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a b s t r a c t

The present work investigates the mechanism of the photocatalytic and adsorptive treatment of an
aqueous DNP (2,4-dinitrophenol) solution in an annular-flow reactor installed with a TiO2/AC-PET film
(a polyethylene terephthalate film adhesively fixing activated carbon particles covered with a thin and
porous film of titanium dioxide). Unfortunately, the experimental result indicates that it is impossible
to correctly measure the time courses of product ion concentrations because they are adsorbed onto or
desorbed from AC particles. Therefore, a computer simulation methodology using mathematical mod-
els is introduced in order to elucidate the treatment mechanism. Treatments of aqueous DNP solutions
using the TiO2-PET film reveal that the diffusion of DNP from a bulk solution to a TiO2 film is based on
the gradient of DNP concentration, generated by a rapid adsorption of DNP onto AC and photocatalytic
athematical models
ffectiveness factor
artition

reaction, in the very neighborhood of TiO2 film, and this diffusion increases the DNP concentration at the
surface of TiO2 film, thereby enhancing the rate of photocatalytic decomposition. Moreover, it is found
that the TiO2/AC-PET film can lower the burden of the adsorption of DNP onto AC compared with the
AC-PET film because a part of DNP molecules are photocatalytically decomposed and the percentage of
this decomposition is increased at a lower linear velocity. In conclusion, the mathematical model taking
into consideration a film-diffusional effect can successfully explain the complicated mechanism of the
treatment of an aqueous DNP solution using the TiO2/AC-PET film.
. Introduction

A number of wastewaters containing various kinds of organic
ompounds are treated by microbial decomposition processes.

hen the wastewaters contain organic compounds highly toxic
o microbial cells, however, introduction of some other method

ust be considered [1–4]. For example, wastewaters contain-
ng 2,4-dinitrophenol (DNP), which is mainly used as a raw

aterial of black dyes, polymerization inhibitor, and wood
reservative, significantly restrict cell growth even when the
NP concentration level is of the order of 1 ppm (parts per
illion). According to the PRTR (Pollutant Release and Trans-

er Register) data in 2007, it is estimated that DNP of about
.38 tons per year was released into the environment in Japan
5].
Titanium dioxide (TiO2) irradiated with UV light can decom-
ose a wide variety of organic compounds to carbon dioxide, water,
nd mineral acids or their salts [3,6,7]. Hence, the decomposition
ethod using TiO2 has a potential for the treatment of wastewa-
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E-mail address: fumishira@brs.kyushu-u.ac.jp (F. Shiraishi).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.04.006
© 2010 Elsevier B.V. All rights reserved.

ters containing toxic organic compounds such as DNP [1,2,4,8–10].
Unfortunately, it is not easy to enhance the rate of photocatalytic
decomposition to a level of practical application because TiO2 does
not sufficiently adsorb organic compounds, especially when they
are hydrophobic.

To solve this problem, many researchers have attempted to com-
bine TiO2 with adsorptive materials such as activated carbon (AC)
and zeolite particles [4,11–14]. A high photocatalytic activity may
be achieved if the surface area of TiO2 per unit volume is success-
fully increased. One of the best ways is to completely cover the
surface of adsorptive materials with a TiO2 film in order to get as
much field for the photocatalytic reaction as possible. In this case,
however, the adsorption ability of AC particles cannot be utilized
efficiently.

In a previous work [15], we prepared a TiO2/AC-PET film, where
the surface of AC particles adhesively fixed onto a PET film was com-
pletely covered with a porous and thin film of TiO2 crystal particles
in large sizes, and investigated its performance for the treatment of

an aqueous DNP solution. As a result, we found that the TiO2/AC-
PET film can rapidly treat it compared to a TiO2-PET film where the
TiO2 particles were directly loaded onto a PET film. Interestingly,
in this reaction system, the rate of a decrease in the DNP concen-
tration by the TiO2/AC-PET film without UV irradiation was almost

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:fumishira@brs.kyushu-u.ac.jp
dx.doi.org/10.1016/j.cej.2010.04.006
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he same as that by the AC-PET film. This finding implies that the
dsorption ability of AC is not weaken in the presence of the TiO2
lm because it is very thin and porous. In addition, the TiO2/AC-
ET film was able to treat a 1.8 times larger amount of DNP than
id the AC-PET film until AC on each PET film was saturated with
NP. This experimental fact suggests that DNP may be decomposed
t a higher reaction rate by the TiO2/AC-PET film than by the TiO2-
ET film, because the DNP concentration on the TiO2/AC-PET film
ould be more increased by a high attraction force of AC; conse-

uently, the burden of AC adsorption of DNP is lowered and a larger
mount of DNP can be treated by the TiO2/AC-PET film than by the
C-PET film.

