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Semiconductor photocatalytic processes ha®e been studied for nearly 20 years due to
their intriguing ad®antages in en®ironmental remediation. A rational approach in deter-
mining the effect of mass transfer and catalyst layer thickness during photocatalytic
reactions is proposed. The reaction occurs at the liquid] catalyst interface, and therefore
when the catalyst is immobilized, both external and internal mass transfer plays signifi-
cant roles in o®erall photocatalytic processes. Se®eral model parameters} external
mass-transfer coefficient, dynamic adsorption equilibrium constant, adsorption rate
constant, internal mass-transfer coefficient, and effecti®e diffusi®ity } were determined
either experimentally or by fitting realistic models to experimental results using benzoic
acid as a model component. E®en though all these parameters are critical to the design
and de®elopment of photocatalytic processes, they are not a®ailable in the literature.
The effect of the internal mass transfer on the photocatalytic degradation rate o®er
different catalyst layer thicknesses under two different operating configurations was ana-
lyzed theoretically and experimentally ®erified. It was obser®ed that an optimal catalyst
layer thickness exists for substrate-to-catalyst illumination.

Introduction

ŽIt has been demonstrated Schiavello, 1988; Serpone and
.Pelizzetti, 1989; Ollis and Al-Ekabi, 1993 that semiconduc-

tor photocatalysis has a large number of applications, includ-
ing destruction of VOCs in air, splitting of water to produce
hydrogen, conversion of carbon dioxide into useful hydrocar-
bon, recovery of noble metals from wastewater, oxidation of

Žliquid hydrocarbons alkanes, alkenes, cycloalkanes, aromat-
.ics into aldehydes and ketones, transformation of toxic inor-

Ž 2y 2y y y y .ganic ions SO , S , NO CN , and OCN into in-3 2
Ž 2y y .nocuous ions SO , NO , as well as mineralization of4 3

toxic organics in wastewater. In recent years, few review pa-
Žpers Mills et al., 1993; Legrini et al., 1993; Fox and Dulay,

.1993; Hoffmann et al., 1995; Mills and Hunte, 1997 have
been published in this field. It has been reported that process
efficiency can be competitive with other available treatment
technologies at a low organic concentration level for water
Ž . Ž .Ollis et al., 1989 and air Miller and Fox, 1993 . Com-
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pounds reported in the literature, which could be degraded
into environmentally acceptable species such as carbon diox-
ide and mineral acids include phenols, benzenes, chlorinated
aromatics, nitrogenous compounds, and pesticides. Many of
these species are in the EPA list of priority pollutants.

Among the semiconductor photocatalysts tested, Degussa
ŽP25 TiO has been proven to be the most active catalyst Mills2

.et al., 1993 . TiO catalyst has been used in two forms: sus-2
pended in aqueous solutions and immobilized onto rigid inert
supports. In the former case, a high ratio of illuminated cata-
lyst surface to the effective reactor volume can be achieved

Žfor a small, well-designed photocatalytic reactor Ray and
.Beenackers, 1997 , and almost no mass-transfer limitation ex-

ists since the maximum diffusional distance is very small, re-
Ž .sulting from the use of ultrafine -30 nm catalyst particles

Ž .Chen and Ray, 1998 . In large-scale applications, however,
the catalyst particles must be filtered prior to the discharge
of the treated water, even though TiO is harmless to envi-2
ronment. Hence, a liquid]solid separator must follow the
slurry reactor. The installation and operation of such a sepa-
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rator will significantly raise the cost of the overall process, as
the separation of the ultrafine catalyst particles is a slow and
expensive process. Besides, the penetration depth of UV light
is limited due to the strong absorption by TiO and dissolved2
organic species. All these disadvantages render the scale-up

Žof a slurry photocatalytic reactor very difficult Mukherjee
.and Ray, 1999; Ray, 1999 .

The preceding problems can be eliminated by immobilizing
ŽTiO catalyst over suitable supports Matthews, 1987;2

Nogueira and Jardim, 1996; Peill and Hoffman, 1996; Ray
.and Beenackers, 1996 . Design and development of immobi-

lized thin catalyst film makes it possible for commercial-scale
applications of TiO -based photocatalytic processes for water2

Žtreatment Ray and Beenackers, 1996, 1998a, 1998b; Ray,
.1999 . The designs are more likely to be useful in commercial

applications, as the catalyst film provides at least three im-
portant advantages. First, it eliminates the need for the sepa-
ration of catalyst particles from treated liquid and enables
the contaminated water to be treated continuously. Second,
the catalyst film is porous, and can therefore provide a large
surface area for the degradation of contaminant molecules.
Third, when a conductive material is used as a support, the
catalyst film can be connected to an external potential to re-
move excited electrons to reduce electron]hole recombina-
tion, thereby significantly improving the process efficiency
Ž .Vinodgopal et al., 1993; Ichikawa and Doi, 1996 . However,
immobilization of TiO on supports also creates its own2

Ž .problems Periyathamby and Ray, 1999 . There are at least
two obvious problems arising from this arrangement: the ac-
cessibility of the catalytic surface to the photons and the re-
actants, and the significant influence of the external mass
transfer particularly at low fluid flow rate, due to the increas-
ing diffusional length of the reactant from the bulk solution
to the catalyst surface. While on the other hand, with the
increase of catalyst film thickness, the internal mass transfer
may play a dominant role by limiting utilization of the cata-
lyst near the support surface due to internal mass-transfer
resistance. All these usually lead to a lower overall degrada-
tion rate when catalyst is immobilized compared with the sus-

Žpended system Matthews, 1992; Matthews and McEvoy,
. Ž1992 . Surprisingly, there are very few investigations Sclafani

.et al., 1993 that offer a rational approach to the study of the
influence of mass transfer in immobilized catalyst films, al-
though studies in the photocatalytic field have reached the
preindustry stage. The majority of the researchers in this area
have focused on the investigation of the effect of operational
parameters on the photocatalytic degradation rate, and of the

Ž .reactor design. Edwards et al. 1996 investigated the effec-
tiveness factor of the photocatalytic reaction in planar mem-
brane under two different illumination configurations. To the
best of our knowledge, no other research work on dynamic
mass-transfer parameters has been reported in the literature.

