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Absolute quantum yields in photocatalytic slurry reactors
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Abstract

Photocatalysis in slurry reactors have the particular characteristic that the reacting medium not only absorbs but also scatters photons
and both phenomena occurs simultaneously. When this is the case, typical methods used in classical photochemistry such as homogeneous
actinometry are useless because they cannot take into account radiation scattering. Consequently present methods in use always underes-
timate quantum yields calculations. A method has been developed to produce absolute values of photocatalytic quantum yields in slurry
reacting systems employing titanium dioxide and near UV radiation. The new procedure resorts to the rigorous solution of the radiative
transfer equation inside the reaction space in order to obtain the true value of the photonic absorption rate. Employing monochromatic
light, values for the photocatalytic decomposition of phenol and 1,4-dioxane are reported under precisely de7ned conditions. The method
can be used to compare reactivities of di8erent catalysts or, for a given catalyst, reactivities with di8erent compounds regardless the
reactor shape, size or con7guration.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Photocatalytic reactions are the result of a light activated
process by which an appropriate semiconductor upon irra-
diation with the required energy can generate electrons and
holes that, afterwards, can participate in oxidation–reduction
reactions. One of the most important applications of these
processes consists in the use of these catalytic systems for
treating polluted water and air environments. In these pho-
tocatalytic reactions, in the absence of mass transfer limi-
tations, the initiation step is at all times a function of the
local volumetric rate of photon absorption (LVRPA) that
must be always known to formulate the rate. Many of these
reactions are operated in =uid systems where the catalyst is
a suspension of small size, solid particles; then, the system
is heterogeneous and evaluation of the light distribution be-
comes di>cult due to the concomitant presence of radiation
absorption and scattering.
Homogeneous photochemistry uses actinometry to sup-

ply, at least partially, this information. This is a very crude
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approximation even in homogeneous systems because it
only measures the amount of photons arriving at the reactor
window for radiation entrance and does not provide the exact
amount of photons that are absorbed in the actual react-
ing system—that is di8erent from the actinometer solu-
tion. Nor does actinometry provide information about the
spatial distribution of the absorbed energy, an important
fact because reaction rates non-uniformities are intrin-
sic of photochemical systems. Thus, usually, averaged
photon absorption rates are used for calculating spatially
distributed reaction rates, a procedure that cannot ren-
der precise kinetic information. In heterogeneous systems
the situation is nothing but worst because the homoge-
neous actinometer cannot account for photon scattering
and consequently the chemical measurements provide, at
the best, some sort of global, upper limit for the photon
absorption rate.
A very typical property of photochemical systems is the

quantum yield. Employing monochromatic radiation, the
quantum yield is de7ned as (Calvert & Pitts, 1966)

�� =
[Volumetric reaction rate of species (event) i]

[Volumetric rate of �− photons absorption by the involved reactant]
=

〈R�〉VR
〈ea�〉VR

: (1)

Note that both the numerator and the denominator indicate
volume-averaged rates.

0009-2509/03/$ - see front matter ? 2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0009-2509(02)00638-3

mailto:acassano@ceride.gov.ar


980 R. J. Brandi et al. / Chemical Engineering Science 58 (2003) 979–985

Narrow band
interference

filter

Fiber
optics

Radiometer

Window with
diffuse emission

Lamp

IR Filter

Parabolic
reflector

Exhaust

Reactor

Shutter

Fig. 1. Schematic representation of the UV detector, photoreactor, and emitting system.