The purpose of the present work is to elucidate the mechanism
f the photocatalytic and adsorptive treatment of DNP using the
iO2/AC-PET film. To achieve this purpose, the scheme of the photo-
atalytic decomposition of DNP is firstly investigated on the basis of
he decomposition experiment using the TiO2-PET film. Secondly,
he treatment of DNP using the TiO2/AC-PET film is experimentally
nalyzed, which indicates that there is a limitation to experimen-
al elucidation of its mechanism. Therefore, mathematical models
re constructed to theoretically elucidate the mechanism of the
hotocatalytic and adsorptive treatment.

. Experimental method

.1. Materials

DNP used as a reactant was purchased from Wako Pure Chemical
ndustries, Ltd. (Osaka, Japan). A nonionic surfactant (polyoxyethy-
ene lauryl ether with a degree of polymerization of 23) used to
ncrease the affinity of an aqueous TiO2 coating solution to a PET
lm was also the product of Wako Pure Chemical Industries, Ltd.
he coating solution (aqueous H2O2 solution) containing anatase
iO2 fine particle in sizes of 10–25 �m was a product of Sundecor
o. Ltd. (Fukuoka, Japan). The details of this coating solution are
escribed elsewhere [16]. A 6-W blacklight blue fluorescent lamp
Matsushita Electric Industrial Co., Ltd., Osaka, Japan; FL6BL-B) was
sed as a light source of UV light (wavelengths; 300–400 nm). Gran-
lar AC particles in sizes of roughly 1-2 mm were purchased from

apan EnviroChemicals Ltd. (WH2CSS; Osaka, Japan).

.2. Preparations of TiO2-, AC- and TiO2/AC-PET films

Polyethylene terephthalate (PET) films, 0.085 m × 0.195 m in
ize and 0.01 mm thick, were used as supports of TiO2, AC and
C coated with TiO2. The preparation methods are detailed else-
here [15]. In the following, the PET film covered with a thin film

f TiO2 is referred to as TiO2-PET film, the PET film where AC par-
icles are adhesively fixed onto its surface is referred to as AC-PET
lm, and the PET film where the surface of the AC particles adhe-
ively fixed is completely covered with a thin film of TiO2 is referred
o as TiO2/AC-PET film. The weights of TiO2 loaded on TiO2- and
iO2/AC-PET films were determined to be about 0.09 and 0.12 g,
espectively. However, since the measured weight for the TiO2/AC-
ET film includes the weight of water absorbed into AC particles,
e consider that there is not remarkable difference between the

mounts of TiO2 loaded on the TiO2- and TiO2/AC-PET films.

.3. Experimental procedures
The removal experiments of DNP from aqueous solutions were
onducted in a batch-recirculation system with an annular-flow
hotocatalytic reactor [17–21] as shown in Fig. 1. The plastic pho-
ocatalytic reactor consists of a cylindrical vessel (0.20 m long and
.0285 m in inlet diameter), a 6-W blacklight blue fluorescent lamp,
ing Journal 160 (2010) 651–659

a quartz glass tube (0.024 m in outer diameter) used for protec-
tion of the UV lamp, and a PET film with TiO2 and/or AC particles.
The photocatalytic reactor was connected with a mixed-flow con-
tainer via a peristaltic pump (RP-2; EYELA, Tokyo, Japan) as shown
in Fig. 1. A reaction mixture flows through an annulus between
the inside wall of the cylindrical vessel and the outside wall of the
quartz glass tube. The PET film was inserted into the annulus so
that it contacts closely to the inside wall of the cylindrical vessel.
The volume of the annulus in the photocatalytic reaction zone was
3.7 × 10−5 m3.

A 5.0 × 10−4 m3 aqueous solution of DNP at different initial con-
centrations was poured into the mixed-flow container and then
circulated at different flow rates. The UV lamp was switched on to
start the photocatalytic reaction. At appropriate time intervals, an
aliquot of the reaction mixture in the mixed-flow container was
withdrawn to determine the DNP concentration by measurement
of an absorbance at 357 nm with a spectrophotometer (Ultrospec
1100Pro; Amersham Biosciences, Sweden). The concentrations of
ions (NO2

−, NO3
−, NH4

+, and CO3
2−) produced during the DNP

decomposition were determined by ion chromatography (ICS 90;
Japan Dionex, Osaka, Japan).

3. Mathematical models

3.1. Constitution of reaction systems and characteristics of
experimental data

The present work treats DNP solutions in a batch-recirculation
mode. That is, a reaction mixture of the volume VL in a mixed-flow
container is circulated by passing through an annular-flow photo-
catalytic reactor. The rate of recirculation is very large compared
to the rate of decomposition (the rate of treatment). Therefore,
the present treatment can be approximately regarded as a batch
mode, which means that the reactant concentration profile along
the reactor can be neglected [22,23]. On the other hand, the exper-
imental data given in a previous paper [15] possess the following
characteristics.