In this article, the effect of mass transfer and catalyst layer
thickness on photocatalytic degradation of organic pollutant
in a TiO immobilized system was investigated. Benzoic acid2
was chosen as the model compound because of its relatively
high adsorptive capacity on Degussa P25 TiO . A simple illu-2
mination source and reactor geometry were used in order to
make it possible to extrapolate the experimental results for
large-scale systems. Experiments of physical adsorption and
photocatalytic reaction were conducted in the reactor for dif-

ferent catalyst layer thickness. The external mass-transfer co-
efficient was correlated as a function of the Reynolds’ num-
ber. The dynamic adsorption equilibrium constant, adsorp-
tion rate constant, effective diffusivity of benzoic acid within
the porous catalyst layer, and light adsorption coefficient of
the P25 TiO were determined by fitting the experimental2
data to the relevant models. The optimal catalyst layer thick-
ness was obtained under two different illumination modes:
the effect of internal mass transfer on the photocatalytic re-
action was analyzed, and later internal mass-transfer coeffi-
cients were experimentally determined for both operating
modes.

Experimental Details
Materials

Degussa P25 catalyst provided by the Degussa Company
Ž .Germany was used throughout this work without further
modification. Its main physical data are as follows: BET sur-
face area 55"15 m2rg; average primary particle size around
30 nm; and purity above 97% and with anatase:rutile, 80:20.

Ž .Benzoic acid 99.5q% was obtained from BDH Chemicals,
Ž .nitric acid 65% by weight from Merck Chemicals, sodium
Ž .hydroxide 98q% from Baker Chemicals, and acetonitrile

Ž .for HPLC from Fisher. All chemicals were used as received.
Water used in this work was always Milli-Q water.

Apparatus and analyses
The semibatch photoreactor consisted of two circular glass

plates that were placed between soft padding housed within
stainless-steel and aluminum casings. The TiO catalyst was2
coated either on the top surface of the bottom glass plate or
on the bottom surface of the top one. The reaction solution,
which was circulated by a peristaltic pump, was introduced
tangentially between the two glass plates, and exited from the
center of the top plate. The tangential introduction of liquid
created a swirl-flow, thereby ensuring that the liquid solution

Ž .was well mixed Ray and Beenackers, 1997 . Two reactors
with the same configuration but different dimensions were
used in this study. Dynamic physical adsorption experiments

Ž y5 3were conducted in reactor 1 V s1.88=10 m , ds0.073
.m , which had a high specific mass transfer area. This reactor

was connected to a Perkin-Elmer UV spectrophotometer for
on-line measurement of benzoic acid. The second reactor, re-

Ž y5 3 .actor 2 V s3.8=10 m , ds0.05 m , was used for the
Žphotocatalytic reaction experiments. A lamp Philips HPR

.125-W high-pressure mercury vapor was placed about 0.1 m
underneath the bottom glass plate on a holder that could be
moved to create a different angle of incidence of light. The

Ž .lamp has a spectral energy distribution with a sharp primary
peak at ls365 nm of 2.1 W, and thus the incident light
intensity was 213 Wrm2. The lamp and reactor were placed
inside a wooden box painted black so that no stray light could
enter the reactor. The lamp was constantly cooled by com-
pressed air to keep the temperature down, thereby protecting
the lamp from overheating.

A Shimadzu 5000A TOC analyzer with an ASI-5000 au-
tosampler was used to analyze the TOC in the samples. The
concentration of benzoic acid in the reaction samples was an-

Ž .alyzed by a HPLC Perkin-Elmer LC240 . Aliquots of 20 mL
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Žwere injected onto a reverse-phase C-18 column Chrom-
. Ž .pack , and eluted with the mixture of acetonitrile 60% and

Ž .ultrapure water 40% at a total flow rate of 1.5 mLrmin.
Absorbance at 229 nm was used to measure the concentra-

Žtion of the preceding compounds by a UVrVIS detector Per-
.kin-Elmer 785A . All water samples were filtered by a Millex-

Ž .HA filter Millipore, 0.45 mm before analysis. The light in-
Žtensity was measured by a digital radiometer UVP Model

.number UVX-36 .

Catalyst support and immobilization
In heterogeneous photocatalysis, the primary role of a cat-

alyst support is to provide, on its external surface, strong ad-
herence of the photocatalyst. Catalyst supports studied in the
literature fall into two categories, transparent and nontrans-
parent materials. Glass is one of the transport materials, and
it has been extensively used in laboratory studies. A variety of
support configurations have been investigated in the litera-

Ž . Žture, such as beads Serpone et al., 1986 , tubes Chester et
. Ž . Žal., 1993 , plates Sabate et al., 1991 , and fibers Zhang et
.al., 1994 . The adhesion of TiO on Pyrex glass support was2

strong since no significant detachment of TiO was observed2
if the coated film was well-processed. The strong adhesion is
usually achieved by making the support surface rough
Ž .through sandblasting and afterwards, heat treatment of the

Ž .catalyst-coated support. Sand Zhang et al., 1994 , stainless
Ž . Žsteel Fernandez et al., 1995 , and organic membrane Ten-

