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Abstract 

The photodegradation of 2,4-dichlorophenoxyacetic acid using illuminated titania particles was studied in buffered water solutions at pH 
9.2. A simplified phenomenological model which enables comparison of activity of suspended and supported photocatalyst on the basis of 
utilisation of light is proposed. The model shows saturation of photodegradation rate with increase of amount of photocatalyst on support or 
in suspension. The features of the model were verified by studies of the photocatalytic activity of TiO2 suspended and supported on fiat glass 
plate and on floating particles. © 1998 Elsevier Science S.A. 
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I. Introduct ion 

Illuminated TiO2 is a powerful oxidiser due to the forma- 
tion of holes in the valence band by photoexcitation. The 
level of the TiO2 valence band is approximately 3 V below 
the hydrogen equilibrium, which makes it possible to oxidise 
nearly any organic impurity in water. Halogenated hydrocar- 
bons are among most widely spread toxic impurities in water. 
They are used in agriculture as pesticides; they are readily 
formed in oxidative disinfection processes; and they are ubiq- 
uitous in industrial wastes. It was shown that haloaromatic 
compounds, such as 2,4,5-trichlorophenoxyacetic acid and 
2,4,5-trichiorophenol, as well as chlorinated hydrocarbons, 
can be decomposed and even mineralised by illuminated 
titania [ 1-6]. 

For water purification, TiO2 photocatalyst can be used as 
a suspension or on a support. In the latter case, it is used as a 
coating on illuminated buoyant glass beads [ 7,8], glass fibre 
cloth [9], and walls of the vessels of various shapes [ 10,11 ], 
including tube and falling film photoreactors. A common 
basis for comparison of the activity of supported and sus- 
pended TiO2 is required. Generally, activity of different cat- 
alysts is compared by relating the oxidation rate per unit 
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weight of the active photocatalyst. Degussa P-25 TiO2 is often 
used as a standard for comparison. However, such approaches 
cannot straightforwardly be used for comparing different 
forms of catalysts, such as suspended and supported TiO2. 
For systems based on artificial light sources, electric power 
expenses for light generation are substantially higher than the 
price of the catalyst [ 11 ]. Similarly, for solar systems reactor 
area considerations are more important than the titania costs. 
This implies that comparison of catalysts can be done on the 
basis of utilisation of light, rather than on TiO2 loading. 
Though there are advanced theoretical treatments on the 
activity of single nanometer size titania particle in the pho- 
tocatalytic systems [12-14], the tool for evaluation of the 
activity of ensemble of particles in suspension or supported 
titania films in terms of light efficiency still have to be devel- 
oped. The main obstacle in this field, in our opinion, is the 
elaboration of light intensity distribution function inside the 
reactor. Though, the evaluation of light distribution function 
in systems involving light scattering is rather complex [ 15- 
18], there were several attempts to take into account light 
scattering in reactor design [ 19]. 

In the present work an attempt is made to elaborate a simple 
phenomenological approach for studies of photocatalytical 
activity of suspended and supported photocatalysts on the 
basis of light utilisation. Light scattering by the photocatalyst 
particles is neglected. The supported catalyst composed of 
nanoparticles and aggregates of nanoparticles is treated as a 
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porous, but optically homogeneous body. Particles of titania 
are characterised by light absorption coefficient ct or by pho- 
ton capture cross-section o-. All particles on support or in 
suspension are considered to be easily accessible by target 
compound dissolved in solution, i.e., internal and external 
diffusion limitations are assumed to be negligible. On this 
basis, the dependence of photocatalytic oxidation rate on 
thickness of supported titania layer is compared to the 
dependence of photocatalytic activity of suspended titania on 
its concentration. 

The theoretical approach was supported by activity eval- 
uation of titania using the photocatalytical oxidation of 2,4- 
dichlorophenoxyacetic acid (2,4-D), a widely used 
herbicide. Dependence of the photocatalytic activity of titania 
on its concentration was measured with titania P-25 produced 
by Degussa and titania supplied by Aldrich. Size of aggre- 
gates formed in suspensions was determined and compared 
with parameters of the photocatalytic process. The activity of 
titania P-25 supported on flat glass and on buoyant particles 
was determined and compared to the activity of suspended 
titania. 