(1) There is no significant difference between the time courses
of DNP concentrations in bulk solutions in the treatments of
aqueous DNP solutions using the TiO2/AC-PET film without UV
irradiation and the AC-PET film. This means that the thin film
of TiO2 covering the surface of AC particles on the TiO2/AC-PET
film hardly lowers the ability of AC to attract DNP.

(2) In repeated treatments of aqueous DNP solutions, the amount
of DNP required to saturate the AC on the TiO2/AC-PET is 1.8
times larger than that on the AC-PET film. This means that the
burden of the adsorption of DNP on AC is lowered as a result of
photocatalytic decomposition of DNP.

The mathematical models to be constructed must be satisfied
with these facts.

3.2. Mathematical model for decomposition of DNP using a
TiO2-PET film

In the batch-recirculation annular-flow reactor installed with
a TiO2-PET film, reactant molecules diffuse through a liquid film
from a bulk solution to a photocatalyst surface excited with UV light
and are then decomposed photocatalytically. The present system is
kept at a steady state and the flux of reactant molecules diffusing

through the liquid film is equal to the rate of decomposition on the
TiO2 film. Thus, a differential mass balance gives

−VL
dCb

dt
= kLpAs(Cb − Cp) (1)
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Fig. 1. Schematic of a batch-recirculation flow system with an

P
dCp

dt
= kLpAs(Cb − Cp) − kpVpKHCp

1 + KHCp
= 0 (2)

ith the initial conditions:

b = Cb0, Cp = Cp0 = 0, at t = 0

here kp [mmol m−3 −cat min−1] is the rate constant of the
hotocatalytic decomposition, KH [mmol−1 m3] is the adsorption
quilibrium constant, Cp [mmol m−3] is the DNP concentration at
he TiO2 surface, kLp [m min−1] is the mass-transfer coefficient for
he diffusion of DNP through a liquid film in the photocatalytic
eaction system, Cb [mmol m−3] is the DNP concentration in a bulk
olution, VL [m3] is the volume of a reaction mixture, As [m2 cat] is
he area of a plane perpendicular to the direction of diffusion, Vp

m3 cat] is the volume of the TiO2 film, and t [min] is the reaction
ime. Also, the subscript “0” represents the value at t = 0, namely,
he initial value. Solving Eq. (2) with respect to Cp and substitut-
ng the obtained equation into Eq. (1) gives a differential equation
hat is a function of only Cb. The time course of Cb is obtained by
umerically solving this differential equation. If there is no film-
iffusional resistance, i.e., if kLp = ∞, Eqs. (1) and (2) is simplified to
he following kinetic equation:

p = −dCb

dt
= (kp/VL)VPKHCb

1 + KHCb
(3)

ith the initial condition:

b = Cb0, at t = 0.

here �p [mmol m−3 min−1] is the photocatalytic reaction rate. The
alues of kp and KH are determined from a linearized plot based on
he initial rates of decomposition �p0 measured at various initial
eactant concentrations Cb0.

.3. Mathematical model for adsorption of DNP onto an AC-PET
lm

In the batch-recirculation annular-flow reactor installed with
n AC-PET film, the DNP concentration is decreased as a result of
C adsorption of DNP. A differential mass balance gives [24]

VL
dCb

dt
= kLaAs(Cb − Cae�a ) = Va

dCa

dt
(4)
ith the initial conditions:

b = Cb0, Ca = Ca0 = 0, at t = 0

where Ca [mmol m−3] is the DNP concentration on AC particles,
La [m min−1] is the mass-transfer coefficient for the diffusion of
r-flow reactor installed with a TiO2-, AC-, or TiO2/AC-PET film.

DNP through a liquid film in the AC adsorption system, �a is the
partition coefficient for DNP at the surface of AC particles, and Va

[m3] is the volume of AC particles. In general, it may be possible to
express kLa and kLp in terms of the same mass-transfer coefficient.
However, the surface condition of the TiO2- and TiO2/AC-PET films
are markedly different, which would give subtle differences in the
thicknesses of diffusion film and the surface areas for diffusion. For
simplification, therefore, the present work distinguishes and sets
up them as different mass-transfer coefficients. Eq. (4) provides the
following equation expressing a relationship between Ca and Cb.

Ca =
(

VL

Va

)
(Cb0 − Cb) (5)

Substitution of Eq. (5) into Eq. (4) gives

d Cb

d t
+ kLaAs

VL

(
1 + VLe�a

Va

)
Cb = kLaAse�a

Va
Cb0 (6)

Eq. (6) is a linear first-order differential equation, whose analytical
solution leads to

Cb = Cb0

(
Va

Va + VLe�a

)
exp

[
−kLaAs(Va + VLe�a )

Va VL
t
]

+ Cb,eq (7)

where

Cb,eq = Cb0 VLe�a

Va + VLe�a
(8)

Firstly, the final reactant concentrations in a bulk solution, i.e.,
equilibrium reactant concentrations, Cb,eq, must be obtained from
the time course data of Cb in the treatments of aqueous DNP solu-
tions at different values of Cb0. Secondly, the values of Cb,eq are
plotted against the values of Cb0 to obtain the value of �a from the
slope of the linear plot of Eq. (8). Finally, kLa is determined so that
the calculated result by Eq. (7) agrees with the time course data of
Cb.

