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Abstract

Semiconductor photocatalytic process has been studied extensively in recent years due to its intriguing advantages in

environmental remediation. In this study, a two-phase swirl-flow monolithic-type reactor is used to study the kinetics of

photocatalytic degradation of benzoic acid in immobilized systems. Transport contributions into the observed degra-

dation rates were determined when catalyst is immobilized. Intrinsic kinetic rate constants and its dependence on light

intensity and catalyst layer thickness, values of adsorption equilibrium constant, internal as well as external mass trans-

fer parameters were determined. The simultaneous effect of catalyst loading and light intensity and optimum catalyst

layer thickness were also determined experimentally. Reaction rate constants and overall observed degradation rates

were compared with slurry systems.

� 2005 Published by Elsevier Ltd.
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1. Introduction

The photocatalytic oxidation of organic species dis-

solved in water is of great interest in recent years. This

is evident from the numerous review papers that have

been devoted to this field (Fox and Dulay, 1993; Mills

et al., 1993; Hoffmann et al., 1995; Herrmann, 1999;

Bahnemann, 2000). The process couples low energy

ultraviolet light with semiconductors acting as photocat-

alysts. In this process, electron–hole pairs that are gener-

ated by the band-gap excitation carry out in situ
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degradation of toxic pollutants. The holes act as power-

ful oxidant to oxidize toxic organic compounds while

electrons can reduce toxic metal ions to metals, which

can subsequently be recovered by solvent extraction

(Chen and Ray, 2001). Photocatalytic degradation offers

certain advantages over the traditional water treatment

methods. Complete destruction of most contaminants

is possible without the need of additional oxidizing

chemicals such as hydrogen peroxide or ozone. Degussa

P25 TiO2 is widely used as the photocatalyst, which re-

quires UV-A light (k < 380 nm) of intensity 1–5 W m�2

for photo excitation. The catalyst is cheap and can also

be activated with sunlight (Chen et al., 2000a).

TiO2 catalyst has been used in two forms: freely sus-

pended in aqueous solution and immobilized onto rigid

inert surface. In the former case, a high ratio of illumi-

nated catalyst surface area to the effective reactor
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Fig. 1. Flow diagram of the experimental set-up.
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volume can be achieved for a small, well designed pho-

tocatalytic reactor (Ray and Beenackers, 1997), and al-

most no mass transfer limitation exists since the

diffusional distance is very small, resulting from the

use of ultrafine (<30 nm) catalyst particles (Chen and

Ray, 1998). In large-scale applications, however, the cat-

alyst particles must be filtered prior to the discharge of

the treated water, even though TiO2 is harmless to envi-

ronment. Hence, a liquid–solid separator must follow

the slurry reactor. The installation and operation of such

a separator will 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

the UV light is limited due to the strong absorption by

TiO2 and dissolved organic species, particularly for dyes.

All these disadvantages render the scale-up of a slurry

reactor very difficult (Mukherjee and Ray, 1999).