2. Experimental details 

Photocatalytic experiments were carried out by irradiation 
of open cylindrical vials, containing 50-100 ml of aerated 
and stirred, buffered aqueous solution of 2,4-D and appro- 
priate amount of photocatalyst. Irradiation was carried out 
with 300 W Oriel ozone free Xe lamp. The lamp was equipped 
with a dichroic mirror producing light beam of 280-400 nm 
wavelength band. An additional glass filter absorbed the light 
of wavelength shorter than 300 nm. Unless otherwise stated, 
intensity of light hitting the surface of solution was adjusted 
to 60 mW* cm -2 by a light intensity monitor (Ophir ther- 
mopile, Nova). The vial containing the test solution was 
maintained at constant temperature by a water jacket and a 
thermostat. Experiments were conducted at constant temper- 
ature, 25°C. Blank experiments, without photocatalyst, were 
carried out to ensure lack of direct photolysis of the target 
compound. Concentration changes of 2,4-D were determined 
by monitoring the 2,4-D light absorption peak at 283 nm by 
a Varian Cary lE UV-vis spectrophotometer. For analysis of 
total organic carbon (TOC) and concentration of C1- ions 
the irradiation experiments were terminated after appropriate 
time intervals and the sample was taken for analysis. So, each 
data point represents a separate experiment. TOC measure- 
ments were performed using Dohrmann DC-80 automated 
laboratory total organic carbon analyser. Initial solution was 
used as a standard. Concentration of C1- was determined by 
titration of acidified solution by 0.01 N AgNO3, using 
Metrohm 673 Titroprocessor combined with a silver elec- 
trode No 6.0404.100. Particle size distribution in suspension 
was determined by a Malvern Autoisizer 2c, (UK),  based on 
scattering of 632 nm He-Ne laser beam. Diffuse reflectance 

spectroscopy measurements of supported TiO2 were per- 
formed using Varian Cary 1E spectrophotometer equipped 
with a diffuse reflectance accessory. 

2,4-dichlorophenoxyacetic acid was supplied by Applied 
Science Lab. Titania P-25 Degussa was donated by Degussa. 
Point of zero charge of titania P-25 suspension was reported 
to be at pH 6.3 [20]. At higher pH values titania particles are 
negatively charged. Solutions were buffered at pH 9.2 using 
0.01 N Na2B407 to ensure low adsorption of 2,4-D anions by 
the negatively charged titania particles. TiO2 suspensions 
were prepared by sonication for 5 rain. Sample solutions 
containing TiO2 suspension were centrifuged before analysis 
to minimise turbidity interference. TiO2 P-25 consists of pri- 
mary particles of 30 nm average diameter [ 21,22]. Aldrich 
titania particles were characterised by a broad distribution of 
particle size in the range 10-50 nm. Primary particles of 
titania form aggregates of diameter approximately 0.3~).5 
micrometer [ 21 ]. 

TiO2 coating on glass plates was performed by repeated 
sol-gel dip-coating on glass plates, which were degreased in 
methanol. Organically modified silica (Ormosil) was used 
as hydrophobic binder. Coating solution contained 20 ml of 
methanol, 0.2 g of TiO2 P-25, and appropriate amount of 
methyltrimethoxysilane (MTMOS), which was set to 
achieve the desired TiOJOrmosi i  weight ratio. 3-fold excess 
of water for hydrolysis of MTMOS was added as 1 N HC1. 
Solutions were allowed to hydrolyse for 3 h before coating 
was performed. 

The buoyant particles coated with titania P-25 were pre- 
pared by coating exfoliated graphite (EG) particles in meth- 
anol solution containing MTMOS and titania P-25 
suspension, as described elsewhere [ 23 ]. Exfoliated graphite 
was purchased from NIIGRAFIT, Moscow (Russia). It is 
characterised by a bulk density of approximately 20 g* 1 ~, 
BET surface area of 20 m 2 .  g ~ and 10-15% closed pores 
by volume. Particles were irregular by shape, mostly in the 
form of twisted cylinders. The average size of the particles 
was ca. 0.5 mm. The overall composition of particles of 
photocatalyst was EG:Ormosil:titania = 1:1:1 (by weight). 1 
g of floating particles covered approximately 60 c m  2 of water 
surface. 

