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Abstract Photocatalysts of TiO, and La-doped TiO, were
prepared by calcining the pure TiO; sols and the sols mixed
with La(NO3)3-6H,0 at 873 K, respectively. These pho-
tocatalysts were characterized by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) and N, adsorption-desorption isotherms
measurement. As results, the BET surface area, pore diam-
eter, mesopore volume and micropore volume slightly in-
creased, while the crystallite size and the phase structure
were little affected by lanthanum doping. The equilibrium
adsorption of methylene blue (MB) on the photocatalysts
were measured in a dark room. The adsorption isotherms
were confirmed to fit to the Langmuir theory. Photocatalytic
activities of the photocatalysts were studied by employing
the photocatalytic degradation of MB in water and degra-
dation of acetaldehyde in air under UV-irradiation using a
black light. Kinetic analysis revealed that the rate control-
ling steps could be the surface reaction of the adsorbed MB
on the catalyst surface for MB degradation and the reaction
of adsorbed acetaldehyde with the gaseous acetaldehyde for
degradation of acetaldehyde, respectively.
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1 Introduction

Titanium dioxide has been extensively studied due to its high
photocatalytic activity which may find potential application
for photo-induced removal of harmful organic compounds
in air and in water. In recent years, increasing attention has
been focused on developing visible-light-active photocata-
lysts as well as higher active photocatalysts. One method
to obtain such photocatalysts is doping with transition met-
als or other substances (Katoh et al. 2006; Liu et al. 2004,
Mozia et al. 2005). Lanthanide ions doping could also im-
prove the activity of TiO, photocatalysts. Lanthanide doping
was proven to increase the surface area, pore volume, ad-
sorption capacity for organic compounds as well as to sup-
press electron-hole recombination rates during the process
of photocatalytic reaction (Kim et al. 2007; Li et al. 2004,
2005; Ligiang et al. 2004). In addition, it has been reported
that lanthanum ions doped in TiO could promote the chem-
ical or physical adsorption of organic compounds on the
catalytic surface (Ranjit et al. 1999, 2001a, 2001b). While,
the adsorption properties of photocatalysts is strongly con-
cerned in the photocatalytic degradation rate. In some cases,
the photocatalytic degradation rate could be expressed by
the Langmuir-Hinshelwood equation. However, study on ki-
netics of photocatalytic degradation using lanthanum doped
TiO; has been hardly reported.

In the present study, pure and La-doped TiO; photocata-
lysts were prepared, and characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-vis
spectroscopy and N; adsorption-desorption isotherms mea-
surement. The adsorption properties of aqueous methylene
blue solutions on the catalysts were also investigated in a
dark room. Photocatalytic degradation of methylene blue in
water and gaseous acetaldehyde in air were carried out by
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Table 1 Structural parameters of the photocatalysts prepared

La:Ti Crystalline BET area Pore dia. Mesopore volume Micropore volume
molar ratio size (nm) (mz/g) (nm) (cm3/g) (cm3/g)

TiO, 0:100 12.0 46 20.5 0.253 0.017

TiOy-La-A 8.7:91.3 16.0 58 21.4 0.345 0.022

TiOy-La-B 9.9:90.1 124 59 21.4 0.339 0.023

UV-irradiation and the kinetics of the photocatalytic decom-
position were discussed to evaluate the photocatalytic activ-
ity of each photocatalyst.

2 Experimental
2.1 Preparation of TiO; and La-doped TiO;

Titania sol from Institute of Photocatalytic Materials (Aichi,
Japan) was used as precursor for preparation of photocata-
lysts of pure TiO; and La-doped TiO,. The sols mixed
with or without dissolved La(HNO3)3-6H>O was dried in
an oven at 333 K, and calcined at 873 K for one hour under
air flow. The lanthanum content in the samples was deter-
mined using an Energy Dispersive X-ray fluorescence spec-
trometer (JSX-3202M, JEOL). These samples are denoted
as TiO,, TiO,-La-A and TiO;-La-B (see Table 1).