The same de7nition has been applied to heteroge-
neous systems. In these cases it is more evident that
the resulting “absorbed photons” provided by actinome-
try to the denominator of Eq. (1) is only an upper limit
and, consequently the 7gure gives an approximate lower
limit for the quantum yield. Recognizing this limitation
it is often said that employing homogeneous actinome-
try results are just apparent quantum yields. However,
since actinometry actually gives a precise value of the
photons impinging the window of radiation entrance,
circumventing the problem, the de7nition is sometimes
changed to use the radiation =ux arriving at such a surface.
Then

�App
� =

[Reaction rate of species (event) i]
[Rate of �− photons arriving at the reactor surface]

=
〈R�〉VRVR
〈q�〉AincAinc

: (2)

In our opinion, one must recognize that the volumetric
rate of photon absorption in a heterogeneous system is
rather di>cult to measure with conventional kinetic ex-
periments. One need to use an experimental device that
permits the exact measurement of the arriving photons and,
at the same time, an account for all those photons that are
escaping from the reactor boundaries, including back scat-
tering at the window of radiation entrance. This is not
impossible but achievable with accuracy only in very spe-
cial cases. On the other hand it is normally possible to
build a simple reactor that is amenable of precise math-
ematical modeling and, applying good chemical and ra-
diation engineering principles, solve the radiative transfer
equation (RTE) for such a reactor and calculate the de-
nominator of Eq. (1). This paper shows the method and
indicates the additional independent measurements that are
needed to apply the RTE to the particular experimental
setup.
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Fig. 2. Flow sheet of the experimental device. (Adapted from Cabrera,
Negro, Alfano, & Cassano, 1997.)

2. Experimental reactor (Figs. 1 and 2)

The proposed reactor for these experiments is a cylindri-
cal tube made of Pyrex glass that has two =at windows, one
of which must be made of good quality quartz. The cylin-
der has two ports for the reacting solution entrance and exit.
The external side of the quartz window, upon abrasion with
HF, has the texture of ground glass. This is one important
feature: with this very modest modi7cation it is possible
to get di5use irradiation inside the reactor with very sig-
ni7cant consequences in the mathematical modeling. The
change in the surface must be made on the outside to avoid
an enhancement of the typical fouling properties of tita-
nium dioxide suspensions. The reactor length is 10 cm. A
rather long reactor will ensure that absorption and scattering
along the characteristic radiation path length will preclude
the arrival of photons at the second window. In this way we
can have a non-re6ecting boundary condition at the plate
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opposite to the one for radiation entrance. The reactor vol-
ume is 210 cm3. A shutter, placed in front of the reactor
window permitted to decide on the exact starting time of
the reaction once steady state operating conditions has been
reached.
The photoreactor is part of a recycling system that has a

storage tank made of glass. The liquid =ow in the closed
circuit is provided by a high =ow rate recirculating pump
also made of glass and Te=on. Connecting lines are made of
glass. The tank with a volume slightly larger than 2000 cm3

permits the following operations: (1) temperature measure-
ments, (2) sampling of the liquid and the gas phase, and (3)
continuous feeding of oxygen at constant pressure.
The reactor window is irradiated by means of a tubular

lamp (Medium pressure, Mercury arc, G. E. 360 UA-3) hav-
ing a nominal power consumption of 360 W. This lamp has
a total emission of 61:4 W and signi7cant peaks at 313 and
365 nm. It was placed at the focal axis of a parabolic re-
=ector made of mirror polished aluminum with Alzak treat-
ment. Monochromatic light was obtained by interposing
between the illuminating system and the reactor window,
narrow band interference 7lters (CVI: F10-313.0-3-2.00,
peak at 313 nm and F10-365.0-4-2.00, peak at 365 nm). To
protect the 7lters from emission at longer wavelengths, an
infrared absorbing 7lter was placed between the lamp and
the 7lter holder.
A calibrated photodiode detector (GaAsP type, SED005

from International Light) with a band pass 7lter connected
with a quartz optical 7ber to a UV radiometer (IL1745 UV
Curing Radiometer from International Light), was placed by
the reactor window opposite to the one of radiation entrance.
It permitted monitoring of: (1) the lamp emission and (2)
the light transmission conditions of both reactor windows as
a consequence of the unavoidable fouling produced by the
catalyst.

