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Abstract

Rare earth ions (Sm>", Nd*", Pr*™) doped TiO, (RE**—Ti0,) catalysts were prepared by the sol—gel method, and characterized by X-ray
diffraction (XRD) and diffuse reflectance spectroscopy (DRS). The adsorption abilities and photocatalytic activities of RE*T—TiO, were eval-
uated by isothermal adsorption and Orange I degradation under UV light and visible light illumination. The adsorption results showed that
RE*"—TiO, had higher saturated adsorption amounts and higher adsorption equilibrium constants than pure TiO,. The adsorption equilibrium
constants (K,) and the saturated adsorption amount (Q,.x) of RE**—TiO, would increase with the increase of dosage. In the meantime, the
photocatalytic activity of RE**—TiO, for Orange 1 degradation under both UV and visible light irradiations were higher than that of TiO,.
The optimal dosage was 1.5% for Orange I degradation under UV light and 1.0% under visible light. The higher photoactivity might be attribut-

able to the transitions of 4f electrons of RE>™.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Like many other industrial effluents, wastewater in the tex-
tile industry had increased significantly recently in quantity in
China that now poses a problem in terms of both biodegrad-
ability and toxicity. As textile wastewater is strongly colored
which creates environmental and aesthetic problems [1], the
contamination of water courses has become an issue of world-
wide concern. In recent years, TiO, photocatalysis has been
extensively studied due to its potential application for com-
plete mineralization of many toxic and non-biodegradable or-
ganic pollutants [2—5]. However, modification of TiO, is
necessary to enhance the efficiency of TiO, photocatalysis
and to improve the photocatalytic activity of TiO, under solar
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or visible light [6,7]. To reduce the recombination of photo-
generated electrons and holes on TiO,, and also to extend its
light absorption into the visible region, titanium dioxide has
been doped with various transition metal ions [8—13]. Choi
et al. [11] systematically studied 21 transition metal ions
doped TiO, and found that when Fe’T, MoT, Ru’**, Os™,
Re>", V', or Rh*" were used at 0.1—0.5%, a significant in-
crease in the photo-reactivity of TiO, was achieved for both
chloroform oxidation and reduction. As the rare earth ions
(RE3 *) can offer the advantage of transitions in the visible re-
gion, numerous studies of RE®>" ions in recent years have been
focused on the luminescence properties of rare earth elements
hosted in crystalline matrices [14—17]. On the basis of these
properties, researchers have begun to pay attention to RE>"
doping of TiO, [18—24]. Some studies indicated that the pho-
tocatalytic activity of TiO, can be significantly enhanced by
doping with lanthanide ions/oxides with 4f electron configura-
tions, as lanthanide ions form complexes with various Lewis
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bases including organic acids, amines, aldehydes, alcohols,
and thiols by the interaction of the functional groups with their
f-orbital [19,20]. Our group [18] reported the photocatalytic
activity of Ce>"—Ti0,, and proposed that the formation of
two sub-energy levels (defect level and Ce 4f level) in
Ce*"—TiO, might be a key reason to eliminate the recombina-
tion of electron—hole pairs and to enhance the photocatalytic
activity. Zhang et al. [21] reported the microstructure and pho-
tocatalytic properties of lanthanide doping of nanocrystalline
mesoporous titanium dioxide and the results indicated that lan-
thanide doping could inhibit phase transformation from ana-
tase to rutile, and the inhibitory effect was enhanced with
the increase of the rare earth radius. Xie and Yuan [23] re-
ported that Nd>"—TiO, sol catalysts had higher photocatalytic
activity for phenol degradation under visible light irradiation.

A systemic study of the photocatalytic properties and activ-
ity of TiO, doped with rare earth ions of different 4f electron
configurations is necessary in order to investigate the depen-
dence of activity on 4f electron configuration. In this context,
this paper describes the preparation of three series of catalysts
including Nd*"—Ti0,, Sm* " —TiO,, Pr’™—TiO,, by the sol—
gel method, and their photocatalytic activity and adsorption
properties were investigated; Orange I was selected as a model
chemical.

