of the reaction approached 0.
This was explained in terms of a diffusion limitation on
the transport of the reagent molecules to the photocatalyst
surface. In spite of the increase of the reaction rate with
light intensity until it reaches a plateau, the efficiencyη and
the quantum yield8 of photodegradation are greatest in the
linear regime of the dependence on light intensity, and then
decrease with increase in light intensity, as inferred from
Eq. (3).

η = ((dC(ρ))/dt)

ρ
(3)

where

dC

dt
∝ ρ; η = (const) (low light intensity)

dC

dt
∝ ρ1/2; η = (const)ρ−1/2 (high light intensity)

dC

dt
∝ ρ0; η = (const)ρ−1 (very high light intensity)

The dependencies of the rates of photocatalytic processes
on the concentration of reagents are basically and most of-
ten measured only at some given light intensity, whereas the
rate dependencies on photon flow are typically obtained for
only one particular concentration of the reagents. It is fairly
common to observe that kinetic parameters obtained in dif-
ferent studies do not accord with each other, which suggests
that they depend not only on the different experimental con-
ditions used but on other factors as well. In particular, pa-
rameters of rate dependencies on concentration may vary
with light intensity, and in turn parameters of rate depen-
dencies on light intensity may depend on the concentration
of reagents [10,19], and/or on the presence of carrier scav-
engers (e.g., O2 and H2O2) [20]. Thus, to produce more
effective photocatalysts for water purification one needs a
better understanding of the interconnection between intrin-
sic properties of photocatalysts and the experimental con-
ditions, that include the concentration of reagents and light
intensity.

The major purpose of the present study was to determine
the more favorable factors (conditions) for the photocatalytic
destruction of organics (e.g., phenols) in aqueous solutions
in the presence of the metal oxide TiO2, and to understand
what conditions should be used to increase the efficiency of
the photocatalytic processes.

2. Experimental

In our experiments on the dependence of the photooxi-
dation of aqueous phenolic solutions on light intensity and
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concentration of phenol, we used ‘Degussa’ P25 TiO2 as
the photocatalyst. Experiments were carried out at pH=3
(HCl). Phenol concentrations were measured by liquid chro-
matography with an HPLC chromatograph (‘Waters’ 501
pump and ‘Waters’mBondapak C18 column) connected to
a ‘Shimadzu’ flow cell for absorption recording with the
‘Shimadzu UV-265’ spectrophotometer that was interfaced
to an IBM PC computer. Recording parameter settings, data
collection, and data processing were carried out using the
‘Spectroscopy Interface Software, Version 3’ (Shimadzu
Scientific Instruments, Inc.). Irradiation of a phenol solu-
tion with a TiO2 loading of 0.3 g l−1 was carried out with
an Oriel 1000-W Hg/Xe lamp in a sphere-like pyrex reac-
tor. An interference filter selected the 365 nm actinic light.
Non-selective ‘gray’metal supported pyrex filters were used
to attenuate the photon flow.

3. Results

Rates of phenol photodegradation dC/dt versus initial
phenol concentrationC at various photon flow are plotted
in Fig. 1. Initial rates dC/dt were determined by differ-
entiation of C(t) kinetic curves (dependence of concen-
tration on exposure time,C(t)). The highest photon flow
(ρo=(1.1±0.3)×1017 photons cm−2 s−1 at λ=365 nm) is
henceforth taken as the unit of measure of photon flow.

All curves of the set were approximated by Eq. (1) and
values of the constantskobs andKL are presented in Table 1
and plotted in Fig. 2.

The results show that both constants in Eq. (1) depend on
photon flow:kobs depends linearly on photon flow, whereas
the constantKL decreases with an increase in photon flow.
In such case,KL cannot be considered a Langmuir con-

Fig. 1. Dependencies of the rate of phenol photodegradation on the phenol
concentrationC at different photon flow of the actinic light at 365 nm: (1)
ρ=0.06ρo, (2) ρ=0.12ρo, (3) ρ=0.29ρo, (4) ρ=0.5ρo, (5) ρ=0.65ρo,
(6) ρ=0.86ρo, (7) ρ=ρo.

Table 1
Experimental data ofKL and kobs at different relative light intensities

ρ/ρo kobs (10−8 mol min−1) KL (105 M−1)

0.06 0.58 4.089
0.12 0.99 1.759
0.29 1.85 0.588
0.5 2.98 0.347
0.658 3.96 0.234
0.865 4.93 0.158
1 5.99 0.112

stant which reflects the adsorption/desorption equilibrium
(KL=kads/kdes) in Eq. (1).