The following operating conditions were ensured: (1)
very good mixing in the reactor in order to simplify the
mass balance, facilitate uniform distribution of the catalyst
throughout and avoid the existence of mass transfer limi-
tations, (2) very good reproducibility in the radiation =ux
arriving at the reactor window, (3) very high recirculating
=ow rate to improve mixing and produce di8erential con-
version per pass in the reactor (again to simplify the mass
balance), (4) well mixing conditions in the tank, (5) excess
oxygen demand always present in the reactor, and (6) ab-
sence of gas leaks everywhere.

3. Theoretical background for the analysis of results

The proposed method is based on the following pro-
cedures: (i) measure the reaction rate in the numera-
tor of Eq. (1) with experiments. In order to minimize
the e8ect of adsorption on the catalyst by reaction in-
termediates or products, initial reaction rates have been
measured, and (ii) calculate the denominator of Eq.
(1) by solving the radiative transfer equation inside the
reactor.

3.1. The reaction rate

Cabrera, Negro, Alfano, & Cassano (1997) have shown
that when the following conditions are ful7lled: (1) the reac-
tor is well mixed, (2) the tank is well mixed, (3) the system
is isothermal, and (4) the reactor has di8erential operation,
the following equation represents the mass balance for the
batch recycling system:

〈R�(x; t)〉VR = �L
VT
VR

[
dC(t)
dt

∣∣∣∣
Tk

]
: (3)

Using experimental information, initial rates are calculated
according to

〈R�(x; t)〉t→0
VR = �L

VT
VR

lim
t→0

[
QC(t)
Qt

∣∣∣∣
Tk

]
: (4)

3.2. The local volumetric rate of photon absorption

In radiation 7eld and photoreaction engineering theory
( ROzisik, 1973; Cassano, MartSTn, Brandi, & Alfano, 1995) it
was shown that the rate of �-photon transport with direction
� along a distance s is given by

dI�;�(�;�)(x; t)
ds

=−��(x; t)I�;�(�;�)(x; t)︸ ︷︷ ︸
ABSORPTION

− ��(x; t)I�;�(�;�)(x; t)︸ ︷︷ ︸
OUT-SCATTERING

+ je�(x; t)︸ ︷︷ ︸
EMISSION

+ ��(x; t)
4�

∫
�′=4�

p[�′(�′; �′) → �(�; �)]I�;�(�;�)(x; t) d�′(�′; �′)︸ ︷︷ ︸
IN-SCATTERING

: (5)

This equation is valid for elastic and multiple scattering.
When the scattering coe>cient (��) bears a linear depen-
dence with the solid concentration it is said that scattering
is independent. In photocatalysis we normally have elastic,
multiple and independent scattering. Moreover, since the
reaction is carried out at ambient temperature, emission is
safely neglected. If we can get values of the monochromatic
speci7c intensities as a function of position and direction,
the following operations are possible:

G�(x; t) =
∫
�
I�;�(�;�)(x; t) sin � d� d� (6)
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Fig. 3. Geometry of the photocatalytic reactor. (Adapted from Cassano
et al., 1995.)

The incident radiation,

ea�(x; t) = ��(x; t)G(x; t) The LVRPA; (7)

〈ea�(x; t)〉VR =
1
VR

∫
VR
��(x; t)G(x; t) dV The VRPA: (8)

Eq. (8) is needed for the denominator of Eq. (1). To solve
this equation for a particular control volume we need some
information as follows: (i) the boundary condition on each
limiting surface of the control volume (VR), (ii) the value of
p (the phase function for scattering distribution), and (iii)
the absorption and scattering coe>cients (�� and ��).

