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Knowledge of the optical properties of photocatalytic suspensions is vital for a correct
comparison of their energetic efficiency. In this work, the determination of both absorp-
tion and scattering coefficients of aqueous suspensions of commercial TiO2 powders
irradiated by monochromatic light was carried out by measuring only one quantity—the
transmitted photon flow—as a function of the catalyst mass and by applying an asymptotic
form of the Kubelka–Munk solution of the radiative transfer equation. Applying a
nonlinear fitting procedure the evaluation of the actual values of absorption and scatter-
ing coefficients was carried out. The limit for optically thick media of the Kubelka–Munk
equation is shown to assume the form of a standard Lambert–Beer absorption formula.
The determination of absorbed photon flow was then used to determine the quantum yield
value for the phenol photocatalytic oxidation reaction. © 2006 American Institute of
Chemical Engineers AIChE J, 52: 2565–2574, 2006
Keywords: heterogeneous photocatalytic reaction, photon absorption, scattering coeffi-
cient, absorption coefficient, quantum yield

Introduction

Remediation of contaminated water is a field of extensive
basic and applied research, aimed at developing processes able
to destroy very stable inorganic and organic contaminants.
Among the advanced oxidation processes developed in the last
decades, heterogeneous photocatalysis has been the focus of
increasing interest.1-3

A photocatalytic system for wastewater treatment generally
consists of semiconductor catalyst particles suspended in aque-
ous solution containing the contaminant species and irradiated
by monochromatic or polychromatic light with energy equal to
or higher than the band gap. Particles of titanium oxide (TiO2)
in the anatase phase (band-gap energy Eg � 3.2 eV, corre-

sponding to 382 nm light) are commonly used because of their
high photostability, efficiency, and low cost. A very favorable
feature of TiO2 is that the holes photogenerated in the anatase
valence band have a sufficiently high positive potential [�2.9
V vs. standard hydrogen electrode (SHE), pH � 0] to oxidize
most organic and inorganic compounds to carbon dioxide,
water, and mineral acids.

The basic principles of these redox processes have been
firmly established, although the search for applications of this
technology is just at the beginning stages. Progress in this field
is also hampered by the lack of agreement among researchers
on the definition of the parameters needed for correctly com-
paring different photocatalytic systems.4-8

Determination of the photon absorption rate in slurry pho-
tocatalytic reactors is to date an open question.9 Indeed, the
radiant energy entering a photocatalytic reactor is generally
less (sometimes far less) than that impinging on the reacting
system, this difference arising from the small catalyst particles
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suspended in the liquid phase, which cause scattering and
absorption phenomena. The nature of the catalyst powders
therefore plays an essential role in determining the radiant field
inside the photoreactor. For these systems the radiative transfer
is a particular case of radiation transfer within a participating
medium,10 whose optical properties are quantitatively charac-
terized11 by two parameters: (1) the absorption and scattering
coefficients and (2) the phase function for scattering.

The kinetics of photocatalytic reactions is influenced in a
complex way both by the concentrations of reactants and
products and by the distribution of the radiant field inside the
system.9 The mathematical modeling of the kinetics of photo-
catalytic reactions requires solution of the problem of radiation
transport12-14 in a medium in which absorption and scattering
phenomena occur simultaneously. In principle the effects of
radiation absorption and scattering are considered in the solu-
tion of the radiation transfer equation (RTE). The solution of
this governing equation has been carried out using numerical
methods based on Monte Carlo simulations15,16 and also by
means of the discrete ordinate method17-20 (DOM), as used in
the field of radiative heat transfer.21

The drawback of these methods is that it is necessary to carry
out two independent measurements10 to obtain separate values
of the absorption and scattering coefficients: moreover, they
require much computer time and do not provide analytical
solutions.

It is therefore desirable to develop manageable approximate
solutions to the problem of radiation transfer. The most usual
approximations made in heterogeneous photocatalysis investi-
gations are either: (1) that all incident radiation is absorbed by
the suspension or (2) that a simple expression of the kind of
Lambert–Beer law (LBL) describes the radiation field intensity
within the suspension.22 The former approach is far from the
experimental conditions adopted in many instances, and in
particular in our laboratory, where, following the latter approx-
imation, the optical characterization of suspensions of semi-
conductor oxides is indeed carried out by measuring the inci-
dent and transmitted photon flows.23-27 In this approach, the
suspension was mainly characterized in the past by means of a
single phenomenological parameter, the Napierian extinction
coefficient,28 as defined by LBL, suitable for comparing results
obtained with the same system at different operative condi-
tions.