The family of curves dC/dt versusρ at various phenol
concentrationsC was also obtained in the subsequent set of
experiments; they are portrayed in Fig. 3. It is clear that the
rate of phenol photodegradation dC/dt approaches linearity
with photon flowρ only at high phenol concentrations (see
curve 7 in Fig. 3).

Starting from the high intensity limit, the smaller the
concentration of phenol the greater is the deviation of the
{dC/dt}(ρ) curve from linearity. At the lowest initial con-
centration of phenol,C=0.027 mM (curve 1), the{dC/dt}(ρ)
dependence becomes extremely sub-linear. In fact, it is close
to saturation atρ>0.5ρo. In general, all the dependencies on
photon flow,ρ, can be approximated by the function:

r(ρ) = abρ

(1 + bρ)
(4)

wherea andb are constants at a given concentration of phe-
nol C. The dependencies of these constants on phenol con-
centration are presented in Fig. 4. We note that the parameter
a depends linearly on concentrationC, whereasb decreases
with increase in concentration via a hyperbolic decay func-
tion. Thusa scales withρ andb scales withρ−1. The cor-
responding values ofa andb are presented in Table 2.

Fig. 2. Dependencies of the rate constantkobs (1) and the Langmuir
constantKL (2) on photon flow of the actinic light at 365 nm.
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Fig. 3. Dependencies of the rates of phenol photodegradation on the
relative photon flowρ/ρo of the actinic light at 365 nm and at different
initial concentrations of phenol: (1)C=0.027 mM, (2)C=0.053 mM, (3)
C=0.106 mM, (4)C=0.213 mM, (5)C=0.427 mM, (6)C=0.638 mM, (7)
C=0.851 mM.

Eq. (4) is equivalent to Eq. (1) provided thata(C) and
b(C) in Eq. (4) satisfy the above mentioned conditions, i.e.
a∝C and b∝C−1; as well, Eq. (1) corresponds to Eq. (4)
for kobs∝ρ and KL∝ρ−1 (see above). In other words, the
functions that describe the experimental{dC/dt}(ρ,C) de-
pendencies of the rates of phenol photodegradation (Eqs. (1)
and (4)) are equivalent. The{dC/dt}(ρ,C) dependence onρ
andC can thus be generalized as:
(

dC

dt

)
(ρ, C) = αρC

(βρ + γC)
(5)

where the coefficientsα, β, andγ are independent of light
intensity and phenol concentration. The surface depicting

Fig. 4. Dependencies of the approximation parametersa (1) andb (2) on
the initial concentration of phenolC.

Table 2
Experimental data of parametersa and b at different concentrations of
phenol

C (mM) a (10−8 mol min−1) b

0.0215 1.2 7.2
0.0533 2.6 3.3
0.1066 4.3 1.7
0.2126 7 0.9
0.4256 14 0.5
0.6384 19 0.4
0.8512 28 0.25

the experimental dependence of the rate of phenol pho-
todegradation on both photon flow and phenol concentration
is presented in Fig. 5. Note that Eq. (5) can be cast into
the Langmuir–Hinshelwood form (Eq. (1)) when the photon
flow ρ is constant.

The rate of the photocatalyzed reaction can also be de-
scribed by the function:

Fig. 5. (a) Three-dimensional dependence of the rate of phenol pho-
todegradation on its concentration and on photon flow of the actinic light;
(b) Map-like projection of the dependence of the rate of phenol pho-
todegradation on its concentration and photon flow of the actinic light.
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dC

dt
(ρ, C) = (const)Cnρm (6)

wheren andm are orders of the reaction on concentration
and light intensity, respectively. The reaction orderm in Eq.
(6) varies with reagent concentration in accordance with Eq.
(5); m approaches unity asC→∞ (i.e. for gC�βρ) and
converselym→0 if C→0 (or if gC�βρ). Similarly, the or-
dern approaches unity ifρ→∞ at βρ�gC and conversely
n→0 if ρ→0 (or if βρ�gC). In other words,m→1 if n→0,
whereasn→1 if m→0. Therefore, the reaction ordersmand
n of phenol photodegradation are interdependent.