3.3. The one-dimensional model

Because of the existing ground glass at the window of
photon entrance the incoming radiation is di8use; then, there
exists azimuthal symmetry.With this symmetry the radiation
can be modeled with one spatial coordinate (x) and just one
angular coordinate (�) for the directional characterization
of the propagation rays (Fig. 3). This fact and the adopted
reactor length permit to write the RTE and the boundary
conditions as follows:

cos �
@I�(x; �)

@x
+ (�� + ��)I�(x; �)

=
��
2

∫ �′=�

�′=0
I�(x; �′)p(�; �′) sin �′ d�′; (9)

I�(0; �) = I 0� ; 06 �¡�=2

(Photons moving forward); (10)

I�(LR; �) = 0; �=2¡�6 �

(Photons moving backwards): (11)

Di8use radiation permits to consider incoming intensities at
x=0 independent of direction [Eq. (10)]. Thus, I 0� is a single
value that can be easily calculated if the radiation =uxes at
the wall of radiation entrance are calculated or measured. Eq.
(11) pro7ts from the fact that for the used catalyst concen-
tration and reactor length, no radiation is arriving at x= LR
(hence, the non-re=ecting boundary condition).
Eq. (9) with B.C. (10) and (11) can have a numeri-

cally accurate solution with the discrete ordinate method
(Duderstadt & Martin, 1979). But before that, we need val-
ues for ��, ��, p and I 0� . Values for �� and �� were obtained
by Cabrera, Alfano, and Cassano (1996). These values were
corrected in 1998 by the same group of authors to include
more reliable values obtained with better information con-
cerning the phase function. Unpublished values for Degussa
P 25 are

313 nm; �� = 18722 cm2 g−1; �� = 50418 cm2 g−1;

365 nm; �� = 2548 cm2 g−1; �� = 52547 cm2 g−1:

It can be seen that the scattering coe>cient is much larger
than the absorption one, meaning that any form of analysis
that does not take into account scattering will be usually in
a rather serious error. Working with a special type of =at
plate reactor and precise radiometer measurements, Brandi,
Alfano, and Cassano (1999) have shown that isotropic scat-
tering is the phase function that better represents scattering
by titanium dioxide, particularly when the Degussa P 25
variety is employed. Consequently, it is safe to adopt that
p= 1.

3.4. The radiation boundary condition

The arriving radiation at the wall of radiation entrance was
measured with homogeneous actinometry employing potas-
sium ferrioxalate and using standard procedures (Murov,
Carmichael, & Hug, 1993).
For the homogeneous reaction and the one-dimensional

model, the RTE is

 
dI�;�(x; t)

dx
+ ��(x; t)I�;�(x; t) = 0: (12)

This equation corresponds to a model having azimuthal sym-
metry due to the existence of the ground glass modi7cation
in the plate of radiation entrance (that produces di8use ra-
diation). Integrating Eq. (12):

I�;�(x;  ; t) = I 0� exp
[
−��(t)

 
x
]
: (13)

Then, the LVRPA becomes

ea�(x; t)|Act = 2��Fe
3+

� (t)
∫ 1

−1
I�;�(x;  ′; t) d ′

= 2��Fe
3+

� (t)I 0� E2[�tot� (t)x]; (14)
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Table 1
Boundary conditions

Boundary conditions

I0� at 313 nm 2:187× 10−10 einstein cm−2 s−1 sr−1

I0� at 365 nm 4:997× 10−10 einstein cm−2 s−1 sr−1

where the nth exponential integral has been de7ned as fol-
lows (Siegel & Howell, 1992):

En(z) =
∫ 1

0
 n−2 exp

[
− z
 

]
d : (15)

The mass balance for the actinometer reaction is

〈RAct
� (x; t)〉LR =

VT
VR

[
dCFe2+(t)

dt

∣∣∣∣∣
Tk

]
= �Act

� 〈ea�|Act〉LR : (16)

In Eq. (16) the reaction rate is expressed as a 7rst-order pro-
cess with respect to the LVRPA and �Act

� is the monochro-
matic, overall quantum yield for the actinometer reaction. At
low reactant conversions this reaction may be assumed inde-
pendent of the ferric and ferrous salts concentrations that, as
indicated by Eq. (14) participate in the value of ea�. For the
one-dimensional model, in a well-mixed reactor and for a
reactor of constant cross-sectional area, the volume-average
required by Eq. (16) is taken over the reactor length. Cal-
culating the reactor length-average of Eq. (14):

