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ABSTRACT

A series of TiO, doped with rare earth elements La and Nd were synthesized via sol-gel
technique. The as-prepared catalysts were characterized by powder X-ray diffraction (XRD),
nitrogen adsorption-desorption analysis and scanning electron microscopy (SEM). Analytical
results demonstrate that doping of La and Nd could inhibit the agglomeration of TiO, parti-
cles, increase the surface area and decrease the crystallite size of TiO, with mesoporous
structures. By using the materials, visible-light (1 > 420 nm) photocatalysis activities for the
reduction of hexavalent chromium Cr(VI) and degradation of methyl orange MO in compos-
ite system were investigated. The results show that the catalysts order by the photocatalytic
efficiency in Cr(VD)-MO composite system is 1% La/TiO,>1% Nd/TiO,>TiO,. Methyl
orange and Cr(VI) were totally eliminated by 1% La/TiO, in 30 min under the conditions:
visible-light (4 > 420 nm), a 50 ml mixture of 40mg/1 MO and 20mg/1 Cr(VI), catalyst of
0.08 g dose and pH 1.0. Kinetic studies indicate that the reduction of Cr(VI) and degradation
of MO in composite system were not in agreement with first-order kinetics very well due to
synergistic effect in the simultaneous photocatalytic process.

Keywords: Titanium dioxide; Rare earth; Photocatalysis; Methyl orange; Cr(VI); Synergistic
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1. Introduction

Semiconductor photocatalysis is a kind of catalytic
reaction depending on light (usually UV), which was
developed in 1972 [1] and thereafter developed to
treat contaminant [2-4]. So far, TiO, is the most
promising photocatalyst since its high activity,
chemical stability, robustness against photocorrosion,
low toxicity, and availability with low cost. And the
photocatalysis reaction kinetics is generally described
by Langmuir-Hinshelwood adsorption kinetic model
[5] which is simplified as:

*Corresponding author.

In Cy/C = kKt = Kyppt (1)

where Cy is the initial concentration of pollutant; C is the
concentration of pollutant at time t; k is photocatalytic
reaction rate constant; K is Langmuir adsorption con-
stant; K,pp is apparent first-order kinetics rate constant.
Though TiO, shows many advantages, there are
two bottlenecks in application: one is the quick
combination of photo-generated electrons and holes,
and the other is the little sun utilization rate. Many
researchers have tried to modify TiO, in order to reduce
the combination of electrons and holes and increase the
absorption scope of sunlight, such as rare earth (La, Ce,
Pr, and Nd) modification [6-10], nonmetallic (F [11])
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modification, and composite catalyst [12-14]. Rare earth
elements modification could suppress the transition of
TiO, from anatase to rutile phase and make the catalyst
particle size smaller and specific surface area larger
than those of the nonmodified, and using rare earth ele-
ments to modify TiO, has been the popular method to
improve the photocatalytic activity [15-17].

Photocatalysis could be used to deal with many
pollutants, such as dye, pesticide, heavy metal ion, etc.
Owing to that actual wastewater is almost mixture,
much attention have been paid to the photocatalysis
research in composite system. Furthermore, according
to photocatalysis principle, photocatalytic oxidation and
reduction reactions occurring simultaneously could
reduce the combination of electrons and holes so as to
improve catalytic efficiency. Composite pollutant sys-
tem photocatalysis has been studied recently [18-20],
but little compared with single ones. Prairie [21] first
proposed the synergetic effect between the photocata-
lytic reduction and oxidation. The results show that the
acids (organics) with high molecular weight show
quicker reduction rates than the ones with small molec-
ular weight; organics that can be oxidized directly by
capturing hole show quicker reduction rates than the
ones which are oxidized indirectly by *OH.

The present research is focused on visible-light
simultaneous photocatalysis of methyl orange (MO)
and Cr(VI) in water by La- or Nd-modified TiO,.
Modified catalysts were characterized by various
means. The competition of photocatalytic removal of
MO and Cr(VI), under visible-light irradiation
(4 > 420 nm) was employed to investigate the photo-
catalytic activity of the catalysts.

2. Experimental
2.1. Materials

All chemicals were purchased from Sinopharm
Chemical Reagent Co., China and employed without
any further purification. Lanthanum nitrate hexahy-
drate (La(NOj3);:6H,0), neodymium nitrate hexahy-
drate (Nd(NO3)3-6H,0), absolute ethyl alcohol (EtOH),
acetone (C;HgO), diphenylcarbazide (Ci3H13N4O),
potassium dichromate (K,Cr,O7), hydrochloric acid
(HCD, perchloric acid (HCIO,), phosphoric acid
(H3PO,), sulfuric acid (H,SO,), and methyl orange
(MO) are analytical grade reagents. Tetrabutyl titanate
(Ti(OBu)y) is chemical grade. The water for experi-
ments is deionized water.