The preceding problem can be eliminated by immobi-

lizing TiO2 catalyst over suitable supports (Matthews,

1987; Ray and Beenackers, 1998a,b). Design and devel-

opment of immobilized thin catalyst film makes it pos-

sible for commercial-scale applications of TiO2 based

photocatalytic processes for water treatment (Ray,

1998, 1999; Sengupta et al., 2001). The designs are more

likely to be useful in commercial applications as it pro-

vides at least three important advantages. Firstly, it

eliminates the need for the separation of the catalyst par-

ticles from the treated liquid and enables the contami-

nated water to be treated continuously. Secondly, the

catalyst film is porous, and can therefore provide a large

surface area for the degradation of contaminant mole-

cules. Thirdly, when a conductive material is used as

support, the catalyst film can be connected to an external

potential to remove excited electrons to reduce electron–

hole recombination, thereby significantly improving the

process efficiency (Hepel and Luo, 2001). However,

Immobilization of TiO2 on supports also creates its

own problems (Periyathamby and Ray, 1999). There

are at least two obvious problems arising from this

arrangement: the accessibility of the catalytic surface

to the photons and the reactants, and significant influ-

ence of external mass transfer particularly at low fluid

flow rate, due to the increasing diffusional length of reac-

tant from bulk solution to the catalyst surface. While on

the other hand, with the increase of catalyst film thick-

ness, the internal mass transfer may play a dominant

role by limiting utilization of the catalyst near the sup-

port surface. All these usually lead to a lower overall

degradation rate when catalyst is immobilized compared

with the suspended system (Matthews, 1987). Surpris-

ingly, there are very few investigations (Ray and Beenac-

kers, 1997; Chen and Ray, 1999; Chen et al., 2000b),

which offer a rational approach to study the influence

of mass transfer in immobilized catalyst films, although

studies in photocatalytic field have reached the pre-

industry stage.
In this study, a novel semi-batch swirl-flow mono-

lithic-type reactor is used to study the kinetics of photo-

catalytic reactions. Monoliths are unique catalyst

supports that provide a high surface-to-volume ratio

and allow high flow rates with low-pressure drop. The

catalyst was immobilized for continuous use and to elim-

inate the need of separation for post-process treatment.

Experiments are performed systematically to determine

the various rate constants. The goals of this paper are

to estimate transport contributions into the apparent ki-

netic rate parameters when catalyst is immobilized, cal-

culation of the intrinsic kinetic parameters using the

fixed catalyst data, and finally, to compare these param-

eters with corresponding values obtained from the slurry

reactor. Values of adsorption equilibrium constant,

internal as well as external mass transfer parameters

were also evaluated. The simultaneous effect of catalyst

loading and light intensity and optimum catalyst layer

thickness were determined experimentally.
2. Experimental details

The semi-batch reactor consisted of two circular glass

plates each of diameter 0.09 m that were placed between

soft padding housed within stainless steel and aluminum

casing separated by 0.01 m. The catalyst was deposited

on the top of the bottom glass plate. The aqueous solu-

tion was introduced tangentially into the reactor by a

peristaltic pump from a beaker with a water jacket,

and exited from the center of the top plate as shown

in Fig. 1. The exit tubing was also connected to that bea-

ker. The tangential introduction of liquid created a

swirl-flow and thereby minimizing mass transfer of pol-
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lutants to the catalyst surface. The lamp (Philips HPR

125 W high pressure mercury vapor) was placed 0.1 m

underneath the bottom glass plate on a holder that could

be moved to create a different angle of incidence of light

on the catalyst plate. The lamp and reactor were placed

inside a wooden box painted black so that no stray light

can enter into the reactor. The lamp was constantly

cooled by a fan to keep the temperature down and pro-

tect the lamp from overheating. The lamp has a spectral

energy distribution with a peak at k = 365.5 nm of 2.1 W

and thereby the incident light intensity was 213 W m�2.

Provision was made for placement of several metal

screens of different mesh size between the lamp and bot-

tom glass plate to obtain variation in light intensity. The

light intensity was measured using a radiometer (UVP

Model UVX-36).

Degussa P25 catalyst provided by Degussa Company

(Germany) was used throughout this work without fur-

ther modification. Its physico-chemical characteristics

are as follows: BET surface area 55 ± 15 m2 g�1, average

primary particle diameter is around 30 nm, purity above

98% and with anatase to rutile ratio as 80:20. Benzoic

acid (99.5+%) was obtained from BDH Chemicals. All

chemicals were used as received. Water used in this work

was always Millipore water (from Milli Q plus185 ultra

pure water system).

A Shimadzu 5000A TOC analyzer with an ASI-5000

auto-sampler was used to analyze the TOC in samples.

