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bstract

Pure TiO2 and erbium ion-doped TiO2 (Er3+-TiO2) catalysts prepared by the sol–gel method were characterized by means of XRD and diffusive
eflectance spectra (DRS). The XRD results showed that erbium ion doping could enhance the thermal stability of TiO2 and inhibit the increase of
he crystallite size, and the DRS results showed that the optical absorption edge slightly shifted to red direction owing to erbium ion doping and
he Er3+-TiO2 catalysts had three typical absorption peaks located at 490, 523 and 654 nm owing to the transition of 4f electron from 4I15/2 to 4F7/2,
H11/2 and 4F9/2. With a purpose of azo dyes degradation, orange I was used as a model chemical. And the adsorption isotherm, degradation and
ineralization of orange I were investigated in aqueous suspension of pure TiO2 or Er3+-TiO2 catalysts. The results showed that Er3+-TiO2 catalysts

ad higher adsorption equilibrium constants and better adsorption capacity than pure TiO2. The adsorption equilibrium constants (Ka) of Er3+-TiO2

atalysts were about twice of that of pure TiO2. The maximum adsorption capacity (Qmax) of 2.0% Er3+-TiO2 catalyst was 13.08 × 10−5 mol/g,
hich was much higher than that of pure TiO2 with 9.03 × 10−5 mol/g. Among Er3+-TiO2 catalysts, 2.0% Er3+-TiO2 catalyst achieved the highest

3+

max and Ka values. The kinetics of the orange I degradation using different Er -TiO2 catalysts were also studied. The results demonstrated that

he degradation and mineralization of orange I under both UV radiation and visible light were more efficient with Er3+-TiO2 catalyst than with
ure TiO2, and an optimal dosage of erbium ion at 1.5% achieved the highest degradation rate. The higher photoactivity under visible light might
e attributable to the transitions of 4f electrons of Er3+ and red shifts of the optical absorption edge of TiO2 by erbium ion doping.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes wastewater has caused a primary environmental
roblem, not only because these dyes are relatively resistant
o conventional treatment methods, but also because some of
hem produce carcinogenic amine as byproducts of hydrolysis
1,2]. In recent years, it has been is reported that TiO2-based
hotocatalytic process should be a promising technique for the
ineralization of azo dyes [3], since the other techniques, such
s adsorption, combustion, wet oxidation and so on, had more
r less disadvantages and they showed different degrees of cost
ffectiveness [4,5].

∗ Corresponding author. Tel.: +86 20 87024721; fax: +86 20 87024123.
E-mail address: cefbli@soil.gd.cn (F.-B. Li).
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TiO2-based photocatalytic process has been widely studied
ecause TiO2 can be excited by UV irradiation to generate
harges leading to the produce of oxidative radicals, which can
ineralize organic pollutants into carbon dioxide and water effi-

iently [3,6–9]. However, the modification of TiO2 is necessary
o enhance the efficiency of TiO2 photocatalysis and to improve
he photocatalytic activity of TiO2 under solar or visible light
10–12]. Among different modifications, doped by rare earth
ons or their oxides is an effective method [13,14]. Rare earth
ons have strong complex ability to adsorb various organic pol-
utants and facilitate the degradation of organic pollutants [15].
oreover, rare earth ions doping can reduce the crystallite size
ut increase the surface area of TiO2, which also contribute to
he enhancement of adsorption capacity of TiO2 for organic pol-
utants [16,17]. It is reported that rare earth ions doping can lead

mailto:cefbli@soil.gd.cn
dx.doi.org/10.1016/j.jhazmat.2006.05.066
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o the red shift of absorption edge of TiO2, which is one of the
ays to improve visible light photocatalytic activity of TiO2

ffectively [18]. The transitions of 4f electrons of rare earth ions
an also improve photocatalytic activity of TiO2 under irradi-
tion of UV or visible light by increase of separating rate of
hotogenerated charges [19,20]. Thus, it is suggested that rare
arth doping can provide TiO2 with better adsorption abilities
nd better photocatalytic performances. Recently, erbium ion
Er3+) attracted more attention in TiO2-based optical materi-
ls [21–23], but it was less reported for photodegradation of
rganic pollutants [24]. Azo dyes are ordinary organic pollu-
ants, among which orange II has been much studied. However,
s the isomeric compound of orange II, orange I has been little
tudied in the photocatalytic process, especially its removal with
hotocatalytic process by erbium ion-doped TiO2 (Er3+-TiO2)
atalysts.