2. Experimental
2.1. Materials

Orange I was purchased from the Special Chemical Cor-
poration of Shanghai, China and used without further purifi-
cation. The pure TiO, and rare earth ion-doped TiO,
catalysts were prepared with the raw materials of analytical
grade. The raw materials included tetra-n-butyl titanium
[Ti(O-Bu)4], Pr(NOs);, Sm(NO;);, Er(NOj);, acetic acid
(99.8%), absolute ethanol and ethanol (95%) which were
purchased from Aldrich and used without purification. De-
ionized water was used for preparing solutions in the
experiments.

2.2. Preparation of catalysts

Catalysts were prepared by the sol—gel method with the
following procedure: firstly, 17 mL of tetra-n-butyl titanium
(Ti(O-Bu),) was dissolved in 80 mL of absolute ethanol; and
then the Ti(O-Bu), solution was added dropwise under vigor-
ous stirring to 100 mL of the mixture solution containing
84 mL of ethanol (95%), 1 mL of 0.1 mol/LL RE(NOs);
(Pr(NO3)3, Sm(NO3)3, and Er(NOs3);), and 15 mL of acetic
acid (>99.8%), and the resulting transparent colloidal suspen-
sion was stirred for 2 h before being aged for 2 days till the
formation of gel. The gel was dried at 80 °C under vacuum
and then ground into powder. The powder was calcined at
500 °C for 2 h and the product RE*"™—TiO, powder catalyst
was eventually obtained in a nominal atomic doping level of
0.5%, named as 0.5% RE’'—TiO,. Accordingly, other
RE*"—TiO, samples containing different rare earth ion

contents were named as 1.0% RE*"—TiO,, 1.5% RE*"—
TiO,, and 2.0% RE>T—TiO,, respectively. Pure TiO, was pre-
pared without addition of RE(NO3;); in the procedure.

2.3. Characterization

The crystal phase of the powers were analyzed by X-ray
power diffraction (XRD) using a Rigaku D/max 2500 diffrac-
tometer using Cu Ka radiation; the accelerating voltage was
40 kV and the emission current was 100 mA. To study the
optical absorption of the catalysts, the diffuse reflectance
spectra (DRS) of the catalysts in the wavelength range of
200—900 nm were obtained using a UV—vis reflectance spec-
trophotometer (Shimadzu UV-2101PC), with BaSO, as
a reference.

2.4. Adsorption of Orange I in dark

To investigate the adsorption behavior of pure TiO, and
RE3+—Ti02 catalysts, a set of adsorption isotherm tests
were performed in the dark. A fixed amount of the adsorbent
(0.1 g) was added to 10 mL of Orange I solution of varying
concentrations taken in stoppered glass tubes, which were ag-
itated for 24 h at 180 rpm in a thermostatic shaker bath and
maintained at a temperature of 25+ 1 °C until equilibrium
was reached. At time # =0 and equilibrium, the Orange I con-
centrations of the solutions were measured by UV—vis spec-
trometer and the adsorbed amount of Orange I on pure TiO,
or RE*"—Ti0, catalysts were calculated based on a mass
balance.

2.5. Photocatalytic activity evaluation

A Pyrex cylindrical photo-reactor was used to conduct
photocatalytic oxidation experiments, in which an 8-W
UVA lamp (Westbury, New York) with a special emission
peak at 365 nm was positioned at the centre of the cylindrical
vessel and was used for photoreaction under UV irradiation,
while a 70-W high-pressure sodium lamp (Shanghai, China)
with main emission in the range of 400—800 nm was used
for photoreaction under visible light irradiation. This cylindri-
cal photo-reactor was surrounded by a Pyrex circulating wa-
ter jacket to control the temperature during the reaction. The
reaction suspension was prepared by adding 0.25 g of RE*"—
TiO, powder into 250 mL of aqueous Orange I solution, the
initial concentration of Orange I was 0.06 mmol/L. Prior to
photoreaction, the suspension was magnetically stirred in
the dark for 30 min to reach adsorption/desorption equilib-
rium. The aqueous suspension containing Orange I and
RE*"—TiO, power was aerated with a constant air flow to
provide oxygen and for complete mixing of reaction solution.
At the given time intervals, the analytical samples were
taken from the suspension and immediately centrifuged at
4500 rpm for 30 min, and then its absorbance was determined
at 481 nm to calculate its concentration.
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2.6. Analytic method