4. Discussion

For a titania/phenol aqueous heterogeneous system, pho-
toexcitation of TiO2 by light absorption occurs within the
spectral range 300–400 nm, under the conditions used. A
result of this primary photoexcitation of the photocatalyst
is the generation of electron/hole pairs (Eq. (7)). Those
photocarriers

TiO2 + hν → e− + h+ (7)

capable of reaching the photocatalyst surface may partici-
pate in surface chemical processes. Thus, regardless of the
mechanism of the photoctalytic process, its rate depends on
the surface concentration of the corresponding charge carri-
ers,ns. The latter is determined by the rate of carrier flow
(due to diffusion and/or drift) from the bulk to the surface,
Js, by the rate of photogeneration of carriers on the surface,
Gs and by their decay through surface recombination and
reaction pathwayss (Eq. (8)):

∂ns

∂t
= Js + Gs − sns = 0 (8)

Hence

ns = Js + Gs

s
(9)

whereJs=−D ∂n(ρ)/∂θ+µn(ρ)E represents the sum of dif-
fusion and drift flows, respectively;D is the diffusion coef-
ficient of carriers,∂n(ρ)/∂θ is a spatial gradient of carrier
concentration at the surface which depends on the photon
flow of the actinic light,ρ; µ is the mobility of the carriers,
andE is the electric field at near-surface space of the pho-
tocatalyst. Also,Gs=χφρ, whereχ is a surface absorption
coefficient,φ is the quantum yield of carrier generation, and
s=Rs+kS, whereRs is the rate of the ‘physical’ pathway
of carrier recombination on the surface, andkS is an appar-
ent bimolecular rate of carrier decay in the surface chemical
process. Note thatk is a real constant of the first step of
the surface chemical process, andS is the concentration of
the surface reactive sites that trap the carriers. These sites
may be adsorbed molecules or surface carrier traps, that is
(photo)catalytic centers [24].

It is relevant to point out that Eq. (8) cannot be used to
calculate the exact surface concentration of carriers since
it is only one of the set of equations needed to be solved.
The whole set includes the continuity equation with bound-
ary conditions represented by Eq. (8) and by time evolution
(initial) conditions. The solution of the continuity equation
depends on the given model used to describe the photocata-
lyst particle, and consequently may vary for different mod-
els applied. However, the boundary condition (Eq. (8)) for
the surface concentration of carriers remains valid for any
model, and thus can be employed to analyze the experimen-
tal dependencies of reaction rates on reagent concentration
and photon flow.

The rate of the surface limiting primary step (Eq. (10)):

S + h+ → S+ → products (10)

can be described by Eqs. (11a) and (11b)

dC

dt
= k9[h+

s ]S (11a)

dC

dt
= (Js + Gs)k9S

(Rs + k9S)
(11b)

Both Js andGs may be considered as linear functions of the
photon flowρ of the actinic light (Eq. (12)), that is,

(Js + Gs) = (const)ρ (12)

provided that the concentration of carriers in the bulk is
proportional to the light intensity, valid if the carrier life-
time is independent of the light intensity. This suggestion is
realistic for real (but not ideal) solids since the main path
of carrier decay in such solids at relatively moderate ex-
citation is through carrier trapping by and recombination
through solid defects [25,26], whose concentration is about
1016−1018 cm−3, much greater than the concentration of
free carriers at the given conditions.

Further considerations depend on what type of mech-
anism is invoked to interpret the experimental results
obtained. Generally, two different mechanisms are consid-
ered to describe photocatalytic processes in heterogeneous
systems: (a) the Langmuir–Hinshelwood (LH) mechanism
where reagents are pre-adsorbed on the surface of the pho-
tocatalyst before photoactivation of the system, and (b) the
Eley–Rideal (ER) pathway when reagents in solution react
with the activated state of the photocatalyst surface. We
examine the former in some detail since it is the one most
often invoked by many researchers.