.nakone and Kottegoda, 1996 are the literature-reported
nontransparent materials used as support. Recently, ad-
sorbents such as zeolite, silica, and activated carbon have also

Ž .been used as support Torimoto et al., 1996 .
Ž .In this study, circular Pyrex glass thickness 0.0032 m was

used as catalyst support. Pyrex glass provides several advan-
tages, namely, it can cut off UV light below 300 nm, thereby
eliminating direct photolysis of the organic compounds, it is

Ž .cheaper compared to quartz , and adhesion of TiO coatings2
Ž .is stronger than quartz ; Pyrex therefore has more potential

as a support for commercial applications.
There are mainly two successful methods for the immobi-

Ž .lization of catalyst on inert supports: 1 preparation of a cat-
Žalyst in situ from a precursor Hofstadler et al., 1994; Bideau

. Ž .et al., 1995 , and 2 coating using commercially available TiO2
Ždirectly by the dip-coating technique Haarstrick et al., 1996;

.Lu et al., 1993 . In the present study, the second method was
adopted. A 5 wt % solution of Degussa P25 TiO was pre-2
pared in an ultrasonic cleaner bath for one hour to obtain a
stable milky suspension. The glass plate was cleaned with al-
kaline solution followed by acid solution overnight to remove
impurities, washed with Millipore Milli-Q water, and finally
dried at 393 K for 2 h before coating. The glass plate was
then coated with catalyst by dipping into the suspension and
pulling out slowly by the dip-coating technique. The coated
catalyst was dried at 393 K for one half-hour. This procedure
was repeated up to 15 times depending on the desired amount
of coated catalyst. Varied catalyst film thickness was ob-
tained by controlling the speed of coating and the number of

Žtimes coated using an automated dip-coating apparatus Ray
.and Beenackers, 1998a . Subsequently, the coated glass plate

was calcined in a furnace by raising the temperature gradu-
ally at a rate of 5 Krmin to a final temperature of 573 K,

held there for 3 h, and finally, cooled down using the same
ramping rate until it reached room temperature. Gradual
heating and cooling is necessary, as otherwise the catalyst film
might crack. Afterwards, the coated catalyst film was brushed
gently and flushed with water to remove the loosely bound
catalyst particles. The total mass of catalyst deposited per unit
area was determined by weighing the glass plate before and
after the catalyst coating. Subsequently, catalyst layer thick-
ness was calculated based on the density of the catalyst parti-
cles and layer porosity. The surface texture measurement of
the coated catalyst layer by Taylor-Hobson indicated that cat-
alyst particles were uniformly distributed on the whole glass
plate. Scanning electron micrograph pictures illustrating the

Ž .surface morphology of a roughened sandblasted glass plate
with no catalyst, and TiO films containing 5.0=10y4 kgrm2

2
Ž . y3 2 Ž .thin film and 3.0=10 kgrm thick film have been pub-

Ž .lished elsewhere Ray and Beenackers, 1997 . The coated
catalyst was observed to be stable for a wide range of pH.
The TiO immobilized in this way was found to be photocat-2
alytically active, capable of decomposing a variety of organic
substances, including phenol, 4-chlorophenol, 4-nitrophenol,

Ž .and benzoic acid Chen and Ray, 1998, 1999 . In this work,
we focused on the photocatalytic degradation of benzoic acid.

Adherence of photocatalyst to its support is rarely re-
ported in the literature, although it is of paramount impor-
tance, since, if it is not strong enough, some of the catalyst
particles will be lost. In the present study, experimental re-
sults demonstrated loss of an observable amount of catalyst
when the catalystrsubstrate was calcined at low temperature
Ž .less than 473 K . On the other hand, when calcined at high
temperature, appreciable loss of catalyst activity presumably
due to the increase of internal mass-transfer resistance, is
observed. The influence of the calcination temperature on
the reactivity of the immobilized catalyst layer was reported

Ž .in one of our earlier articles Chen and Ray, 1999 . The opti-
mal calcination temperature found out was around 573 K.

Results and Discussion
Concentration and light-intensity profiles

Experiments were performed to study the photocatalytic
degradation rate when catalyst was immobilized either on the
bottom plate or on the top plate. In the latter case, light in-
tensity falling on the catalyst surface will be considerably re-
duced, as it will have to travel through the absorbing liquid
medium. The two circumstances can be depicted as sub-

Ž . Ž .strate-catalyst SC and liquid-catalyst LC illumination, de-
pending on whether the catalyst is activated from the sub-
strate side or from the liquid side. Figure 1 shows where the
porous TiO catalyst layer is coated on the left side of an2

Ž .inert support Pyrex glass . The UV light source can be posi-
Ž . Žtioned either on the left LC illumination or on the right SC

.illumination side of the glass plate. Accordingly, Figures 1a
and 1b represent the cases in which the catalyst-coated glass

Ž .plate is placed at the top LC illumination or at the bottom
Ž .SC illumination , respectively, for the photocatalytic reactor
used in this work.

A sequence of events can be postulated for photocatalytic
degradation of benzoic acid within the porous catalyst film.
Benzoic acid must diffuse from the bulk liquid through a
boundary layer to reach the liquid]catalyst interface, that is,
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Figure 1. Profiles of concentration and UV intensity in
( )TiO immobilized system: a LC illumination;2

( )b SC illumination.

liquid]film mass transfer. Benzoic acid must then migrate
Žthrough the catalyst layers interparticle diffusion within the

.film to find active surface sites where it adsorbs and eventu-
ally reacts. The mass-transfer process through the layer is
similar to interparticle diffusion and is defined as an internal
mass-transfer process. It should be noted that TiO catalyst2
particles are nonporous, and therefore intraparticle diffusion
is absent. Simultaneous to the mass transport of organic
molecules, UV light must also reach the catalyst surface. Un-
less light reaches the catalyst surface, the catalyst does not
show any catalytic power for photocatalytic degradation. The
depth of UV light penetration within the catalyst depends on
the optical properties of the catalyst layers and the brand of
catalyst. The light intensity decreases with the depth of pene-
tration due to the strong absorption of light by the catalyst.