To measure Orange I concentration of centrifuged samples,
a UV—vis absorption spectrophotometer (UV—vis TU-1800,
Purkinje General, Beijing) was used to determine the absor-
bance of Orange I at a wavelength of 481 nm. The absorbance
set at 481 nm is due to the color of the dye solution and it is
used to monitor the degradation of dye. The total organic car-
bon (TOC) concentration was determined using a Total Or-
ganic Analyzer instrument (Shimadzu TOC-V CPH).

3. Results and discussion
3.1. X-ray diffraction analyses of catalysts

Fig. 1 shows the XRD patterns of pure TiO, and RE*"—
TiO, powders from which it is clear that all catalysts were
dominated by the anatase structure and the relative intensity
of 101 peaks were broadened and reduced by rare earth ion
doping. When the crystallite sizes of the RE*"—TiO, samples
were calculated using the Scherrer formula, it was found that
the crystallite size was reduced by rare earth ion doping
(Table 1). From Table 1, it is also apparent that there was no
obvious difference between pure TiO, and RE*"—TiO, pow-
ders in terms of the lattice parameters ‘a’ and ‘c’ which indi-
cates that rare earth ions do not enter the lattice of anatase. It
was concluded that rare earth ion doping could hinder crystal
transformation and decrease crystallite size; generally, smaller
crystalline size could lead to larger surface area [25].

3.2. Diffuse reflection spectra (DRS)

To study the optical absorption properties of catalysts, dif-
fuse reflectance spectra (DRS) in the range of 200—900 nm
were investigated (Fig. 2) from which it is evident that pure
TiO, had no adsorption in the visible light region
(>400 nm) whereas 1.5% Pr’"—TiO, catalyst displayed
a wide absorption band in the range 400—600 nm. The broad
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Fig. 1. The XRD patterns of TiO, and 1.5% RE*"—TiO, catalyst powders.

Table 1
The crystal structure, crystal sizes, lattice parameter, and 101 peak relative in-
tensity of different catalysts

Ion dosage (1.5%) Pure TiO, Nd*'—TiO, Sm*'—TiO, Pr*'—TiO,
Crystal structure Anatase Anatase Anatase Anatase
Crystallite 30.3 13.3 17.3 15.7

size (nm)
Lattice parameter 0.380 0.381 0.380 0.382

a (nm)
Lattice parameter 0.956 0.964 0.954 0.954

¢ (nm)
101 peak relative 473 322 352 316

intensity (a.u.)

bands at 400—500 nm can be ascribed to f — f transition
while the weak adsorption peak at around 600 nm was as-
cribed to the characteristic transition of Pr**'D, — *H, [26].
1.5% Nd*"—TiO, catalyst had four typical absorption peaks
located at 527, 586, 762 and 809 nm, which corresponded to
transitions of 419/2 to 2K13/2 and 4CI7/2, 2C}7/2 and 4G5/2, 4S3/2
and 4F7/2, 4F5/2 and 2H9/2, respectively [16]. In the case of
1.5% Sm>T—TiO, catalyst, whether in the UV region or visi-
ble region, the optical absorption was enhanced even though
there was no obvious absorption peak.

3.3. Adsorption behavior

Adsorption of pollutants on the semiconductor surface is an
important parameter in heterogeneous photocatalysis. A set of
isothermal adsorption experiments were carried out to evaluate
the adsorption equilibrium constants and the extent of satu-
rated adsorption. The isothermal adsorption curves of Orange
I on different catalysts are shown in Fig. 3(A)—(C). The ad-
sorption equilibrium constants (K,) and the maximum satu-
rated adsorption (Qp.x) obtained from the adsorption
experiments were fitted to the linear form of the rearranged
Langmuir equation as follows:

0.0

: ; : ; :
200 400 600 800
Wavelength (nm)

