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Organic compounds dissolved in water can be decomposed on a layer of n-TiO2 particles irradiated
by u.v. light, which generates holes and electrons in the TiO2 material. Dissolved oxygen was used as
electron scavenger and holes reacted with water to give OH radicals. The rate of degradation of the
dissolved organic compounds by OH radicals is limited by the transfer of either oxygen or of
the organic compounds to the surface of n-TiO2 particles. The consequence of these limits is that, in
the batch mode reactor with recirculation of the liquid, the dependence of the concentration of an
organic compound on time has either a linear or an exponential form. Experiments with decom-
position of oxalic acid in aqueous solutions using a plate reactor (60 cm� 120 cm) con®rmed the
analysis. Equations for evaluation of the mass transfer coe�cient of the dissolved species to the
surface of the plate reactor with a moving liquid ®lm were developed for the case of the thickness of
the Nernst di�usion layer being thinner than the thickness of the liquid. The experimentally obtained
decomposition rate of oxalic acid was about 60 to 80% of the theoretical decomposition rate limited
by oxygen ¯ux through the ®lm of a moving liquid. The present theory neglects the di�usion of
oxygen into the porous layer of n-TiO2.
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List of symbols

A active surface of the reactor plate (cm2)
AP cross-sectional area of the Petri dish (cm2)
c concentration (mol cmÿ3)
c1 velocity of the light (cm sÿ1)
D di�usion coe�cient (cm2 sÿ1)
de equivalent diameter (cm)
g gravitational intensity (N kgÿ1)
h Planck constant (J s)
I intensity of u.v. light (W cmÿ2)
J ¯ux density (mol cmÿ2 sÿ1) or

(einstein cmÿ2 sÿ1)
k constant (Equations 50 and 51)
kL mass transfer coe�cient (cm sÿ1)
L length of the reactor plate (cm)
n molar amount (mol)
NA Avogadro constant (molÿ1)

(org)ads number of adsorbed organic molecules
Q ¯ow rate (cm3 sÿ1)
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
S0 number of active surface sites
v velocity of the ®lm (cm sÿ1)
V volume (cm3)
VP volume of oxalic acid in the Petri dish (cm3)
w width of the reactor plate (cm)

Greek symbols
a inclination angle of the reactor plate to the

horizontal
d thickness (cm)
k wavelength of the light (cm)
m kinematic viscosity or stoichiometric

coe�cient
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1. Introduction

Advanced oxidative processes such as semiconductor
photocatalysis [1] are intended to be both supple-
mentary and complementary to some of the more
conventional approaches to the destruction or
transformation of hazardous chemical wastes such as
the adsorption of the pollutant species onto activated
carbon [2], oxidation with hydrogen peroxide or
chlorine [3±5], high-temperature incineration,
amended activated sludge digestion, anaerobic di-
gestion and other conventional physicochemical
treatments [6±10].

Over the last 10 years the scienti®c and engineering
interest in the application of semiconductor photo-
catalysis has grown exponentially [11]. Heterogeneous
photocatalytic oxidation of organic substrates dis-
solved in water in the presence of oxygen can occur on
the semiconductive layer of the photocatalyst (mostly
titanium dioxide). In contradistinction to homoge-
nous photocatalysis, this method is especially ad-
vantageous in terms of its costs, because it can work
with the ultraviolet band from the solar spectrum.

The heterogeneous photocatalytical system con-
sists of semiconductive particles, which act as a
photocatalyst in contact with the reaction medium
(liquid or gaseous). The simpli®ed scheme of the
photocatalysis is shown in Fig. 1; this represents a
semiconductive particle, spherical in shape, with in-
dication of the positions of the valence and conduc-

tion energy bands. In most cases A stands for oxygen
and D for water. Thus Aÿ� is Oÿ2 and Dá is OHá.

Irradiation with photons, which have their energy,
hm, greater than the bandgap energy, can generate in
the photocatalyst charge carrier pairs, holes and
electrons:

TiO2ÿ!hm
h� � eÿ �1�

After the charge carriers are transported to the sur-
face, they react with molecules by a redox reaction,
when the redox potentials of molecules of an acceptor
and of a donor happen to lie within the bandgap.
However, before the electrons and holes reach the
surface, there is a signi®cant chance of recombina-
tion, and this is an important source of ine�ciency in
a system employing semiconductor catalysts for
photochemical conversion of light [12].

The position of the valence and conduction energy
bands determines whether the transfer of the photo-
generated charge carrier is thermodynamically pos-
sible by the given redox system. A special
characteristic of semiconductive metallic oxides is,
that their holes have an extremely high oxidative
potential. This enables the one electron oxidation of
water in which the strong oxidative OHá radicals are
generated [11].

H2Oads � h� ! OHáads �H� �2�
These radicals can react with many organic molecules
and thus they contribute in a high degree to their
photocatalytic degradation.

The dissolved oxygen is generally used as the
electron acceptor

O2 � eÿ ! O2á
ÿ �3�

In acidic media (pH=3) the superoxide radical anion
protonates to give hydroperoxide radical HO2á [13]

2 O2á
ÿ � 2H� ! 2HO2á �4�

From hydroperoxide radical the hydrogen peroxide
and oxygen can originate

2 HO2á! H2O2 �O2 �5�
The photocatalytic reduction of hydrogen peroxide
then leads to the production of hydroxyl radicals.

