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The present work was focused on photocatalytic oxidation of the model molecule reactive brilliant X-3B by
lanthanide-modified TiO, samples under artificial solar and UV irradiation. Experimental results showed
that the TiO, samples doping with lanthanide (Ce and Gd) could greatly enhance the activity of pure
TiO2, and could extend the absorption range to visible region. The optimum doping amount was 0.2 and
0.5 at.% for Ce- and Gd-doped TiO, particles, respectively. The degradation kinetics of X-3B on Ce-doped
TiO,, Gd-doped TiO;, and pure TiO, were studied as well. The results exhibited that the degradation of

f)(ﬁ)g:;ocr;its;lyﬁs X-3B on all the samples were in accordance with the first-order model. The trend of apparent reaction
Kinetics rate constants kapp was as follows, Gd-doped TiO, > Ce-doped TiO, > pure TiO, under solar illumination.

Titanium oxide Scatchard plot analysis was used to evaluate the adsorption phenomena of as-prepared samples, and it
Scatchard plot indicated that lanthanide doping can improve the efficiency of interfacial adsorption of TiO, samples. The
X-3B trend was the same as that of photocatalytic activity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic dyes are the major industrial pollutants and water
contaminants [1]. Textile wastewater introduced intensive color
and toxicity to the aquatic system. Reactive dyes are widely used
in the textile industries. In China, more than 1.6 x 10°m3 per
year of various dye wastewater is drained into rivers without sat-
isfactory treatment, thus, depollution is the first concern [2,3].
Such colored dye effluents pose a major threat to the surround-
ing ecosystems, and apart from the environmental pollution, some
of the dyes still pose documented health hazards. The toxicity and
potentially carcinogenic nature of these substances represent an
increasing danger in aquatic life. While due to the complex aromatic
structure and stability of these dyes, conventional biological treat-
ment methods are ineffective for degradation [4,5]. Some physical
and chemical techniques are currently employed, but only limited
success has been achieved [6,7]. The stringent international envi-
ronmental standards (ISO 14001, October 1996) have prompted the
need to develop novel treatment methods for converting organic
contaminants [8].

Heterogeneous photocatalysis, as a promising advanced oxi-
dation technology, has attracted much attention during the past
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several decades. It combines photochemistry and catalysis, and
implies that light and catalyst are necessary to bring out a chemical
reaction. Titanium dioxide (TiO, ) nanoparticles have been widely
studied due to its remarkable photocatalytic activity for decom-
posing various organic pollutants [9]. However, prior to practical
application, many problems need to be solved in TiO, photocat-
alytic system. Such as low photocatalytic efficiency and narrow
spectrum responsive range (A <388 nm). Doping with other ele-
ments, such as rare metals and non-metals, has been widely used
for TiO, modification to improve its photocatalytic activity or
extend its light adsorption into visible region [10-12]. Since lan-
thanide ions are known for their ability to form complexes with
various Lewis bases in the interaction of these functional groups
with the f-orbitals of the lanthanides. Thus, incorporation of lan-
thanide ions in a TiO, matrix could provide a means to concentrate
the organic pollutant at the semiconductor surface and therefore
enhance the photoactivity of titania. Li et al. [13] and Zhou et al.
[14] reported that both Ce-doping and Gd-doping titania exhibited
enhanced photoactivity under UV or visible-light illumination. In
the existent articles, preparation of metal-doped titania need high
temperature treatment above 400 °C. However, the heat treatment
can reduce the surface area and surface hydroxyl groups of TiO,
nanoparticles. Furthermore, metal doping usually leads to thermal
instability.

In this paper, cerium-doped TiO, and gadolinium-doped TiO,
were prepared by sol-gel method under mild condition. The pho-
tocatalytic properties of as-prepared samples were investigated
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Fig. 1. The structure of the reactive brilliant X-3B.

under artificial solar and UV irradiation. An azo dye X-3B, who owns
an azo bond (-N=N-), is used as a probe molecule. This dye has
high solubility in water (80gL~1) and is red in color. The molecule
structure was shown in Fig. 1. The degradation kinetics of X-3B was
also investigated. The adsorption characterization of as-prepared
samples was evaluated by Scatchard plot analysis.