Concentration of benzoic acid in the reaction samples

was analyzed by a HPLC (Perkin Elmer LC240). Ali-

quots of 20 ll were injected onto a reverse-phase C-18

column (Chrompack), and eluted with the mixture of

acetonitrile (60%) and ultrapure water (40%) at a total

flow rate of 1.5 ml min�1. Absorbance at 229 nm was

used to measure the concentration of above compounds

by a UV/VIS detector (Perkin Elmer 785A). All water

samples were filtered by Millex-HA filter (Millipore,

0.45 lm) before analyses. The Cyberscan 2000 pH meter

was used to measure the pH value of the solution.

2.1. Immobilization of catalyst

Pyrex (surface was roughened by sand blasting for

improved catalyst fixation), was chosen as the support

material since it is transparent to UV radiation down

to wavelength of about 300 nm. Moreover, it would

cut-off any light below 300 nm to avoid direct photolysis

taking place. The glass surface was carefully degreased,

cleaned with 5% HNO3 solution overnight, washed with

water and then dried at 393 K. A 10% aqueous suspen-

sion of the catalyst was prepared with water out of Mil-

lipore Milli-Q water purification system. The suspension

was mixed in an ultrasonic cleaner (Branson 2200) bath

for 30 min to obtain a milky suspension that remained

stable for weeks. The substrate was then coated with cat-

alyst by inserting into the suspension and pulling it out
slowly by Dip-coating technique (Ray and Beenackers,

1998a). The catalyst coating was dried at 393 K for

30 min and then calcined in a furnace (Heraeus UT

6060) in a vertical position by raising the temperature

gradually at a rate of 0.15 K s�1 (to avoid cracking of

the film) to a final firing temperature of 573 K and held

there for 3 h. Then, the glass plate is cooled down to

room temperature using the same ramping rate. It is nec-

essary to heat and cool the glass plate gradually or the

catalyst film may crack. The above procedures could

be repeated few times depending on the desired catalyst

loading (thickness). The calcination temperature has a

significant effect on the catalyst activity, because it can

affect the physical properties of the catalyst, such as

porosity, surface area, crystal size, etc. Chen and Ray

(1999) have reported that the optimal calcination tem-

perature is about 573 K. Finally, the catalyst film was

brushed carefully and flushed with Millipore water to re-

move the loosely bound catalyst. The total amount of

catalyst deposited per unit area was determined by

weighing the glass plate before and after the deposition.

Depending on the number of dipping, the amount of

catalyst obtained was between 0.0015 and 0.035 kg m�2.

2.2. Experimental procedures

Before placing catalyst plate inside the reactor, the

light intensity on the top of a bare glass plate was mea-

sured with the digital radiometer. At the start of every

experiment the reactor was filled with Milli-Q water

and rinsed for several times before zero-setting the ana-

lytical instrument. The reactor and connecting lines were

then filled with the benzoic acid solution and it was en-

sured that no air bubbles remained in the system. The

change in the concentration was continuously analyzed

and recorded. Before turning on the light, it is necessary

to circulate this solution for about 30 min to ensure that

the adsorption equilibrium of the pollutant on TiO2 sur-

face and oxygen pre-saturation of the solution has

reached. Oxygen was introduced into the solution con-

tinuously to keep the concentration of oxygen in excess

than stoichiometric requirement throughout the reac-

tion. The flow rate of oxygen was measured by a gas

flow meter (Tokyo Keiso, Japan Model: P-200-UO).

At the end of the experiment the entire system was

rinsed with Milli-Q water, catalyst plate was removed,

dried and weighed again to determine any loss of cata-

lyst during experimentation.
3. Results and discussions

Before the start of the photocatalytic reactions,

experiments were conducted to investigate whether there

is any direct photolysis reaction. It was observed that no

direct photolysis takes place for benzoic acid. When
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experiments were conducted in presence of catalyst but

in absence of light, a small decrease in concentration

of benzoic acid was observed due to adsorption of model

compound on to the catalyst surface, which reached an

equilibrium value within 15 min. Hence, before turning

the light on, it was always ensured that the adsorption

equilibrium has reached. Therefore, degradation of ben-

zoic acid in presence of light and catalyst observed is en-

tirely due to photocatalysis.