Figure 1 illustrates the concentration profile of benzoic acid
and the intensity profile of UV light based on the sequence
of events described earlier. Evidently, the profile of light in-
tensity will be quite different from that of the concentration
profile of benzoic acid. Unlike the presence of mass-transfer
resistance at the solid] liquid interface, there is no
boundary-layer resistance for the UV penetration, and the
decrease in light intensity in the liquid phase results only from
the absorption of light by the solution. Hence, there is no
jump in UV light intensity at the liquid]catalyst interface. In
order to facilitate the quantitative description of the two pro-
files, a Cartesian coordinate is defined as shown in the fig-

Ž .ure. The origin zs0 is located at the catalyst]substrate
interface, and the distance z increases toward the bulk liquid
solution.

As described earlier, in the photocatalytic reaction over the
immobilized catalyst, both internal and external mass trans-
fer must be considered. The relationship among the observed
degradation rate, the external and internal mass-transfer
rates, and the intrinsic kinetic reaction rate are given by the
following expression:

1 1 1 1
s q q . 1Ž .

k k k kobs r x n m , int m , ext

The external mass-transfer resistance can be reduced to a
negligible value by increasing the fluid mixing by stirring or

Ž .increasing the circulating flow rate Reynolds number of the
reaction medium. The kinetic reaction rate, k can also ber xn
increased by increasing the light intensity. However the inter-
nal mass transfer is an intrinsic property of the catalyst film
and determined by the nature of the catalyst and the coating
techniques used and are difficult to alter.

Influence of external mass transfer
In determining the intrinsic kinetic parameters, it is essen-

tial to estimate the external mass-transfer resistance. At
steady state, the mass-transfer rate to the catalyst surface,
r , must be equal to the surface catalyzed reaction rate,m, ext
r . The rates r and r are given byr xn m, ext r x n

r s k C yC 2Ž .Ž .m , ext m , ext b S

r s k f C 3Ž .Ž .r xn r xn S

Ž .where f C represents the concentration dependence of theS
surface catalyzed reaction rate.

The external mass-transfer coefficient, k , was deter-m, ext
mined experimentally by measuring the dissolution rate of
benzoic acid into water flowing at different flow rates
Ž .C rC f0.04 . The benzoic acid was coated on the insideout sat
of the bottom glass plate by the dissolution]evaporation
technique using alcohol as the solvent. The result is shown as
a function of Reynolds number in Figure 2 together with the
best least-square fit, which is correlated by Eq. 4:

k in mrs s3.49=10y7 Re0.77 4Ž . Ž .m , ext

May 2000 Vol. 46, No. 5AIChE Journal 1037



Figure 2. Measurement of external mass-transfer coeffi-
cient, k , with Reynolds number.m, ex t

In this equation, the Reynolds number was calculated based
on the equivalent hydraulic diameter of the reactor. The in-
fluence of the external mass transfer through the circulating
flow rate is also reflected in the dynamic physical adsorption.
Figure 3 shows the experimental results for the variation of

Žthe benzoic acid concentration with adsorption time dark or
.no reaction at different circulating flow rates. The dimen-

sionless concentration used is defined in the next subsection.
Evidently, a decrease in benzoic acid concentration in the
bulk solution was observed, and the rate of adsorption in-
creased with the increasing flow rate. However, an almost

Ž .identical final concentration equilibrium concentration was

Figure 3. Influence of circulating flow rate on the physi-
cal adsorption rate.
Experimental conditions: ms 8.1=10y5 kg; n s 3.5=10y5

m3; As 4.17=10y3 m2; T s 300 K.

obtained for all flow rates. This indicates that the mass-trans-
Ž .fer coefficient increased less mass-transfer resistance with

increasing circulating flow rate.

Influence of internal mass transfer
In a heterogeneous photocatalytic system, the internal

mass-transfer resistance results from the diffusion of organic
molecules within the porous catalyst thin film. The influence
of the internal mass transfer on the observed photocatalytic
degradation rate can be determined by the magnitude of the

Ž .Thiele modulus Froment and Bischoff, 1990 . In this study,
the thin catalyst film was considered a porous slab. For the
first-order reaction, the Thiele modulus is defined as:

kn
f s H , 5Ž .H (De

where H is the thickness of the catalyst film, k is the first-n

order kinetic rate constant, and D is the effective diffusivitye
of the organic molecules within the catalyst film. Rate con-
stant k can be determined experimentally by kinetic study atn

high circulating flow rate over a monolayer of catalyst film.
Evidently, effective diffusivity dominates the internal mass-
transfer process. However, no value of effective diffusivity has
been reported in the literature for organic compounds in
porous TiO film. Hence, in this study, based on the physical2
adsorption model of benzoic acid in porous catalyst film, the
effective diffusivity was determined by best fitting the experi-
mental results to the model equation.