4.1. Langmuir–Hinshelwood mechanism

In invoking the frequently used LH mechanism, it is of-
ten assumed that establishment of the adsorption/desorption
process does not limit the rate of the photocatalytic reaction.
That is, the concentration of adsorbed molecules (S in Eqs.
(11a) and (11b)) depends on the concentration of the reagent
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in solution, C, through the Langmuir adsorption isotherm
(Eq. (13)):

S = SoKC

(KC + 1)
(13)

Using the Langmuir constant (K=3.14×103 M−1) and the
maximal coverage (So=1.4×10−6 mol m−2) for dark ad-
sorption of phenol on TiO2 (P25) reported by Matos et al.
[15], we deduce that in our experiments even at the high-
est concentration of phenol,C=8.51×10−4 M, no complete
saturation of the surface by adsorbed molecules occurs.
That is,KC is not greater than unity, and the coverageS is
1.0×10−6 mol m−2. It is also worth noting that the Lang-
muir constant for dark adsorption is about two orders of
magnitude smaller than the apparent constantsK obtained
in the present work for the photoprocess kinetic approxima-
tion at the lowest light intensity (see Table 1). The result of
substitutingS in Eq. (13) into Eq. (11b) yields a dependence
corresponding to Eq. (1), namely

dC

dt
= (const)ρk10SoKC

Rs((Rs + k10So)(KC/Rs) + 1)
(14)

provided that

kobs = (const)ρk10So

Rs + k10So
(15)

and

KL = (Rs + k10So)K

Rs
(16)

Obviously, the simplest type of Langmuir–Hinshelwood ki-
netics will be obtained only if the influence of the surface
chemical reaction rate,kS, on the total rate of surface re-
combinations is negligible, i.e.Rs�kS. In this case, the
resulting expression will be,

dC

dt
= (((const)ρk10)/Rs)SoKC

KC + 1
(17)

which is equivalent to Eq. (1) with
kobs={(const)ρ k10/Rs}So.

Thus,KL does not depend on photon flow (Eq. (16)) and
the only reason for observing the rate dependence on light
intensity is a dependence ofkobs (i.e., Js andGs) on the in-
tensity of the absorbed light (Eq. (15)). Clearly, this simple
LH model represented by Eqs. (14) and (17) is inconsistent
with the experimental dependencies observed in Fig. 2. The
only possibility of observing the interdependence of the rate
constants on the concentration of reagents and light inten-
sity is if the surface chemical reaction affects the ‘physical’
process of surface recombination, which we examine next.

4.2. Recombination decay of active centers and
intermediates in photocatalyzed reactions

There exists a widespread consensus that a major oxidiz-
ing role in surface photochemical reactions is played by the

surface OH− groups and/or adsorbed water, which form the
•OH radicals by trapping of surface holes [1–7].

OH−
(s) + h+ → •OH(s)

H2O(s) + h+ → •OH(s) + H+ (18)

Generation of•OH radicals occurs regardless of the presence
or absence of organic reagents at some constant rate of a
given photon flow. As well, generation of•OH radicals is a
part of, if not a major path of the surface recombination of
holes. Then, in terms of Eq. (10) the rate of generation of
•OH radicals is given by,

r18 = k18[h
+
s ][OH−

(s)] (19a)

r18 =
(const)ρk18[OH−

(s)]

s
(19b)

Such active species as•OH radicals readily attack organic
molecules that are either pre-adsorbed on the surface (LH
model) or are dissolved in water (ER model).

•OH(s) + PhOHads→ products (20a)

•OH(s) + PhOHsol → products (20b)

In each case, the rate of phenol photodegradation is given
by,

dC

dt
= k20[•OH(s)][PhOH]

At the same time, these•OH active species do not accumu-
late on the surface in the absence of organic reagents, which
means that their lifetime is rather short. Turchi and Ollis
[7] suggested that the stage of physical deactivation of•OH
radicals is thermal detrapping of holes, namely,

•OH(s) → OH−
(s) + h+ (21)

Consequently, the concentration of•OH radicals in a quasi
steady-state approach will be given by,

[•OH(s)] =
(const)ρk18[OH−

(s)]

s(k20[PhOH]+ k21)
(22)

and the rate of phenol photodegradation is given by

dC

dt
=

(const)ρk18[OH−
(s)]k20[PhOH]

s(k20[PhOH]+ k21)
(23)

for •OH radical attack of the phenol molecules diffusing
from the solution bulk to the photocatalyst surface (ER
model), and is given by Eq. (24):

dC

dt
=

(const)ρk18[OH−
(s)]k20K[PhOH(s)]

s((k20So + k21)K[PhOH(s)] + k21)
(24)

for pre-adsorbed phenol on the photocatalyst surface (LH
model).
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Eqs. (23) and (24) are similar to those obtained by Turchi
and Ollis [7]. However, they do not provide an explanation
of the interdependence of reaction rates on light intensity
and on the concentration of reagents as observed in our ex-
periments. The interdependence can be rationalized if re-
combination of•OH radicals with surface electrons, rather
then thermal deactivation, is the major path of decay of•OH
radicals.