Fig. 2. The UV—vis diffuse reflectance spectra of TiO, and 1.5% RE*"—TiO,
catalysts.
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Fig. 3. Adsorption isotherms of Orange I on TiO, and RE*"—TiO, catalyst
powders in dark.
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A plot of C./Q. versus C, furnished a straight line and
the Langmuir adsorption parameters were obtained from
the slope and intercept of the line (Table 2) from which
it is clear that the adsorption equilibrium constants (K,)
and the maximum saturated adsorption (Qp.x) of Orange I
in all RE**—TiO, samples were greater than that for pure
TiO,, whose K, was 14.96 x 10 L/mol and Q.. was
10.89 x 10 ®mol/g. Of the RE*"—TiO, photocatalysts,
2.0% Nd*"—TiO, showed the highest maximum saturated
adsorption (Qmax of 20.94 x 107° mol/g) and 2.0% Sm’>"—
TiO, had the highest adsorption equilibrium constant
(K, =39.33 x 10° L/mol). The K, and Q,,,x on the RE>"—
TiO, catalysts increased with the increase of rare earth
ion content.

3.4. Evaluation of photocatalytic activity

The photocatalytic activity of three series of TiO, catalysts
doped with rare earth ions were evaluated under UV light and
visible light. A set of experiments were conducted with 1.0 g/L
RE*"—TiO, and 0.06 mM Orange I under UV light irradiation
as shown in Fig. 4 and visible light as shown in Fig. 5. The deg-
radation of Orange I could be described by first-order kinetic of
—In (C,/Cy) versus reaction time (¢):

—In =" = kypt ()

where k,, is the apparent reaction rate constant, and Cy and C,
are the initial concentration and the concentration of Orange I
at reaction time ¢, respectively. From Figs. 4(A) and 5(A), we
can see that the photocatalytic activity of samarium ion-doped
TiO, was significantly higher than that of pure TiO, under
both UV light and visible light. The photocatalytic activity in-
creased with increasing the Sm>" dosage initially, but de-
creased when Sm>" doping content was over an optimal
dosage. Obviously, 1.5% Sm>"™—TiO, achieved the best photo-
catalytic performance with k,, of 6.92 x 107? min~" under
UV light irradiation and 1.0% Sm>"—TiO, achieved the best
photocatalytic performance with k,, of 2.96 x 107> min~"' un-
der visible light. Similar results could be obtained for Pr*"—
TiO, catalysts and Nd**—TiO, catalysts with which 1.5%
RE®" content has the highest photocatalytic activities under
UV light irradiation and 1.0% RE’®" content achieved the
best photocatalytic performance under visible light irradiation,
as shown in Fig. 4(B) and (C) and Fig. 5(B) and (C). The first-
order constants and relative coefficients are shown in Table 3.
From Table 3, it could be seen that the photocatalytic activities
of RE*T—TiO, under visible light were also enhanced signif-
icantly compared with that of pure TiO, (1.55 x 1072 min").
The photocatalytic activity of RE>"™—TiO, for Orange I degra-
dation under both UV light and visible light irradiation en-
hanced with the increase of RE*" doping content initially,
but decreased while the RE*" content reached a higher level.
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Table 2
Langmuir adsorption equilibrium constant (K, x 10> L/mol) and saturated adsorption amount (Qpmax X 10~® mol/g) for Orange I on catalysts
Dosage (%) Sm*"—TiO, Pr*t—TiO, Nd**—TiO,

Kﬂ Qmux R2 Kﬂ QITHIX RZ Kﬂ an'dX R2
0 14.96 10.89 0.979
0.5 23.07 11.55 0.988 20.41 12.15 0.984 12.88 12.94 0.966
1.0 24.54 14.12 0.989 23.29 16.00 0.95 15.56 13.77 0.993
1.5 33.31 14.95 0.995 30.20 18.15 0.942 20.04 20.80 0.943
2.0 39.33 18.52 0.995 35.36 18.94 0.977 20.74 20.94 0.970

Generally, pure TiO, cannot be excited by visible light. From
Table 3, it could also be seen that the pure TiO, showed photo-
catalytic activity, due to dye sensitization, which led to photo-
catalytic activity of pure TiO, as presented in Egs. (3)—(8)