3. Theoretical approach 

The photocatalytic oxidation of organic species on titania 
photocatalyst is a complicated process, which depends on the 
concentration of reacting species, namely: the organic species 
and dissolved oxygen in solution, amount of titania and its 
activity, and the light flux distribution in the reaction vessel. 
The following description of the processes occurring at a 
single illuminated TiOe particle is based on the scheme given 
by Gerischer and Heller [ 12] and Gerischer [ 13,14]. 

Firstly, we shall consider photodegradation by a layer of 
photocatalyst on a flat support in water solution containing 
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the reactants: oxygen and target organic compound. A layer 
of thickness, h, of  titania nanoparticles is placed on a fiat 
horizontal surface of area, S, in a vial illuminated from the 
top parallel to the z-axis. Axes x, y are in layer plane. The 
light propagation inside the porous layer is treated as a prop- 
agation in a uniform layer. This means that scattering of light 
by the nanometer scale pores is neglected. Light is assumed 
to be monochromatic with wavelength A. Light beam irradi- 
ates the sample with uniform light intensity Io. The pores 
occupy ( 1 - 0) << 1 fraction of the layer volume. We assume 
that the porous layer is fully wetted by the solution and all 
particles are equally accessible by the target compounds. Illu- 
mination of titania particle results in the formation of pho- 
toexcited electrons in conduction band and holes in the 
valence band. Photoexcited charge carriers reaching the par- 
ticle surface react with the appropriate species in solution. 
Surface reaction of holes with target compound AHe with 
rate constant starts the oxidation chain: 

AH 2 +[p.~]---~AH* + H + . (1) 

Photoexcited electrons are scavenged by dissolved oxygen. 
Absorption of light by a spherical nanometer size TiO2 
particle of  diameter d, surface area s = 7rd 2 and volume v =  
( I / 6 )  7rd 3 is equal to [ 13 ] : 

( 1-R)(O.257rdZ)l[1-exp(-ayd)] 

=0.25y(1-R)~d3 ~l, 

(2) 

where a is the light absorption coefficient of  titania for the 
irradiation wavelength, 3' < 1 is a correction factor for particle 
shape, and the term ( 1 - R )  accounts for all reflections by 
the photocatalytic particle. In further treatments reflection of 
light is neglected, i.e., R = 0. Recombination of excited elec- 
tron-hole pairs is often a dominant consumption path of  pho- 
toexcited holes. Thus, under such conditions the surface 
concentration of holes is proportional to the square root of 
light intensity, see Eq. (18b) in [ 13]: 

[ p ~ l = k ~ - ~  (3) 

The oxidation rate of  AH2 at a single illuminated TiO2 particle 
in solution is given by: 

r = k ox [A H z].~ [ps]s = k ox [AH 2 ]~ sk~/(cd), (4) 

where kox is the heterogeneous oxidation rate constant. Tak- 
ing into account, that number of particles per unit of  volume 
of layer is O/v, the total reaction rate, w can be determined by 
integrating Eq. (4) over layer volume hS. Assuming, that 
concentration of AH2 at the particle surface is equal to the 
volume concentration of dissolved AH2 (i.e., [AH2]~= 
[AH2] ), then the change of concentration of AHz inside the 
vessel volume V with irradiation time t, is given by: 

Vd[AHz]/dt=w 
v 

=(kox[Anel s(O/ ,) fff dxdydz 
0 

h 

= K[ AH elSOv/-aa ~ ~l dz (5)  
o 

where K = koxk(s/v). Since the light intensity I is assumed to 
be independent of  x, y, the integration over these coordinates 
is simply given by multiplication of the integrand by S, the 
vial cross-section area. 

The quantity K contains the main photocatalytic parame- 
ters of  the primary titania particle, which are independent of  
whether it is in suspension or on support. Due to light absorp- 
tion in the porous TiO2 layer, the light intensity changes with 
the depth z as: 

l= l o exp(-ozOz ), (6) 

where lo is the light intensity hitting the top of the titania 
layer. Integration of Eq. (5) over the thickness of  the TiO2 
layer using the light intensity distribution of Eq. (6) gives: 

Vd{ln[AH2]}/dt=2KSaf~o/~){l-exp(-O.5ceOh)} (7) 