H2O2 � eÿ ! OHá�OHÿ �6�
Thus the strong reductively acting particle (eÿ) in
Reaction 1 is changed via Reactions 3±6 to the strong
oxidatively acting particle �OHá�, so that it can ac-

Fig. 1. Graphical representation of the formation of holes and
electrons from photons with energy higher then the energy of the
gap between the conduction and valence band. D reacts with holes,
A reacts with electrons.

s time (s)
H the coverage of the active surface sites

Subscripts
(COOH)2 oxalic acid
f liquid ®lm
hm radiation quantum
i species
lim limiting
N Nernst

O2 oxygen
org organic compound
r reactor
y direction

Superscripts
0 bulk
s surface
i initial
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celerate the decomposition reaction by hydrogen
peroxide as the oxidizing agent. On the other hand
the hydrogen peroxide can react with a hole and thus
the decomposition rate of the organic compound can
be decreased [14].

Titanium dioxide crystallizes in three polymorphic
systems, brookite, rutile and anatase, and is available
only as an n-semiconductor. Anatase is more pho-
toactive than rutile. The bandgap width for rutile is
3 eV and for anatase 3.2 eV. The bandgap energy
determines the wavelength threshold, from which the
semiconductor can absorb light. Therefore, for in-
duction of photocatalytic reaction, titanium dioxide
can absorb only u.v.-light with wavelengths shorter
than 413 nm (rutile), or 388 nm (anatase). The u.v.-
share of the sun spectrum with wavelengths lower
than 400 nm corresponds to only 5% of the total
irradiated sun energy [15].

The use of TiO2 catalyst in the form of a slurry has
the great advantage of having good mass transfer
characteristics. When the slurry consists of very ®ne
particles, it requires a very long settlement time for
the catalyst to be removed from the puri®ed water, or
®ne ®lters must be employed. Recently, attention has
been turned to the application of immobilized cata-
lysts [16±18] in the form of TiO2 powder attached to
the sides of the tray, which constitutes the main part
of a ¯ow-through reactor. The use of a ®xed TiO2

®lm leads to some mass-transfer problems which also
arise when a suspension is used. If the ®lm is too
thick, most of the holes are generated too deep in the
bulk of the semiconductor and never reach the sur-
face. If the ®lm is too thin, only part of the incidental
light will be absorbed.

During heterogeneous catalysis involving simulta-
neous reactions at a catalytic surface, the apparent
rate of reaction (the measured rate) can be dominated
by surface kinetics, liquid ®lm transport kinetics or
by a combination of both. The rate of photocatalytic
reaction involving TiO2 particles which are uniformly
distributed as freely suspended particles in the solu-
tion is completely controlled by the intrinsic reaction
rate on the catalyst surface. In contrast, experiments
involving active particles coated on tube surfaces
or large glass beds may frequently have apparent
kinetics that are in¯uenced by mass transfer [19] as
indicated by a measured in¯uence of liquid ¯ow rate
on the apparent rate coe�cient. Since only the mass
transfer coe�cient, km, is in¯uenced by ¯uid velocity,
an in¯uence by the latter on the ¯ow rate is an un-
ambiguous result [20±22].

The aim of this paper is a chemical engineering
description of three limiting cases connected with the
mass transfer ¯ux and photon ¯ux to the surface of
n-TiO2 particles ®xed on the reactor plate. The exis-
tence of these limiting cases was con®rmed by the
study of photocatalytic degradation of a model sub-
stance ± oxalic acid in a liquid ®lm which circulates
over the semiconductive layer of titanium dioxide
particles ®xed onto a glass plate. The plate reactor
was used in a batch mode.

2. Theory

The consumption of photons per mole of electron
scavenger and per molecule of organic compound
forms the background of the calculation. The devel-
opment of equations for mass transfer coe�cients
then permits the calculation of the limiting ¯ux den-
sity.

2.1. Consumption of photons per mole
of electron scavenger (oxygen)

Let us suggest, that oxygen and hydrogen peroxide
may react with electrons formed from a photon. Then
Reactions 1±6 proceed on the surface of n-TiO2

anatase. The reduction of oxygen due to Reactions 3±
6 may be summarized as

O2 � 3eÿ � 3H� ! OHá�H2O �7�
It is assumed that Reactions 1, 2 and 7 proceed at

the same rate. The generation of OHá is due to the
reactions of the holes with water (2) and of electrons
with oxygen (7). The overall reaction for formation of
OHá can be written as:

O2 � 3hm� 2H2O! 4 OHá �8�
Another possibility is the reduction of H2O2 by

electrons to OHÿ which gives

H2O2 � 2eÿ ! 2OHÿ �9�
Combining Reactions 3±6 and 9 gives

O2 � 2 H2O� 4eÿ ! 4 OHÿ �10�
From the comparison of Equations 7 and 10 it fol-
lows that the consumption of one oxygen molecule is
connected with the consumption of 3 or 4 electrons.