3.4. Mathematical model for adsorption and decomposition of
DNP on a TiO2/AC-PET film

The TiO2/AC-PET film is set in the annular-flow reactor to treat
an aqueous solution containing DNP in the batch-recirculation flow
system. The TiO2 film covering the surface of AC particles hardly
lowers the ability of AC particles to attract DNP, because it is thin
and porous. The DNP concentration in the very neighborhood of

the TiO2/AC-PET film is significantly reduced due to a rapid adsorp-
tion of DNP onto AC and its photocatalytic decomposition, so that
the DNP molecules can quickly diffuse to the neighborhood of the
PET film by utilization of a large concentration gradient as a driv-
ing force. The DNP concentration at the TiO2 film is higher than
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nitro groups are quickly eliminated from DNP, while intermediates
produced from DNP are slowly decomposed to CO3

2−.
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hat in its neighborhood because of solid–liquid partition. About
alf of the DNP molecules on the TiO2 film would be photocatalyt-

cally decomposed and the others would be quickly attracted and
dsorbed onto AC. The DNP concentration at the TiO2 film is higher
ith TiO2/AC-PET film than with TiO2-PET film because the flux

f DNP passing through the porous TiO2 film becomes larger as a
esult of quick attraction of DNP by AC. This in turn increases the
ate of photocatalytic decomposition of DNP. Not only undecom-
osed DNP molecules but also a part of intermediates produced
y DNP decomposition are adsorbed on AC. This series of process

ncluding diffusion, partition, photocatalytic decomposition, and
C adsorption is described as follows:

VL
dCb

dt
= kLaAs(Cb − Cpe�p ) + kLaAs(Cb − Cae�a ) (9)

p
dCp

dt
= kLaAs(Cb − Cpe�p ) − kpVpKHCp

1 + KHCp
(10)

a
dCa

dt
= kLaAs(Cb − Cae�a ) (11)

ith the initial conditions:

b = Cb0, Cp = Cp0 = 0, Ca = Ca0 = 0, at t = 0

here �p is the partition coefficient for DNP at the TiO2 film. Eqs.
9)–(11) simply describe an increase in the DNP concentration in
he neighborhood of the TiO2 film, which is caused by the adsorp-
ion ability of AC, in terms of a partition phenomenon.

.5. Catalytic effectiveness factor

The catalytic effectiveness factor, Ef in a photocatalytic reaction
ystem is written as [17,18]

f = Actual rate of decomposition
Ideal rate of decomposition in absence of diffusional resistance

= �p(Cp)
�p(Cb)

= VpKHCp/(1 + KHCp)
VpKHCb/(1 + KHCb)

= ˇp/(1 + ˇp)
ˇb/(1 + ˇb)

. (12)

Eq. (2) gives the following equation for the dimensionless DNP
oncentration at the TiO2 surface:

p = −(� + 1 − ˇb) +
√

(� + 1 − ˇb)2 + 4ˇb

2
(13)

here ˇp = CpKH, ˇb = CbKH, and � = kpVpKH/(kLp As). Application of
q. (13) to Eq. (12) gives the equation of Ef as

f = (ˇb + 1){ˇb + � + 1 −
√

(� + 1 − ˇb)2 + 4ˇb}
2�ˇb

. (14)

onsequently, the rate of decomposition of DNP for the TiO2-PET
lm is described as

p = −dCb

dt
= Ef

(kp/VL)VpKHCb

1 + KHCb
(15)

.6. Mass-transfer coefficient

In general, the mass-transfer coefficient kL is expressed as a
unction of the linear velocity u for a reaction mixture passing
hrough the inside of a photocatalytic reactor, given [18,25,26] by

L = a ub (16)

here a and b are the experimental constants determined from

he initial rates of treatments based on the time courses of the DNP
oncentrations in the treatments of aqueous DNP solutions at a
onstant concentration under different conditions of linear veloc-
ty. The determination method of a and b is described elsewhere
18,25].
Fig. 2. Time courses of DNP and product ion concentrations in treatment of an aque-
ous solution of DNP at an initial concentration of 57.6 mmol m−3 using a TiO2-PET
film at a linear velocity of 0.55 m min−1.