•OH(s) + e− → OH−
(s) (25)

which means either that in Eqs. (21)–(24)

k21 = k25[e
−] (26)

or taking into consideration that the concentration of elec-
trons on the surface follows Eq. (9)

k21 = k25(Je + Ge)

se
(27a)

k21 = k′
25ρ

se
(27b)

We can then describe the rate of photodegradation of phenol
via the ER mechanism (Eq. (28)), as

dC

dt
=

(const)ρk28[OH−
(s)]k20[PhOH]

s(k20[PhOH]+ ((k′
25ρ)/se))

(28)

The rate of phenol photodegradation according to the LH
model can be described by Eq. (29) as

dC

dt
=

(const)ρk18[OH−
(s)]k20K[PhOH(s)]

s((k20So + ((k′
25ρ)/se))K[PhOH]+ ((k′

25ρ)/se))

(29)

Note that Eq. (28) can easily be transformed either into Eq.
(1) if

KL = k20

((k′
25ρ)/se)

that is, KL ∝ ρ−1 (30)

and

kobs =
(const)ρk18[OH−

(s)]

s
that is, kobs ∝ ρ (31)

or into Eq. (4) if in Eq. (28).

a =
(const)ρk18[OH−

(s)]k20[PhOH]

s
that is, a ∝ C (32)

b = (k′
25/se)

k20[PhOH]
that is, b ∝ C−1 (33)

Consequently, Eq. (28) describes completely all the experi-
mental dependencies obtained in the present work.

The LH kinetic expression 29 can also be cast into Eq.
(1) provided that

KL = (k20So + ((k′
25ρ)/se))K

((k′
25ρ)/se)

that is, KL ∝ ρ−1 (34)

and

kobs =
(const)ρk18[OH−

(s)]k20So

k20So + ((k′
25ρ)/se)

(35)

that is,

kobs ∝ k20Soρ

k20So((k
′
25ρ)/se)

The latter dependence, as described by Eq. (35), does
not correspond to our experimental results. However, if
k20So�(k′

25ρ)/se, that is if •OH radicals react with ad-
sorbed molecules of phenol faster than they recombine with
surface electrons, then from Eqs. (34) and (35)

KL = k20SoK

((k′
25ρ)/se)

(36)

and

kobs = (const)ρk18[OH−
(s)] (37)

or KL∝ρ−1 and kobs∝ρ, which satisfies the experimental
data (Fig. 2). The particular reason for the slower recombi-
nation with surface electrons could be a slower rate of elec-
tron transport (see Eqs. (27a) and (27b)) from the bulk to
the surface because of an accumulation of a negative charge
on the photocatalyst surface.

Consequently, both LH and ER mechanisms involving at-
tack of phenol by photogenerated•OH radicals on the par-
ticle surface and their decay by recombination with surface
electrons can be used to interpret the experimental results
presented in this work.

5. Concluding remarks

The fundamental result of the present study is the obser-
vation of the interdependence of the reaction rate of phenol
photodegradation on photon flow and concentration of phe-
nol. The characteristic of this interdependence permits to de-
fine the practical conditions to achieve the higher efficiency
of the photocatalytic process. In particular, on altering the
photon flow it is possible to maintain the rate dependence
in the saturated regime with respect to concentration even
at low values ofρ. Moreover, it automatically provides the
linear regime of the rate dependence on photon flow, a con-
dition for the highest efficiency of a photoprocess (see Sec-
tion 1). In any case, to keep the efficiency or quantum yield
high, lower concentrations require lower photon flow that
leads to a lower rate of photodegradation. Consequently, to
achieve a high efficiency for the photooxidative degradation
of water pollutants we must look at the essential role of the
properties of the photocatalyst.