A closer inspection of the data suggests, however, that in
many instances, two parameters are required to fully charac-
terize the experimental data. For instance, a phenomenological
relationship of the LBL kind with two adjustable parameters
may be fitted.

We show in the present paper that to the same data the
hyperbolic solution of RTE obtained by Kubelka and Munk
may be applied, which yields the values of both absorption and
scattering coefficients still by determining only one quantity:
the transmittance of the suspension as a function of the mass of
the catalyst. We further show that an approximated form of the
Kubelka–Munk equation for optically thick media assumes the
same form of the phenomenological, LBL-like, relationship,
with two adjustable parameters, from which the optical coef-
ficients may be readily calculated.

This new approach has been applied to determine the optical
properties of some commercial polycrystalline TiO2 catalysts
suspended in water and irradiated by monochromatic radiation.

The evaluation of the radiation field inside the suspension has
been applied to the determination of the quantum yield of a
photoreaction—phenol degradation—used as a model in pho-
tocatalytic oxidation studies.29-33

Experimental

The setup of the experimental apparatus, illustrated in Figure
1a, mainly consists of a radiation source and a photoreactor. An
illuminator–collimator (Oriel Corporation, Stratford, CT),
equipped with a 1000-W high-pressure Hg lamp (L5173
Hanovia) and a monochromator (Oriel model 7240), allowed
us to carry out runs at fixed wavelength (370 or 310 � 2 nm).
A water filter was present in the illuminator so that IR radiation
was cut off. The photoreactor consisted of two cylindrical
vessels (ID 58 mm) of quartz glass, vertically positioned one

Figure 1. (a) Experimental setup; b) scheme of photon
balance on photoreactor.
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on the top of the other; the external surfaces of both vessels
were covered by mirror-polished aluminum sheets. The upper
vessels contained the aqueous TiO2 dispersion and the lower
one the actinometric solution. The TiO2 dispersion was directly
irradiated from the circular top surface of the upper vessel.

The actinometric solution was a ferrioxalate one,34 appro-
priate for measuring the 370- or 310-nm photons; the volume
of the actinometric solution was always 40 cm3. The absor-
bance of the actinometric samples was measured at � � 510
nm by using a Shimadzu UV2401 spectrophotometer. The
temperature of the whole system was about 308 K for all
experiments.

The following commercial TiO2 samples were used: P25
Degussa (80% anatase, 20% rutile), Merck (100% anatase),
and Tioxide A (100% anatase). BET (Brunauer–Emmett–Tel-
ler) specific surface areas (SSA) of the solids were measured by
using a Micromeritics Flow Sorb 2100 apparatus.

Particle sizes (dp) were determined by scanning electron
microscopy (SEM; Philips ESEM SE 30). The samples were
sonicated in water for nearly 30 min and the obtained disper-
sions were sprayed onto metal stubs, dried in air at ambient
temperature, and covered with a thin layer of gold. The parti-
cles dispersed in water form aggregates, the sizes of which (da)
were measured in situ by using a Malvern light-scattering laser
(model Mastersizer 2000).

Two different series of experimental runs were carried out:
the former were performed to determine the transmitted photon
flow as a function of the catalyst mass. These runs lasted 120 s
(at 370 nm) or 180 s (at 310 nm) and were carried out by using
a suspension volume of 100 cm3. The transmittance measure-
ments were carried out at pH � 6.3, a value near to the zero
point charge of TiO2. The latter series of runs allowed us to
determine the values of the rate constants of the photocatalytic
oxidation of phenol. The photoreactivity tests were carried out
at the same experimental conditions used for the transmittance
measurements by using the amount of catalyst for which the
transmitted photon flow was about 10% of the incident one.
This amount, dependent on the TiO2 sample, was the highest
one used for the transmittance measurements; in this way it was
guaranteed for all the measurements that radiation reached the
whole suspension. The initial phenol concentration was about
20 ppm; suspension samples of 4 cm3 were withdrawn approx-
imately every 30 or 60 min for phenol quantitative determina-
tion through a standard colorimetric method.35 After each with-
drawal the vessel containing the suspension was raised to
restore the initial distance of free surface from the collimating
lenses.