Determination of Adsorption Rate Constant, K. In order to
obtain the effective diffusivity, the adsorption rate constant,
K , first needs to be determined by performing the dynamic
physical adsorption experiments. The thinnest catalyst film
Ž .about 0.63 mm was used so that the internal mass-transfer
resistance can be assumed to be negligible. The physical ad-

Ž .sorption dark reaction process of benzoic acid over a thin
TiO catalyst film can be described by the following equa-2
tions:

dCb
n sy k A C yC 6Ž .Ž .m , ext b Sdt

dq k q Ca s S
s K y q 7Ž .

dt 1q k Ca S

n C yC s mq, 8Ž .Ž .0 b

where C is the initial concentration of benzoic acid0
Ž 3.molrm ; C and C are the benzoic acid concentration inb S

Ž 3.the bulk liquid and on the catalyst surface molrm , respec-
Ž 2.tively; A is the surface area of catalyst film m ; n is the

Ž 3.liquid volume used m ; q is the concentration of pollutant
Ž .adsorbed molrkg ; q is the saturated adsorption capacityS

Ž .molrkg when a complete monolayer coverage is achieved;
Ž 3 .k is the Langmuir adsorption coefficient m rmol ; K is thea

Ž . Ž .adsorption rate constant lrs ; and m is the catalyst mass kg .
In Eq. 7, an extensively used Langmuir isotherm is adopted

Žto describe the adsorption of pollutants on the catalyst Ollis
.et al., 1991 . The value of k q was determined from dy-a S
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namic physical adsorption equilibrium experiments with dif-
ferent initial concentrations of benzoic acid. At low pollutant
concentration, k C <1, and Eq. 7 reduces to:a S

dq
s K k q C y q . 9Ž .Ž .a S Sdt

Rearranging Eqs. 6]9, the variation of the bulk concentra-
tion of benzoic acid with adsorption time is given by

1 1 dCb
q

k A k Kmq dtm , ext a S

1 1 1
sy q C q C . 10Ž .b 0n k mq k mqa S a S

The analytical solution to Eq. 10 is given by

C0
C sb n q mk qa S

k AK n q mk qŽ .m , ext a S
= n q mk q exp y t . 11Ž .a S½ 5n k Aq mk q KŽ .m , ext a S

In order to obtain a reliable value of K , dynamic physical
adsorption experiments were performed for different initial
concentrations. If we define a dimensionless concentration,

C yCb e

C yC0 e

where C is the equilibrium concentration, then Eq. 11 rear-e

Figure 4. Determination of adsorption rate constant, K.
Experimental conditions: ms 6.6=10y6 kg; n s 3.4=10y5

m3; k q s 0.0967 m3rkg; Res141; As 4.17=10y3 m2; Ta s
s300 K.

ranges to

C yC k AK n q mk qŽ .b e m , ext a S
sexp y t . 12Ž .

C yC n k Aq mk q KŽ .0 e m , ext a S

Figure 4 shows the experimental results of the dimensionless
concentration with adsorption time alongside the effect of fit-
ted adsorption rate constant values. Clearly, a better-fitted
value of the adsorption rate constant was obtained with a
higher value of K , which decreases the adsorption resistance.
The optimum adsorption rate constant, K , obtained by best
fitting the experimental results to Eq. 12 is 0.2 sy1.

Determination of Effecti®e Diffusi®ity. Dynamic physical
Ž .adsorption experiments over a thicker about 5.3 mm cata-

lyst layer were performed for three different initial concen-
trations of benzoic acid in order to determine the effective
diffusivity. It was assumed that the porous catalyst layer is
completely wetted by the solution, and all active catalyst sites
are equally accessible to the organic pollutant. Pollutant con-
centrations in the solution and within the porous catalyst layer
are a function of both time and position, since dynamic physi-
cal adsorption of the pollutant in the catalyst film is an un-
steady-state process. The process can be described by the fol-
lowing equations:

 C  2C  qp p
e s D y r 1ye 13Ž . Ž .e p2 t  t z

m H
n C yC s qdz 14Ž .Ž . H0 b H 0

 q
s K q y q , 15Ž . Ž .S t

with the boundary and initial conditions as follows:

 Cp
BC: k C yC s D at zs0 and t)0 16Ž .Ž .m , ext b p e  z

 Cp
s0 at zs H and t)0 17Ž .

 z

IC: qs0 at ts0 18Ž .
C s0 at ts0 19Ž .p

C sC at ts0, 20Ž .b 0

where C is the concentration of benzoic acid inside the cata-p
Ž 3.lyst film, C is the initial concentration molrm , D is the0 e

Ž 2 .effective diffusivity m rs , and e is the porosity of the cata-
Ž .lyst layer taken as 0.34 Vinodgopal et al., 1993 . The preced-

ing partial differential equations were solved numerically
using the control-volume-based finite difference method
Ž .Patankar, 1980 . The governing equations were discretized

Ž .and subsequently solved using the SIMPLER Patankar, 1980
algorithm with an iterative line-by-line matrix solver. In the
present study, the effective diffusivity of benzoic acid in De-
gussa P25 catalyst was determined by fitting the experimental
data to the solution of the preceding model. The model pre-
dicts a decreasing rate of dimensionless concentration with

Žthe increase of the effective diffusivity due to the decrease
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Figure 5. Determination of effective diffusivity of ben-
zoic acid in TiO catalyst film.2
Experimental conditions: n s 3.2=10y5 m3; ms 5.51=10y5

kg; K s 0.2 sy1; e s 0.34; r s 3,800 kgrm3; H s 5.27=10y6
p

m; Res141; T s 300 K.