In present study, a series of erbium ion-doped titanium diox-
de (Er3+-TiO2) catalysts were prepared by doping erbium ion
nto TiO2 structure with different content by the sol–gel method.
he adsorption, degradation and mineralization of orange I were

nvestigated in aqueous suspension using the pure TiO2 and
rbium ion-doped TiO2 (Er3+-TiO2) catalysts.

. Experimental

.1. Materials

Orange I was purchased from the special chemical corpo-
ation of Shanghai, China and used as received without fur-
her purification. Chemicals including tetra-n-butyl titanium
Ti(O-Bu)4], Er(NO3)3, acetic acid (99.8%), absolute ethanol
nd ethanol (95%) were purchased from Aldrich and used as
eceived.

.2. Preparation of Er3+-TiO2 catalysts

A series of Er3+-TiO2 catalysts were prepared by the sol–gel
ethod with the following procedure: firstly, 17 ml of tetra-n-

utyl titanium [Ti(O-Bu)4] was dissolved into 80 ml of absolute
thanol. And then the Ti(O-Bu)4 solution was added drop-wise
nto 100 ml of the mixture solution containing 84 ml of ethanol
95%), 1 ml of 0.1 mol/l Er(NO3)3, and 15 ml of acetic acid
99.8%) under vigorous stirring, the resulting transparent col-
oidal suspension was stirred for 2 h before aged for 2 days for
he formation of gel. The gel was dried at 353 K under vacuum
nd then ground into powder. The powder was calcined at 773 K
or 2 h and the product Er3+-TiO2 powder catalyst was eventu-
lly obtained in a nominal atomic doping level of 0.5% as 0.5%
r3+-TiO2. Other Er3+-TiO2 samples were also prepared accord-

ng to the above procedure as 1.0% Er3+-TiO2, 1.5% Er3+-TiO2,
nd 2.0% Er3+-TiO2. Pure TiO2 was prepared without addition
f Er(NO3)3 in the procedure.
.3. Characterization of catalysts

To determine the crystal phase composition of the prepared
iO2 and Er3+-TiO2 samples, X-ray diffraction (XRD) mea-
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urement was carried out at room temperature using a Rigaku
/MAX-IIIA diffractometer with Cu K� (λ = 0.15418 nm) with

he accelerating voltage of 30 kV and the emission current of
0 mA. To study the light absorption of the catalysts, the dif-
usive reflectance spectra (DRS) of the catalyst samples in the
avelength range of 200–900 nm were obtained using a UV–vis

pectrophotometer (Shimadzu UV, 2101PC), with BaSO4 as a
eference.

.4. Adsorption isotherm experiment

Adsorption is an indispensable step in any heterogeneous
hotocatalytic reaction. To investigate the adsorption behav-
or of pure TiO2 and Er3+-TiO2 catalysts, a set of adsorption
sotherm tests were performed in the dark. A fixed amount
f the adsorbent (0.1 g) was added to 10 ml of orange I solu-
ion of varying concentrations taken in stoppered glass tubes,
hich were agitated for 24 h at 180 rpm in a thermostatic shaker
ath and maintained at a temperature of 25 ± 1 ◦C until equilib-
ium was reached. At time t = 0 and equilibrium, the orange
concentrations of the solutions were measured by UV–vis

pectrometer and the adsorbed amount of orange I on pure
iO2 or Er3+-TiO2 catalysts were calculated based on a mass
alance.