4. Results and discussion

4.1. Decomposition of DNP using a TiO2-PET film

A 0.5 × 10−4 m3 aqueous solution of DNP at an initial concentra-
tion of 57.6 mmol m−3 was treated using the annular-flow reactor
installed with a TiO2-PET film at a linear velocity of 0.55 m min−1.
Fig. 2 shows the time courses of DNP, CO3

2−, NO2
− NH4

+, and NO3
−

concentrations in this treatment. No photolysis of DNP was found
under irradiation with UV light from the blacklight blue fluorescent
lamp. The DNP concentration decreased to an almost zero value in
8 h. At the same time, the NO3

− concentration increased quickly
and reached a value over 70 mmol m−3 after 24 h. The NO2

− con-
centration initially increased, passing through a maximum at about
2 h and decreasing to an almost zero value after 8 h. This behaviour
suggests that NO2

− is an intermediate in a consecutive decompo-
sition reaction. The NH4

+ concentration quickly increased until 4 h,
reaching its maximum and then staying at the neighborhood of its
value. The CO3

2− concentration stayed at an almost zero value until
6 h, increasing and taking a constant value of about 10 mmol m−3

after 24 h. This result suggests slow decompositions of intermedi-
ates produced from DNP.

Consequently, the photocatalytic decomposition of DNP is esti-
mated to occur according to the reaction mechanism shown in
Fig. 3. The fundamental of this reaction mechanism was proposed
by Nakano et al. [4]. The reaction mechanism in Fig. 3 is a com-
bination of their mechanism with our experimental results that
Fig. 3. A reaction mechanism estimated for photocatalytic decomposition of DNP.
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ig. 4. Time courses of DNP and product ion concentrations in treatment of aqueo
.55 m min−1: (A) fresh TiO2/AC-PET film and (B) a repeatedly used TiO2/AC-PET film

.2. Effect of ions adsorbed on a TiO2/AC -PET film

A 0.5 × 10−4 m3 aqueous solution, containing NO3
−, NO2

−,
O3

2− and NH4
+ at initial concentrations of 14.1, 13.3, 37.5, and

.5 mmol m−3, respectively, was treated using 5 g of suspended
resh granular AC particles under vigorous mixing for 2 h. The
xperimental result suggested that the fresh AC particles origi-
ally contain CO3

2− and NH4
+ (especially contain CO3

2− in large
mounts) and these ions may be solved out into the liquid solution
uring the DNP treatment. On the other hand, NO3

− and NO2
− are

ot or slightly contained in the fresh AC particles. It is therefore
resumed that if the experiment of DNP decomposition is repeated
sing the same TiO2/AC-PET film, the ions such as NO3

−, NO2
−,

O3
2− and NH4

+ adsorbed on AC particles affect the time courses
f the concentrations of ions produced during the photocatalytic
eaction.

Fig. 4 shows the time courses of DNP and product ion concen-
rations in the treatment of an aqueous solution of DNP at an initial
oncentration of 54.5 mmol m−3 using a fresh TiO2/AC-PET film
left figure; A) and a repeatedly used TiO2/AC-PET film (right fig-
re; B). As predicted from the experimental fact stated above, the
O3

2− concentration remarkably increased during the treatment
ecause this ion was originally contained in AC particles and sup-
osed to be released from them (Fig. 4(A)). Since the AC particles
n the TiO2/AC-PET film were adhesively fixed onto one side of the
ET film, the total amount of CO3

2− released is smaller than that
eleased when AC particles were suspended in an aqueous solution.
he NH4

+ concentration also increased. It is obvious that the time
ourses of these concentrations were influenced by the concentra-
ions of ions produced by the DNP decomposition and originally
ontained in the AC particles. On the other hand, the fresh AC par-
icles do not or slightly contain NO3

− and NO2
−. It is therefore

resumed that most of these ions produced during the photocat-
lytic decomposition were adsorbed onto the AC particles. This
akes it hard to quantitatively identify the time courses of product

on concentrations from the experimental data for fresh AC par-
icles. The DNP concentration in Fig. 4(B) decreased more slowly
han did the experimental result in Fig. 4(A), because repetitive
se of the TiO2/AC-PET film caused a drop in the adsorption capac-
ty of AC. However, it decreased faster than did the TiO2-PET film.
ecause most of CO3

2− originally contained in the AC particles had
lready been solved out as a result of repetitive use of the TiO2/AC-
ET film, its concentration was not remarkably increased in this
xperimental run, although this time course data is also presumed
lutions of DNP at an initial concentration of 54.5 mmol m−3 at a linear velocity of

to have been more or less influenced by adsorption of ions onto
the AC particles. The NO3

− and NO2
− concentrations were kept at

almost zero values during the treatment of Fig. 4(A), whereas they
increased continuously or decreased to a zero value after increas-
ing, as shown in Fig. 4(B). The time course data evidently includes an
influence of AC adsorption and therefore, it is impossible to conduct
quantitative discussion. However, it is obvious that photocatalytic
decomposition of DNP certainly occurred.