2.2 Characterization of photocatalyst

X-ray diffraction (XRD) was measured using a Rigaku
diffract meter (RINT2500-VHF) with Cu-Ko radiation
(100 mA, 30 kV). The surface morphology of the particles
was observed using scanning electron microscopy (SEM).
The Brunauer-Emmett-Teller (BET) surface area and pore
size distribution were determined from N, adsorption-
desorption isotherms measured by using a Micro pore ni-
trogen adsorption apparatus (Belsorp, Bel Co. Ltd., Japan).
Prior to measurement, the samples were pretreated at 473 K
under N, flow. XPS measurement was carried out on a Shi-
madzu ESCA-1000AX using Mg Ko (1253.6 eV) radiation
as X-ray source. All the binding energies were reduced to
the C 1 s peak at 285.0 eV of the surface adventitious car-
bon.

2.3 Measurements of adsorption and photocatalytic
activity for MB in water

Adsorption isotherms of methylene blue (MB) in water were
measured in a dark room thermostated at 298 K. The photo-
catalyst (0.01 g) was added into 10 cm® MB aqueous solu-
tion in a quartz tube, and the suspensions were stirred with a
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roller mixer. At a fixed time intervals, about 4 cm3 suspen-
sions were collected, then centrifuged, and spectra of the su-
pernatant was measured with an UV-vis spectrophotometer
(Shimadzu, UV-2500). The concentration of MB was deter-
mined from the absorbance band peak at 664 nm. The ad-
sorbed amount was estimated from the concentration change
based on the mass balance.

After establishing adsorption equilibrium, photocatalytic
degradation run was started by irradiation with two black-
light (Toshiba 4BLB 4W) which were kept about 10 cm
above the quartz tube. At a given time interval, the analyt-
ical samples were taken from the suspension, and the con-
centration of MB was determined by the similar method as
described above.

2.4 Measurements of photocatalytic activity for gaseous
acetaldehyde

The photocatalytic degradation of gaseous acetaldehyde in
air was also carried out to evaluate the photocatalytic activity
of the samples. The photocatalyst powders were placed on
the bottom of a FTIR cell (Volume: ca.116.6 cm3, Length:
110 mm) equipped with CaF, windows (25 mm disks di-
ameter), and then a fixed volume of cold acetaldehyde was
injected into the cell. The concentration of acetaldehyde in
gas phase increased at the start owing to evaporation, and
then decreased gradually until adsorption equilibrium was
reached. After that, the photocatalyst was irradiated with
the black light through the quartz window mounted on the
top of the cell. The gas phase composition in the FTIR
cell was analyzed with a FTIR spectrophotometer (Biorad,
FTS 3000 MX) at regular time intervals. The concentration
of acetaldehyde in gas phase was determined from the peak
area at 2733 cm™! of the FTIR spectra.

3 Results and discussion

3.1 Characterization of photocatalyst

Figure 1 shows a typical SEM image of TiO,-La-B pow-
der. The image shows that the photocatalyst consists of small
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Fig.1 SEM image of
TiO,-La-B

S4700 5

particles with diameter of 10-20 nm. The similar SEM im-
ages were obtained for both powders of TiO, and TiO;-La-
A (figures are not shown). From these results, the morphol-
ogy of the photocatalysts seems not to be modified appre-
ciably by the lanthanum doping.

Figure 2 shows the XRD patterns of TiO, and La-doped
TiO, powders. According to XRD patterns, all samples ex-
hibits anatase and brookite phase of TiO,. The phase struc-
tures were hardly affected by lanthanum doping. In addition
to this, the La phase could not observed in the patterns. This
indicated that La’t did not enter into TiO; crystal lattice
to substitute for Ti*. The XPS spectra of La elements also
showed La elements existed in the form of +3 valence in the
La-doped TiO; (the figure is not shown).

The crystallite size was calculated from X-ray line broad-
ening analysis by the Scherer formula: D = 0.891/8 cos#,
where D is the crystal size in nm, A is the Cu-Ko wavelength
(0.15406 nm), B is the half width of the peak in radian, and
0 is the corresponding diffraction angle. The values of crys-
tallite size of TiO;, and La-doped TiO; are in the range of
12-16 nm as shown in Table 1.