2.2. Consumption of a model compound and oxygen

Oxalic acid will be used as the model compound.
Starting with OHá produced by Reaction 8, the oxi-
dation of the oxalic acid may be written as

2 (COOH)2 � 4 OHá! 4 CO2 � 4 H2O �11�
or in a more condensed form

2 (COOH)2 � �O2 � 3hm� ! 4 CO2 � 2 H2O �12�
In the oxidation path of oxalic acid via Reactions 1, 2
and 10 four photons per molecule of oxygen are
consumed:

2 (COOH)2 � �O2 � 4hm� ! 4 CO2 � 2 H2O �13�
Equations 12 and 13 describe the oxidation of oxalic
acid via di�erent mechanisms and with a di�erent
consumption of photons (3/2, 4/2) per molecule of
oxalic acid. On the other hand, the consumption of
oxygen molecules (1/2) per molecule of oxalic acid is
the same for any of the aformentioned mechanisms.
The stoichiometric coe�cient for hm in Equations 12
and 13 will be denoted as mhm.
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2.3. Balance equations for a plate reactor
in batch mode

The rate of oxidation of an organic compound in a
batch mode reactor with volume of liquid Vr and a
photocatalytically active surface of a plate (A) of
width w and length L�A � wL� can be expressed in
di�erential form as

ÿ Jorg
�� �� � Vr

A
dcorg
ds

�14�

It is suggested that the volume of liquid covering the
reactor plate, Vp, is negligible in comparison with the
total volume of liquid, Vr. The liquid is well mixed in
the reservoir and recirculates over the plate at a
volumetric ¯ow rate Q [cm3 sÿ1]. The concentration
changes of the organic compound in the liquid ®lm
along the reactor plate are negligible in comparison
with the bulk concentration of that compound (see
Section 4.2.1. where the decrease in oxalic acid in the
¯owing liquid ®lm is calculated).

The molar ¯ux of photons used for the decom-
position of the organic compound follows from the
stoichiometry of the Reactions 12 or 13:

Jhm � mhm

morg
Jorg
�� �� �15�

Similarly, for the ¯ux density of oxygen Equation 16
is valid:

JO2
j j � 1

morg
Jorg
�� �� �16�

The limiting ¯ux density of species `i' is de®ned for
the case, when the concentration of species `i' (oxygen
or the organic compound) at the surface of the
n-TiO2 layer is just zero. Introducing a limiting ¯ux
density the following classi®cation of limiting cases is
possible. There are three di�erent limiting cases due
to the coupling of Reactions 1±3 and 12 or 13. The
limiting ¯ux densities for oxygen, the organic com-
pound and photons may ful®l one of the following
conditions:

(i) JO2;lim

�� ��� Jphotons
mhm

� 1

morg
Jorg;lim
�� �� �17�

(ii)
1

morg
� Jorg;lim
�� ��� JO2;lim

�� �� � Jphotons
mhm

�18�

(iii)
Jphotons

mhm
� JO2;lim

�� �� � 1

morg
Jorg;lim
�� �� �19�

The following equation gives the ¯ux density of the
species `i' (e.g., a dissolved molecular oxygen or the
organic compound) to the surface of the n-TiO2 layer:

Ji � ÿDi

coi ÿ csi
ÿ �

dN;i
�20�

The mass transfer coe�cient kL;i may be intro-
duced as

kL;i � Di

dN;i
�21�

Case (i) describes the situation, when the ¯ux
density of photons is high and comparable with the
limiting ¯ux density of the organic compound to the
surface of the plate covered with TiO2. The ¯ux
density of oxygen is limiting when csO2

� 0:
The concentration of the organic compound at the

surface of TiO2�csorg� is high and close to the bulk
concentration �c0org�:

ÿ dc0org
ds
� A

Vr
JO2;lim

�� ��morg �22�

The ¯ux density of oxygen JO2;lim does not depend on
corg. Integration of Equation 22 leads to

c0org�s� � c0org�s � 0� ÿ A
Vr

JO2;lim

�� ��morgs �23�

where

JO2;lim � ÿDO2

c0O2

dN;O2

�24�

In case (i) the concentration of the organic com-
pound in the liquid of volume Vr decreases linearly
with time.

Case (ii) is valid for a very low bulk concentration
of the organic compound. Due to the excess of oxy-
gen and photons the surface concentration of the
organic compound �csorg� is zero. Then Jorg;lim may be
expressed as

Jorg;lim � ÿDorg

c0org
dN;org

�25�

In this case

ÿ dc0org
ds
� A

Vr
Jorg;lim
�� �� �26�

or using Equation 27

ÿ dc0org
ds
� A

Vr

Dorgc0org
dN;org

�27�

which, after integration, gives

c0org�s� � c0org�s � 0� exp ÿ A
Vr

Dorg

dN;org
s

� �
�28�

In Equations 24 and 28 the unknown parameter is
the thickness of the Nernst di�usion layer, dN.

2.4. Calculation of Nernst di�usion layer thickness
and mass transfer coe�cient

For the case of laminar liquid ®lm ¯ow on the surface
of a reactor plate an approximate solution [23] was
developed based on the suggestion of a constant
thickness of the liquid ®lm df over the plate length L:

df � 3m2

g sin a

� �1=3

�Ref�1=3 �29�

Ref is the ®lm Reynolds number given by

Ref � Q
wm

�30�
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The validity of Equation 29 was veri®ed by Good-
ridge [24].

The average velocity in the ®lm vf can be calcu-
lated as

vf � Q
wdf

�31�

In [23] it was suggested, that the velocity in the ®lm
has a parabolic pro®le with a maximum velocity at
x � df

my � 6vf
x
2df
ÿ x

2df

� �2
 !