2. Experimental
2.1. Materials

Titanium (IV) n-butoxide (Ti(OBu)4) was chemical pure grade,
and gadolinium oxide was analytical grade, both obtained from
J&K China Chemical Ltd. Isopropanol (i-PrOH) was purchased from
Shanghai Chemical Ltd. companies with chemical pure grade. The
substrate of X-3B dye was obtained from Shanghai Dyestuff Chem-
ical Plant and used without further purification. All the other
reagents were of analytical grade, used without further treatments,
and all obtained from Shanghai Reagent Company. Water used in
the experiments was distilled.

2.2. Photocatalysts preparation

Ti (OBu)4 was chosen as a Ti precursor, (NHg),Ce;(NO3)g and
Gd; 03 were used as Ce and Gd precursors, respectively. The doping
source was first dissolved in water, whose pH value was adjusted
to 2.0 by acid. The mixture of Ti (OBu)4 and i-PrOH was then
added gradually into the above solution under vigorous stirring,
until Ti(OBu)4 was hydrolyzed completely. The molar ratio of Ce/Ti
ranged from 0.1 to 0.3%, and that of Gd/Ti ranged from 0.3 to 0.7%.
Keeping the solution refluxing at 348K for 24 h, we could get the
modified TiO, sols. The sols were finally evaporated and dried at
333K, thus Ce-doped TiO, and Gd-doped TiO, nanoparticles were
obtained, respectively. The obtained samples were defined as CT-1,
CT-2 and CT-3 for Ce-doped TiO, with Ce/Ti ratio 0.1, 0.2, and 0.3%,
respectively. While Gd-doped samples were defined as GT-1, GT-2,
and GT-3 for Gd/Ti molar ratio 0.3, 0.5, and 0.7%, respectively. Pure
TiO, powders were also prepared in this paper. The process was
the same as lanthanide-modified samples without adding doping
source.

2.3. Characterization

The phase structure of samples was identified by X-ray diffrac-
tometer (XD-3A, Shimadazu Corporation, Japan) using graphite
monochromatic copper radiation (Cu Ka) at 40kV, 40 mA over
the 20 range 10-90°. The composition of different samples
was measured by an energy dispersive X-ray analyzer (EDX,
EDAX, USA) attached to the SEM. The specific surface area and
pore size distribution of the samples were obtained using the

Brunauer-Emmett-Teller (BET) surface area measuring apparatus
at the boiling point of liquid nitrogen using an ASAP2020 instru-
ment. The BET surface area was determined by multipoint BET
method using the adsorption data in the relative pressure (P/Py)
range of 0.05-0.3. Desorption isotherm was used to determine
the pore size distribution using the Barret-Joyner-Halender (BJH)
method with cylindrical pore size. The nitrogen adsorption volume
at the relative pressure (P/Pg) of 0.975 was used to determine the
pore volume and average pore diameter. AUV-vis spectrophotome-
ter (Shimadzu UV-4100) was used to record the diffuse reflectance
spectra of titania samples.

2.4. Photocatalytic experiments

The photocatalytic activity of pure and lanthanide-modified
TiO, nanoparticles were evaluated by photocatalytic degradation
of reactive brilliant red dye X-3B solution. The detailed process
was as following: 70 mg of TiO, sample was added into 200 mL X-
3B solution with the concentration of 50 mgL~!. The suspension
was stirred in dark for 30 min to obtain adsorption equilibrium
of X-3B before illumination. A 250 W halogen lamp (Instrumen-
tal Corporation of Beijing Normal University) was used as artificial
solar light source. A UV-lamp (HG-250-UV Mejiro Precision Inc.,
A =365nm, P=250W) was used as UV light source with the inten-
sity of 2.1 mW/cm?. At a defined time interval, 5 mL suspension
was removed for analysis by HPLC. The HPLC system was Agi-
lent 1100 with tunable absorbance detector adjusted at 270 nm
for the detection of X-3B and its degradation intermediates. A
reverse-phase column (length, 250 mm; internal diameter, 4.6 mm)
Aglient Eclipse XDB-C18 was used. The mobile phase was com-
posed of methanol and deionized doubly distilled water. The v/v
ratio CH3OH/H, 0 was 70/30 and the flow rate was 0.6 mLmin~!.