In a previous work [15], we found that the TiO2/AC-PET film
can treat an 1.8 times larger amount of DNP until AC is saturated
with DNP than can do the AC-PET film. The TiO2/AC-PET film also
decreased the DNP concentration at an initial rate 2.86 times larger
than that observed with the TiO2-PET film (compare Fig. 2 with
Fig. 4). These results suggest that the DNP concentration at the TiO2
surface on the TiO2/AC-PET film becomes higher because of rapid
diffusion of DNP molecules, so that it decomposes DNP more rapidly
than does the TiO2-PET film. As shown above, however, the present
photocatalytic and adsorptive treatment is strongly influenced by
the adsorption and desorption of product ions. It is thus difficult
to experimentally elucidate the mechanism of the treatment. In
the following, therefore, we will introduce a computer simulation
methodology using mathematical models.

4.3. Investigation of reaction mechanisms based on mathematical
models

A TiO2-PET film was used to determine initial rates of decom-
position of DNP at different initial concentrations. Aqueous DNP
solutions were recirculated at a high linear velocity where the film-
diffusional resistance can be neglected. In the treatment of aqueous
solutions using a TiO2-PET film at linear velocity of 0.78 m min−1,
the following linear relationship between Cb0/�p0 and Cb0 was
found under the assumption of Langmuir–Hinshelwood kinetics.

Cb0

�p0
= 158.7 + 0.864Cb0 (17)

The kinetic parameters were determined from the slope and
intercept of this equation as kp = 350 mmol m−3 min−1 and
KH = 0.0055 m3 mmol−1. These values were inserted into Eq. (3) and

this equation with VL = 5.0 × 10−4 m3 was numerically solved to
obtain the time course of DNP concentration. The calculated line
is shown by a solid line in Fig. 5, where the experimental data were
obtained from the decomposition of DNP at an initial concentra-
tion of 54.5 mmol m−3 using the TiO2-PET film at u = 0.78 m min−1.
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f 0.78 m min−1. The calculated line by Eq. (3) is shown by a solid line.

he calculated result is in a good agreement with the experimental
ata.

Fig. 6 shows the time courses of DNP concentrations in the treat-
ents of DNP solutions at various initial concentrations using the
C-PET film at u = 0.55 m min−1. Adsorption of organic compounds
nto AC can usually be described by the Langmuir adsorption
sotherm. In general, the adsorption reaches equilibrium after the
assage of a sufficiently long time and the concentrations of organic
ompounds finally become constant. The equilibrium DNP con-
entrations Cb,eq were obtained from Fig. 6 and plotted against
he initial concentrations Cb0. Obviously there is a linear rela-
ionship between Cb,eq and Cb0. The slope value of the straight
ine was calculated and applied to Eq. (8). This calculation with
L = 5.0 × 10−4 m3 and Va = 2.5 × 10−5 m3 provided −7.33 for �a. All
he obtained values were further applied to Eq. (7) to calculate the

ime course of Cb. In this case, the value of kLa was changed so
hat the calculated results were fitted to the time course data at
ifferent initial DNP concentrations in Fig. 6. Consequently, kLa was
btained as 4.90 × 10−4 m min−1. The calculated results shown by

ig. 6. Time courses of DNP concentrations in treatments of aqueous DNP concen-
rations at different initial concentrations using an AC-PET film at a linear velocity
f 0.55 m min−1. The calculated lines by Eq. (7) are shown by solid lines.
Fig. 7. Relationships of initial reaction rate and linear velocity in treatments of
aqueous DNP solutions using a TiO2- and AC-PET film at initial concentration of
54.5 mmol m−3. The calculated lines for the TiO2- and AC-PET films are shown by
broken and solid lines, respectively.

solid lines in Fig. 6 are in good agreements with the experimental
data.

Fig. 7 shows the relationship between the initial rate of treat-
ment and the linear velocity in the treatments of aqueous DNP
solutions at an initial DNP concentration of 54.5 mmol m−3 using
TiO2- and AC-PET films. The initial rate for the AC-PET film greatly
increased almost linearly with an increase of u. On the other hand,
the initial rate for the TiO2-PET film increased slightly with an
increase of u in its small region and approached a constant rate at
u above 0.5 m min−1. Its initial rate is considerably small compared
to the initial rate for the AC-PET film. It is therefore clear that the
adsorptive treatment of DNP using the AC-PET film is more rapid
than the photocatalytic treatment using the TiO2-PET film.