3.1. Dark reaction: determination of adsorption

equilibrium constant

Adsorption equilibrium constants were determined

from both dark reaction and photocatalytic reaction.

The small rapid decrease in benzoic acid concentration

in the absence of light (dark reaction) when a fresh cat-

alyst plate was used can be attributed to the adsorption

of benzoic acid onto the catalyst. The concentration of

benzoic acid adsorbed on the surface was calculated

from the difference between the initial and equilibrium

(no more decrease with time) concentrations. When

the results are plotted (Fig. 2), it appeared to follow a

Langmuir adsorption isotherm:

Cads ¼
NKCeq

1þ KCeq

ð1Þ

where Cads and Ceq are the concentration of benzoic acid

adsorbed and the equilibrium concentration of benzoic

acid used, respectively; N and K are the saturation and

adsorption equilibrium value, respectively. When the

data were fitted with Eq. (1) or by a straight line in
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Fig. 2. Calculation of the adsorption equilibrium constant from d

VL = 2.4 · 10�4 m3, w = 0.0184 kg m�2, T = 303 K.
[1/Cads] against [1/Ceq] plot, the value of K is found to

be 10.1 mM�1.

3.2. Rate expressions

Heterogeneous photocatalytic degradations often fol-

low Langmuir–Hinshelwood kinetics. For our semi-

batch system, the intrinsic reaction rate, rrxn, could be

defined as

rrxn ¼
V L

V R

� �
� dCb

dt

� �
¼ krKCs

1þ KCs

ð2Þ

where VL and VR are the total volume of liquid treated

(m3) and volume of reactor (m3) respectively, dCb/dt is

the observed rate (mM s�1), kr and K are the reaction

rate constant (mM s�1) and adsorption–desorption

equilibrium constant (mM�1) respectively, and Cs is

the concentration of the reactant at the catalyst surface

(mM) in equilibrium with the actual surface concentra-

tion. It is to be noted that it is difficult to estimate for

both slurry and immobilized catalyst systems the exact

value for the active catalyst surface area participating

in photocatalytic reactions. In case of slurry systems,

it is impossible to quantify the active surface area due

to unreliable knowledge of depth of light penetration,

pattern of catalyst mixing, average catalyst particle size

(and distribution) due to agglomeration, etc. (Mehrotra

et al., 2003). It is also very difficult to determine the ac-

tive surface area in fixed (immobilized) catalyst systems

as the structure, morphology, porosity (inter-particle

pore distributions) and catalyst layer thickness varies.

It is, therefore, impractical to compare the rates based
mol/m3
60 80 100

1/Ceq, m
3/mol

0 100 200 300 400 500 600 700

ark reaction. Experimental condition: Q = 5.83 · 10�6 m3 s�1,
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on active surface area for both the slurry and immobi-

lized systems.

3.3. Determination of intrinsic reaction rate constant

Initial concentration of pollutant is always an impor-

tant parameter in any process water treatment, and

therefore, it is essential to examine the effect initial con-

centration. However, when the TiO2 catalyst is coated

on a support, it is expected that the mass transfer limita-

tion would play a significant role in photocatalytic reac-

tions due to the increased diffusional length for diffusion

of contaminants from bulk solution to the catalyst sur-

face. Therefore, in order to determine the intrinsic ki-

netic rates, it is necessary to eliminate the effect of

mass transfer.

The kinetic expression in Eq. (2) is Langmuir type and

it was found to be true when experiments were performed

in slurry systems (Mehrotra et al., 2003). When catalyst is

immobilized it would not be possible to determine the

intrinsic kinetic parameters without knowing the concen-

tration of the pollutant on the surface of the catalyst (Cs).

However, when the initial concentration of the pollutant

is high (KCs � 1), the Langmuir type kinetic rate expres-

sion collapse to a zero-order rate expression and the

overall rate would not depend on external mass transfer.