�32�

For this velocity pro®le it is possible to use the results
obtained for mass transfer to the surface of a reactor
plate for the case of a laminar ¯ow in a rectangular
duct [25]:

Sh � 1:85
de
L

Re Sc
� �1=3

U �33�

where
U � 1 for w� df and

Sh � ÿ Jide
Di�c0i ÿ csi �

�34�

Re � mfde
m

�35�

Sc � m
Di

�36�

de � 4df �37�
and using Equations 29, 31 and 33 the average and
local thickness �dN and dN�y�� of the Nernst di�usion
layer are given by

dN � 1:095
1

D3
i L

3

Q
w

g sin a
m

� �2
 !ÿ1=9

�38�

dN�y� � 1:644
1

D3
i y3

Q
w

g sin a
m

� �2
 !ÿ1=9

�39�

For an average and a local mass transfer coe�-
cient, kL and kL�y�, the following equations are valid:

kL � 0:913
D6

i

L3

Q
w

g sin a
m

� �2
 !1=9

�40�

kL�y� � 0:608
D6

i

y3
Q
w

g sin a
m

� �2
 !1=9

�41�

where y is calculated along the length of the plate.
Equation 39 represents an approximation of the local
Nernst di�usion layer for short plates. Thus the cal-
culation of dN is reasonable when the local value of
dN at the end of the plate dN�L� � df (see Fig. 2, in
which the thickness of the ®lm and the thickness of
the average, dN, and local Nernst di�usion layer for
y � L; dN�L�, are given as a function of the ®lm
Reynolds number). The ¯ow in the ®lm is likely to be
laminar, with no waves on the surface of the liquid
®lm [26] and for a smooth plate surface. These two
conditions are not ful®lled for real ®lm reactors and

Equations 38±41 only represent a good approxima-
tion of dN and kL for real ¯ow of a liquid ®lm over a
reactor plate covered with n-TiO2 particles.

The average ¯ux density of species `i' can be cal-
culated using the mass transfer coe�cient kL;i as

Ji � kL;i�c0i ÿ csi � �42�
Equation 42 permits the calculation of the ¯ux density
of oxygen or an organic compound to the surface of
the reactor plate covered with n-TiO2 particles. The
layer of n-TiO2 particles is porous and the oxygen or
organic compound should di�use into the TiO2 layer.
Thus Equations 38, 40 and 42, taking into account
only convective-di�usion transport to the surface of
the reactor plate, will overestimate the limiting ¯ux
densities of oxygen or the organic compound.

3. Experimental details

The main part of the plate solar reactor was formed
by a rectangular polymethylmethacrylate tray with
two troughs at either end (Fig. 3). The tray was di-
mensioned so that it could accommodate a glass plate
plate of dimensions 60 cm � 120 cm � 0.5 cm. The
whole assembly was supported by a rig with adjust-
able legs to allow adjustment of the inclination. The
plate was inclined at an angle of ten degrees to the
horizontal. Above the glass plate at a distance of
10.5 cm was an assembly of 10 ultraviolet sun bed
bulbs (Osram Eversun L40W/79K). They were posi-
tioned at even intervals (12.5 cm from centre to cen-
tre) along the length of the plate.

The glass plate was coated with a layer of semi-
conductive titanium dioxide (P25, Degussa). The
preparation of the TiO2 layer was similar to that
proposed by Bockelmann [14]. The glass plate was
degreased and treated in 20% HNO3 for six days.

Fig. 2. Dependence of thickness of the ¯owing ®lm, df; thickness
of the average, dN; and local Nernst di�usion layer for L; dN;L;, on
the ®lm Reynolds number using Equations 29, 30, 38 and 39
for m � 0:01 cm2 sÿ1, a � 10�, g � 981 cm sÿ2, Di � 2:34�
10ÿ5 cm2 sÿ1, L � 120 cm:
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Then it was placed into the container and a suspen-
sion of titanium dioxide in water (10 g TiO2 dmÿ3;
pH3) was poured onto the plate. The titanium di-
oxide was allowed to settle for six days and the water
was then removed and the reactor plate was left to
dry in air for three days. The dry titanium dioxide
layer was then baked with stepwise increased tem-
perature up to 300� 10 �C for 2 h, followed by slow
cooling for 12 h.

The polluted water was pumped from the ®fteen
litre holding tank (Fig. 4) using a 45W, 220V cen-
trifugal pump to the highest trough which was ®lled
until it over¯owed. This over¯ow produced a ®lm of
solution ¯owing over the glass plate, secured in the
tray. This solution was collected in the lower trough
and returned to the holding tank.

The ¯ux of photons at the glass plate was deter-
mined by actinometry [27]. To determine the con-
centration of oxalic acid samples of the solution were
taken and titrated with potassium permanganate
solution. Using this analytical method, the possible
intermediates (HCOH and HCOOH) are also deter-
mined and recalculated as the equivalent concentra-
tion of oxalic acid.

4. Results and discussion

4.1. Photons ¯ux at reactor plate surface

To determine the ¯ux of photons from the sunbed
bulbs, uranyl oxalate actinometer was used. This was
chosen because it degrades when exposed to light
with wavelengths of between 208 and 436 nm [27].
Uranyl oxalate was prepared by reacting hydrated
uranyl nitrate with an excess of hydrated oxalic acid
(0.05 to 0.01M ratio):

(COOH)2 � 2H2O�UO2�NO3� � 6H2O

! UO2�COO�2 � 2H� � 2NOÿ3 �43�
When this solution, in a Petri dish, was exposed to

u.v.-light, the excess oxalic acid was decomposed
according to the following reactions:

UO2�
2 � �COOH�2ÿ!

hm
UO2�

2 � CO2 � CO�H2O

�44�
UO2�

2 � �COOH�2ÿ!
hm

UO2�
2 � CO2 �HCOOH

�45�
UO2�

2 � �COOH�2ÿ!
hm

UO2H
� �H� � 2CO2 �46�

Thus, by measuring the decrease in oxalate ions for
given time intervals, it was possible to measure the
¯ux of photons. The photon ¯ux for the uranyl oxa-
late decomposition was calculated using Equation 47:

JUO2
� dc

ds

� �
Vp

Ap
�47�

In the experiment, ci � 0:047 87mol cmÿ3, Ap �
103 cm2, Vp � 60 cm3. The value of �dc=ds� represents
a slope evaluated by the least square method from a
best ®t linear average for three experiments (Fig. 5).
This slope was �2:22� 0:24�� 10ÿ4 sÿ1. Using
Equation 47 the molar ¯ux of photons used for
uranyl oxalate decomposition was calculated as
�6:197 � 0:67�� 10ÿ9 einstein cmÿ2 sÿ1.