.of internal mass-transfer resistance . The result is shown in
Figure 5, and a good agreement with the experimental result
was obtained when D was assumed in the model to be 1.0=e
10y10 m2rs. The effective diffusivity value obtained is only
about one order of magnitude lower than the diffusivity of

Ž y9 2 .organics in water 1=10 m rs . However, it should be noted
Žthat mass transfer in the bulk external mass-transfer resist-

.ance can be significantly enhanced by means of agitation
Ž . Ž .through stirring or mixing through turbulence by increas-
ing flow rate. Internal mass transfer, on the other hand, is
controlled by the effective diffusivity and is difficult to
modify.

Photocatalytic degradation
It has been well established that when TiO is illuminated2

by light of wavelength less than 380 nm in the presence of
water containing dissolved organic compounds and oxygen,

Žphotocatalytic reactions take place Mills et al., 1993; Legrini
.et al., 1993; Hoffmann et al., 1995 . Photocatalytic reactions

Ž .proceed through the following steps: 1 generation of elec-
Ž .tron]hole pairs by absorption of light of suitable energy; 2

generation of space-charge layers owing to the separation of
electrons and holes by traps available on the semiconductor

Ž .surface; 3 redox processes induced at the interface between
a bulk semiconductor and a liquid medium by the local elec-
trostatic field present in the space-charge layer with the sur-
face adsorbed species acting as an electron donor or an ac-
ceptor. The transfer of mobile charge carriers between the
semiconductor and the redox couple thereby generates an
electric field within the semiconductor. Two key processes
dictate the overall efficiency for interfacial charge transfer.

Ž y. Ž q.First, there is competition between electron e rhole h
recombination and trapping, which is followed by the compe-
tition between trapped electron]hole recombination and in-
terfacial charge-transfer processes. When the illuminated

semiconductor is in contact with a redox couple, an energy
equilibrium is set in which the Fermi levels of the semicon-
ductor and the electrochemical potential of the redox couple

Ž .are adjusted. For an n-type material TiO , the direction of2
the electric field is such that holes migrate to the surface,
where they undergo a chemical reaction, while the electrons
create within the film a gradient in the electrochemical po-
tential. Hence, the charge separation does not depend on the
Schottky barrier, but is essentially determined by the kinetics
at the solid]liquid interface.

The photocatalytic process can be outlined by the follow-
ing reactions:

hn q y6TiO TiO h q e 21Ž . Ž .2 2

y 6 ?yO q e O 22Ž .2 2

y q 6 ?OH q h OH 23Ž .
? 6 ? 6OH qRH R qH O CO qH Oqmineral acid,2 2 2

24Ž .

where RH represents the organic compound to be degraded.
Ž q.The concentration of hole h in illuminated TiO particles2

depends on the incident light intensity and can be described
as:

C s k I a 25Ž .h I

where k and a are constants in which the value of a is usu-I
Ž .ally between 0.5 and 1.0 Chen and Ray, 1998 . Therefore,

the degradation rate, r , of a dissolved organic species on ap
single illuminated TiO particle is given by2

r s k S C C , 26Ž .p d p S h

where k is the rate constant, while S is the surface area ofd p
a single catalyst particle. If n is the volume of a single cata-p
lyst particle, then the number of particles in the unit volume

Ž .of the catalyst layer is 1ye rn , and consequently, the totalp
degradation rate, r , for a catalyst layer with illuminated sur-t
face area, A, thickness, H, can be determined by integrating
Eq. 26 over the catalyst volume, AH, and is given by

dC 1ye H R 2pb ar sn s k k S r C I du drdzH H Ht I d p Sdt n 0 0 0p

H as K A 1ye C I dz , 27Ž . Ž .Hd S
0

where K s k k S rn and Asp R2. It should be noted thatd I d p p
K contains parameters relating to the primary catalyst parti-d
cles, and therefore K is independent of whether the parti-d
cles are immobilized or suspended. It was also assumed that
C and I were independent of u and r ; therefore, the inte-S
gration over these coordinates was simply given by the sur-
face area, A, of the catalyst film in the photocatalytic reac-
tor.

There are two likely loss mechanisms within the films due
to the increase in the catalyst layer thickness that will restrict
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the presence of charge carriers at the interface. One is atten-
uation of light due to the absorption by the catalyst, and the
other is the increased probability of charge-carrier recombi-
nation, presumably because of the increased diffusional
lengths through the grain boundaries and constrictions within
the microporous film. Three additional assumptions were

Ž .made for the catalyst film: 1 light propagation inside the
Ž .porous catalyst layer is through a homogeneous medium; 2

the illuminating light is monochromatic with wavelength l
Ž . Ž .ls0.365 mm in this study ; and 3 the surface of catalyst
film is uniformly illuminated with incident light intensity, I .0
Within the bulk of the catalyst film, the extinction of light
follows the exponential principle:

Is I exp y a z , 28Ž . Ž .o

where z is the penetration depth of light within the microp-
orous semiconductor film, and I is the incident light inten-0
sity impinging on the surface of catalyst film, that is, zs H
Ž . Ž .LC illumination and zs0 SC illumination , respectively,
for Figures 1a and 1b. For simplicity, the light intensity de-
crease in the liquid and within the glass plate is neglected.
The light absorption coefficient, a , is a strong function of

Ž .wavelength and is approximated Sodergren et al., 1994 for
TiO by2

y1 w xa mm sexp 29y85l mm . 29Ž . Ž .Ž .

Therefore, a for the incident light of wavelength 365 nm has
y1 Ž y1 .a value of 0.132 mm 6.05 mm at 320 nm and its inten-

sity is attenuated to 10% of its incident value after traversing
Ž .a distance of 17.4 mm 0.38 mm at 320 nm . Moreover, a is a

strong function of l. Its value varies from 33 mmy1 at 0.30
mm to 0.037 mmy1 at 0.38 mm.