Models for Determination of Optical Parameters

The optical parameters of an irradiated scattering medium
may be evaluated by solving the RTE, which expresses the
radiation intensity balance at a fixed wavelength � as10

Spatial intensity variation � absorption � out-scattering

� emission � in-scattering (1)

indicating that the intensity of radiation of wavelength �, by
traveling a certain distance in the direction of radiation prop-
agation in the medium, is diminished as a result of both

absorption and scattering, the latter phenomenon taking energy
away from the propagation direction into all other directions.
The sum of the absorption and scattering coefficients is the
extinction coefficient of the medium and characterizes the
attenuation of radiation. There is also an increase of intensity
arising from emission and scattering of radiation from other
directions into the direction of radiation propagation. The in-
scattering term contains the so-called phase function, which
gives the probability of scattering between the direction of
radiation propagation and the other directions.

The analytical expression of the RTE involves an integro-
differential equation, the solution of which is a very difficult
task. It is therefore necessary to simplify the problem. One type
of approach is based on the following assumptions:

(1) The participating medium is constituted by parallel lay-
ers of a rectangular space where the incident radiation impinges
perpendicularly from the collimated beam.

(2) The layer is subjected to diffuse radiation.
(3) The scattering and absorption coefficients are properties

of a continuum irradiated layer (assumption of a pseudo-ho-
mogeneous medium14).

(4) The cosine–Lambert law holds, corresponding to the
hypothesis of isotropic distribution of scattering, neglecting the
regular reflection; in this case20 the phase function can be made
equal to one.

(5) The particles of the participant layer are randomly dis-
tributed and their size is smaller than the thickness of the layer.

(6) The size parameter � satisfies the following inequality36:

� �
�DPn�

�
� 5

in which DP is the average particle diameter, � is the radiation
wavelength, and n� is the refractive index of the particle (for
titanium dioxide32 n� � 2.4); the fulfillment of this condition
allows us to model the light scattering by geometrical optics.

(7) The emission term is negligible as a result of the low
temperature prevailing in the participating medium.

Under these assumptions, a very simple approach to the RTE
is the Schuster–Schwarzschild approximation,37 which consists
in dividing the radiation field into two oppositely directed
radiation fluxes. By indicating with I the radiation flux in the
positive direction perpendicular to the boundary plane of the
layer and with J that in the opposite direction resulting from
scattering, the radiation transfer equation generates two differ-
ential equations:

�
dI

dx
� �k � s�I � sJ (2)

�
dJ

dx
� �k � s�J � sI (3)

in which x is the coordinate along which light propagation
occurs, and k and s are the absorption and scattering coeffi-
cients, respectively.

Several solutions have been proposed for these equations.
The most generally accepted in the field of diffuse reflectance
is the hyperbolic solution of Kubelka–Munk,38 which reads
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T �

��1 �
K

S�
2

� 1

�1 �
K

S�sinh�Sx��1 �
K

S�
2

� 1� � ��1 �
K

S�
2

� 1 cosh�Sx��1 �
K

S�
2

� 1� (4)

in which T is the medium transmittance (the ratio between the
transmitted photon flow to the incident one), K � 2k, S � 2s,
and x is the thickness of the participating medium. To apply
this equation to model the experimental transmittance data,
further manipulations are needed, as shown below: these allow
determination of the scattering (s) and absorption (k) coeffi-
cients of the suspensions.

A monodirectional and monodimensional model has been
recently used39 to solve the RTE by two simplified approaches:
a Kubelka–Munk type of solution and a DOM. The second
approach was also validated with a more elaborated bidirec-
tional and two-dimensional DOM model. It was found that,
despite its simplicity and restrictions, the Kubelka–Munk
method is able to yield fair order-of-magnitude estimates of the
spectral optical properties of the used catalysts. On this ground
it is important to outline that the s and k values obtained with
the Kubelka–Munk method may be confidently used only for
comparing different photocatalytic systems investigated under
the same experimental conditions.