2.5. Adsorption ability

A series of X-3B solution were prepared, with the initial concen-
tration of 20, 25, 30, 40, 60, 80, and 100 mg L~!, respectively. 70 mg
of TiO, sample was added into 200 mL X-3B solution. In order to
obtain adsorption equilibrium of X-3B and catalyst, the suspension
was stirred in dark for 30 min. The absorbance of each solution was
evaluated by UV-vis spectrophotometer. The characteristics of the
adsorption process were investigated using Scatchard analysis.

3. Results and discussion
3.1. Characterization

3.1.1. XRD patterns

The phase behaviors of CT-2 and GT-2 samples were observed
by XRD (Fig. 2). As shown, both the TiO, samples have very broad
diffraction peaks, whose nature are due to their small grain size.
The presence of peaks (20=25.4°,37.8°, 47.5°, 54.6°, 62.9°, 69.6°) is
regarded as anatase phase of TiO, [15]. Peak at 20 =30.8° is usually
considered as brookite phase. The doping Gd atoms do not cause
any shiftin peak position of TiO,. It may due to Gd atoms just adsorb
on the surface of TiO,, or due to the very small doping amount
lower than the detection limit. As for Ce-doped TiO,, apart from the
characteristic diffraction peaks of titania, relevant peaks (26 = 30.8°,
33.5°, 42.0°) are also observed in Fig. 2. It means that a new crys-
tal phase is formed, corresponding to cerium titanate (CexTi;_x0>)
phase [16]. Partial replacement of Ti** ions by Ce** ions in TiO; lat-
tice does not create any corresponding number of anion or cation
vacancies, but results in the appearance of new crystal phase.

The size of the crystallites can be determined from the broaden-
ing of corresponding X-ray diffraction peaks by Scherrer’s equation
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Fig. 2. XRD patterns of CT-2 and GT-2.

D=0.89)/B cos 6, where D is the crystal size, A is the wavelength of
X-ray radiation, g is the full width at half-maximum, and 6 is the
diffraction angle. The estimated grain sizes of anatase TiO, are 4.72
and 4.77 nm for CT-2 and GT-2, respectively.

The elemental compositions of the different samples were deter-
mined by EDX. The detailed process was according to Zhang and Lei
[17]. Numerous dots (5 nm area) were selected for determining the
doping element content of each sample, and then average value
was calculated. The obtained values were listed in Table 1. From
the table we can see that the content (at.%) of doping element (Ce
or Gd) were all almost the same as the initial percent.

3.1.2. BET analysis

Fig. 3 shows the nitrogen adsorption-desorption isotherms of
CT-2, and GT-2. As seen, the isotherm of both lanthanide-modified
samples shows a combination of type I and IV (BDDT classifica-
tion) [18] with two very distinct regions. At low relative pressure,
the isotherm exhibits high adsorption, indicating that as-prepared
samples contain micropores (type I). While at high relative pressure
from 0.4 to 1.0, the curve exhibits a very small hysteresis loop, indi-
cating the presence of mesopores (type IV). Fig. 4 shows the pore
diameter distribution curve of both samples. It can be seen that the
diameter of pore ranged from 1.8 to 4.0 nm, and the average pore
diameter was 2.5 and 2.4nm for CT-2 and GT-2, respectively. The
formation of mesoporous structure in the samples is attributed to
the aggregation of TiO; particles [19,20]. As seen from Table 2, GT-2
shows larger BET surface area and pore volume than that of CT-2.
Theresult can be attributed to the reason that the bigger crystallites
aggregation can form bigger pores [20]. It can also be confirmed by
the value of pore volume, as the bigger pore size, the smaller pore
volume.