2.2. Catalysts preparation

TiO, was synthesized via sol-gel process, follow-
ing the specific procedures. A mixture of Ti(OBu),
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(10ml) and EtOH (30ml) was stirred under room
temperature. HCl was added into the mixture to
obtain pH 1.5, and the solution was marked A. The
mixed solution containing H,O (2ml), and EtOH
(4ml) was marked B. Then, B was added dropwise
into A during 10min approximately. The resulting
acidic mixture was stirred constantly until sol was
obtained; subsequently, the sol was maintained for
24h until gel formation. The gel was dried at 333K
until no decrease in its weight and then calcinated at
823K for 3h with a heating rate of 5K/min. The prep-
aration method of La-TiO, or Nd-TiO, was similar to
TiO, except that lanthanum nitrate hexahydrate (La
(NO3)3-6H0) or neodymium nitrate hexahydrate (Nd
(NO3)3-6H,0), as the rare earth precursor, was dis-
solved into H,O (2ml). The rare earth doping amount
was calculated by La or Nd element.

2.3. Characterization

The crystalline phases of the prepared catalysts
were characterized by powder X-ray diffraction (XRD)
on a PANalytical X’ Pert PRO MPD diffractometer
using Cu Ko radiation that was operated at 40kV and
40mA. The specific surface area and pore structure
were determined from adsorption-desorption iso-
therms of nitrogen by a Quantachrome NOVA 2200e
instrument using multipoint BET and BJH methods.
Surface morphologies were observed by scanning elec-
tron microscope (SEM) (Hitachi S-4800N) operating at
15.0kV.

2.4. Photocatalytic procedures

The photocatalytic experiments were performed on
an open photoreactor. The light source is provided by
a PLS-SXE300UV Xe lamp (300W) with emission of
A >420 nm (using a 420nm cut-off filter), which is
positioned above the photoreactor. The initial concen-
tration (Cy) of MO and Cr(VI) was fixed at 40mg/I
and 20mg/1, respectively, both in single system and
in composite system, with pH ca. 1 adjusted by
HCIO,. The prepared catalyst (80 mg) was suspended
into a fresh MO/Cr(VD) single solution (50ml) or
MO-Cr(VD) mixed solution (50ml). At given interval
of illumination, a sample of suspension (ca. 1 ml) was
taken out and filtered with microporous membrane
(0.45 um). The absorbance of residual MO in solution
was analyzed by an APL 752 UV-vis spectrometer at
510nm. Then, the degradation rates of MO dyio were
calculated. The absorbance of residual Cr(VI) in
solution was determined by diphenylcarbazide colori-
metric method at 540nm [22], with dc.vp the reduc-
tion rate. When the concentration was greater than the
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detection limit, the operation of dilution was
necessary. For MO-Cr(VI) composite system, two
absorbances were determined according to MO and
Cr(VI) concentration test methods, respectively, and
then, the concentrations were calculated by solving
equations with double wavelength method.

3. Results and discussion
3.1. Characterization of the catalysts
3.1.1. XRD analysis

Fig. 1 shows the XRD results of the catalysts. It can
be observed that the XRD patterns of Nd-doped TiO,,
La-doped TiO,, and pure TiO, are similar, and all
crystallized in the anatase phase with characteristic
diffraction peaks (20=25.3" (101), 37.1° (004), 48.1°
(200), 53.9° (105), 62.7° (211)) [9]. Intensity of each
absorption peak is different among the samples, and
absorption peaks of TiO, are sharper than those of the
doped TiO,. Nd and La modification made the crystal-
linity of TiO, weak. No characteristic peaks of La and
Nd are found due to that the doping amount is small,
and La,O5; and Nd,Oj; are highly dispersed [23].

3.1.2. Nitrogen adsorption-desorption analysis

Table 1 gives the results of nitrogen adsorption-
desorption analysis for the samples which indicates
the mesoporous nature of all catalyst materials. The
BET surface area of 1% Nd-TiO, and 1% La-TiO, are
80.8 m?g ' and 80.6 m?g ', respectively, two times
more than that of TiO,. The high surface area con-
firms that the doped samples have better thermal sta-
bility than pure TiO, and the formed rare earth titania
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Fig. 1. XRD patterns of prepared samples: (a) TiO,; (b) Nd-
TlOz, (C) La-TiOz.
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Table 1
Microstructure of the prepared catalysts

Materials Sper (M2 gfl) Average Pore volume
pore (em®g™)
radius (nm)

TiO, 40.2 6.4 0.98

1% La-TiO,  80.6 6.3 0.98

1% Nd-TiO, 80.8 49 0.98

composite oxides effectively enhance the surface area
and decrease the crystallite size of TiO, [10]. The addi-
tion of Nd or La did not change the pore volume of
TiO,, and the addition of La almost did not change
the average pore radius of TiO,, while Nd make pore
radius reduce significantly. Different pore structures
of La-TiO, and Nd-TiO, make the photocatalytic activ-
ities different.

