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Abstract 

To reduce a film-diffusional resistance in the very vicinity of the photocatalyst 
surface, titanium oxide particles containing a small amount of adsorbent particles (3-
10 %) are immobilized on a stainless steel screen by a spraying method and its 
performance is investigated by decomposing 2,4-dinitrophenol in water. It is found 
that the activity of this photocatalyst screen is higher than that of the photocatalyst 
glass tube prepared by the conventional dip-coating method in the region of low 
linear velocity. A simple mathematical model that takes into consideration the 
photocatalytic reaction, diffusion, and adsorption is used to interpret the experimental 
result. 
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1. Introduction 

As a result of intensive investigation on the air purification process by an 
immobilized photocatalyst, the authors previously found that the film-diffusional 
resistance is the main negative factor that significantly reduces the performance of the 
photocatalytic decomposition of organic compounds (Xu and Shiraishi, 1999; 
Shiraishi et al., 2004; Shiraishi et al., 2005a; Shiraishi et al., 2005b) and then 
developed an air cleaner that succeeded in gaining a high decomposition performance 
by removing such a diffusional resistance (Shiraishi, 2004; Shiraishi et al., 2004; 
Shiraishi et al., 2005a; Shiraishi et al., 2005b; Shiraishi et al., 2007). On the other 
hand, despite huge efforts all over the world, there is no remarkable progress in the 
application of the photocatalytic water treatment. Of course, if several weeks or 
months are given for the treatment, the photocatalytic water treatment process by 
solar irradiation could readily be put to practical use. In actual situation, however, the 
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treatment should be finished within several hours to days. Why is the practical use of 
the photocatalytic treatment process difficult in water compared to in air? This is due 
to a marked decrease in the photocatalytic activity in the water environment (Shiraishi 
et al., 1999; Wang and Shiraishi, 2002; Wang et al., 2002b, 2002a). That is, in the 
water environment, the film-diffusional resistance is even more increased, the UV 
light intensity is markedly reduced, radicals are quickly consumed by water molecules, 
and the photocatalytic reaction is strongly inhibited by various kinds of coexisting 
ions. 
 Although the photocatalytic reactivity may be enhanced by doping metals on 
titanium oxide (Kanno et al., 1985; Sobczynski et al., 1987; Moon et al., 1998; Jin 
and Shiraishi, 2003), the presence of other metal(s) may easily cause destabilization 
of the photocatalytic activity. Moreover, since the photocatalyst is mostly applied to 
the decomposition of the organic compounds that are usually present at very low 
concentrations, the presence of the film-diffusional resistance is very serious. In the 
case of air purification, this problem was easily solved by introducing contaminated 
air into an annulus at a high linear velocity by an electric fan. Likewise, in the water 
treatment, supply of the reaction mixture at a very high linear velocity makes it 
possible to reduce the film-diffusional resistance (Wang and Shiraishi, 2002; Wang et 
al., 2002a). In a liquid system, however, this method is not economical because an 
expensive and high-performance water pump is necessary to secure a high circulation 
linear velocity and a large amount of electrical energy is consumed. Moreover, even if 
it is possible to flow a liquid solution at a high linear velocity, a shearing stress 
imposed by water gradually exfoliates the thin photocatalyst film on a support. 
 The purpose of the present work is to investigate a photocatalytic water treatment 
system that has a potential to solve the above-mentioned problems. Firstly, to prevent 
the photocatalyst film from exfoliating in the water treatment at a high linear velocity, 
we form a strongly adhesive thin film of titanium oxide on a stainless steel screen by 
a coating technique called a spraying method and then investigate the performance of 
the prepared photocatalyst screen in the batch recirculation treatment of an aqueous 
solution containing organic compounds. Secondly, to obtain a satisfactorily high 
photocatalytic activity at a low linear velocity, we prepare the photocatalyst screen in 
which adsorbent particles such as zeolite or other adsorbent particles are uniformly 
distributed and then investigate their decomposition activities. Thirdly, we attempt to 
interpret characteristics of the experimental data by use of a mathematical model that 
takes into consideration the photocatalytic reaction, adsorption, and diffusion. 
 