Hence, if experiment is performed when catalyst film is

thin (negligible internal mass transfer resistance) with

high starting concentration of benzoic acid, and if con-

centration versus time plot shows a linear relationship,

it would imply that the rate is zero-order. The C–t plot

in Fig. 3a shows linear relationship when experiments
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Fig. 3. Calculation of reaction rate constant of benzoic acid for fixed c

VL = 2.4 · 10�4 m3, w = 0.0184 kg m�2, I = 147 W m�2, T = 303 K, O
were done at high initial concentration (C0 � 0.33

mM). The constant degradation rate at two different

circulation rate also suggests absence of external mass

transfer. The true kinetic rate (kr) can be determined

from the slope of the concentration versus time plot

and is obtained as 9.83 · 10�5 mM s�1. Recently,

Mehrotra et al. (2003) reported photocatalytic degrada-

tion of benzoic acid in slurry systems in which they dis-

tinguished kinetic regime from transport (mass as well

as light) limited regime and obtained intrinsic reaction

rate constants for benzoic acid as 1 · 10�4 mM s�1.

The true kinetic rate constants determined from fixed

catalyst bed system is thus within 2% of the values

obtained in the slurry system.

When the initial concentration of the pollutant is very

low, (KCs � 1), the kinetic rate expression given by

Eq. (2) becomes a first-order rate expression. In this case,

overall rate would certainly depend onmass transfer. For

evaluation of true kinetic parameters it is necessary to

eliminate mass transfer resistance. At steady-state the

conversion rate follows

ro ¼
V L

V R

� �
� dCb

dt

� �
¼ koCb ¼ km;extjðCb � CsÞ

¼ krKCs

1þ KCs

ð3Þ

where Cb and Cs are the concentration in the bulk and

close to the catalyst surface, respectively in mol/m3, ko
(s�1) is the first-order observed rate constant, km,ext

(m s�1) is the external mass transfer rate and j (m�1)

is the specific illuminated catalyst surface area (�A/

VR). When KCs � 1, Eq. (3) becomes
n time, s
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atalyst system. Experimental condition: Q = 5.83 · 10�6 m3 s�1,

2 saturated, pH = 3.7–3.9.
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ro ¼ km;extjðCb � CsÞ ¼ krKCs ¼ k0rCs ð4Þ

where k0r is the apparent first-order reaction rate con-

stant (s�1). From the above equation, we can solve for

the unknown concentration Cs as

Cs ¼
km;extj

km;extjþ k0

� �
Cb ð5Þ

The above equation can be substituted in Eq. (4) to give

ro ¼ koCb ¼
k0rkm;extj

km;extjþ k0r

� �
Cb ¼

1

1

k0r

� �
þ 1

km;extj

� �
2
664

3
775Cb

ð6Þ

In other words, the various rates (observed, kinetic and

mass transfer rate) are related, as

1

ko
¼ 1

k0r
þ 1

km;extj
¼ 1

krK
þ 1

km;extj
ð7Þ

In addition to external mass transfer resistance, when

catalyst is immobilized on a surface, internal mass trans-

fer resistance might also exist, particularly for thick film.

The internal mass transfer resistance results from the

diffusion of organic molecules within the porous catalyst

film. When catalyst is present as film, entire catalyst sur-

face is not accessible to reactant, as reactant must diffuse

through the layers of catalyst. In that case, the relation-

ship 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

ko
¼ 1

k0r
þ 1

km;intj
þ 1

km;extj
ð8Þ

In order to determine intrinsic kinetic parameters it is

necessary to find out the mass transfer rates, so that true

kinetic parameters could be deduced from the overall

observed rates.