Dye + hv — dye” (3)
TiO, + dye* — TiOy(e”) + dye™ (4)
0, + TiOy(e™) — 07" + TiO, (5)
0;" + H,0 — HO;, + OH" (6)
HO, + H,0 + TiO,(e") — H,0, + OH™ + TiO, (7)
H,0, + TiO,(e”) — OH' + OH™ + TiO, (8)

3.5. Mineralization

For the purpose of contaminant control in the degradation
process, it is desirable to mineralize the organic pollutants
into CO, and H,O. Accordingly, we carried out a series
of experiments of mineralization under UV light irradiation
by using pure TiO, and 1.5% RE’T—TiO,. The results in
Fig. 6 indicated that Orange I mineralization was efficiently
enhanced owing to rare earth ion doping. The percentage of
TOC removal was 82.8%, 99.7%, 97.4% and 86.6% in the
suspension of pure TiO,, 1.5% Sm>™—TiO,, 1.5% Pr’"—
TiO, and 1.5% Nd*"—TiO,, respectively, after 150 min
UV light irradiation. The mineralization efficiency was in
the order of rare earth doped with 1.5% Sm’"—
TiO, > 1.5% Pr’"—TiO, > 1.5% Nd*"—TiO, > pure TiO,,
which was in good agreement with that of the first-order
rate constants.

3.6. Discussion

The ionic radii of Sm3+, Nd3+, and Pritare 0.96, 0.99, and
1.01 A, respectively, which are much larger than that of Ti*"
(0.68 10%). There was no obvious difference of the lattice pa-
rameter ‘@’ and ‘c’ between the pure TiO, and RE? T—TiO,
powders from XRD analysis (Table 1), which indicated that

these rare earth ions could not enter into the lattice of TiO,
to replace the Ti*" ion. Xu et al. [27] proposed that rare earth
salts were changed to rare earth oxides during the calcination
processing, and these oxides were uniformly adsorbed on the
surface of TiO, and may favor separating the charge carriers
efficiently. Moreover, Ti*" ion could be substituted by rare
earth ions in the lattice of rare earth oxide to form tetrahedral
Ti sites, which created a charge imbalance, so more hydroxide
ions would be adsorbed on the surface for charge balance.
These hydroxide ions on the surface can accept holes gener-
ated by UV irradiation to form hydroxyl radicals [27]. There-
fore, the photo-induced charge carrier recombination can be
restrained. DRS spectra of RE*"-doped TiO, catalysts showed
that there were optical adsorption in visible region and red
shifts in the RE”—doped TiO,, which is ascribed to the tran-
sitions of 4f electrons of RE*™.

It is well known that the photocatalytic activity strongly de-
pend on the better adsorption of organic substrate and the im-
provement of the interfacial charge transfer reaction [27,28].
Interfacial charge transfer is possible only when the donor or
acceptor is pre-adsorbed before the photocatalytic reaction.
The preliminary adsorption of the substrates and the amount
of adsorption are very important pre-requisites for highly effi-
cient degradation. From Section 3.3, we can know that all dop-
ing catalysts showed the stronger adsorption capacities than
pure TiO,. The factors leading to the enhanced adsorption ca-
pacity should involve the change of the physical or chemical
properties of the catalysts owing to rare earth ion doping.
The smaller crystal size and larger specific surface area of
RE*"—TiO, catalysts would be beneficial to achieve better
physical adsorption of Orange I in the aqueous suspensions.
Moreover, it was reported that lanthanide ions could complex
with azo dyes to form solid complexes [29,30]. Thus, there
might be another important enhancement for the adsorption
of Orange I on RE*"—TiO, by forming a chemical complex
of RE*" and Orange I in the aqueous suspension. The transi-
tions of 4f electrons of RE®>" led to the enforcement of the op-
tical adsorption of catalysts and favored the separation of
photo-generated electron—hole pairs. In addition, the red shift
of the optical adsorption edge of TiO, by rare earth ion doping
was helpful to the improvement of visible light photocatalytic
activity of TiO,. Therefore, the transitions of 4f electrons of
RE’" and red shifts of the optical adsorption edge of TiO,
by rare earth ion doping and dye sensitization enhanced visible
light photocatalytic activity of TiO,.
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Fig. 4. The degradation of 0.06 mM Orange I on TiO, and RE*"—TiO, cata-
lyst powders under UV light (pH = 6.86, catalyst dosage = 1.0 g/L).