To investigate the effects of lanthanum doping on the
pore structure and adsorption abilities of the photocatalysts,
a set of Ny adsorption-desorption isotherms measurement
was carried out. Figure 3 shows the typical example of the
nitrogen adsorption-desorption isotherms of the TiO,-La-B
photocatalyst. The sharp decline in the desorption curve and
the hysteresis loop at high relative pressure are indicative
of mesoporosity. Pore size distribution of the sample pho-
tocatalysts was calculated from the corresponding desorp-
tion branch of each isotherm by Dollimore-Heal method and
represented in Fig. 4. As seen from the figure, pore size of
TiO, and La-doped TiO; are in the range of 18-25 nm, and
La-doped photocatalysts have larger mesopore size than the
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Fig. 2 XRD patterns of TiO, and La-doped TiO, prepared
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Fig. 3 N, adsorption-desorption isotherms of different photocatalysts

pure TiO, photocatalyst. Other structural parameters such
as specific surface area (Sggr) and mesopore volume were
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Fig. 4 Pore size distributions for the different photocatalysts

Table 2 Langmuir parameters for adsorption of aqueous methylene
blue on the samples

q0 K

(mol/kg) (m3/mol)
TiO, 0.063 213
TiO,-La-A 0.077 163
TiO,-La-B 0.057 159

also calculated on the basis of Ny adsorption-desorption
isotherms. These are summarized in Table 1. The BET sur-
face area, mesopore diameter, micropore volume and meso-
pore volume were increased owing to the lanthanum doping.

3.2 Adsorption isotherms of methylene blue in water

Figure 5 indicates the adsorption isotherm plots of MB onto
the different photocatalysts. Symbols represent experimen-
tal data and solid lines are the calculated values by the Lang-
muir equation using the parameters shown in Table 2, which
were determined by the conventional Langmuir plots based
on the following Langmuir equation:

g =qoKc/(1+ Ko, ey

where go and K are the adsorption capacity and the equi-
librium constant, respectively. As seen from the figure, the
adsorption isotherms are well represented by the Langmuir
model.

3.3 Photocatalytic degradation of methylene blue in water

Photocatalytic activities of the catalysts were examined by
employing the photocatalytic degradation of MB in water
under UV-irradiation with the black light. Figure 6 repre-
sents the variation in the absorption spectra of MB owing
to photocatalytic degradation in the presence of the photo-
catalyst powders of TiOy-La-A. As seen from the figure, ab-
sorbance at 664 nm decreased with increasing the irradiation
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Fig. 5 Adsorption isotherms of MB on different photocatalysts
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Fig. 6 UV-vis spectra of MB solutions at different irradiation times
using TiO2-La-A photocatalyst

time due to the photocatalytic degradation of MB. While,
the absorbance peaks in the range of 300—560 nm increased,
after then gradually decreased until the solution became col-
orless. This indicates the formation of intermediate products
by photocatalytic degradation of MB.

3.4 Degradation rate of methylene blue

The time courses of MB concentration change owing to
photocatalytic degradation using TiO»-La-A are shown in
Fig. 7. As can be seen, the concentration decreased steeply
in initial period, and then gradually decreased with increas-
ing irradiation time. Similar results were also obtained for
the TiO; and TiO;-La-B (They are not shown). In general,
initial reaction rate, rg, is defined by the (2). In this study,
the initial degradation rate was estimated from the average
concentration decline for 20 minutes after starting irradia-
tion.

dc
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Fig. 8 Relation between the initial degradation rate and initial concen-
tration

Figure 8 represents the relation between the initial degra-
dation rate and initial concentration, cp, for photocatalytic
degradation of MB using TiO»-La-A. As seen from the
figure, ro increased sharply in lower concentration region
and then became to plateau. This is a typical behavior of
Langmuir-Hinshelwood kinetics which is expressed as fol-
lows:

ak1Kco

ro =

=, 3
14+ Kco )

where k1 and K are the reaction rate constant and the ad-
sorption equilibrium constant, respectively. « is the ratio of
the weight of photocatalyst to the solution volume used.
However, it is clearly seen that the calculated values did
not coincide satisfactorily with the experimental data in the
lower concentration range. While, the experimental data of
ro were thoroughly represented by the following equation:

Kco 2
ro =Olk1 m . (4)
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Fig. 9 Correlations of the initial reaction rate for photocatalytic degra-
dation of aqueous MB solutions

Table 3 Parameters in (4)

K ki

(m?3/mol) (mol/kg/min)
TiO» 236 3.50 x 10~
TiO»-La-A 370 247 x 1074
TiO,-La-B 372 2.50 x 1074

This equation means that the rate controlling step is the sur-
face reaction of the adsorbed MB.