2. Theory 

A mathematical model that takes into consideration the facts that the photocatalytic 
reactions obey a Langmuir-Hinshelwood mechanism (Matthews, 1988; Wang et al., 
2002b) and are strongly affected by a film-diffusional resistance is described by 
(Shiraishi et al., 1996) 
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where υ is the rate of the photocatalytic reaction per unit volume of liquid [g m-3-liq 
min-1], Ef is the catalytic effectiveness factor [−], k is the rate constant [g m−2-cat 
min−1], KH is the adsorption equilibrium constant [m3 g−1], and C is the reactant 
concentration [g m−3]. Also, α is the specific surface area [m2-cat m−3-liq], given by 
  (2) V /a S V=
where S is the apparent surface area of the photocatalyst screen and VL is the liquid 
volume. It is a common means to express υ in terms of 
  (3) V/ aυ υ′=
where  is the rate of the photocatalytic decomposition per unit apparent surface 
area of the photocatalyst screen [g m-2-cat min-1].  

υ ′

 In the absence of negligible film-diffusional resistance, initial rates of 
photocatalytic decomposition υ0 are measured at various initial reactant 
concentrations C0 by use of the photocatalyst screen. These values are then converted 
into  according to Eq. (3). Since Ef=1, the linearized form of Eq.(1) is given by 0υ ′
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Therefore, Eq.(4) is applied to the experimental data in order to obtain the values of 
the slope and intercept of the straight line by the least-square method. These values 
are then used to determine the values of k and KH. 
 The actual photocatalytic reaction occurs in the presence of film-diffusional 
resistance. The effectiveness factor that includes this effect is given by  
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in which βb is the dimensionless reactant concentration, φ is the modulus, and  is 
the mass-transfer coefficient. The value of  changes with the magnitude of the 
linear velocity and is generally expressed in terms of the following expression (Lortie 
and Thomas, 1986; Shiraishi et al., 1996; Miyakawa and Shiraishi, 1997). 
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It is now easy to estimate that the film-diffusional resistance changing with the linear 
velocity has an effect on the rate of the photocatalytic decomposition. To include this 
effect into the mathematical model, the constants a and b in Eq. (8) must be 
determined. For this purpose, we apply the algebraic equation:  
  (9) exp calc

L 0 0( )f k υ υ= −
to the experimental values obtained by use of the photocatalyst screen without 
adsorbent particles and fit the calculated values  to the corresponding 
experimental values  by the Newton-Raphson method so that the value of kL can 
be determined for each linear velocity u. The details of the root-finding procedure 
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used are described elsewhere (Shiraishi et al., 2006). A least-square method is applied 
to a plot of log  against log u to determine a and b in Eq. (8). As a result, the 
expression for  is determined as a function of u. 

Lk

Lk
 To interpret characteristics of the experimental data obtained by use of the 
photocatalyst screen containing zeolite particles, we include the term expressing the 
adsorption of reactant molecules onto zeolite particles into the mathematical model. 
For simplicity, we introduce the effectiveness given by 
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where the adsorption factor λ takes a negative value and its absolute value becomes 
larger as the reactant concentration on the photocatalyst surface increases owing to an 
action of adsorbent particles. Although Eq. (10) is originally the effectiveness factor 
used in an immobilized enzyme reaction system (Shuler et al., 1972; Shiraishi, 1997) 

where an electrostatic interaction is present between the reactant molecule and 
enzyme support, we simply replace the effect of electrostatic attraction by the effect 
of adsorption. Thus, Eq. (1) with Eq. (10) is applied to the experimental data obtained 
by use of the photocatalyst screen containing zeolite particles and the calculated 
values are fit to the experimental ones so that the value of λ can be determined. 
 