The optimal dosage of rare earth ions at 1.5% for Orange
I degradation under UV irradiation and at 1.0% under visi-
ble light irradiation in this study might be contributed to the
fact that there was an optimal dosage of rare earth ions in

1.0

. (A)
\g
0.8 \
] \g
0.6 - @\
Qo | x
3 —&—TiO, \
047 _g— 0.5% Sm*-TiO, @\E
{ —%— 1.0% Sm*-Tio, \
02 —%— 1.5% Sm*-TiO,
K
—%— 2.0% Sm*>*-TiO,
0+
0 10 20 30 40 50 60
Time(min)
1.0
N (8)
0.8 - \
p \x
0.6 - R
o
Q 4
3 —8—Tio,

049 —m— 0.5% PrP*-TiO,
1 —%— 1.0% Pr**-TiO,
02 —¥— 1.5% Pr*-TiO,
—%— 2.0% Pr¥*-TiO,

0.0 T T T T T T T T T T T T
0 10 20 30 40 50 60
Time(min)
1.0
(©)
0.8+
B N
0.6
o
Q ] , 5
@) —r— TIiO,

1 —&— 1.0% Nd*-TiO,
02 —¥— 1.5% Nd*-TiO,
—%— 2.0% Nd**-TiO,

044 g 05%Nd*-TiO, §
T

0.0 T T T T T T T T T T
0 10 20 30 40 50 60

Time(min)

Fig. 5. The degradation of 0.06 mM Orange I on TiO, and RE*"—TiO, cata-
lyst powders under visible light (pH = 6.86, catalyst dosage = 1.0 g/L).

TiO, particles for the most efficient separation of photo-in-
duced electron—hole pairs. As the content of doping ions in-
creases, the surface barrier becomes higher, and the space
charge region becomes narrower. The electron—hole pairs
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Table 3
The first-order kinetic constants (kyp, min~") and relative coefficient (R?) for degradation of Orange I under both UV light and visible light irradiations
Dosage (%) Sm**—TiO, Pr*t—TiO, Nd**—TiO,

UV light Visible light UV light Visible light UV light Visible light

kap R? kap R? kap R? kap R? kap R? kap R?
0 0.0221 0.989 0.0155 0.992
0.5 0.0611 0.997 0.0222 0.994 0.0251 0.974 0.0231 0.999 0.0280 0.990 0.0171 0.997
1.0 0.0689 0.990 0.0296 0.998 0.0321 0.994 0.0239 0.998 0.0285 0.994 0.0230 1.000
1.5 0.0692 0.983 0.0268 0.996 0.0399 0.998 0.0216 0.952 0.0316 0.996 0.0207 0.995
2.0 0.0298 0.988 0.0264 0.997 0.0331 0.995 0.0210 0.957 0.0315 0.997 0.0194 0.993
within the region are efficiently separated by the large elec- Acknowledgements

tric field before recombination which led to the higher pho-
tocatalytic activity. However, when the content of doping
ions is excessively high, the space charge region becomes
very narrow and the penetration depth of light into TiO,
greatly exceeds the space charge layer; therefore the recom-
bination of the photo-generated electron—hole pairs becomes
easier, which led to the lower photocatalytic activity of TiO,
for Orange I degradation. Therefore, there was an optimal
RE’" doping for Orange I degradation under both UV and
visible light irradiations.

4. Conclusions

Rare earth ion (Sm**, Nd**, Pr’") doping in TiO, could
enhance the saturated adsorption amount and adsorption equi-
librium constants, and also increase the photocatalytic activity
for the degradation of Orange I. The increase in photocatalytic
activity was due to the higher adsorption, and the 4f electron
transition of RE*". The highest photoactivity was obtained
at 1.5% RE*" dosage under UV light irradiation, and at
1.0% RE*" dosage under visible light.
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Fig. 6. The removal percentage of total organic carbon versus time under UV
light irradiation (0.06 mM Orange I, pH = 6.86, catalyst dosage = 1.0 g/L).
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