In the present study, a was determined experimentally
Ž .Ray, 1999 by measuring the transmitted UV light intensity
at 365 nm for different catalyst layer thicknesses. The experi-
mentally measured value and the least-square fitted line when

Figure 6. Determination of light absorption coefficient,
a , for Degussa P25 TiO .2

Ž .correlated by Eq. 28 is shown in Figure 6. The value of a
obtained was 0.6264 mmy1. Obviously, this value is much

Ž y1.larger than the value 0.132 mm calculated by Eq. 29, as
the measured a was a bulk parameter that includes the
light-scattering effect. Under this circumstance, 95% of the
incident light will be absorbed by a catalyst layer of thickness
of about 4.8 mm.

Effect of Catalyst Layer Thickness on Photocatalytic Degrada-
tion Rate. It is assumed that the concentration of the pollu-
tant with the catalyst pores decreases exponentially with the
effective diffusional length and is described by the following
equation:

k f
C sC exp y Hy z 30Ž . Ž .S b De

Ž .where k mrs is defined as the internal mass-transfer re-f
sistance factor.

LC Illumination. When light is introduced from the liquid
Ž .to the catalyst side Figure 1a , Eq. 28 becomes

w xIs I exp y a Hy z . 31Ž . Ž .0

Integrating Eq. 27 by substituting Eqs. 30 and 31, we get

kdC K A 1yeŽ . fb d ar sn s I C 1yexp y aa q H .t 0 b ½ 5k ž /dt Df eaa q
De

32Ž .

Equation 32 indicates that the photocatalytic rate reaches a
saturation value as the catalyst layer thickness increases. This
can be understood if we look at the physical problem. When
the catalyst film is thin, the absorption of light will not be

Ž .strong enough, as the wavelength of the light ls0.365 mm
is of the same order of magnitude as that of the film thick-
ness; consequently, the catalyst layer will not be active to its
highest possible level. As the film thickness increases, at some
point, light will be completely absorbed by the catalyst layer,
and the photocatalytic reaction rate will be at maximum. With
further increase in the film thickness, the rate would remain
constant, as the diffusional length of the charge carrier to the
catalyst]liquid interface will not change.

In order to facilitate the analysis of the effect of the inter-
nal mass-transfer factor on the photocatalytic reaction rate,
an ideal maximum reaction rate is defined at which the inter-
nal mass-transfer resistance factor, k , is zero and catalystf
layer thickness, H, is infinite. Accordingly, the maximum re-
action rate is given by

K A 1yeŽ .d ar s I C . 33Ž .max 0 baa

Therefore,

kr 1 ft
s 1yexp y aa q H . 34Ž .½ 5k ž /r Dfmax e1q

aaDe
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Figure 7. Influence of internal mass transfer on photo-
catalytic reaction rate for LC illumination.
Experimental conditions: as 0.89; a s 6.264=10 5 my1; De
s1.0=10y10 m2rs.

Figure 7 shows the effect of the internal mass-transfer re-
sistance factor on the degradation rate for different catalyst
layer thicknesses. Obviously, with the increase of k , the re-f
action rate decreases significantly, particularly when the cata-
lyst film is thick.

SC Illumination. In this case, the catalyst coated glass
Ž .plate Figure 1b is mounted at the bottom of the photoreac-

tor and light is introduced from the substrate to the catalyst
film. Integrating Eq. 27 with Eqs. 28 and 30, we get

dC K A 1yeŽ .b d ar sn s I Ct 0 bkdt f
y aa

De

k f
= exp y aaH yexp y H . 35Ž . Ž .ž /De

Contrary to Eq. 32, Eq. 35 indicates that an optimum catalyst
layer thickness exists at which the degradation rate is maxi-
mum. The optimum thickness is obtained by equating dr rdHt
s0, and is given by

aaDe
ln

k f
H s . 36Ž .opt k f

aa y
De

These results can also be explained by the same physical ar-
gument as before. Looking first at the thin film, the absorp-
tion of the light will not be strong enough, as the wavelength
of the light is of the same order of dimension of the film;
consequently the catalyst layers in contact with the liquid will

not be active to its highest possible level. As the film thick-
ness increases, at some point the pentration depth of the light
will be such that most of the electrons and holes will be gen-
erated relatively close to the solid]liquid interface. The pho-
tocatalytic reaction rate will be about maximum at this point.

Ž .With a further increase in the film thickness thicker film ,
the charge carriers will be generated relatively far from the
liquid]catalyst interface; consequently, it will be more sus-
ceptible to recombination loss. For SC illumination, a further
increase in film thickness will lower the photocatalytic reac-
tion rate, as the charge carrier will now have to diffuse
through an increasing number of grain boundaries. This is in
contrast with LC illumination, where the rate remains con-
stant, as the diffusional length of charge carriers to the inter-
face does not change. Hence, there exists an optimal film
thickness for SC illumination for particular values of l and a
at which the photocatalytic reaction rate is at maximum. The
expected behavior based on the model is indeed exhibited by
the experimental results shown in Figures 8 and 9.

ŽFor SC illumination, the r expression similar to the LCmax
.illumination case can be obtained and the dimensionless rate

is given by

kr 1 ft
s exp y aaH yexp y H . 37Ž . Ž .k ž /r Dfmax ey1

aaDe

The effect of the k value on the photocatalytic degradationf
Ž .rate is shown in Figure 10. As in case 1 LC illumination , k f

has a negative effect on the reaction rate. As expected, Fig-
ure 10 shows that an optimum catalyst layer thickness exists,
and the optimum catalyst layer thickness decreases with the
increase of k .f

Figure 8. Experimental determination of k for LC illu-f
mination.
Experimental conditions: as 0.89; a s 6.264=10 5 my1; De
s1.0=10y10 m2rs; As 0.002 m2; T s 303 K; n s1.45=
10y4 m3; Res 427.
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Figure 9. Experimental determination of k for SC illu-f
mination.
Experimental conditions: as 0.89; a s 6.264=10 5 my1; De
s1.0=10y10 m2rs; As 0.002 m2; T s 303 K; n s1.45=
10y4 m3; Res 427.