3. Experimental method 

The reactant was 2,4-dinitrophenol (DNP) and the photocatalyst was titanium oxide 
fine particles in anatase form (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 
Three kinds of adsorbent particles were tested; zeolite with pore sizes of 3, 4, and 9 Å 
(Wako Pure Chemical Industries, Ltd.), activated carbon pellets (Wako Pure 
Chemical Industries, Ltd.) finely milled with a pestle in a motar, apatite from cow’s 
leg bone (Bioclean Co., Ltd., Fukuoka, Japan). Titanium oxide particles or those well-
mixed with adsorbent particles in order to uniformly distribute them in a titanium 
oxide particle layer were sprayed onto a stainless steel screen where the wire diameter 
and the gap between wires are both 0.1 mm. The contents of zeolite particles 
distributing in a titanium oxide particle layer were 3, 5, and 10 %.  
 The photocatalyst screen thus prepared was cut in a size of 14 cm × 8.8 cm and 
mounted in the annular-flow reactor shown in Fig.1 so as to give a close contact with 
its inside wall. This reactor has a 6W blacklight blue fluorescent lamp (FL6BLB; 
Toshiba Co., Ltd., Tokyo, Japan) and a quartz glass tube for its protection. The details 
of the reactor structure are described elsewhere (Shiraishi et al., 2003; Shiraishi and 
Kawanishi, 2004). A reaction mixture that entered the reactor was photocatalytically 
treated when flowing through an annulus between the photocatalyst screen and the 
outer surface of the quartz glass tube (about 5 mm in annular gap).  
 The photocatalytic reactor was connected to a perfectly-mixed container and a 
peristaltic pump (RP 1000; Eyela, Tokyo, Japan), and then operated in batch 
recirculation mode (Shiraishi et al., 2006). In every experiment, we treated 5.0×10−4 
m3 of an aqueous DNP solution to determine the initial rate of the DNP 
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decomposition by measurement of an absorbance at 357 nm with a spectrophotometer 
(UV mini 1240; Shimadzu, Kyoto, Japan). 
 

4. Results and discussion 

4.1 Effect of zeolite pore size on the initial rate of DNP decomposition 
To measure the initial rates of DNP decomposition, we treated 10g m−3 aqueous DNP 
solutions flowing at low linear velocities of 0.0298−0.0115 m s−1 by use of the 
photocatalyst screens containing 5 % of zeolite particles with pore sizes of 3, 4, and 9 
Å. The result is shown in Fig. 2. The initial rates of DNP decomposition for different 
pore sizes of zeolite have no remarkable difference at any linear velocity. Therefore, 
we simply used 4 Å zeolite particles in the following experiment, although the 
optimal pore size may be related to the size of a reactant molecule,. 
 
4.2 Effect of zeolite content on the initial rate of DNP decomposition 
To measure the initial rates of DNP decomposition, we treated 10g m−3 aqueous DNP 
solutions flowing at a linear velocity of 0.006 m s−1 by use of the photocatalyst 
screens containing 3-10 % of zeolite particles with a pore size of 4 Å. The result is 
shown in Fig. 3. The initial rate of DNP decomposition increases as the zeolite 
content increases up to 5 %. This is considered due to an increase in the DNP 
concentration in the vicinity of photocatalyst surface as a result of adsorption of DNP 
molecules onto zeolite particles. However, the initial rate decreases when the zeolite 
content further increases up to 10 %. This is considered due to a decrease in the 
amount of titanium oxide exposed at the surface of the photocatalyst screen. The 
result indicates that the 5% zeolite content is optimum in this photocatalytic reaction 
system. In the following experiment, therefore, we used the photocatalyst screen with 
a zeolite content of 5 %.  
 
4.3 Effect of kind of adsorbent particles on the initial rate of DNP decomposition 
To measure the initial rates of DNP decomposition, we treated 10g m−3 aqueous DNP 
solutions flowing at low linear velocities of 0.0298 - 0.0512 m s−1 by use of the 
photocatalyst screens containing zeolite particles of 4 Å, activated carbon particles, or 
apatite particles. The contents of these adsorbents were all 5 %. The result is shown in 
Fig. 4. The initial rate of DNP decomposition for the zeolite particles increases with 
the increase of the linear velocity. A comparison of the decomposition rate for zeolite 
with the decomposition rates for other adsorbents in the region of low linear velocity 
clearly shows that the photocatalyst screen containing zeolite particles has the largest 
activity. Although we had an estimation that the activity of the photocatalyst screen 
containing activated carbon particles would be much higher than others, it is clear that 
the activity is not high. This is probably due to a significant drop in the ability of 
activated carbon particles to adsorb DNP molecules because when the spray coating 
was carried out, the surface temperature of the titanium oxide film was 
instantaneously increased to about 700 °C so that activated carbon particles were 
oxidized. Therefore, a spraying method in nitrogen atmosphere should be investigated 
in the future. On the other hand, the photocatalyst screen containing apatite has a very 
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low activity. This is probably due to its low adsorption ability compared with others 
and also inhibition of the photocatalytic reaction as a result of elution of apatite to the 
solution.  
 