3.1.3. Diffuse reflection spectra
The UV-vis absorption spectra of the modified titania and pure
titania are shown in Fig. 5. The absorption threshold of pure tita-

Table 1

Content (at.%) analysis by EDX for doping elements

Samples Content (at.%)
CT-1 0.11

CT-2 0.22

CT-3 0.32

GT-1 0.31

GT-2 0.53

GT-3 0.73
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Fig. 3. Adsorption-desorption isotherm of (a) CT-2 and (b) GT-2.

nia is 385 nm. It presents a strong absorption band only in UV
region, which attributes to the band-band transition. While for
lanthanide-modified samples, both CT-2 and GT-2 exhibit extended
absorption range to visible region, and yielding a large red shift
for these lanthanide-modified samples compared to pure TiO». It
may due to the increase in crystallinity [21]. Or it may attribute to
the appearance of a new electronic state in the middle of the TiO,
band-gap, the distance of charge transfer between f electrons of
the rare earth ions and the conduction or valence band of TiO, was
narrowed, accordingly, leading to visible-light absorption response
[22,23]. Thus, the photocatalytic activity would be enhanced under
visible illumination. While in the UV region, a little increase in the
absorbed intensity of modified titania samples are found. Since
lanthanide can used as electron trapper, which would decrease
the recombination rate of photo-generated electron-hole pairs.
Accordingly, it can be hypothesized that photocatalytic activity of
these Gd-doped samples may be enhanced under UV illumination.

3.2. Photocatalytic activity

As shown in Fig. 6(a), the photocatalytic degradation of X-3B
by Ce-doped TiO, with different doping amounts was studied. The
blank experiments without catalysts of degradation X-3B solution
under the same condition are compared in this study. The blank
study indicated that the merely photolysis can be ignored as it is
about 0.9 and 1.2%, after illuminated for 80 min under solar and
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Fig. 4. Pore diameter distribution of (a) CT-2 and (b) GT-2.

UVillumination, respectively. After 80 min photo-degradation reac-
tion under UV light irradiation, 43.5, 57.6, 47.5 and 55.8% of X-3B
were decomposed for CT-1, CT-2, CT-3 and pure titania, respectively.
While under artificial solar light illumination, the corresponding
decomposed X-3B was 35.0, 45.9, 41.2 and 27.1%, respectively. It is
well known that photocatalytic oxidation of organic pollutants in
aqueous suspension follows Langmuir-Hinshelwood model.

dcC k:KaC

Tdt T 1+K.C (1)

where (—d(/dt) is the degradation rate of X-3B, C is the X-3B con-
centration in the solution, t is reaction time, k; is a reaction rate
constant, and K is the adsorption coefficient of the reactant. K,C
is negligible when the value of C is very small. As a result, Eq. (1)
can describe a first-order kinetics. Setting Eq. (1) at the initial con-

ditions of the photocatalytic procedure, when t=0, C=Cy, it can be
described as follows:

G
In (g) — Kappt )

Table 2
BET data for CT-2 and GT-2

BET surface area (m?/g)
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Fig. 5. Diffuse reflectance spectra of (a) CT-2, (b) GT-2, and (c) pure TiO,.

where kapp is the apparent rate constant, used as the basic kinetic
parameter for the different photocatalysts, since it enables one
to determine a photocatalytic activity independent of the previ-
ous adsorption period in the dark and the concentration of X-3B
remaining in the solution [24]. The variations in In(Cy/C) as a func-
tion of irradiation time for Ce-doped samples are given in Fig. 6(b),
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Fig. 6. (a) Kinetic of X-3B degradation for Ce-doped TiO, samples and (b) variations
inIn(Co/C) as a function of irradiation time and linear fits of Ce-doped TiO, samples.
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Table 3
Apparent rate constant k,,, and correlative coefficient R data for each sample under (a) solar and (b) UV illumination
CT-1 CT-2 CT-3 GT-1 GT-2 GT-3 Pure TiOy
(a) Solar
Apparent rate constant, kapp (min—') 0.0053 0.0077 0.0067 0.0070 0.010 0.0057 0.0039
Regression relative coefficient, R 0.989 0.992 0.988 0.993 0.998 0.988 0.980
(b)uv
Apparent rate constant, kapp (min—') 0.0072 0.011 0.0081 0.012 0.014 0.0078 0.010
Regression relative coefficient, R 0.989 0.996 0.988 0.997 0.997 0.993 0.997