3.4. Effect of internal mass transfer

The influence of the internal mass transfer on the ob-

served photocatalytic reaction rate can be determined by

the magnitude of the Thiele modulus. The thin catalyst

film can be considered a porous slab and for the first

order reaction, the Thiele modulus (UH) is given by

UH ¼ H

ffiffiffiffiffiffi
k0r
De

s
ð9Þ

where H is the thickness of the catalyst film, k0r is the

first-order kinetic rate constant, and De is the effective

diffusivity of the pollutant within the catalyst film. Chen

et al. (2000b) reported experimentally determined value

of the effective diffusivity for benzoic acid as

1 · 10�10 m2 s�1. Using the rate constant (kr) value ob-

tained earlier as 9.83 · 10�5 mM s�1 and K from dark

reaction as 10.1 mM�1 and film thickness in the range
of 2–5 lm, the Thiele modulus value is between 0.0063

and 0.0157, which is �1. Therefore, internal mass trans-

fer resistance could be neglected as in our study most of

the experiments were conducted at low catalyst loading

of 0.02 kg m�2. It is worth noting that the internal mass

transfer is an intrinsic property of the catalyst film,

which depends on the nature of the catalyst, coating

techniques, pre-and post treatment of catalyst films, etc.

3.5. Effect of external mass transfer

If the external mass transfer resistance exists, the

reaction rate will depend on the circulation flow rate

(Q), particularly when circulation flow rate is low. The

external mass transfer resistance can be reduced to a

minimum by increasing mixing of fluid through stirring

or increasing the circulating flow rate (Reynolds num-

ber, Re) of the reaction medium. Experimental results

for the effect of circulation flow rates on photocatalytic

degradation benzoic acid are shown in Fig. 4. The figure

confirms significant external mass transfer limitation

when catalyst is fixed (immobilized) on a surface.

3.6. Determination of the external mass transfer rate

In this study, the external mass transfer coefficient,

km,ext, was determined experimentally by measuring the

dissolution rate of benzoic acid into water (Cout/Csat �
0.04) at different flow rates at 303 K. The benzoic acid

was coated on the inside of the bottom glass plate. The

process could be described by the following equation:

V L

dCb

dt
¼ �km;extAðCb � CsÞ ð10Þ

where VL is the total liquid volume (m3), A is the avail-

able surface area of benzoic acid film (m2), Cs and Cb are

the concentration of benzoic acid on the surface of the

film and in the bulk solution (mM), respectively. As ben-

zoic acid is sparingly soluble in water, Cs was assumed to

be equal to the solubility of benzoic acid in water. The

experimental results are shown in Fig. 5 as a function

of the Reynolds number (Re), together with the best fit:

km;ext ðin m s�1Þ ¼ 9:5� 10�7Re0:77 ð11Þ

It is worth noting that at high circulation flow rate exter-

nal mass transfer resistance will be minimum. However,

physical limitation on the equipment prevents us from

using very high circulation flow rate, since at very high

flow rate bubbles will be introduced inside the reactor,

which will lead to the significant experimental error dur-

ing measurement. Considering the above fact, all subse-

quent experiments were performed at a circulation flow

rate of 5.83 · 10�6 m3 s�1, which is equivalent to Rey-

nolds number of 106.

The intrinsic rate constants kr obtained from Fig. 3a

(when experiments were conducted at high initial concen-
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tration) is 9.83 · 10�5 mM s�1, and the observed first-

order rate constant, k0r (�krK), obtained from Fig. 3b

(when experiments were conducted at low initial concen-

tration) is 6.2 · 10�4 s�1. Using the value of km,ext from

Eq. (11) for Re = 106 and j (�A/VR) as 59.7 m�1, the

value of K from Eq. (7) can be determined as

9.925 mM�1, which is within 2% of the value obtained

from the dark reaction experiments (Fig. 2), thus suggest-

ing that K indeed represents adsorption characteristics.