Fig. 8 shows the plot of the mass-transfer coefficients, which

were determined from the experimental data in Fig. 7 by the con-
vergence method, against the linear velocities. In this calculation,
the volume of the TiO2 thin film was set as Vp = 1.66 × 10−6 m3,
which was calculated by setting the surface area of the TiO2 film as

Fig. 8. A relationship between mass-transfer coefficient and linear velocity in
treatments of aqueous DNP solutions using a TiO2- and AC-PET film at initial con-
centration of 54.5 mmol m−3. The calculated lines by Eq. (18) for the TiO2-PET film
and by Eq. (19) for the AC-PET film are shown by broken and solid lines, respectively.
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s = 0.0166 m2 and its film thickness as 1 × 10−4 m as a result of SEM
bservation of the TiO2 film. When u is less than 0.75 m min−1, the
ass-transfer coefficient for the AC-PET film, i.e., kLa, is larger, while
hen u is larger than 0.75 m min−1, the mass-transfer coefficient

or the TiO2-PET film, i.e., kLp, becomes larger. This is because in the
reatment of DNP using the TiO2-PET film, the rate of photocatalytic
ecomposition of DNP is small relative to the rate of diffusion of
NP and the treatment system therefore becomes reaction-limited

or a smaller value of the linear velocity. As a result of applying a
east-square method to the plotted data in Fig. 8, the equation for
he mass-transfer coefficient was determined as

Lp = 0.000698u1.39 (18)

or the TiO2-PET film and as

La = 0.000897u0.842 (19)

or the AC-PET film.
Eq. (14) was used to calculate the relationship of u and Ef in the

reatments of aqueous DNP solutions at an initial concentration of
4.5 mmol m−3 using the TiO2-PET film. At u below 0.3 m min−1, Ef
as smaller than 0.5 because the film-diffusional resistance was

arge. At u larger than 1 m min−1, on the other hand, Ef increased
ith an increase of u and then exceeded 0.9, implying that the

ystem was reaction-limited.
Fig. 9 shows the time course of DNP concentrations in the treat-

ents of aqueous DNP solutions at various initial concentrations
sing the TiO2/AC-PET film at u = 0.55 m min−1. A comparison of
hese experimental data with those in Fig. 6 indicates that the
NP concentration for the TiO2/AC-PET film is decreased more
uickly than that for the AC-PET film. This is because a part of DNP
olecules rapidly diffusing by means of the adsorption power of
C are photocatalytically decomposed on the TiO2 surface. Con-
equently, the DNP concentration in the neighborhood of the PET
lm is more decreased, which subsequently causes an increase in
he diffusion flux of DNP and a quicker decrease in the DNP concen-
ration in the bulk solution. To construct a mathematical model that
s best fitted to these experimental data, we firstly investigated the
erformance of the following differential equation where the rate of
ecrease in the DNP concentration in the bulk solution occurs only

y the diffusion based on the concentration gradient generated by
he adsorption power of AC.

VL
dCb

dt
= kLaAs(Cb − Cae�a) (20)

ig. 10. Simulations of time courses of amounts of DNP adsorbed onto AC using an AC-PE
f aqueous DNP solutions at an initial concentration of 54.5 mmol m−3 at a linear velocity
Fig. 9. Time courses of DNP concentrations in treatments of aqueous DNP concentra-
tions at different initial concentrations using a TiO2/AC-PET film at a linear velocity
of 0.75 m min−1. The calculated lines by Eqs. (9)–(11) are shown by solid lines.

This equation provides a maximum for the rate of diffusion when
the second term on the right-hand side is zero. Unfortunately, every
calculated line was found to locate above the corresponding time
course data at different initial DNP concentrations in Fig. 9. This
result suggests that the diffusion of DNP from the bulk solution
to the support surface is not simply dependent on the adsorption
power of AC. We therefore added an effect of the DNP concentration
decreased by the photocatalytic decomposition to Eq. (20) (see Eq.
(9)) and investigated the performance of this modified equation.
The value of �p was changed so that the calculated results by Eqs.
(9)–(11) were fitted to the experimental data in Fig. 10. As a result,
we obtained −1.0 for �p.

Fig. 10 shows the simulation results by Eqs. (9)–(11) for the
time courses of amounts of DNP adsorbed onto AC using an AC-
PET film and photocatalytically decomposed using a TiO2/AC-PET
film the treatments of aqueous DNP solutions at an initial con-
centration of 54.5 mmol m−3 at u = 0.1 and 0.55 m min−1. It is clear

that TiO2 decomposes a half of DNP molecules at u = 0.1 and three
tens at u = 0.55 m min−1. The amount of DNP decomposed by TiO2
becomes larger when u is smaller. This is because when u is small,
DNP diffuses more slowly, which increases a probability that DNP
molecules are captured and decomposed by TiO2 before they are

T film and photocatalytically decomposed using a TiO2/AC-PET film in treatments
of 0.1 m min−1 (left) and 0.55m min−1 (right).
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ig. 11. Comparisons of time courses of DNP concentration in bulk solutions (left co
nitial concentration of 54.5 mmol m−3 using TiO2- and TiO2/AC-PET films at a linea

dsorbed onto AC. The photocatalytic decomposition of DNP by
iO2 would lower the burden of the adsorption of DNP onto AC
n the TiO2/AC-PET film. This explains the experimental result that
he lifetime of AC on the TiO2/AC-PET film was 1.8 times longer
han that of AC on the AC-PET film [15]. From the findings that
he calculated results shown by solid lines in Fig. 9 were in good
greements with the experimental data and the calculated result
greed with the experimental observation concerning the lifetime
f AC, it is obvious that the mathematical model constructed for the
reatment of an aqueous DNP solution using the TiO2/AC-PET film
s reasonable.