On the basis of the proposed LH and ER mechanisms
for the photodegradation of phenol, we conclude that in or-
der to observe the interdependence of reaction rates on the
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concentration of reagents and on light intensity, the essen-
tial role is played by the influence of surface chemical reac-
tions on the surface recombination of carriers, particularly
by shifting the decay of photogenerated•OH radicals from
a ‘physical’ path of recombination with electrons to a chem-
ical attack of organic molecules. However, analysis of both
ER and LH kinetics (Eqs. (28) and (29)) shows that although
the optimal conditions that apply to the (photo)catalysts and
heterogeneous systems may be similar,they are not exactly
identical. To observe a higher efficiency of photodegrada-
tion in the case of an operational ER mechanism, Eq. (38)
must be valid.

dC

dt
=

(const)ρk18[OH−
(s)]

s
(38)

To obtain the maximal rate of photogeneration of•OH rad-
icals, the condition expressed by Eq. (39) must be

k20[PhOH] � k′
25ρ

se
(39)

satisfied (see Eq. (28)). In other words, the rate of the chem-
ical reaction must be much faster than the rate of recombi-
nation of surface•OH radicals with surface electrons. The
former might be achieved by increasing the concentration
of phenol. However, the effective photocatalyst should be
able to work with high efficiency even at low concentra-
tions of phenol (see Section 1). Sincek20 is a constant of
interaction of surface•OH radicals with organic molecules,
which is likely not affected by the photocatalyst, and since
a decrease in light intensity decreases the total rate of pho-
todegradation (Eq. (38)), the only possible way for photo-
catalyst modification is to decreasek′

25/se. That is (see e.g.
Eq. (28)), we need (i) to decrease the electron flow from
the bulk to the surface, caused by a shorter diffusion length
or by a near-surface electric field, and (ii) to modify the
surface active sites (i.e., decrease the number of surface
OH− groups) so as to decrease the cross-section of electron
trapping. Another well-known possibility of increasing the
efficiency of the photocatalytic process is addition of elec-
tron scavengers (e.g., O2 and H2O2) into the system which
will increase the surface loss of electrons,se. Note that the
condition in Eq. (39) for maximal efficiency of the photo-
catalyst corresponds to saturation of the rate dependence on
the concentration of phenol and its linear dependence on
photon flow, as noted earlier in the Introduction.

For the LH mechanism (Eq. (29)), saturation of the rate
dependence on reagent concentration is achieved when

(k20So + ((k′
25ρ)/se))K[PhOH(s)] � k′

25ρ

se
(40)

All our considerations regarding the ER mechanism remain
valid. However, as is typical for the LH mechanism, the
Langmuir constantK for the adsorption/desorption equilib-
rium plays an important role in efforts to increase the photo-
catalytic efficiency. The condition expressed by Eq. (40) is

an essential but not a sufficient condition to achieve the high-
est efficiency from a photocatalyst, since the dependence on
light intensity becomes highly sub-linear:

dC

dt
=

(const)ρk18[OH−
(s)]k20So

s(k20So + ((k′
25ρ)/se))

(41)

Consequently, an additional condition must be applied,
namely that

k20So � k′
25ρ

se
(42)

in order to observe the linear dependence of the reaction rate
on light intensity. Thus,

dC

dt
=

(const)ρk18[OH−
(s)]

s
(43)

which corresponds exactly to the maximal rate of the
photocatalytic process for the ER mechanism (see Eq. (38)).

In spite of the similar behavior of ER and LH kinetics,
there is nevertheless a subtle difference in the approxima-
tions of the apparent constantskobs and KL (Eq. (1)) in
the different mechanistic models. For example, at very high
photon flow (i.e., whenρ→∞) KL→0 in the ER pathway,
whereasKL→K in the LH mechanism. Unfortunately, the
low value of the Langmuir constant fordark adsorption of
phenol on TiO2 particles (K∼3.14×103 M−1) [15] compared
to the apparent experimental values ofKL (∼104–105 M−1)
cannot be distinguished from 0 within experimental error.
However, it is possible (in principle) to use different hetero-
geneous systems which will display higherdark adsorption
constants such that the two kinetic models may be distin-
guished. Another difference between the ER and LH mech-
anisms lies in the dependence ofkobs on light intensity. For
the ER modelkobs scales linearly with photon flow (Eq.
(31)), whereas for the LH model the dependence ofkobs
on light intensity is sub-linear and displays saturation (Eq.
(35)). A sub-linear dependence will be observed at relatively
high light intensities such that(k′

25ρ)/se → k20So, whereas
kobs will be independent of photon flow at very high light
intensities if(k′

25ρ)/se � k20So.
Finally, it is worth noting that in both LH and ER mech-

anisms the reaction rate of photodegradation depends on
the concentration of surface hydroxyl groups, OH−

(s). This
rate depends as much on the pH of the solution as on the
acid-base properties of the photocatalyst surface. Studies of
the interconnection between surface acidity of metal-oxide
photocatalysts and their photoreactivities are presently an
active subject of our current work.
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