3.1.3. SEM observation

The SEM micrographs of the materials (Fig. 2)
reveal that particle sizes of Nd-TiO, and La-TiO, are
much smaller than that of TiO,. The particles of all
catalysts are found to be in spherical shape. Unlike
Nd-TiO, and La-TiO,, pure TiO, particles are found
to be in the form of aggregation. Nd and La modifica-
tion preferably retard the aggregation and improve
the growth of well-dispersed particles. The slight dif-
ference between La-TiO, and Nd-TiO, lies in that La
and Nd have different electronic structures and
radius. Ionic radius of La** (0.102nm) and Nd**
(0.0995nm) are bigger than that of Ti*" (0.068 nm),
and therefore, it is difficult for La®>" or Nd** to really
enter into the lattice of TiO,. Ti-O-La or Ti-O-Nd
bond could be formed at the interface, and La®>* and
Nd** exist in the particle wall of the obtained samples
[10,24].

3.2. Photocatalytic activity

All experiments were repeated by three times.
Control tests found that no detectable concentration
decrease occurred in single MO and Cr(VI) solution or
MO-Cr(VI) composite solution under visible-light irra-
diation (4> 420 nm), at pH ca. 1 without catalysts
[25], and less than 5% MO concentration decreased in
MO single system under the action of catalysts in visi-
ble-light irradiation. Therefore, MO and Cr(VI) have
no apparent chemical reaction at short time with pH
ca. 1, and the degradation of MO in MO single system
did not happen with catalysts under visible-light
irradiation.
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Fig. 2. SEM images of prepared samples.

3.2.1. Photocatalytic reduction of Cr(VI)

Catalysts used in the test were 80mg, and pH of
Cr(VD) solution was adjusted by HCIO, to ca. 1. Figs. 3
and 4 give the results of photocatalytic reduction of
Cr(VD in the presence of Nd-TiO, and La-TiO,. The
results show that Nd and La modification improve
the photocatalytic activity of reduction and different
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doping amount of Nd-TiO, and La-TiO, present
slightly different catalytic efficiency. From the
characterization above, the surface area of La-TiO,
and Nd-TiO, are two times more than that of TiO,,
and photocatalytic removal of Cr(VI) in solution by
both TiO, and modified TiO, are mainly caused by
adsorption. Little visible-light photocatalytic activity
for Cr(VD) may be due to charge imbalance would
occur owing to the formation of Ti-O-La, which
might affect the photocatalytic activity of catalyst [24].
When ions doping amount is high, the space charge
region becomes very narrow and the penetration
depth of light into TiO, greatly exceeds the space
charge layer, so electron-hole pairs will recombine
easily [26]. Consequently, there is an optimum concen-
tration of dopant ions. From Figs. 3 and 4, less than
50% reduction rate of Cr(VI) was achieved in 100 min
by TiO, with 1% doping amount of Nd and La.

3.2.2. Simultaneous photocatalysis of Cr(VI) and MO

Simultaneous photocatalysis of Cr(VI) and MO
were performed in 50ml composite solution, with
20mg/1 Cr(VD)-40mg/1 MO, results shown in Figs. 5-
8. Single MO could not be removed by TiO, under
visible-light irradiation, and single Cr(VI) was
removed very slowly by TiO, under visible-light
irradiation according to Figs. 3 and 4, while they can
be removed easily in the composite system. MO was
completely decolored and Cr(VI) was almost com-
pletely reduced in 40 min. Simultaneous photocatalysis
of Cr(VI) and MO can improve the photocatalytic effi-
ciency of TiO,, which is mainly due to the synergistic
effect. Recombination of electrons and holes was
suppressed in Cr(VI)-MO composite system, and
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Fig. 3. Photocatalytic reduction of Cr(VI) in Cr(VI) solution
by Nd-TiO,.



4806

————
S
P L a2
P e A— —— A
— S S e

—B0.5% La-TiD,
—8—1% La T,
—A—1.5% La-TiD,
~-TiO,

t/min

Fig. 4. Photocatalytic reduction of Cr(VI) in Cr(VI) solution
by La-TiO,.
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Fig. 5. Photocatalytic reduction of Cr(VI) in Cr(VI)-MO
system by Nd-TiO,.

electrons and holes were fully utilized. The photo-
reduction of Cr(V]) to Cr(Ill) and oxidation of organics
can be achieved via a photocatalytic process with a
simplified mechanism as follows [27].