Eq. (7) indicates, that the photocatalytic activity reaches 
saturation as the layer thickness increased. The slope of 
dependence of ln[AH2] on irradiation time t, measured at 
0.5 aOh << 1, using the approximation { 1 - e x p (  - 0 . 5  aOh) } 
-= 0.5 ~Oh, can be used for determination of the value of the 
product 0/~/a 

The photocatalytic activity of suspension of photocatalyst 
can be derived by the same way. Assuming, that the titania 
aggregates are cubic of uniform size, and small enough not 
to cast shade on neighbouring aggregates due to diffraction 
of light [24] (D<A, D<<L where L is average distance 
between neighbouring aggregates, D is the aggregate size, 
and A is the irradiation wavelength),  one can obtain the light 
intensity distribution function over a vial filled with sus- 
pended titania. For simplicity, each aggregate can be treated 
as a separate cubic section of titania layer of thickness D and 
cross-section area D 2. Thus, the activity of a single aggregate 
can be described using the equations derived for titania layer, 
Eqs. ( 5 ) - (  7 ). The aggregate can be characterised by photon 
capture cross-section o-. Decay of light intensity d / in  a solu- 
tion layer of  thickness dz is proportional to the concentration 
of aggregates n: 

-dl=lno'dz  (8) 

Integration of Eq. (8)  over the vial depth gives: 

l=loexp(-no'z) (9) 

The photon capture cross-section can be taken as: 

O'= D 2( 1 - exp ( -  c~0D)) (10) 

where D e is the cross-section area of aggregate, 0 is the 
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fraction of aggregate volume occupied by titania, and the 
term in brackets takes into account the penetration of light 
through aggregate. According to Eq. (7),  each aggregate 
destroys AH2 with the rate of: 

w=2KD2[AH2]  ~ {  1 -  e x p ( -  0.5ol0D)} ( 11 ) 

where D 2 is the cross-section area of aggregate and I is the 
light intensity hitting the aggregate. Integration of Eq. ( 11 ) 
over a vial, characterised by cross-section area S, solution 
height H, and volume V= SH, with light intensity distribution 
function of Eq. (9) and photon capture cross-section of Eq. 
(10) gives: 

V d{ln[AH 2]}/dt=4KS~/( lo/ce) 

X{ ! - e x p ( -  0.5riD 2( 1-exp(-aOD))H)} (12) 

The general form of Eq. (12) indicates, that the process of 
photodegradation by suspension of particles can be repre- 
sented as pseudo-heterogeneous chemical process character- 
ised by pseudo-reaction surface-cross-section area of the 
illuminated vial, S and pseudo-heterogeneous reaction rate 
constant Kv~, with photon flux Io participating as a reactant: 

V d{ In[ AH 2] }/dt= Kp~SV/-~o (13) 

The pseudo-heterogeneous rate constant, Kp~ depends on the 
amount and optical properties of light absorbing particles, as 
well as on parameters characterising the chemical processes. 
It is worth mentioning, that for low value of (no-H) << 1, K 
depends linearly on the amount of photocatalyst, n, but it 
reaches saturation at high values of (ncrH). Two limiting 
forms ofEq. (12) can be considered. 

The first case arises, when suspension is composed only of 
nanoparticles of TiO> ( 0 = 1 ) or small aggregates, with the 
particle size much smaller than light penetration depth (0.5 
ad<< I ). In this case Eq. (12) transforms into: 

V d{ln[AH2]}/dt=4KS~(lo/a) 

X{ 1-exp( -0 .5nd3a0H)}  (14) 

In a second limiting case, formation of aggregates of large 
size (0.5 aD>> 1) is envisaged. Light does not penetrate 
through aggregate. In this case Eq. (12) is transformed into: 

V d{ln [AH el }/dt= 4KSV~(Io/oO 

X{ 1-exp( -0 .5nD2H)}  (15) 

It is worth mentioning, that because of the strong dependence 
of light absorption coefficient on the photoexcitation wave- 
length, the reaction rate can follow Eq. (14) for long wave- 
length irradiation and Eq. (15) at irradiation at shorter 
wavelengths. 

The structures of Eq. (7), Eqs. (14) and (15) are quite 
similar. In all cases degradation rate follows the light absorp- 
tion by photocatalyst: the degradation rate increases with the 
increase of amount of T i O  2 at low loading, and reaches sat- 
uration at high loading, when practically all light is absorbed. 