Figure 9 shows the plots of ¢/ rg'S against co based
on (4). As seen from the figure, good linear relations were
obtained in the whole range of the initial concentration ir-
respective of the photocatalyst used. The values of k; and
K were determined from the slope and the intercept of each
line, and listed in Table 3. As results, k; value decreased,
while K value increased owing to the lanthanum doping.

The time course of concentration change owing to pho-
tocatalytic degradation could be estimated from (2) and (4).
In Fig. 7, the calculated time courses were compared with
experimental ones. In this calculation, the values of k; and
K in Table 3 were used except for K values of 100 and
80 m>/mol shown in the figure. The results show that the
calculated value is in good agreement with the experimental
value. This justification implies that the decomposition rate
could be expressed by (4).

3.5 Degradation rate of gaseous acetaldehyde in air

Composition of gas phase owing to photocatalytic degrada-
tion of acetaldehyde in air was monitored using FTIR. Fig-
ure 10 shows the typical FTIR spectra of the gas-phase in the
FTIR cell at different irradiation times. The bands at 2733
and 1735 cm™! assigned to acetaldehyde decreased with an
increase in irradiation time. While the bands at 2361 and
2340 cm~! attributed to CO, increased, and the bands at
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Fig. 10 FTIR spectra of gas phase in the cell at different irradiation
times

35503780 cm™! assigned to H,O and the small peaks at
1305 and 3016 cm™! assigned to carboxyl acid appeared
in the spectra. The FTIR spectra revealed that acetaldehyde
was decomposed mainly to CO,, HyO and minor unidenti-
fied intermediates of carboxylic acid.

Figure 11 illustrates the time courses of the concentration
change of acetaldehyde owing to the photocatalytic degra-
dation by TiO;-La-B. As seen from the figure, the initial
decline increased with an increase in initial concentration.
The individual time course was approximately expressed by
the pseudo-first-order reaction as expressed by the following
equation:

n(c/co) = —akot. %)

The lines in the figure were calculated values from (5) us-
ing the values of k> shown in the figure, which were deter-
mined by fitting the calculated curves to the experimental
ones. However, k, values tend to increase with an increase
in initial concentration.

The relation between the initial reaction rate and initial
concentration for photocatalytic degradation of gaseous ac-
etaldehyde by TiO,-La-B are shown in Fig. 12. Different
from the photocatalytic degradation of MB in water, the ini-
tial degradation rate of acetaldehyde could be expressed by
the following equation:

otszcg

= . 6
14+ Kco ©

ro
This means that the rate controlling step of photocatalytic
degradation of acetaldehyde is possibly the reaction of ac-
etaldehyde in air with the adsorbed acetaldehyde on the pho-
tocatalyst surface.
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Fig. 11 Time courses of concentration change of acetaldehyde by
photocatalytic degradation: lines, calculated from (5) using kp values
shown in the figure
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Fig. 12 Relation between the initial degradation rate and the initial
concentration

4 Conclusions

Photocatalysts of TiO, and La-doped TiO, were pre-
pared, and characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), UV-spectroscopy and
N, adsorption-desorption isotherms measurement. It was
shown that the mesopore diameter, specific surface area and
mesopore volume increased, while crystalline size and sur-
face morphology were not influenced by the lanthanum dop-
ing. Photocatalytic activities of the samples were examined
by employing the photocatalytic degradation of methylene
blue in water and degradation of gaseous acetaldehyde in
air under UV-irradiation with black lights. Kinetic analysis
revealed that the rate controlling steps were the surface re-
action of the adsorbed methylene blue for degradation of
methylene blue in water and the reaction of adsorbed ac-
etaldehyde with the gaseous acetaldehyde for degradation
of acetaldehyde in air, respectively.
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Nomenclature

¢ Concentration of species, mol/m>
co Initial concentration, mol/m3
k1 Reaction rate constant in (3) or (4), mol/kg/min
k> Reaction rate constant in (5) or (6), m3/kg/min
K Adsorption equilibrium constant, m3/mol
q Amount of adsorbed, mol/kg
qo Adsorption capacity, mol/kg
ro Initial reaction rate, mol/m3/min
t Run time, min
o Parameter defined by the following: catalyst weight/
volume, kg/m3
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