〈ea�|Act〉LR =
1
LR

∫ LR

0
ea�

∣∣∣∣
Act

dx

=
1
LR

2��Fe
3+

� (t)I 0�

∫ LR

0
E2[�tot� (t)x] dx

=
�I 0�
LR

�Fe
3+

� (t)
�tot� (t)

: (17)

The last result follows because:
∫
En(z) dz=−En+1, E3(0)=

1
2 , and lim

z→∞E3(z) → 0. The last equation can be applied

because the product �tot� LR, at 313 and 365 nm, is large.
When t → 0, radiation absorption by the Fe2+ salt is

negligible and radiation absorption by the Fe3+ is very well
de7ned and equal to the total absorption coe>cient.Working
with initial rates, from Eqs. (16) and (17), the following
very simple result is obtained:

I 0� =
VT

�AR�Act
�

lim
t→t0

(
CFe2+

t − t0

)
: (18)

For low reactant (Fe3+) conversion a plot of the con-
centration of Fe2+ vs. time gives a straight line. For the
one-dimensional model Eq. (18) gives the B.C. for Eq. (9)
(Table 1). These results apply at clean reactor windows.
This is an important observation because titanium dioxide
adheres very easily to glass and quartz and appropriate cor-
rections for fouling by the catalyst are necessary (see further
ahead).

3.5. The VRPA with titanium dioxide

Solving Eq. (9) with its B.Cs. it is very simple to calculate

G�(x) = 2�
∫ �=�

�=0
I�(x; �) sin � d�: (19)

Integration over the solid angle of irradiation eliminates the
angular dependence of the transported radiation. For the
one-dimensional—one directional model only integration on
� is required (Fig. 3). The LVRPA as a function of position
and the reactor volume average of the LVRPA result:

ea�(x) = �TiO2
� G�(x); (20)

〈ea�(x)〉VR =
1
LR

∫ LR

0
ea�(x) dx: (21)

The absorption coe>cient has been assumed independent of
position (uniform catalyst concentration) and time (stable
catalyst). Calculating Eq. (21) we have the denominator of
Eq. (1).
One may ask: how good is this method? Working

with a bench scale, =at plate reactor and employing a
two-dimensional—two-directional radiation model (reactor
without azimuthal symmetry) it has been shown by Brandi,
Alfano, and Cassano (2000), that the solution of the RTE
with the discrete ordinate method, when the appropriate
optical properties, phase function and boundary condition
are used, provide values with an error smaller that 10% as
compared with experimental, precise measurements. Un-
fortunately, accurate experimental data for all the outgoing
photons due to out-scattering are very di>cult to obtain
(see Brandi et al., 1999, 2000). The numerical solution of
the RTE [Eqs. (9)–(11)] is not simple but can be obtained
in one standard PC with rather short computing times even
for polychromatic radiation and more complex geometries.

4. Experiments

For measuring photocatalytic quantum yields at 313 and
365 nm the decomposition of two compounds have been
chosen: 1-4 dioxane and phenol. They are typical represen-
tatives of aliphatic and aromatic pollutants and are com-
monly used as model compounds in photocatalytic and other
advanced oxidation technologies studies. The experimental
conditions are shown in Table 2. pH = 3 is very often se-
lected for conducting these reactions and has the advantage
of being separated from the isoelectric point of titanium
dioxide in water; then, agglomeration of catalytic particles
is minimized, a phenomenon that would change the optical
properties of the system. Degussa P 25 is the most widely
variety of titanium dioxide used in photocatalytic research.
The liquid (pure water, 1000 cm3) was fed to the react-

ing system and saturated in situ with oxygen. Each one of
the organic compounds was dissolved in pure water at the
desired concentration, added to the tank and mixed with the
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Table 2
Experimental conditions