It is important, that the pseudo-heterogeneous rate constant 
of photodegradation does not depend explicitly on the total 

surface of photocatalyst particles (Eq. (7), Eqs. (14) and 
(15)) .  Eqs. (14) and (15) indicate, that amount of TiO2 
particles in suspension influence the degradation rate as a 
function of the product of solution height and T i O  2 c o n c e n -  

t ra t ion,  which is proportional to titania loading per unit of 
illuminated area. It indicates, that comparison of degradation 
rate observed with photocatalysts of different forms (sus- 
pended and supported) can be based on TiO2 loading per unit 
of illuminated surface area, for both, suspended and sup- 
ported, photocatalysts. Expressions (14) and (15) indicate 
that saturation value of degradation rate with suspension at a 
given light intensity is independent of aggregation of primary 
particles. Another important feature of comparison of Eq. 
(7), Eqs. (14) and (15) at high TiO2 loading is the exactly 
twice higher degradation rate with suspended photocatalyst 
compared to the degradation with supported TiO2 film of the 
same apparent area S, though the suspension was treataed as 
a fractured layer. This paradox is caused by the nonlinear 
dependence of oxidation rate on light intensity (Eqs. ( 3 ) and 
(4)) ,  and it vanishes, when surface concentration of holes is 
proportional to the light intensity. For square root depend- 
ence, the higher the light intensity, the lower is the efficiency 
of light utilization by photocatalyst. To attain the highest 
efficiency of light utilization the given amount of photons 
should be spread over the largest possible area of TiO2, so 
that each particle of TiO2 works at the lowest possible light 
intensity. In the case of suspension, where particles are far 
enough from each other to enable redistribution and averag- 
ing by light diffraction, the effective light intensity is smaller 
than in the case of a densely packed layer. The following 
simple model can illustrate this effect. A cylinder of cross- 
section area S is filled with solution of target compound. 
Multiple horizontal layers of photocatalyst on flat support are 
located perpendicular to the incident light beam. Each layer 
consists of micrometer size squares of photocatalyst covering 
0.5 S. In each layer photocatalyst sites and holes are located 
in a chess like manner. Each brick of the photocatalyst is thick 
enough to absorb all light falling on it. The layers are distant 
enough to make illumination of each layer homogeneous by 
light diffraction. The degradation rate, ascribed to uniform 
layer of photocatalyst of area S illuminated with total light 
flux, F, is W. In our model, the upper layer, which is char- 
acterised by an apparent area 0.5 S, absorbs half of the total 
light flux F, and destroys AH2 with rate 0.5 W. A second 
layer, illuminated with homogeneous light flux 0.5 F absorbs 
half of it and degrades AH2 with a rate of 0.5~/0.5 W= 0.354 
W. Accordingly, the third, fourth, fifth and sixth layers 
destroy AH2 with degradation rates of 0.25 W, 0.177 W, 0.125 
W, and 0.088 W, respectively. Summing up degradation rate 
over infinite number of layers gives 1.707 W. If each layer 
absorbs only small fraction of light flux, yF ( y ~  0), the sum 
over infinite number of layers gives 2 W. On the other hand, 
if layers are close enough to cast a shadow onto the layer 
located below, the photocatalyst squares are illuminated at 
full light intensity or they are located in shadows. In this case, 
the sum efficiency is equal to 1 W. 
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The square root and linear dependencies of  photodegra- 
dation rate with photocatalysts on light flux are extreme cases 
of dependence of  surface concentration of  holes on irradiation 
intensity [ 12-14]. For intermediate cases o n e  c a n  expect that 
the difference between the rates observed with suspended and  

supported photocatalyst of  infinite loading of photocatalyst 
would be between 1 and 2, assuming absence of diffusion 
limitations. 