Quantum Yield Determination

For heterogeneous photocatalytic systems in a kinetic regime
the reaction rate r is a function of reactant and product con-
centration (through the site fractional coverage �) and of the
rate of photon absorption e�

a:

r � 	�f�e�
a, � � (5)

The proportionality constant 	�, known as the quantum yield, is
a function of wavelength. In the case in which the suspension is
irradiated by radiation with �� range, the average value of 	�

must be used for the whole range of �� where the catalyst absorbs
radiation; in this case the 	� average value is called quantum
efficiency. The quantity e�

a, which is the local volumetric rate of
photon absorption, is a function of wavelength and the concentra-
tion of all the radiation absorbing species. It can be calculated once
a solution of the RTE gives for any point of the medium the value
of radiation intensity traveling along any direction 
 with a
wavelength �, I�
, according to

e�
a � k� �

4�

I�
d
 (6)

To compare the performances of different photocatalytic sys-
tems it has been proposed24,25 that the following two parameters
be determined: the photon absorption rate by the catalyst (parc),
defined as the ratio between the volumetric rate of photon absorp-
tion and the catalyst surface area per unit volume,

parc �
absorbed photons

�time� � �surface area� �einstein

s � m2 � (7)

and the intrinsic reaction rate (irr), defined as the ratio between
the reacted molecules per unit volume and time and the catalyst
surface area per unit volume,

irr �
reacted molecules

�time� � �surface area� � mol

s � m2� (8)

Knowledge of parc and irr allows us to determine the quan-
tum yield (	) for monochromatic radiation:

	 �
reacted molecules

absorbed photons
�

irr

parc
(9)

In the absence of a solution to the RTE, the photon flow
absorbed by the photocatalyst particles can be estimated by
using a method reported in the literature.27 The following
macroscopic energy balance can be performed on the whole
suspension under the assumption that it does not lose radiation
through the lateral wall (see Figure 1b):

�i � �r � �a � �t (10)

in which �i represents the incident photon flow, �r is the
backward scattered photon flow, �a is the absorbed photon
flow, and �t is the transmitted photon flow.

Experimentally, it was found25,26 that the dependency of trans-
mitted photon flow on mass of catalyst follows an apparent LBL,
when the mass of catalyst is higher than a threshold value:

�t � �	exp��Emcat� (11)

in which �	 is a constant whose value is ��i, E is the
Napierian extinction coefficient,33 and mcat is the mass of
catalyst.

By substituting Eq. 11 into Eq. 10 and by considering that
the absorbed photon flow is a function of the mass of catalyst,
the resulting energy balance, evaluated for mcat � 0, allows
determination of �r:

�r � �I � �	 (12)

It is important to stress that Eq. 12 is obtained from a photon
flow balance valid only if the mass of catalyst of the suspension
is above a threshold value. In other words, �r represents the
photon flow backward reflected by a medium so optically thick
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that the reflectance may be hypothesized to be independent of
the medium depth, that is, of the catalyst mass.

Results and Discussion

Figure 2 shows SEM microphotographs of the titanium
dioxide samples, for which it was possible to measure the size
of the primary particles, whereas Figure 3 shows the distribution
curves of the sizes of the agglomerates. It can be noticed that, at
a pH close to the zero point charge of titanium dioxide, the charge

Figure 2. SEM microphotographs of different titanium dioxide samples.
(A) Merck; (B) Degussa P25; (C) Tioxide A.

Figure 3. Particle size distribution curves of different ti-
tanium dioxide samples.
(– - –) Merck; (– – –) Degussa P25; (—) Tioxide A.

Table 1. Values of Primary Particle Size, Mean Size of the
Agglomerates, Specific Surface Area, and Size Parameter (�)

of Photocatalysts Used

Catalyst dp (nm) da (�m)
SSA

(m2 g�1) �

Degussa P25 60 
 130 1.67 
 16.45 50 �34.0
Merck 100 
 200 1.10 
 12.00 10 �22.4
Tioxide A 150 
 200 0.78 
 10.00 8 �14.5
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on the particles is decreased, which leads to particle aggregation.
Indeed, in Figure 3 both the size of the primary aggregates (higher
peaks at lower particle size) and the size of the large aggregates
formed in the destabilized slurry can be determined. The values of
the primary particle size and the mean size of the aggregate are
reported in Table 1 together with the specific surface areas (SSA)
and the size parameters (�) calculated for the lowest agglomerate
size and the highest wavelength.

Preliminary experiments carried out with the same amount
of solid suspended in different water volumes showed the same
values of transmittance, indicating that only the total mass of
semiconductor particles influences the optical behavior of the
system, and not its volume concentration. This important fea-
ture may be accounted for, as shown below. On this basis,
transmittance measurements were carried out with a constant
suspension volume by varying the mass of catalyst; therefore
the results are reported as transmittance vs. the catalyst mass.

The values of transmittance were calculated as the ratio
between the transmitted photon flow, determined with the
photoreactor filled with the suspension, and the incident flow
determined with the photoreactor filled with distilled water.