.5. Photoreactor system and experimental procedures

A Pyrex cylindrical photoreactor was used in the experi-
ents, in which an 8-W medium-pressure mercury lamp with

n emission peak at 365 nm (Westbury, New York) or a 70-
high-pressure sodium lamp (Shanghai, China) with main

mission in the range of 400–800 nm was positioned at the
entre of the cylindrical vessel and surrounded by a circulat-
ng water jacket to control the temperature at 25 ± 1 ◦C dur-
ng reaction. The reaction suspension was prepared by adding
.25 g of photocatalyst powder into 250 ml of aqueous orange
solution. Prior to photocatalytic oxidation, the suspension
as magnetically stirred in a dark condition for 30 min to

stablish adsorption/desorption equilibrium. The aqueous sus-
ension containing orange I and photocatalyst was irradiated
nder UV or vis illumination with constant aeration. At the
iven time intervals, the analytical samples were taken from
he suspension and immediately centrifuged at 4500 rpm for
0 min, then filtered through a 0.45 �m Millipore filter to remove
he particles. The filtrate was stored in the dark for needed
nalysis.

.6. Analytic method

To measure orange I concentration of centrifuged samples,
UV–vis spectrophotometer (UV–vis TU-1800, Purkinje Gen-
ral, Beijing) was used to determine the absorbance of orange
at a wavelength of 481 nm. The absorbance set at 481 nm is

ue to the color of the dye solution and it is used to monitor the
egradation of dye. The total organic carbon (TOC) concentra-
ion was determined using a Total Organic Analyzer instrument
Shimadzu TOC-V CPH).
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Fig. 1. The XRD patterns of pure TiO2 and Er3+-TiO2 catalyst powders.

. Results and discussion

.1. X-ray diffraction

The crystal structure of pure TiO2 and Er3+-TiO2 catalyst
owders were analyzed by means of X-ray diffraction (XRD),
s shown in Fig. 1. The results showed that all catalysts were
ominated by anatase TiO2 and the relative intensity of 101
eaks decreased significantly with the increase of erbium ion
osage. Based on the XRD data, the crystallite sizes of the Er3+-
iO2 samples were calculated by using the Scherrer formula,
nd the results showed that the crystallite size decreased with the
ncrease of Er3+ dosage (Table 1), which indicated that erbium
on doping could inhibit the phase transformation of TiO2 in the
olid from anatase to rutile, lead to a higher thermal stability,
nd also could hinder the increase of the crystallite size. Smaller
rystallite size would contribute to larger surface area. Jeon and
raun prepared Er3+-doped luminescent TiO2 nanoparticles for
hotonic applications by hydrothermal method with the sol–gel
recursors, and it was found that erbium ion doping lead to a
hange in the morphology of nanoparticles from rod-like to tri-
ngular with the increase of the ratio of erbium ion to Ti from 1%
o 3 mol%, resulting in inhibiting the growth of specific facets
f the TiO2 particles [25]. Thus, it can be deduced that erbium
on doping could enhance the thermal stability of anatase TiO ,
2
inder the increase of its crystallite size and increase its surface
rea.

able 1
rystal parameters of different catalysts

Er3+ doping content (mol/mol)

0.0% 0.5% 1.0% 1.5% 2.0%

rystal structure Anatase Anatase Anatase Anatase Anatase
rystallite size (nm) 31.8 21.9 20.6 18.6 18.4
attice parameter, a (nm) 0.382 0.382 0.380 0.379 0.380
attice parameter, c (nm) 0.955 0.954 0.952 0.951 0.949
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ig. 2. The UV–vis diffuse reflectance spectra of TiO2 and Er3+-TiO2 catalysts.

.2. Diffusive reflectance spectra analysis

To study the optical absorption properties of catalysts, the
iffusive reflectance spectra (DRS) in the range of 200–700 nm
as investigated as shown in Fig. 2. The results showed that pure
iO2 had no adsorption in the visible light region (>400 nm),
hile Er3+-TiO2 catalysts had three typical absorption peaks

ocated at 490, 523 and 654 nm, corresponding to the transitions
rom 4I15/2 to 4F7/2, 2H11/2 and 4F9/2, respectively. According
o Judd-Ofelt theory of parity-forbidden electric-dipole transi-
ions of rare earth ions, the energy states of the Er3+ should be
ffectively perturbed by the odd terms of the Hamiltonian of
he weak crystal field. Although 4f energy electrons have been
artially screened by 5s2 and 5p6 electrons shells, the perturba-
ions can still cause the permitted transitions of the 4f elections
etween 4f energy levels [26]. The transitions of 4f electrons of
r3+ favor the separation of photogenerated electron–hole pairs,

he sensitization of TiO2 by visible light and the complexation
ith azo dyes. The optical absorption edge shifted slightly to

he red direction for Er3+-TiO2 catalysts. That is helpful to the
mprovement of photocatalytic activity under visible light. The
ransitions of 4f electrons of Er3+ and red shifts of the optical
bsorption edge of TiO2 by erbium ion doping might lead to a
igher photocatalytic activity under visible light.