From the literature [27] the quantum yield for a
uranyl oxalate actinometer U � 0:55 is given for
wavelengths between 240 and 440 nm. Using this
value of U the ¯ux of photons was calculated as
JUO2

=U, giving Jhm � �1:13 � 0:11� � 10ÿ8 einstein
cmÿ2 sÿ1.

4.2. Degradation of oxalic acid

At the plate reactor the experiments with an oxalic
acid solution circulated over the glass plate covered
with titanium dioxide and a blank experiment with a

Fig. 3. Schematic representation of plate solar reactor with width w
and length L. The solution enters the left trough, ¯ows over the
weir and leaves the reactor through drainage holes on the right
side. P(0,0,0) is the origin; x-axis is oriented normal to the tray
surface; y-axis is along the length (in the direction of ¯uid ¯ow);
z-axis is in the direction of the width of the plate; r.p. is the reactor
plate �w � 60 cm;L � 120 cm�; wr is the weir at the inlet of the
¯uid; T is the reactor tray; DH are the drainage holes and Tr is the
trough.

Fig. 4. Schematic representation of plate u.v.-reactor with the ¯ow
of the solution. The distance, d, between the sunbed bulbs and the
plate covered with TiO2 particles was 10:5 cm. Key: (H) holding
tank �15 dm3�, (P) pump, (V) Venturi tube, UV� 10 pcs of sunbed
bulbs, d � 10:5 cm (r.p.) reactor plate of width 60 cm and length
120 cm, �a� inclination angle 10�.
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plane glass plate were carried out. The results of these
experiments are shown in Fig. 6. When the plain glass
was used, the concentration of oxalic acid did not
change during the irradiation of the ¯owing ®lm. This
means, that the photolytic degradation of oxalic acid
by u.v.-light is negligible. The oxalic acid absorbs
light with wavelengths lower than 230 nm and the
sunbed bulbs used emit light with wavelengths 320±
400 nm. When the oxalic acid solution was circulated
over the glass plate covered with ®xed n-TiO2 parti-
cles and irradiated by u.v. light, the concentration of
oxalic acid decreased linearly with time from
c � 0:01 mol dmÿ3 to c � 0:0001 mol dmÿ3 in 9 h.

The in¯uence of the ¯ow-rate on the degradation
of oxalic acid was also investigated. From Fig. 7 and
Table 1 it follows that the degradation rate and the
photon yield increased with increase in ¯ow-rate. The
photon yield was calculated according to Equation 48

C � mhmVr

morgJhmA
dcorg
ds
� 100 �48�

mhm is the number of photons used for the degradation
of morg mole of oxalic acid according to Equation 12,
mhm � 4; morg � 2 for oxalic acid, dc=ds is the gradient
taken from Figs 7, 10±12 �mol cmÿ3 sÿ1�; Jhm is the
average photon ¯ux 1:13� 10ÿ8 einstein cmÿ2 sÿ1.

Increase in ¯ow-rate leads to increase in Reynolds
number and, of course, to the increase in the thick-
ness of the ®lm circulated over the reactor plate ac-
cording to Equation 29. The Reynolds number was
calculated from Equation 30. The dependence of the
®lm thickness on the ®lm Reynolds number is shown
in Fig. 2 for the apparatus used in this study.

4.2.1. Limiting case due to mass transfer. Calculation
of the decrease in the oxygen content and oxalic acid
content in the ¯owing part of the liquid ®lm (width
60 cm and length 10 cm) is essential for analysis of
limiting cases due to the mass transfer. To calculate
the volume of this part of the ®lm �Vf10� it is necessary
to know the thickness of the liquid ®lm. For given
¯ow rate and inclination angle, Reynolds number
(Equation 30) and the average thickness of the liquid
®lm (Equation 29) can be calculated.

Then, the average time �sf� for which each mole-
cule in the liquid ®lm is present on the plate can be
calculated. First we calculate the average velocity in

Fig. 5. Time decay of concentration of oxalic acid with UO2 cat-
alyst during actinometric measurement using a Petri dish.

Fig. 6. Dependence of concentration of oxalic acid during the ex-
periment using a plain glass plate (d) and the plate covered with
TiO2 particles �j�. Experimental conditions: w � 60 cm,
L � 120 cm, Q � 3 dmÿ3 minÿ1, initial concentration of oxalic acid
� 0:009 37mol dmÿ3, Vr � 15 dm3; 10 sunbed bulbs at a distance
10:5 cm from the reactor plate, temperature �25 � 1� �C, ¯ux of
photons 1:13� 10ÿ8 einstein cmÿ2 sÿ1:

Fig. 7. Dependence of concentration of oxalic acid during the ex-
periment using di�erent ¯ow-rate of the solution over the plate
covered with TiO2 particles. Experimental conditions: w � 60 cm,
L � 120 cm, initial concentration of oxalic acid 0.01mol dmÿ3,
Vr � 15 dm3, 10 sunbed bulbs at a distance 10.5 cm from the re-
actor plate, temperature (25 � 1� �C. Flux of photons 1:13� 10ÿ8
einstein cmÿ2 sÿ1: Flow rates, Q : �d� 2.2, �j� 3.5 and (m)
5:2 dm3 minÿ1.
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the ®lm, vf (Equation 31). The time sf can be calcu-
lated from the following equation:

sf � L
vf

�49�

The experimental oxalic acid decomposition ¯ux
densities are given in Table 1. These values are di-
vided by the area of the part of the liquid ®lm
�600 cm2� to obtain the decrease in the amount of
oxalic acid per time (Dn�COOH�2=s� in the part of the
®lm due to the photocatalytic decomposition. Mul-
tiplying by sf gives the decrease in oxalic acid during
the ¯ow of liquid ®lm on the plate covered by
TiO2�Dn�COOH�2�. Assuming that the photocatalytic
degradation of two moles of oxalic acid is connected
with the consumption of one mole of oxygen we can
also calculate the decrease in the amount of oxygen
�DnO2

�.
From the value of the initial concentration of

oxalic acid (0.01 and 0:0001 mol dmÿ3� and oxygen
�3:1� 10ÿ4 mol dmÿ3� in the solution we can calcu-
late the initial amount of oxalic acid �ni

�COOH�2� and
oxygen �ni

O2
� in the part of the ®lm �Vf10�. The cal-

culated values are for two ¯ow rates collected in
Table 2.

From Table 2 it can be seen that the decay
of oxalic acid in the liquid ®lm due to the photo-
catalytic decomposition for initial concentration

(0:01 mol dmÿ3� is 0.3% of the initial value. The sit-
uation with oxygen is di�erent and the average decay
of oxygen in the ®lm is about 9% of the initial
amount of oxygen present in the ®lm. The velocity of
the ®lm has a parabolic pro®le which means that the
time for which each molecule of oxalic acid and of
molecular oxygen in the ¯owing ®lm is present on the
reactor plate is higher near the surface. This causes
the highest depletion at the surface of TiO2 particles.

It is useful to compare the photocatalysis in the
¯owing ®lm with the theoretical photocatalysis of
the solution (the thickness and volume are equal
to the thickness and volume of the ¯owing liquid
®lm) which is present on the horizontal plate covered
by TiO2 particles. During the time for which each
molecule of oxalic acid and molecular oxygen in the
¯owing ®lm are present on the surface of the plate,
9% of the initial amount of molecular oxygen was
consumed and a hypothetic surface layer of 63 lm
thickness is totally depleted in oxygen.

The results of calculation in Table 2 clearly show
that for an initial concentration of oxalic acid
0:01 mol dmÿ3 the ¯owing liquid ®lm near the surface
of TiO2 is depleted in oxygen. The ¯ow of the liquid
®lm is laminar and the transport in the ®lm is only by
di�usion. For this case of a ®lm reactor there exists a
layer along the plate in which the concentration of
oxygen changes from zero to the bulk concentration,

Table 1. Oxidation of oxalic acid solutions at the surface of the reactor plate covered by TiO2 for di�erent ¯ow-rates. Comparison of the

experimental and theorectical decomposition rate of the oxalic acid solution

Photon yield was calculated for mhm � 4: The plate width w � 60 cm, length L � 120 cm. Vr � 15000 cm3; Jhm � 1:13� 10ÿ8 einstein

cmÿ2 sÿ1, c0O2
� 3:125 � 10ÿ7 mol cmÿ3. DO2

� 2:34� 10ÿ5 cm2 sÿ1;D�COOH�2 � 1:169� 10ÿ5 cm2 sÿ1; mH2O � 0:01 cm2 sÿ1�28; 29�; tem-

perature �22 � 1� �C.

Experiment Flow-rate

/dm3min)1
Initial conc. of

oxalic acid ´ 106

/mol cm)3

(Experiment)

Oxalic acid

decomp. ¯ux

density ´ 1010

/mol cm)2 s)1

(Theory) Oxalic

acid decomp.

¯ux density ´ 1010

/mol cm)2 s)1

(Experiment)

Flux density of

oxygen ´ 1010

/mol cm)2 s)1

Theoretical limit

¯ux density

of oxygen ´ 1010

/mol cm)2 s)1

(Experiment)

Photon yield

/%

1 2.2 9.728 4.775 7.810 2.387 3.905 8.45

2 3.5 9.909 5.729 8.220 2.864 4.110 10.4

3 5.2 10.14 6.898 8.592 3.449 4.296 12.2

4 5.2 10.1 5.692 8.592 2.846 4.296 10.1

5 5.2 4.782 6.679 8.592 3.339 4.296 11.8

6 5.2 2.449 6.925 8.592 3.462 4.296 12.3

7* 5.2 10.43 11.629 12.88 5.814 6.444  20.6

8* 5.2 4.742 10.543 12.88 5.272 6.444  18.7

9* 5.2 2.525 9.575 12.88 4.788 6.444  16.9

*Holding tank bubbled with oxygen.
 Calculated for oxygen concentration 4:69� 10ÿ7 mol cmÿ3:

Table 2. Calculation of decrease in oxygen content and oxalic acid content in the ¯owing part of the liquid ®lm (width 60 cm and length 10 cm)

Exp. Q/cm3

min)1
ci(COOH)2

/mol dm)3
Ref df

/mm

Vf10

/cm3
vf
/m s)1

sf
/s

Dn(COOH)2

/mol

D no2
/mol

ni(COOH)2

/mol

nio2
/mol

Cons. 