Figure 4 shows the values of transmittance vs. mcat in the
presence of monochromatic radiation at 370 nm; the incident
photon flow was 7.82 � 10�8 einstein � s�1.

Figure 5 shows the values of transmittance vs. mcat in the
presence of monochromatic radiation at 310 nm; the incident
photon flow was 4.77 � 10�8 einstein � s�1.

With respect to TiO2 P25 Degussa, it was not possible to
carry out transmittance measurements at 310 nm because the
radiation was almost quantitatively absorbed even in the pres-

ence of a very low amount of solid. For high solid amounts
(optically thick medium) the transmitted photon flow was un-
der the detection limit, indicating that only an (unknown)
aliquot of the suspension was reached by radiation.

Equation 4 gives the transmittance T as a function of x, the
thickness of the participating medium,38 whereas it is desirable
to have Eq. 4 as a function of the mass of catalyst mcat. To do
so, x is expressed as

x �
mcat

Accat
(13)

where A is the cross section of the photoreactor (26.42 cm2)
and ccat is the catalyst concentration of the suspension.

The scattering (s) and absorption (k) coefficients also depend
on particle concentration. It is usually assumed38 that there is
direct proportionality between both optical parameters and the
concentration:

s � s* � ccat k � k* � ccat (14)

where s* and k* are the scattering and absorption coefficients,
respectively, per unit concentration, which depend only on
wavelength. In other applications of the Kubelka–Munk theory,
such as when the absorbing/scattering particles also carry tran-
sition metal ions capable of further absorption, different as-
sumptions are made.38

By considering Eqs. 13, 14, and 4, the following equation is
obtained:

T �

��1 �
k*

s*�
2

� 1

�1 �
k*

s*�sinh�2s*mcat

A ��1 �
k*

s*�
2

� 1� � ��1 �
k*

s*�
2

� 1 cosh�2s*mcat

A ��1 �
k*

s*�
2

� 1� (15)

Figure 4. Transmittance values vs. the amount of solid,
mcat, in the presence of monochromatic radi-
ation at 370 nm for different TiO2 samples.
(�) Degussa P25; (F) Tioxide A; (Œ) Merck. The continuous
lines through the data represent the Kubelka–Munk hyper-
bolic model (Eq. 16) and the broken lines represent the
phenomenological relationship (Eq. 20).

Figure 5. Transmittance values vs. the amount of solid,
mcat, in the presence of monochromatic radi-
ation at 310 nm for different TiO2 samples.
Symbols and lines as in Figure 4.
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Equation 15 may actually be rewritten in a much more
readable form:

T �

�1 � R

2 �exp��b

2s*mcat

A �
1 � R


2 exp��2b
2s*mcat

A � (16)

where R
 is the so-called diffuse reflectance of the sample and
is a function of only the k*/s* ratio (the Kubelka–Munk func-
tion for isotropic scattering):

R
 � 1 �
k*

s*
� ��k*

s*�
2

� 2
k*

s*
(17)

and b is defined as

b � ��1 �
k*

s*�
2

� 1 (18)

Equation 16 readily accounts for the form of the curves in
Figure 4. Moreover, as shown later, it also accounts for the
behavior of optically thick media. The spectral optical coeffi-
cients k* and s* were determined by using the nonlinear fitting
algorithm of Mathematica software (Wolfram Research,
Champaign, IL).

Table 2 reports the values of s* and k* so obtained for the
various TiO2 samples under different irradiation conditions.
The continuous curves in Figures 4 and 5 represent the model
expressed in Eq. 16. A very good fitting of the hyperbolic
model of Kubelka and Munk to the experimental data may be
noted for all of the samples.

The optical coefficients values reported in Table 2 (hyper-
bolic equation) show that only few samples exhibit significant

scattering and, consequently, the scattering contribution is not
always necessary to verify the efficiency of the system. By
changing the irradiation from 370 to 310 nm, the scattering
coefficient decreases and the absorption coefficient increases.11

For a participating optically thick medium, that is, in our
case at high values of catalyst mass, Eq. 16 may be approxi-
mated by the following expression:

T � �1 � R

2 �exp��b

2s*mcat

A � (19)

Equation 19 shows that there is an exponential relationship
between the transmittance and the mass of catalyst. The same
dependency is shown by the phenomenological Eq. 11 in which
the �	 constant and the Napierian extinction coefficient appear.
In fact, by dividing Eq. 11 for the incident photon flow, the
following relationship is obtained:

�t

�i
� T �

�	

�i
exp��Emcat� (20)

By comparing Eq. 19 with Eq. 20 the following identities
may be deduced:

�	 � �i�1 � R

2 � (21)

E � 2
s*

A ��1 �
k*

s*�
2

� 1 (22)

On this ground the transmittance data at high values of catalyst
mass have been fitted to Eq. 20 and the best values of �	 and
E have been determined with Mathematica software by a linear
regression analysis using a least-squares best-fitting procedure.
Table 3 reports the �	 and E values obtained under different
irradiation conditions.

The values of �	 and E of Table 3 have been used to
determine the values of s* and k* by means of Eqs. 21 and 22.
In fact by knowing �	 Eq. 21 gives the R
 value, which
through Eq. 17 furnishes the value of the k*/s* ratio. By
inserting the known values of E and k*/s* in Eq. 22 the value
of s* may be determined and therefore that of k*. The values of
s* and k* obtained by means of this procedure, which starts by
the values of �	 and E, are reported in Table 2 (exponential
equation, Eq. 20); it is useful to report that these values were
used as starting guesses in the nonlinear fitting procedure
applied to Eq. 16. The data of Table 2 allow one to compare the
values of s* and k* obtained from the phenomenological rela-

Table 2. Values of s* and k* for the Various TiO2 Samples
under Different Irradiation Conditions*

Catalyst

Hyperbolic Equation
(Eq. 16)

Exponential Equation
(Eq. 20)

s* (cm2/g) k* (cm2/g) s* (cm2/g) k* (cm2/g)

Monochromatic radiation at 370 nm
P25 Degussa 10000 1600 10200 1550
Merck 2165 910 2181 892
Tioxide A 900 3600 686 3657

Monochromatic radiation at 310 nm
Merck (0.01) 2110 — 2140
Tioxide A (0.29) 4245 — 4372

*The figures in parentheses can be considered negligible.

Table 3. Values of ��, E, �r, �t, and �a for the Various TiO2 Samples under Different Irradiation Conditions

Catalyst
�	 � 108

(einstein/s) E (g�1)
�r � 108

(einstein/s)
�t � 108

(einstein/s)
�a � 108

(einstein/s)

Monochromatic radiation at 370 nm: �i � 7.82 � 10�8 einstein/s
P25 Degussa 5.311 440 2.642 0.352 4.824
Merck 6.464 164 1.354 0.521 5.943
Tioxide A 7.765 325 0.053 0.391 7.370

Monochromatic radiation at 310 nm: �i � 4.77 � 10�8 einstein/s
Merck 4.766 162 — 1.181 3.585
Tioxide A 4.766 331 — 0.454 4.312
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tionship with those obtained from the hyperbolic Kubelka–
Munk model (Eq. 16). It may be noted that negligible scattering
coefficients were determined for samples with negligible re-
flected photon flows, thus confirming the validity of the method
previously reported.23-27 On this ground it may be concluded
that the phenomenological relationship–like Lambert–Beer law
(Eq. 11) is only an asymptotic solution of the Kubelka–Munk
model and that it is valid for describing the dependency of
transmitted photon flow on the catalyst mass under the condi-
tion that the suspension is optically thick. This condition is
fulfilled when the following inequality is satisfied (see Eq. 16):

mcat �
A

4bs*
(23)

By introducing Eqs. 18 and 22 in Eq. 23 we obtain

mcat �
1

2E
(24)

In conclusion, once the value of E is obtained, it must verify
that masses of catalyst used for obtaining the experimental data
of transmitted photon flow satisfy Eq. 24; in this case the
photon flow balance expressed by Eq. 10 can be used to
determine the absorbed photon flow.

The calculated absorption coefficients are of the same order
of magnitude of data found in the literature, whereas the
scattering coefficients are lower.33,40 It is known that at neutral
pH titanium dioxide tends to agglomerate41; in fact TiO2 is not
dispersed in the water phase as primary particles but rather as
solid TiO2 aggregates.14 Degussa P25, Merck, and Tioxide A
form agglomerates ranging between 1.1 and 16.5 �m, although
for all of them the primary particle sizes are �200 nm (see
Table 1). The catalyst concentration also affects the agglom-
eration, which increases by increasing the concentration. In this
case the agglomeration facilitates the penetration of the pho-
tons through the medium and accordingly the absorption and
scattering coefficients decrease. It is reasonable, anyway, to
hypothesize that the different degree of agglomeration depend-
ing on pH and concentration leads to uncertainties in the optical
properties of the TiO2 catalyst.42

To determine the quantum yield values the phenol degrada-
tion rate was determined under the same irradiation conditions
used for transmittance measurements.