4.4 Effect of linear velocity of a reaction mixture on the initial rate of DNP 
decomposition 
Figure 5 shows the relationship between the initial rate of DNP decomposition and 
the linear velocity of a reaction mixture in the annular-flow reactor. In the region of 
low linear velocity, the initial rate of DNP decomposition for the photocatalyst screen 
prepared by the spraying method is larger than that for the photocatalyst glass tube 
prepared by the conventional dip-coating method (Shiraishi et al., 2003; Shiraishi and 
Kawanishi, 2004). In addition, when zeolite particles are contained, the initial rate of 
DNP decomposition is further increased. For example, at a linear velocity of 0.005 m 
s-1, the photocatalytic activity of the photocatalyst screen is higher by about two times 
than that of the dip-coating method. This is considered due to a reduction in the film-
diffusional resistance in the region of low linear velocity as a result of the attraction 
of DNP molecules toward the photocatalyst surface by zeolite particles. The low 
linear velocity region is practical in the meaning that a fewer amount of electrical 
energy is consumed and photocatalyst film is not easily exfoliated because the 
solution is allowed to flow moderately.  
 
4.5 SEM observation of a titanium oxide film immobilized by the spraying 
method 
In the present work, we found that the photocatalytic activities of titanium oxide 
particles and those containing zeolite particles are superior to that of the titanium 
oxide particles prepared by the dip-coating method in the region of low linear velocity. 
To interpret this result, we observed the titanium oxide film on the screen surface. 
The result is shown in Fig.6. It is obvious that the titanium oxide film prepared by the 
spraying method is composed of a lump of large titanium oxide particles and has an 
uneven surface. As a result, we estimate that the photocatalyst screen has a larger 
specific surface area and gives a higher rate of the DNP decomposition. It can be 
predicted from the principle of the spraying method that zeolite particles are 
uniformly distributed in the titanium oxide particle layer. Although we tried to 
confirm it from the SEM photographs, it was difficult to distinguish zeolite particles 
from titanium oxide particles. 
 
4.6 Interpretation of experimental data using a photocatalytic reaction model 
One of the advantages of the spraying method is that it is possible to form a uniform 
distribution of adsorbent particles in the photocatalyst film. In such an environment, it 
is expected that the reactant is first adsorbed on zeolite particles and then decomposed 
by titanium oxide particles, thereby increasing the rate of photocatalytic 
decomposition. To confirm the validity of this estimation, we attempted to interpret 
the experimental result by use of a mathematical model that takes into consideration 
the diffusion of a reactant through the film in the very vicinity of photocatalyst 
surface, the adsorption of the reactant onto zeolite particles uniformly distributed in 
the titanium oxide film, and the photocatalytic decomposition of the reactant adsorbed. 
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 The apparent surface area of the photocatalyst screen S has a value of 1.23×10−2 
m2-cat and the liquid volume VL has a value of 5.0×10−4 m3-liq. Therefore, the 
specific surface area α takes a value of 24.6 m2-cat m−3-liq. Firstly, DNP was 
decomposed at various initial concentrations by use of the photocatalyst screen 
without adsorbent particles to measure the initial rates of DNP decomposition per unit 
volume of liquid υ0. The measurements were performed at a sufficiently high linear 
velocity of 0.05m s−1 so that the film-diffusional resistance was negligible. Secondly, 
the values of υ0 were converted into those of  according to Eq.(3). Figure 7 shows 
a linearized plot of the experimental data in the functional relationship of Eq. (4). The 
least-square method was applied to the experimental data, which resulted in the 
following expression. 