and their corresponding kapp and R (regression relative coefficient)
are given in Table 3. For Gd-doped samples, the results of photocat-
alytic degradation of X-3B are shown in Fig. 7(a). It can be seen that
the degradation percentage of X-3B was 60.0, 69.1, and 46.1%, under
UV illumination, and 43.9, 55.8, and 36.5% under solar light irradi-
ation for sample GT-1, GT-2 and GT-3, respectively. The variations
in In(Cy/C) as a function of irradiation time for Gd-doped samples
are given in Fig. 7(b), and their corresponding kapp and R are also
given in Table 3.

From the results we can see that, CT-2 exhibited the highest
photocatalytic activity either under UV or under solar irradiation
among the Ce-doped samples. While for Gd-doped samples, GT-
2 shows the highest activity. Furthermore, all samples exhibited
higher activity under UV than under artificial solar light illumi-
nation. It could be explained that, as we know, photoreaction is
initiated by the electron and hole via the excitation of photons.
The generation and separation of electron/hole pairs, and the trans-
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Fig. 7. (a)Kinetic of X-3B degradation for Gd-doped TiO, samples and (b) variations
inln(Co/C)as a function of irradiation time and linear fits of Gd-doped TiO, samples.

formation of photons to carriers, i.e., quantum efficiency, both are
crucial factors in the reaction [25]. The solar light source used in
this study is low intensity light. The solar light intensity is much
lower than that of UV light in the present work. Since the electron
generation capacity mainly depends upon the intensity of incident
photons with matchable energy. Further, as lanthanide ions acted as
electron trap, for samples with lower doping amounts, the decom-
position rate increases with the increasing cerium. The degradation
rate showed a maximum when the dopant amount for Ce-doped
sample and Gd-doped sample reached 0.2 and 0.5 at.%, respectively.
With further increasing of lanthanide amount, they became the
recombination center of electron-hole pairs, therefore, the decom-
position ratio decreased, and the results were in agreement with
other investigators [13,26].

From the results we can also see: under UV illumination,
the activity of lanthanide-modified TiO, sample with appropriate
amount of doping element was a little higher than that of pure
TiO,. It can be explained that as for lanthanide-doped sample, the
4f level plays an important role in interfacial charge transfer and
elimination of electron-hole recombination. Lanthanide ions could
act as an effective electron scavenger to trap the CB electrons of
TiO,. Furthermore, some of the Ti#* was substituted by the doping
element. This substitute creates a charge imbalance, which must
be satiated. Therefore, more hydroxide ions would be adsorbed on
the surface. The hydroxide ions act as hole traps that inhibit elec-
tron/hole pairs recombination as well. Interfacial charge transfer
should be a determining-rate step for photocatalytic reaction [27].
And thus the as-prepared samples exhibit higher photocatalytic
activity.

While under artificial solar light irradiation, both lanthanide-
doped samples exhibit much higher activity than that of pure one,
indicating that lanthanide modifying is helpful to improve photo-
catalytic activity. Since the lanthanide ions may partially substitute
Ti** to form Ti-O-Ln (Ln=Ce, Gd) structure, as many researches
have reported [28-30]. It leads to the appearance of a new elec-
tronic state in the middle of the TiO, band-gap [10]. This introduces
structural defects in TiO; lattice, and changes the band-gap energy.
Thus, the excitation energy is expanded from UV to visible light.
Electrons excited from VB by absorbing visible-light photons, could
be captured by the inter-band trap site. In total, more electrons
were captured than in pure TiO, under solar light. As a result, the
presence of lanthanide ions doping in TiO, accelerates the inter-
facial electron transfer process, and exhibit better photocatalytic
activity.