3.7. Effect of light intensity

It is obvious that light intensity has great effect on

photocatalytic reaction rate. The reaction rate constant
usually follows power-law dependence on light intensi-

ties. In order to investigate the relationship between

the reaction rate constant, kr, and light intensity, I,

experiments were conducted at varying light intensity

on a thin layer of catalyst film in order to minimize inter-

nal mass transfer resistance. The intensity of light falling

on the catalyst was varied in our experimental set-up by

placing different mesh size screens between the lamp and

the bottom glass plate. At low concentration of benzoic

acid, it was found that the observed rate follows first-

order dependence. The true first-order rate constants

(kr) calculated after correcting for external mass transfer

(using km as discussed before) are plotted for different

values of light intensity in Fig. 6. When the data of kr
(expressed as s�1) and I (expressed as W m�2) was fitted

with an empirical power law equation

kr ¼ aIb ð12Þ

we found the values of a and b as 8.82 · 10�6 and 0.89

respectively.

3.8. Combined effect of catalyst loading and light

intensity on the degradation rate

The catalyst layer thickness (amount of catalyst) is an

important parameter in photocatalytic degradation. As

in aqueous suspension (Mehrotra et al., 2003), there also

exists an optimal catalyst dosage for fixed catalyst sys-

tem. In the slurry system, this is due to the increase of

internal (inter-particle agglomeration) mass transfer

resistance and light shielding effect, which will result in

the decrease of overall reaction rate with the increase

of catalyst loading (Mehrotra et al., 2003). Ray and Bee-

nackers (1997) were the first to report some studies on
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rated, pH = 3.7–3.9.
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the effect of catalyst layer thickness for fixed catalyst sys-

tem on the photocatalytic degradation of SBB textile

dye. Subsequently, Chen et al. (2000b) reported detailed

analysis of the effect of mass transfer and catalyst layer

thickness on photocatalytic degradation rate. In this

work, experiments were performed for photocatalytic

degradation of benzoic acid using different catalyst load-
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0.00 0.02 0.04 0.06

10
6 

r,
 n

M
 s

-1

40

80

120

160

200

Fig. 7. Effect of catalyst loading and light intensity on the photoc

C0 = 0.16 mM, VL = 2.4 · 10�4 m3, Re = 106, T = 303 K, O2 saturate
ing and light intensity and the results are shown in Fig.

7. Experimental result shows that photocatalytic rate

goes through a maximum at an optimum catalyst load-

ing (0.0184 kg m�2) irrespective of incident light inten-

sity. In fixed catalyst system, the pollutant (benzoic

acid) diffuses from the bulk solution through a boundary

layer (liquid-film mass transfer resistance) to reach the

liquid-catalyst interface. Subsequently, the reactant dif-

fuses through the catalyst layers (inter-particle diffusion)

to locate active sites where they get adsorbed and react.

At the same time, UV light must also reach the catalyst

surface to activate the catalyst. It is worth noting that

there is no boundary resistance for UV light penetration

(transmission) and Degussa P25 TiO2 is a nonporous

catalyst, thus there is no intra-particle diffusion.

There are two counteracting affects, which is resulting

this optimum rate. The increase of the catalyst loading

increases the degradation rate due to more available cat-

alyst surface sites but at the same time there are two

likely loss mechanisms within the catalyst films due to in-

crease of the catalyst layer thickness that will restrict the

presence of charge carriers at the interface. One is atten-

uation of light due to absorption by the catalyst, and the

other is the increased probability of charge carrier

recombination presumably due to the increased diffu-

sional lengths through the grain boundaries and constric-

tions within the micro-porous film. Within the bulk of

the catalyst film, the extinction of light follows the expo-

nential decay (Chen et al., 2000b). Fig. 8 indicates that

the photocatalytic rate reaches a saturation value as the

catalyst layer thickness increases. This can be understood
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0.08 0.10 0.12 0.14

I, W m-2 
56.4 
105.8 
146.5 
205.8 

atalytic degradation of benzoic acid. Experimental condition:
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if we look at the physical problem.When the catalyst film

is thin, the absorption of light will not be strong enough

as wavelength of light (k = 0.365 lm) is of the same order

of magnitude that of the film thickness, and conse-

quently, the catalyst layer will not be active to its highest

possible level. As the film thickness increases, at some

point the penetration depth of light will be such that most

of the electrons and holes are generated relatively close to

the solid–liquid interface. The photocatalytic reaction

rate will be about maximum at this point. With further

increase in the film thickness (thicker film), the charge

carriers generated relatively far from the liquid-catalyst

interface, and consequently, are more susceptible to

recombination loss. A further increase of film thickness

will lower the photocatalytic reaction rate.