4.  R e s u l t s  a n d  d i s c u s s i o n  

Fig. 1 presents concentration changes during the photo- 
catalytic oxidation of  2,4-D by P-25 suspension. The photo- 
catalytic oxidation is a multistage process. The decay of UV 
absorption peak indicates the disappearance of the initial 
compound. This process, under conditions of Fig. 1, is char- 
acterised by a half-life period of approximately 20 min. The 
half time period of  C I -  release is approximately 110 rain. 
The half-life period measured for TOC removal is approxi- 
mately 13 h, which is about 40 times longer than the half life 
of  2,4-D. Taking into account, that for full mineralization of 
a 2,4-D molecule 32 holes are required, while one hole is 
sufficient for elimination of  a 2,4-D molecule, o n e  can  con- 
clude that the first step in photodegradation of 2,4-D proceeds 
at the average rate of  the degradation of the 2,4-D oxidation 
by-products (i.e., TOC removal). A mechanism for the pho- 
todegradation of 2,4-D by illuminated TiO2, at pH 4 was 
proposed by Pichat et al. [25 ]. The initial reaction of pho- 
todegradation of 2,4-D at pH -- 4 is the decarboxylation: 

R-OCH 2 -COO-  + p + ~ R-OCH* + CO 2 (16) 

However, in our experiments, which were conducted at pH 
9.2, the TOC of the solution was almost constant during the 
first 100 min of illumination. It implies that Eq. (16) is n o t  

the dominant reaction in the initial stage of 2,4-D degradation. 
The hydroxylation and chloride removal reactions, which are 
n o t  accompanied by TOC reduction, are, probably, compet- 
ing reactions. 

Fig. 2 shows changes of  the concentration of  2,4-D moni- 
tored by reduction of  the UV absorption peak during irradi- 
ation of solutions containing P-25 and Aldrich TiO2. The 
slope of degradation curve was used for the determination of  
the pseudoheterogeneous degradation rate constant at a given 
light intensity: 

K'p~=(V/S) d(lnC)/dt (17) 

where, V and  S are the solution volume and vial cross-section 
area respectively, C stands for concentration of  2,4-D in solu- 
tion. The square root of  light intensity, which was kept 
constant and light absorption coefficient, a are included in a 

K t combined rate constant p~. 
Fig. 3 shows the dependence of diffuse reflectance of 

titania coated (P-25:Ormosi l=6)  glass slide on the light 
wavelength. The overall loading was 1.1 mg c m - z  The dif- 
fuse reflectance coefficient falls sharply with the onset of 
fundamental absorption from a value of 95% at A = 410 to 
4% at A = 300 rim. The low value of  light reflection coefficient 
(17%) at A = 3 5 0  nm confirm, that light scattering by TiO2 
particle can be neglected in our experimental conditions. 

Fig. 4 shows the dependence of 2,4-D pseudo-heteroge- 
neous degradation rate constant on loading of  P-25 or Aldrich 

K i T i O  2 in suspension. The p~ was determined according to 
Eq. (17).  The dependence reaches saturation in agreement 
with Eq. (12).  The saturation value o f  Kps 1 for P-25 is 2.5 
times larger than for Aldrich T i Q .  Similar difference in activ- 
ity of P-25 and Aldrich TiO2 was observed by others, as well 
[ 26 ]. The saturation of degradation rate with increase of TiO2 
concentration was observed by many researchers, e.g., 
[27,28], however detailed comparison of curves is not pos- 
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Fig. 1. Relative changes of concentration of 2,4-D, C1 ions and TOC during irradiation of 100 m] of 50 ppm 2,4-D in presence of 4 mg P-25 suspension. 
Irradiation intensity 60 roW* cm 2 vial cross-section area 18 cm 2. 
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Fig. 2. Dependence of logarithm of concentration of 2,4-D on time of irradiation with light intensity 60 roW* cm 2 in presence of 4 mg TiO=, suspensions, vial 
cross-section area 18 cm 2. Curve '1 '-P-25 TiO2, solution volume 100 ml; curve '2'. Aldrich TiO2, solution volume 60 ml. 
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Fig. 3. Diffuse reflectivity-light wavelength dependence of titania coated glass slide (composition P-25:Ormosil = 6). 

sible, as solution height was not reported. The decrease of  
quantum yield with increase of light excitation wavelength 
was observed by Valladares and Bolton [27].  It was ascribed 
to the participation of hot charge carriers in photodegradation 
processes. However, this phenomenon can be accounted for 
by considering the decrease of light absorption coefficient 
and partial escape of light from the reaction vial at long 
wavelengths. The photocatalytic activity of  thin films (50-  
100 nm) of titania was reported to increase with the decrease 
of excitation light wavelength [29].  This is in agreement 
with the increase of  light absorption coefficient for shorter 
wavelengths. 