TiO; + hv — e +h* (2)
Cr(VI)+ H" + e~ — Cr(Ill) + H,O (3)
H,O+h" - O, + H" (4)
H,O+h*" — ‘OH + H' (5)
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Fig. 6. Photocatalytic degradation of MO in Cr(VI)-MO
system by Nd-TiO,.
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Fig. 7. Photocatalytic reduction of Cr(VI) in Cr(VD)-MO
system bby La-TiO..

‘OH + organics — - -- — CO, + H,O (6)

h™ + organics — --- — CO, + H,O (7)

Sometimes, the intermediates of MO photocatalytic
degradation could reduce Cr(VI) to Cr(Ill), which can
be achieved, for example, via a photocatalytic process
with a simplified mechanism as follows [28] in methyl
alcohol-Cr(VI) composite system.

CH,OH + h* — CH; (8)

Cr(VI) + CH; — Cr(IIl) + products 9)
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1% Nd-TiO, and 1% La-TiO, have larger specific
surface area than that of TiO,, and they could adsorb
more Cr(VI) or MO and electrons and holes are more
easier to reach the catalyst surface to react. La and Nd
are Lewis acid, which can form Lewis acid-base com-
plexes with MO [10]. La and Nd doping also change
the surface structure of TiO,. As a result, 1% Nd-TiO,
and 1% La-TiO, can remove Cr(VI) and MO in 30 min
in the composite photocatalysis system. Especially, the
reduction of Cr(VI) in composite system was acceler-
ated significantly compared with the one in single
system. There are many factors affecting the simulta-
neous photocatalysis, such as catalyst (surface area,
crystalline phase, electronic structure and surface
properties, etc.), the mass ratio of MO/Cr(VI), pH,
intermediate products of reaction. Composite system
photocatalysis needs to be designed effectively to

100
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Fig. 8. Photocatalytic degradation of MO in Cr(VI)-MO
system by La-TiO,.

= TiO,
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A 1%La-TiO,

tfmin

Fig. 9. Photocatalytic degradation kinetics for MO.
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achieve good synergistic effect for catalytic oxidation
and reduction [21].

3.2.3. Kinetics analysis

The composite aqueous solution, 50ml with
20mg/1 Cr(VD-40mg/1 MO, was selected to investi-
gate the kinetics of removal of Cr(VI) and degradation
of MO under visible-light irradiation, and the results
were shown in Figs. 9 and 10 and Tables 2 and 3.
Figs. 9 and 10 show that 1% La/TiO, has the biggest
rate of Cr(VI) removal and degradation of dye, then

74
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Fig. 10. Photocatalytic reduction kinetics for Cr(VI).

Table 2

Apparent first-order kinetics equations and relative
parameters for photocatalytic degradation of MO with
different catalysts in composite system

Materials Kinetics equations Kapp t)2 R?
(min™") (min)

TiO, In(Cy/C)=0.080t+0.013  0.080 8.6 0.904

Nd-TiO, In(Cy/C)=0.101t—0.048 0.101 6.8 0.988

La-TiO, In(Cy/C)=0.171t—0.2559 0.171 41 0.943

Table 3

Apparent first-order kinetics equations and relative

parameters for photocatalytic removal of Cr(VI) with
different catalysts in composite system

Materials Kinetics equations Kapp ti/2 R?
(min™") (min)

TiO, In(Cy/C) =0.068t — 0.570 0.068 10.2  0.904

Nd-TiO, In(Cy/C)=0.125t—0.048 0.125 5.5 0.967

La-TiO, In(Cy/C)=0.185t—0.355 0.185 3.7 0.973




4808

1% Nd-TiO,. Tables 2 and 3 show that the reduction
rate of Cr(VI) and degradation rate of MO in the com-
posite system were not in agreement with first-order
kinetics very well (the biggest value of R* is 0.988).
And the kinetics of 1% La/TiO, and 1% Nd/TiO,
catalysis are more likely to be the apparent first-order
kinetics than that of TiO, photocatalysis. In six curves
of Figs. 9 and 10, there is a sudden jump, where pho-
tocatalytic synergistic effect is the most significant and
photocatalytic rate is the fastest. The earlier this jump
happens, the earlier photocatalytic synergistic effect
appears.

4. Conclusions

La and Nd modification can make effective
improvement of photocatalytic activity both in single
system and in composite system, which is mainly due
to the increase in surface area and decrease in the par-
ticle size of TiO,. Cr(VI) or MO single system could
not be photocatalyzed or photocatalytic effect is not
obvious in visible-light irradiation, while in the com-
posite system, effective visible-light photocatalysis
happens easily. Since the existence of catalytic syner-
gism, removal rate of Cr(VI) and MO are improved
substantially. Although Nd and La are both lantha-
noid elements, but different atomic radius and extra-
nuclear electron arrangement make the microstructure
of the doped TiO, different, which results in slightly
different photocatalytic activities. The reduction rate
of Cr(VI) and degradation rate of MO in composite
system were not in agreement with first-order kinetics
very well.
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