0υ ′

 0
0

0

0.03473 0.6813
C

C
υ
= +

′
 (11) 

A comparison of Eq. (11) with Eq. (4) gives  g m−2-cat min−1 and 
 m3 g−1. On the other hand, an actual photocatalytic reaction takes place 

in the presence of film-diffusional resistance. Therefore, Eq. (9) was applied to the 
experimental values obtained by the photocatalyst screen without adsorbent particles 
in Fig. 5 and the mass-transfer coefficients kL were determined for individual 
experimental data by the Newton-Raphson method. Figure 8 shows the plot of  
against u. Application of the least-square method to the data plot finally gives the 
following expression for .  

28.8k =
H 0.0510K =

Lk

Lk
  (12) 0.236

L 0.00903k = u
As shown in Fig. 8, the calculated line using Eq. (12) is in a good agreement with the 
experimental values, indicating that the mass-transfer coefficient rises in proportion 
with the linear velocity to the power of 0.236. 
 Furthermore, Eq. (1) with Eq. (10) was applied to the experimental data obtained 
by the use of the photocatalyst screen containing zeolite particles and the value of λ 
was determined by fitting the calculated values to the experimental data. As a result, 
we obtained λ=−0.75. As shown in Fig.9, the calculated lines for the photocatalyst 
screen with and without zeolite particles satisfactorily express the variations in the 
corresponding experimental data, which suggests that the DNP decomposition by the 
photocatalyst screen containing zeolite particles was improved by the adsorption of 
DNP onto zeolite particles. 
 

5. Conclusions 

The photocatalytic water treatment produces the following two serious problems; the 
significant decrease in the rate of photocatalytic decomposition by the film-
diffusional resistance and the separation of the photocatalyst film by the shearing 
stress imposed by water flowing at a high linear velocity. To solve these problems, a 
strongly adhesive thin film of titanium oxide particles was formed on a stainless steel 
screen by the spraying method and DNP was then photocatalytically decomposed. As 
a result, the following conclusions were drawn. 
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1) The rate of the photocatalytic decomposition of DNP for the photocatalyst screen 
prepared by the spraying method was higher than that for the photocatalyst glass tube 
prepared by the conventional dip-coating method. The activity of the photocatalyst 
screen containing zeolite particles was even more enhanced. This is considered due to 
an increase in the DNP concentration in the vicinity of photocatalyst surface as a 
result of adsorption of DNP on zeolite particles. 
2) There is no marked effect of zeolite pore sizes on the rate of the photocatalytic 
decomposition as far as the DNP decomposition is concerned. 
3) The maximum activity of the photocatalyst screen containing zeolite particles 
appears at a 5 % zeolite content. 
4) An increase in the rate of DNP decomposition by addition of zeolite particles can 
successfully be explained by a mathematical model that takes into consideration the 
diffusion of DNP molecules through the film in the very vicinity of photocatalyst 
surface, the adsorption of DNP on zeolite particles, and the subsequent photocatalytic 
decomposition of DNP. 
5) The tough titanium oxide film containing zeolite particles prepared by the spraying 
method is useful for the water treatment because it can reduce the film-diffusional 
resistance and then decompose organic compounds at a higher rate. 
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Fig.1 Schematic diagram of an annular-flow photocatalytic reactor 
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Fig.2 Effect of zeolite pore size on initial rate of DNP decomposition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig3 Effect of zeolite content on initial rate of DNP decomposition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Effect of kind of adsorbents on initial rate of DNP decomposition 
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Fig.5 Effect of linear velocity on initial rate of DNP decomposition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 SEM photographs of photocatalyst surface formed on a stainless steel 
screen by a spraying method 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 A linearized plot of C0/υ'0 against C0 
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Fig.8 Relationship between mass-transfer coefficient and linear velocity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Calculated results for effects of linear velocity on initial rates of DNP 
decompositions using photocatalyst screens with and without zeolite particles 

 