Fig. 11 compares the simulations for the treatments of aqueous
NP solutions at an initial concentration of 54.5 mmol m−3 using

he TiO2/AC- and TiO2-PET films at u = 0.1 and 0.5 m min−1. In both
ases of linear velocities, the DNP concentrations in the bulk solu-
ion for the TiO2/AC-PET film decrease more quickly than those
or the TiO2-PET film. This characteristic is more pronounced as

is smaller. The DNP concentration at the TiO2 thin film on the
iO2/AC-PET film is large in the initial stage of the decomposition.
his is because in the initial stage, a large amount of DNP molecules
apidly diffuse by means of the adsorption power of AC, which leads
o an increase in the DNP concentration not at the surface of but in
he neighborhood of TiO2 thin film. This concentration thereafter
ecreases rapidly, then becomes smaller than the DNP concentra-
ion at the TiO2 film on the TiO2-PET film, and finally approaches
zero value. At a low linear velocity, the DNP concentration at the

iO2 film on the TiO2/AC-PET film would initially become high com-
ared to that at the TiO2 film on the TiO2-PET film. This suggests
hat when u is small, the TiO2/AC-PET photocatalytically decom-
oses a larger amount of DNP molecules than does the TiO2-PET
lm. This finding is useful for the wastewater treatment using TiO2
) and at a photocatalyst surface (right column) in treatments of DNP solutions at an
city of 0.1 m min−1 (upper line) and 0.5 m min−1 (lower line).

excited with sunlight because the use of a smaller linear velocity is
advantageous for energy saving.

The experimental results indicate that the TiO2/AC-PET film
irradiated with UV light can efficiently decompose DNP because
DNP diffuses quickly owing to the adsorption power of AC and
its concentration increases in the very neighborhood of the sup-
port. When the film-diffusional resistance is large, the percentage
of DNP molecules decomposed by TiO2 is increased compared to
that adsorbed onto AC. There was no mathematical model simul-
taneously describing both the photocatalytic decomposition and
AC adsorption under the condition where the AC surface is com-
pletely covered with a TiO2 film but the adsorption power of AC
is not remarkably lost. The mathematical model constructed here
simply expresses the increases in the DNP concentration at the
surfaces of AC and TiO2, caused by the AC adsorption and photo-
catalytic decomposition of DNP, in terms of partition phenomena.
Nevertheless, the calculated results indicate that the present model
can successfully explain the treatment of an aqueous DNP solution
using the TiO2/AC-PET film.

5. Conclusions

In the first stage of the present work, we experimentally investi-
gated the mechanism of the treatment of an aqueous DNP solution
using TiO2-, AC-, and TiO2/AC-PET films. As a result, the following
conclusions are drawn.
(1) Elimination of nitro groups from DNP occurs quickly.
(2) Decomposition of intermediates produced from DNP into

CO3
2− occurs slowly. Unfortunately, it was impossible to cor-

rectly measure the time courses of the concentrations of
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product ions because they were adsorbed onto or desorbed
from AC particles. In the second stage, therefore, we performed
computer simulations using mathematical models. As a result,
the following conclusions are drawn.

3) In the treatment of an aqueous DNP solution at an initial
concentration of 54.5 mmol m−3 using the TiO2-PET film, the
effectiveness factor takes a value more than 0.9 at a linear
velocity above 1 m min−1 and the present system becomes
reaction-limited.

4) In the treatment of an aqueous DNP solution using the TiO2/AC-
PET film, the diffusion of DNP from a bulk solution to a TiO2 film
is based on the gradient of DNP concentration, generated as a
result of the AC adsorption and photocatalytic decomposition
of DNP, in the very neighborhood of TiO2 film.

5) This diffusion increases the DNP concentration at the surface of
TiO2 film, thereby enhancing the rate of photocatalytic decom-
position.

6) Moreover, the burden of the adsorption of DNP onto AC is low-
ered compared to its treatment using the AC-PET film because a
part of DNP molecules are photocatalytically decomposed and
the percentage of this decomposition is increased at a lower
linear velocity.

7) The mathematical model taking into consideration a film-
diffusional effect can successfully explain the complicated
mechanism of the treatment of an aqueous DNP solution using
the TiO2/AC-PET film.
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