oxalic

acid/%

Cons. 

oxygen

/%

3 5200 0.01 144 0.63 37.8 0.229 5.23 2.165 ´ 10)6 1.08 ´ 10)6 3.78 ´ 10)4 11.7 ´ 10)6 0.3 9.2

1 2200 0.01 61 0.47 28.2 0.130 9.23 2.64 ´ 10)6 1.32 ´ 10)6 2.8 ´ 10)4 8.74 ´ 10)6 0.9 15.1

± 2200 0.0001 61 0.47 28.2 0.130 9.23 1.28 ´ 10)7 0.55 ´ 10)7 2.8 ´ 10)6 8.74 ´ 10)6 4.6 0.6

 consumed oxygen or oxalic acid.
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the Nernst di�usion layer. The thickness of this layer
increases with the distance from the leading edge of
the reactor plate. The thickness of the Nernst di�u-
sion layer along the plate can be calculated from
Equation 39; for a ¯ow rate 5:2 dm3 minÿ1

�df � 630 lm� this is shown in Fig. 8. Therefore, there
exists a di�usion ¯ow of oxygen to the surface of
TiO2 particles which determines the rate of decom-
position.

Not every molecule of oxygen which arrives by
di�usion at the TiO2 surface actually undergoes a
reaction with trapped electrons and therefore the
concentration of oxygen on the surface of TiO2

cannot be zero. The reality that molecular oxygen,
which is transported by di�usion to the surface, is
immediately reduced, can be explained by the fact
that electrons formed by absorption of u.v. light are,
unlike the holes, accumulated on the surface of TiO2

in the form of Ti3�. A higher number of trapped
electrons located on the surface of small particles can
lead to an increase of their negative redox potential
E�Ti4�=Ti3��. The di�erence in redox potentials of
trapped electrons E �Ti4�=Ti3�� and oxygen
E �O2=O

2ÿ� therefore increases and accelerates the
reduction of molecular oxygen. Another reason is due
to oxalic acid forming surface complexes on TiO2

which cause a change in the energy of the trapped
electrons. They have a higher negative redox poten-
tial and the rate of their reaction with molecular
oxygen can increase by several orders of magnitude.

Table 2 shows that for lower initial oxalic acid
concentration �0:0001 mol dmÿ3� the decay of oxalic
acid in the liquid ®lm due to the photocatalytic de-
composition is 4.6% and the decay of oxygen is
0.6%. This means that the liquid ®lm near the surface
of TiO2 is depleted in oxalic acid and the di�usion
¯ow of oxalic acid to the surface of TiO2 particles
determines the rate of oxalic acid decomposition.

Limiting case due to the oxygen di�usion
The theoretical limiting ¯ux for dissolved oxygen was
calculated from Equations 40 and 42 and is given in
Table 1. The theoretical limiting ¯ux for oxalic acid
was calculated from Equations 40 and 42 and, in all
cases, it was from ®ve to 40 times higher in com-
parison with experimentally found ¯uxes of oxalic
acid. This means that for these conditions (concen-

tration of oxalic acid, intensity of the u.v. light) the
di�usion of oxalic acid is not the rate determining
step.

Experimental oxalic acid decomposition ¯ux den-
sity was calculated from the decrease in oxalic acid
concentration during photocatalytic degradation.
(Equation 14, Table 1.) The experimental oxygen ¯ux
density was calculated assuming the fact that the
photocatalytic degradation of two moles of oxalic
acid is connected with consumption of one mole of
oxygen (Equation 16, Table 1). The theoretical oxalic
acid decomposition ¯ux density was calculated from
the theoretical limiting ¯ux density of oxygen
(Equation 16, Table 1).

The e�ect of the initial concentration of oxalic acid
on the degradation rate of oxalic acid was also in-
vestigated. That was carried out in experiments 4±6
with free access of oxygen only from the air and in
experiments 9±11 with bubbling of pure oxygen into
the solution in the trough and the holding tank. Both
cases were measured for initial concentrations of
0.01, 0.005 and 0.0025M of oxalic acid. From Figs 9
and 10 and Table 1 it follows that the degradation
rate of oxalic acid and the photon yield are nearly
constant for all three initial concentrations and do
not depend on the concentration of oxalic acid.

In Fig. 11 the comparison of the experiments with
and without bubbling of oxygen is given. From this
Figure and Table 1 it follows that the degradation
rate and the photon yield are higher for experiments
where oxygen was bubbled into the solution. In such
experiments the starting concentration of oxygen was
higher than the equilibrium oxygen concentration in

Fig. 8. Thickness of the local Nernst di�usion layer along the
length L; dN�y� using Equation 39 for m � 0:01 cm2 sÿ1, a � 10�,
g � 981 cm sÿ2, Di � 2:34� 10ÿ5 cm2 sÿ1, Q � 5:2 dm3 minÿ1.

Fig. 9. Concentration of oxalic acid in holding tank against time.
Solution in the holding tank was not bubbled with oxygen.
Q � 5:2 dm3minÿ1, Vr � 15 dm3, 10 sunbed bulbs at a distance
10:5 cm from the reactor plate, temperature �23 � 1� �C. Flux of
photons 1:13� 10ÿ8 einstein cmÿ2 sÿ1. C� (initial): �d� 0.0101,
�j� 0:004 782 and (m) 0:002 449 M:
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water in contact with air �3:1� 10ÿ7 mol cmÿ3�.
From [11, 30] it is known that in the presence of
suitable electron and hole scavengers the recombi-
nation is prevented and a subsequent redox reaction
may occur. The authors of [30] established that in
experiments with photocatalytic degradation of cya-
nides, in which oxygen was bubbled through the so-
lution, the cyanide depletion occurred about four
times faster than in the air bubbled system, because a
higher concentration of the electron scavenger (oxy-
gen) was present for the ®rst case.