In reality, however, it is impossible to obtain the maximum
reaction rate as defined in Eq. 33, because for a given cata-
lyst layer thickness, k is never zero. Therefore, we defined af
new r for LC illumination by letting H™` and k /0.max, p f
From Eq. 32 we get

K A 1yeŽ .d ar s I C LC illumination . 38Ž . Ž .max , p 0 bk f
aa q

De

Figure 10. Influence of internal mass transfer on photo-
catalytic reaction rate for SC illumination.
Experimental conditions: as 0.89; a s 6.264=10 5 my1;
D s1.0=10y10 m2rs.e

For SC illumination, we can define r by substituting Eq.max, p
36 into Eq. 35:

Ž .aa D r aa D y ke e fkK A 1yeŽ . fd ar s I Cmax , p 0 bk ½ ž /aaDf ey aa
De

Ž .k r aa D y kf e fk f
y SC illumination , 39Ž . Ž .5ž /aaDe

and accordingly we have

kr ft
s1yexp y aa q H LC illumination 40Ž . Ž .ž /r Dmax , p e

k f
exp y aaH yexp y HŽ . ž /r Dt e

s Ž . Ž .aa D r aa D y k k r aa D y ke e f f e fr k kmax , p f f
yž / ž /aaD aaDe e

SC illumination . 41Ž . Ž .

Experiments were performed for photocatalytic degradation
of the benzoic acid using different catalyst layer thicknesses
for both SC and LC illumination configurations. Experimen-

Ž .tal results as well as calculated values of r rr for differ-t max , p
ent k values from Eqs. 40 and 41 are shown in Figures 8 andf
9, respectively. Experimental results do indeed show that the
photocatalytic rate goes through a maximum for SC illumina-

Ž . Žtion Figure 9 , while it is constant for LC illumination Fig-
.ure 8 when catalyst film is thick. The best k values ob-f

Žtaioned when the experimental data were fitted using the
.Marquardt method of least-square approximation technique

to the preceding equations are, respectively, 1.48=10y5 mrs
Ž . y5 Ž .LC illumination and 1.65=10 mrs SC illumination . The
literature-reported value of k for benzoic acid is 1.145=r xn

y4 Ž .10 mrs Chen, 1999 , and therefore is one order of magni-
tude higher than the k values obtained earlier. It should bef
noted that the overall rate depends on all three rates de-
scribed in Eq. 1. However, k can be reduced to signifi-m, ext

Ž .cantly lower values by increasing the mixing or flow rate ,
and k can be increased somewhat by increasing the lightr xn
intensity. The internal mass-transfer resistance is difficult to
alter, as it depends on the catalyst layer thickness, and one
must use thickness at least as close to the optimal value, oth-
erwise the overall rate will decrease.

Conclusions
In this work, the effect of mass transfer and catalyst layer

thickness on photocatalytic degradation of benzoic acid over
Degussa P25 TiO thin film supported on a Pyrex glass sub-2
strate was investigated. A simple illumination source and re-
actor geometry was used in order to extrapolate the present
experimental results for use in the design of a large-scale
photocatalytic reactor. Many intriguing advantages exist for
immobilized photocatalyst systems over the suspended sys-
tems. However, the internal and external mass transfer is one
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of the main obstacles for the commercialization of this pro-
cess. A rational approach, which is also applicable to other
photocatalytic systems, was proposed for the determination
of external and internal mass-transfer parameters. The exper-
imental results indicate that external mass-transfer resistance
could be reduced to a negligible value by increasing the flow

Ž .rate Reynolds number of the solution flowing over the
immobilized catalyst. However, the internal mass transfer
is an intrinsic property of the catalyst film, and is determined
by the nature of the catalyst, coating methods used, and
the thickness of the catalyst film. Overall rate is at times
controlled by the internal mass-transfer resistance, which
is difficult to alter. In this work, dynamic mass-transfer pa-
rameters were obtained experimentally to verify a proposed
realistic model. Several model parameters, namely, external
mass-transfer coefficient, dynamic adsorption equilibrium
constant, adsorption rate constant, internal mass-transfer co-
efficient, and effective diffusivity were determined experi-
mentally using benzoic acid as a model component. All these
parameters are extremely important in the design and devel-
opment of photocatalytic processes, and are not yet available
in the literature. Experiments were also conducted to deter-
mine the effect of the catalyst layer thickness on the photo-
catalytic degradation rate for both SC and LC illumination
configurations. It was observed that an optimum catalyst layer
thickness exists for SC illumination, while the rate reaches a
saturation value for LC illumination, and increasing the cata-
lyst layer thickness has no effect on the rate thereafter. The
ideal thickness found in this study was around 5 mm. A model
was proposed for the dependence of the photocatalytic rate
on the catalyst layer thickness, which also predicts the pre-
ceding behavior. The internal mass-transfer resistance factor,
k , obtained was 1.48=10y5 mrs for LC illumination andf
1.65=10y5 mrs for SC illumination.

Notation
Rsradius of illuminated window, m
tstime, s
zsaxial position, m
r sdensity of catalyst particle, kgrm3

lslight wavelength, nm

Subscripts
dsdegradation
pspore
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