Fig. 5 shows the dependence of  the pseudo-heterogeneous 
rate constant, defined by Eq. (17),  of  2,4-D photodegradation 
with P-25 suspension on light intensity. The slope, 
0.55 ___ 10% in ln-ln coordinates indicates square root depend- 

ence of degradation rate on light intensity. The square root 
dependence of  photodegradation rate on light intensity was 
observed in many works [30-33 ], however, linear depend- 
ence on light intensity is also often reported [ 34,35 ]. 

The experimental results of Fig. 4 were used to determine 
the effective value of  photon capture cross-section by fitting 
results of  Fig. 4 to Eq. (18),  which is a general form of 
Eq. (7),  Eqs. (14) and ( 15): 

Klp~=K*(1-exp(-BG)) (18) 

where G is the loading of  titania in mg per cm 2 of vial cross- 
section area, K* is the degradation rate coefficient at infinite 
loading of  titania, and B is the coefficient related to average 
aggregate size. For P-25 TiO2 the best fit was observed at 
values Kp_25* = 0.096 + 0.004; Bp_25 = 5.6 ___ 0.9. For Aldrich 
TiO2 best fit was observed with KA~d* = 0.039 __+ 0.002; 
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BAld=7.7 + 1.7 The smooth curves of Fig. 3 were drawn 
using Eq. (18) with the relevant parameters. Taking into 
account that amount of the aggregates per cm 2 of vial surface 
area, nHare roughly equal to n i l =  G10 3/(D3p), and taking 

photon capture cross-section as tr-- D 2, where density of TiO2 
p =  3.9 g/cm,  a rough estimate by Eq. (15) gives aggregate 
diameters of 480 nm and 330 nm, for P-25 and Aldrich TiO2, 
respectively. 

Eq. ( 15 ) is valid for teD >> 1. The value of ct can be attrib- 
uted to the average wavelength of irradiation used for exci- 
tation, A=0.5  ( 3 0 0 + 4 0 0 ) = 3 5 0  nm. Using c~= 1.4× 105 

cm -1 for A = 350  nm, as given in [36], the product of aD  
for aggregates of TiO2 P-25 and Aldrich is equal to 6.7 and 
4.6, respectively. It indicates that nearly all light falling onto 
an aggregate of either titania P-25 or Aldrich is absorbed and 
supports the use ofEq. (15).  

The above estimates of aggregate size were verified by 
measurements of particle size distribution conducted by light 
scattering measurements. For these measurements, sonicated 
suspensions of P-25 and Aldrich TiO2 in 0.01 N Na2B407 
were prepared. A light beam of wavelength 632 nm was used. 
Photon energy of this light is far below the band gap of TiO2 
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and more than 90% of  the light flux was diffusely reflected. 
Cumulative particle size distribution curves are shown in 
Fig. 6. One can see relatively wide distribution of  particle 
sizes in both cases. For  Aldrich and P-25 TiO: 80% of  par- 
ticles size distribution falls in the range of  270-620 nm and 
320-1000 nm with mean average values of  320 nm and 418 
nm, respectively. These values of  the average particle size in 
suspensions are close to the values determined from the 
dependence of activity in suspension on the loading of  TiO2, 
Fig. 4, which supports the theoretical approach. 

The curve of  degradation of 2,4-D on thin P-25 film (P- 
25:Ormosil = 6) is shown in Fig. 7. Loading of  TiO2-Ormosil 

composition of  1.1 mg c m -  2 corresponds to 2.4 micrometer 
of  dense TiO2. The value of  the product (0.5 ah)  = 17, which 
is much larger than 1. It enables one to consider the film of  
the catalyst as infinitely thick and to compare the measured 
degradation rate with the rate determined with P-25 suspen- 
sion at infinite loading, Kp_25*. The value 2,4-D degradation 
rate coefficient normalised per il luminated surface of  the plate 
S was KpI* = (V/S)d{lnC}/dt=O.02 cm m i n - t .  This value 
(Kp_25*/Kp,* = 0.096/0.02)  is 5 times lower than the maxi- 
mum value of 2,4-D pseudo-heterogenious degradation rate 
constant on P-25 suspension, under the same experimental 
conditions. However,  Eqs. (7)  and (15) account only for a 
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twofold difference. The relatively low activity of supported 
P-25 can be ascribed to partial blocking of TiOz particles by 
the Ormosil binder. [AH2] 