3.9. Estimation of internal mass transfer

coefficient, km,int

When the amount of catalyst loading is increased the

internal mass transfer resistance increases as the film

thickness increases. Fig. 8 showed that the photocata-

lytic reaction rate attains a maximum at an optimum

catalyst layer thickness,Hopt. Chen et al. (2000b) derived

an expression of the optimum catalyst layer thickness as

Hopt ¼
ln

abDe

km;int

� �

ab� km;int

De

� � ð13Þ

where a is the light absorption coefficient factor deter-

mined experimentally by Chen et al. (2000b) as
0.6264 lm�1, b is kinetic factor defined in Eq. (12) and

obtained as 0.89 in this study, De is the effective diffusiv-

ity of benzoic acid within the catalyst film and obtained

experimentally as 1 · 10�10 m2 s�1 (Chen et al., 2000b),

and km,int is the internal mass transfer coefficient. The

optimum catalyst layer thickness can be correlated as

Hopt ¼
W opt

Aqcat

ð14Þ

where Wopt is the total amount of catalyst (kg), A is the

surface area of the catalyst coated plate (m2), and qcat
is the density of the catalyst (kg m�3). In our study,

Wopt = 7 · 10�5 kg (see Fig. 7), A = 0.0038 m2, and

qcat = 3.8 · 103 kg m�3, which results in Hopt = 4.85 lm.

Using the values of Hopt, a, b and De mentioned above,

the value of km,int is obtained as 4.75 · 10�6 m s�1.

Hence, at the optimum catalyst layer thickness, the

internal mass transfer resistance is comparable to the

external mass transfer resistance.
3.10. Comparison of slurry system with fixed catalyst

system

Mehrotra et al. (2003) carried out systematic analysis

to distinguish kinetic and transport limited regimes

for photocatalytic degradation of benzoic acid in slurry

systems. They reported optimum catalyst loading of

1.2 kg m�3 for slurry systems. Fig. 8 compares the

rate of degradation of benzoic acid between slurry

system (at optimum catalyst loading of 1.2 kg m�3) and

fixed catalyst system (at optimum catalyst loading of
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0.0184 kg m�2) at different light intensities. It is expected

that the degradation rate for the slurry system is higher

than fixed catalyst system and in our study we found that

rates for slurry system is about 40% higher than fixed cat-

alyst system. However, it should be noted that it is conve-

nient to scale-up fixed catalyst system compared to slurry

system for photocatalytic degradation and moreover, it

will circumvent the problem of separation of ultrafine

catalyst particles after treatment.
4. Conclusions

A swirl-flow, monolithic-type reactor was used to

evaluate the intrinsic kinetic parameters for photocata-

lytic degradation of benzoic acid when Degussa P25

TiO2 catalyst was immobilized on the Pyrex glass sub-

strate by dip-coating technique. The reactor is unique

for kinetic study of photocatalysis, as it can be used to

measure, apart from various rate constants, the effects

of the catalyst layer thickness and light intensity on

the rate constants. It was found that external mass trans-

fer resistance exists, and true kinetic rates were calcu-

lated from the observed reaction rate after correcting

for mass transfer resistance. Optimum catalyst layer

thickness, internal mass transfer coefficient, and depen-

dence of light intensity on reaction rates were deter-

mined experimentally. The rate constants and overall

rates were compared to slurry system and it was found

that at optimum conditions the observed rate of degra-

dation is 40% more than fixed catalysts systems.
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