3.3. Adsorption characteristic of Ce-doped, Gd-doped, and pure
TiO,

Since heterogenerous photocatalytic reactions mainly occur at
the interface of substrate and catalyst, thus, the interfacial adsorp-
tion effect and affinity property play important roles in reaction
rate [31,32]. The effect of adsorption-desorption equilibrium was
investigated between X-3B and different TiO, samples in aqueous
solution under darkness. Scatchard equation (Eq. (3)) [33] is used
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Fig. 8. Isothermal adsorption curve of (a) GT-2, (b) CT-2, and (c) pure TiO, samples.

to analyze the adsorption isotherms widely [34-36]:

Q Qmax-Q

=K (3)
where Ce is the equilibrium concentration of substrate (X-3B) in
the solution in mol L~1, Qmax is the saturated adsorption amount in
mg, and the Kj is the equilibrium adsorption constant. Fig. 8 shows
the adsorption characteristics of lanthanide-doped sample (GT-2,
CT-2) and pure TiO; in X-3B solution using Scatchard analysis. The

Table 4
Scatchard plot data of Ky, Qmax, and correlative coefficient R for each sample

Kg1 (MOIL™")  Qmax1 (Mg) Ry Ka2 (molL™") Qmax2 (Mg) Ry

CT-2 6.5531 6.4115 0.987 84.0336 35.2560 0.997
GT-2 1.7042 5.7503 0.983 170.9402 63.2137 0.977
Pure TiO, 1.5202 5.9737 0990 47.6645 24.9047 0.978

Scatchard plots consist of two distinct linear sections with different
slopes, which indicate that there exist two kinds of adsorption sites
populated in the TiO, samples. The adsorption data could be fitted
by two sites Langmuir isotherm model as follows [37]:

Q _ Qmax,]ce Qmax,zce
Kg1+Ce  Kyqa+Ce

(4)

The fitting data, such as Ky, Qmax, and correlative coefficient R
are listed in Table 4. These results are in good agreement with BET
analysis, which shows that there exist two pore structures, such as
micropore and mesopore. The trend of saturation adsorption capac-
ity was Gd-doped TiO, > Ce-doped TiO, > pure TiO,, which was the
same as that of photocatalytic activity. It indicates that lanthanide-
modified samples exhibited higher adsorption capacity than pure
TiO,. It may due to the smaller size, larger specific surface area than
the pure one. Furthermore, lanthanide ion could act as a Lewis acid
as partial unoccupied 4f atomic orbits, and X-3B could act as a Lewis
base because of 1 electrons conjugation structure of the azo-dye
molecule. The formation of a Lewis acid-base complex between
lanthanide ions and the dye also enhanced the interfacial adsorp-
tion effect. From photocatalytic experiments, it can be concluded
that higher adsorption capacity lead to higher photocatalytic activ-
ity. Since more X-3B molecules could contact with TiO, sample with
lanthanide doping.

4. Conclusions

Firstly, we prepared lanthanide-doped titania under mild con-
dition (low temperature). The photocatalytic activity of Ce-doped
TiO, and Gd-doped TiO, was higher than pure TiO, under either
UV or artificial solar irradiation. The trend was as follows: 0.5 at.%
Gd-doped TiO, > 0.2 at.% Ce-doped TiO, > pure TiO,.

The photocatalytic degradation kinetics of X-3B in the presence
of as-prepared samples was all in accordance with pseudo-first-
order kinetics model well. The trend of apparent rate constant was
as follows: 0.5 at.% Gd-doped TiO, > 0.2 at.% Ce-doped TiO, > pure
TiO,. The enhanced photocatalytic activity under visible illumina-
tion may due to the appearance of a new electronic state in the
middle of the TiO, band-gap. While under UV irradiation, the rea-
son may that lanthanide can used as electron trapper, which would
decrease the recombination rate of photo-generated electron-hole
pairs.

Scatchard analysis showed lanthanide-doped sample exhibited
higher adsorption ability, due to the large specific surface area than
pure one. The higher adsorption capacity leads to higher photo-
catalytic activity. Another reason is that lanthanide ion could act
as a Lewis acid and X-3B could act as a Lewis base. The formation
of a Lewis acid-base complex could also enhanced the interfacial
adsorption effect.
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