Dependence of photodegradation rate constant measured 
with the thin TiO2 film on light intensity is shown in Fig. 5. C 
A square root dependence of 2,4-D degradation rate on light 
intensity was observed for suspension as well. d 

Curve '2 '  in Fig. 7 shows the degradation of 2,4-D using D 
floating catalysts. Degradation rate observed in this case is H 
related to the overall area occupied by the floating catalyst at h 
the vial surface. The rate constant is 0.15 cm min -  ~, which 1 
is 75% of the activity of  the glass supported P-25 film. The Io 
difference in activity of  the two forms of supported TiO2 can 
be ascribed partially to gaps between floating particles and ko~ 
subsequent loss of light. The different P-25:Ormosil ratio and Kp~ 
the presence of a third highly porous component---exfoliated 
graphite----could also influence the observed activity of the 
catalyst. 

5. Conclusions  

A simplified model of  light distribution inside a vial filled 
with suspension of strongly absorbing light particles is pro- 
posed. The model was applied to describe the dependence of 
2,4-D photodegradation on the concentration of suspension 
of P-25 and Aldrich TiO2. The aggregate size obtained by 
modelling photodegradation process and by light scattering 
method was compared and gave a very good fit, which points 
on the reliabilily of  the proposed approach. 

Comparison of activity of suspended and supported pho- 
tocatalyst based on the model presented here gives twice 
higher activity for the suspension (per unit illuminated area) 
as compared to the supported photocatalyst, provided that the 
excess photocatalyst loading is used in both cases, assuming 
lack of diffusion limitations and square root dependence of 
photodegradation on light intensity. However, the measured 
activity of TiO2 on glass slide was approximately 5 times 
lower than activity of  suspended TiO2. The larger difference 
was ascribed to partial blocking of TiO2 particles by the 
Ormosil binder. 

Square root dependence of the photocatalytic activity on 
irradiation intensity was observed for TiO 2 P-25 in suspen- 
sion and for TiO2 P-25 supported on glass slide or floating 
particles of exfoliated graphite. 

The activity of floating catalyst (P-25:Ormosil:Exfoliated 
Graphite = 1:1 : 1 ) per unit of vial cross-section area covered 
by floating particles was 75% of the activity TiO2 film sup- 
ported on glass slide. 

Activity of TiO2 P-25 suspension was approximately 2.5 
times higher than that of  Aldrich suspension. However,  the 
Aldrich suspension formed smaller aggregates with narrower 
size distribution as compared to P-25 TiO2. 

6. List  of  symbols  

Kp• l 
~ ¢1 
K *  - Kp,~ 1 

K 

71 

[pA 
R 
r 

S 

S 

U 

V 
W 

x~ y , z  

OL 

Y 
A 

1 - 0  

O" 

concentration of target compound in solution, 
mole c m -  3 
concentration of 2,4-D in solution, mole cm -3 or 
ppm 
diameter of photocatalyst particle, cm 
aggregate size, cm 
solution height in reaction vessel, cm 
thickness of photocatalyst layer on support, cm 
photon flux expressed as mole cm -2 s - l  
light flux hitting the solution or the upper layer of  
photocatalyst, mole c m -  2 s -  
heterogeneous rate constant, m o l e -  J cm 4 s -  
pseudo-heterogeneous rate constant, cm 2 
(s mole) --o5 
the proportionality constant, cm s -  J 

for infinite loading of photocatalyst 
the parameter characterising the photocatalytical 
properties of  a single particle of  photocatalyst 
concentration of particles in suspension, c m -  3 
surface concentration of holes, mole c m -  s 
reflectivity coefficient 
the rate of AH2 oxidation by sngle particle of  
photocatalyst, mole s -  
illuminated cross-section area of reaction vessel 
or photocatalyst film, cm 2 
surface of a photocatalyst particle, cm 2 
volume of' a photocatalyst particle, cm 3 
volume of' reaction vessel, cm 3 
photodegradation rate for supported photocata- 
lyst, mole s t 
coordinates 
light absorption coefficient of photoctalyst, c m -  t 
form factor of  photocatalyst particle 
irradiation wavelength, nm 
void fraction of layer of photocatalyst 
photon capture cross-section of an aggregate, cm 2 
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