Temperature 298 K
Initial pH 3.0
Solvent Pure water
Oxygen (for saturation) 99.99% pure
Initial substrate concentration 20 ppm
Titanium dioxide variety Degussa P 25
Catalyst concentration 2:0× 10−3 g cm−3

Table 3
Absolute quantum yield results

Absolute quantum yields (mol einstein−1)

Compound Wavelength (nm)

313 365

1,4-dioxane 0.0533 0.0399
Phenol 0.0949 0.0851

oxygen-saturated water. The initial concentration was mea-
sured. Afterwards the prescribed amount of catalyst was in-
corporated into the tank. Each catalytic suspension was sub-
jected to ultrasound treatment for 30 min before its use in an
experimental run. After 2 h of mixing by recirculation, 12
additional hours were allowed for reaching adsorption equi-
librium between the substrate and the catalyst. The reaction
starting concentration in the liquid (di8erent from the initial
one because of adsorption) was measured. Each run was ini-
tiated when the lamp operation, =ow rates and temperatures
were at steady state at the prescribed operating conditions
(ca. 2 h).
Fouling of the reactor walls was properly measured with

the calibrated radiometer. These measurements permitted to
calculate the exact boundary condition for radiation entrance
needed by the solution of the RTE. In this way the photon
absorption rate at each reaction time corresponds to the ac-
tual window conditions that prevail at the moment in which
reaction rates are experimentally measured. Concentration
data were taken at prescribed time intervals and from the
concentration vs. time plots reaction rates can be readily cal-
culated. Employing monochromatic radiation, the available
energy inside the reactor is never too high. In order to have
meaningful changes in concentration, a normal run lasted
between 12 and 16 h. Analysis of phenol (J.T. Baker, ACS)
and 1,4-dioxane (Carlo Erba, RS) were made with HPLC
(UV detector) and GC (FID detector), respectively.

5. Results

Values for absolute quantum yields are included in Ta-
ble 3. At lower wavelengths quantum yield are higher. These
results are in agreement with the fact that at lower wave-

Table 4
Apparent quantum yield results

Apparent quantum yields (mol einstein−1)

Compound Wavelength (nm)

313 365

1-4-dioxane 0.0182 0.0106
Phenol 0.0316 0.0163

Table 5
Fraction of radiation scattered at the window of radiation entrance

Wavelength (nm) qback� =qwall�

313 0.242
365 0.581

lengths the excess energy with respect to the band-gap en-
ergy for the activation of the semiconductor is larger. Then
this excess energy will operate against the recombination
reaction of electrons and holes, a reaction that undoubtedly
will reduce the quantum yield. These results can be com-
pared with the values calculated for the apparent quantum
yields computed in terms of the incident photons according
to Eq. (2) (see Table 4).
It is interesting to know how many photons are lost from

the reactor due to back-scattering at the window of radia-
tion entrance exclusively. With Eq. (9) back-scattering in
terms of incident radiation, at x = 0, can be calculated and
compared with the known boundary condition produced by
the actinometer experiments. Back-scattering is a function
of the catalyst concentration for low catalyst loading (say
below 0:5 × 10−3 g cm−3). At the catalyst concentrations
employed in these experiments, back-scattering is almost in-
dependent of the amounts of solid that are present; i.e., some
sort of plateau has been reached beyond 0:5×10−3 g cm−3.
The results are illustrated in Table 5.

6. Conclusions

Resorting to mathematical modeling and the solution of
the radiative transfer equation, and using a very simple
reactor, monochromatic quantum yields for photocatalytic
reactions carried out in slurry reactors can be accurately
measured. The method can be extended to other reactions
and other catalysts with no additional di>culties. It has also
been shown that in a typical laboratory reactor (window with
a diameter equal to 5:2 cm and length equal to 10 cm) appar-
ent quantum yields di8er from true quantum yields between
66% and 81% and that for the same geometric arrangement,
back-scattering (that is often neglected) accounts for 24–
58% of the incident radiation.
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