From thermodynamic calculations it follows that
the equilibrium oxygen concentration in dilute
aqueous solution in contact with pure oxygen is
about 1:5� 10ÿ6 mol cmÿ3�22 �C�. For experiments
with bubbling of oxygen the oxygen concentration
was estimated as 4:69� 10ÿ7 mol cmÿ3.

4.2.2. E�ect of adsorption of oxygen and oxalic acid on
TiO2 surface. Adsorption of reactants can play an
important role in the mechanism of photocatalytic
degradation of many organic compounds. Initially,
the reactant molecules in solution are transferred
to the photocatalyst surface and chemically ad-
sorbed; the redox reaction then takes place under
irradiation. This process is complex. Under given
condition if the rate of oxalic acid decomposition
reaction �rredox� is much greater than the rate of re-
actant di�usion �rD� the reaction will be di�usion-
controlled; on the other hand if rredox is much less
than rD the reaction can be described by the following
Langmuir equation:

ÿ dcorg
dt
� kH�OHá�n �50�

H � (org)ads
S0

� corg
k � corg

�51�

The Langmuir adsorption isotherm (Equation 50)
has been used by many authors to describe the de-
pendence of the degradation rate on the concentra-
tion of reactants for various systems but mostly
without comparison with a real adsorption isotherm
at the same condition. In contrast, Cunningham and
Ghassam Al-Sayyed [31] studied adsorption, as well
as photocatalytic decomposition, of a derivative of
benzoic acid on TiO2 and concluded that there is no
direct connection between the concentration depen-
dence of the photodegradation rate and the adsorp-
tion isotherm. This means that the kinetic scheme
(Equations 50 and 51) does not include all aspects of
the photocatalysis mechanism, even if the depen-
dence of the photodegradation rate on the concen-
tration in the solution formally ful®ls the adsorption
isotherm.

From Fig. 11 and from Table 1 it follows that the
degradation rate of oxalic acid depends on the con-
centration of oxygen in the solution and its possible
adsorption on the TiO2 surface can be neglected.

4.2.3. Limiting case due to the di�usion of organic
compound. The case when the di�usion of the organic
compound is limiting is partly shown in Figs 9±11.
For the concentration of oxalic acid lower than ap-
proximately 0:0003 mol dmÿ3 the decrease in con-
centration of oxalic acid is slower, the time
dependence is exponential and can be described by
Equation 28.

The dependence of the logarithm of oxalic acid on
time for a very low concentration of oxalic acid,
0:0001 mol dmÿ3, is given in Fig. 12. The other con-
ditions were the same as for experiment 1. The time
dependence of oxalic acid concentration in Fig. 12

Fig. 10. Concentration of oxalic acid in holding tank against time.
Solution in the holding tank was bubbled with pure oxygen. Ex-
perimental conditions are the same as in Fig. 9. C� (initial): (m)
0:0104; �j� 0:004 742 and �d� 0:002 525 M. Q � 5:2 dm3 minÿ1.

Fig. 11. Comparison of the degradation rate of oxalic acid for
experiments with �j; 0:0104 M) and without �d; 0:0101 M) oxygen
bubbling into the solution. Experimental conditions are the same as
in Fig. 9. Q � 5:2 dm3 minÿ1.
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may be described by Equation 28. The slope of the
curve is 7:99� 10ÿ5 sÿ1 and the theoretical value of
the slope �A Dorg�=�VrdN;org�, calculated using Equa-
tion 28, is 16:7� 10ÿ5 sÿ1.

From Table 1, it follows, for experiment 1, that to
reach agreement between the experimental and the-
oretical value of the limiting ¯ux of oxygen, the dif-
fusion of oxygen into the porous layer of n-TiO2

should be accounted for. By approximately doubling
the thickness of the Nernst di�usion layer in experi-
ment 1, the theoretical ¯ux density of oxygen is equal
to the experimentally found limiting ¯ux density of
oxygen ��10%�. Also by doubling the theoretically
calculated Nernst di�usion layer for the oxalic acid
(which means, that the di�usion of oxalic acid into
the porous layer of n-TiO2 is accounted for), the
theoretical slope is only 0:5� 1:668� 10ÿ4 sÿ1, which
is very close to the experimental slope of 7:99�
10ÿ5 sÿ1.

The presented experiments con®rmed the theory of
limiting cases due to the di�usion of organic com-
pound and oxygen to the surface of TiO2 particles for
the case where the intensity of u.v. light is constant.
Further experiments will be performed to con®rm the
proposed existence of a limiting case due to the light
intensity and this will appear in Part II of this paper.

5. Conclusion

Experiments with a model compound, oxalic acid,
con®rmed the existence of two limiting cases due to
the di�usion of oxygen or di�usion of oxalic acid for
a photochemical reactor in batch mode. The agree-
ment between theory and experiment was 60±80%.
Using additional assumptions about the di�usion of
either organic compounds or oxygen into the porous
n-TiO2 layer and for higher ¯ow rates also assuming
the in¯uence of waves on the surface of the moving

liquid ®lm on the oxygen transfer to the surface of
n-TiO2 layer, a better agreement between the theory
and experiment is expected.
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Fig. 12. Logarithm of the concentration of oxalic acid in holding
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