The rate of phenol photocatalytic degradation in oxygenated
suspensions is reported29-32 to obey a second-order kinetics
because it depends on coverages by oxygen and phenol that
adsorb on different types of sites existing on the irradiated
catalyst surface. The surface reaction rate rS is written in terms
of Langmuir–Hinshelwood kinetics as

rS � �
1

S

dN

dt
� k��Ox�PHEN (25)

in which N indicates the phenol moles present in the liquid
phase; t is the reaction time; S is the catalyst surface area; k� is
the surface second-order rate constant; and �Ox and �PHEN are
the fractional sites coverages by oxygen and phenol, respec-
tively. Given that all the experiments of this work were carried
out in a stirred batch reactor in contact with atmospheric air,
the �Ox term does not change during the occurrence of phenol
photooxidation. Therefore in Eq. 25 the k��Ox term can be
substituted by k	, which is the surface pseudo-first-order rate
constant.

The fractional site coverage by phenol (�PHEN) is given by
the Langmuir relationship:

�PHEN �
KC

1 � KC
(26)

Figure 6. Phenol concentration over initial phenol con-
centration C/C0 vs. time t, for photoreactivity
runs carried out at 370 nm.
(�) Degussa P25; (f) Merck; (Œ) Tioxide A.

Figure 7. Phenol concentration over initial phenol con-
centration C/C0 vs. time t, for photoreactivity
runs carried out at 310 nm.
(f) Merck; (Œ) Tioxide A.

Table 4. Observed Rate Constants and Moles of Reacted
Molecules during the Irradiation Time Used for the

Transmitted Light Measurements

Photocatalyst Observed Rate Constants
Reacted Molecules

(mol)

Monochromatic radiation at 370 nm: k	K [�] m s�1

P25 Degussa 1.5 � 10�8 1.1 � 10�7

Merck 3.4 � 10�8 1.4 � 10�7

Tioxide A 4.7 � 10�8 0.9 � 10�7

Monochromatic radiation at 310 nm: k	 [�] mol m�2 s�1

Merck 9.55 � 10�6 1.6 � 10�7

Tioxide A 1.31 � 10�5 1.4 � 10�7
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in which C is the phenol concentration in the solution and K is
the adsorption equilibrium constant. By substituting Eq. 26 in
Eq. 25 and by considering that the phenol concentration was
the parameter experimentally measured, the pseudo-first-order
rate equation assumes the following form:

rS � �
V

S

dC

dt
� k	

KC

1 � KC
(27)

The runs carried out by using monochromatic radiation at
370 nm indicated that phenol degradation rate follows a first-
order kinetics for all of the catalysts (Figure 6), whereas the
experiments carried out under monochromatic radiations at 310
nm showed a zero-order kinetics (Figure 7). Depending on the
KC group value, Eq. 27 may give first- or zero-order kinetics;
in fact for KC �� 1, Eq. 27 gives rS � k	KC, whereas for KC
�� 1, rS � k	. The finding at equal C values of a first-order
kinetics at � � 370 nm and of a zero order at � � 310 may be
explained by considering that the increase of radiation energy
(equivalent to an increase of temperature) increases the K
value.

By integrating the first- and zero-order rate equations and by
fitting the resulting equations to the experimental C–t data, the
values of the k	K group and k	 have been obtained. Table 4
reports the figures of those constants for all the photocatalysts
under the different irradiation conditions and the number of
molecules reacted in the time spent for measuring the trans-
mitted photon flow. The quantum yield (	) values, determined
by using Eq. 9, are reported in Table 5.

Through comparison, the values of 	 were found to increase
by decreasing the wavelength of the irradiating beam. This
behavior can be explained by considering the values of radia-
tion absorption coefficients (Table 2) and the number of reacted
molecules (Table 4). The results suggest that the coverage of
active sites increases by increasing the photon energy. Indeed,
because the absorption coefficient values also increase (see
Table 2), it can then be hypothesized that there is a parallel
increase of the number of sites available for the occurrence of
photoreaction and quantum yield.
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