.3. Absorption isotherms

A set of adsorption experiments was carried out to determine
he adsorption isotherms of orange I on pure TiO2 and Er3+-TiO2
atalysts and the results were shown in Fig. 3(a). The adsorption
sotherms of orange I can be analyzed by the following Langmuir
dsorption model:

= KaCe (1)

1 + KaCe

here θ is the coverage of the organic substrate on the TiO2
urface, Ce is the concentration of the substrate in the solution at
quilibrium (mol/l), Ka is the Langmuir adsorption equilibrium
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Table 2
The adsorption equilibrium constants (Ka) and the maximum adsorption amount
(Qmax) of orange I on different catalyst

Photocatalysts Ka (×103 l/mol) Qmax (×10−6 mol/g) R2

TiO2 14.96 10.89 0.973
0.5% Er3+-TiO2 15.08 13.91 0.953
1.0% Er3+-TiO 15.27 14.38 0.992
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ig. 3. Adsorption isotherms of orange I on pure TiO2 and Er3+-TiO2 catalyst.

onstant (l/mol). The coverage (θ) can be expressed as a ratio
f the amount of the substrate adsorbed at equilibrium to the
aximum amount adsorbed:

= Qe

Qmax
(2)

ombination and rearrangement of Eqs. (1) and (2) yields Eq.
3):

1 1 1 1
Qe
=

KaQmax Ce
+

Qmax
(3)

he plot of 1/Qe versus 1/Ce would obtain the straight line, as
hown in Fig. 3(b), and then Qmax and Ka can be derived from

o
s
w
l

able 3
seudo-first-order kinetic constants of orange I degradation under UV light and visib

TiO2 0.5% Er3+-TiO2 1

V light
kap (1/min) 0.0245 0.0328 0
R2 0.989 0.994 0

isible light
kap (1/min) 0.0155 0.0181 0
R2 0.992 0.998 0
2

.5% Er3+-TiO2 15.34 14.35 0.975

.0% Er3+-TiO2 19.85 15.12 0.949

he intercept and the slope of the plot. The correlation coefficient
represents the conformity between the experimental data and

he Langmuir adsorption isotherm model. Based on the adsorp-
ion experimental data of orange I, Ka, Qmax and the correlation
oefficient were obtained and shown in Table 2.

The results indicated that the adsorption equilibrium con-
tants (Ka) of Er3+-TiO2 catalysts were about twice of that of
ure TiO2 catalyst. The maximum adsorption capacity of 2.0%
r3+-TiO2 catalyst was 13.08 × 10−5 mol/g, which was much
igher than that of pure TiO2 with 9.03 × 10−5 mol/g. Among
r3+-TiO2 catalysts, 2.0% Er3+-TiO2 catalyst achieved the high-
st Qmax and Ka values. The factors that led to the enhanced
dsorption capacity should involve the change of the physical
nd chemical properties of the catalysts owing to erbium ion
oping. The smaller crystal size and larger specific surface area
f Er3+-TiO2 catalysts would be beneficial to better physical
dsorption of orange I in the aqueous suspensions. Moreover,
t had reported that Er3+ and other lanthanide ions can com-
lex with azo dyes to form solid complexes [27,28]. Thus, there
ight be another important enhancement for the adsorption of

range I on Er3+-TiO2 by forming a chemical complex of Er3+

nd orange I in the aqueous suspension.

.4. Photocatalytic activity

The photocatalytic activities of pure TiO2 and Er3+-TiO2 cat-
lysts were examined by the photodegradation (decolorization)
f orange I under UV light and visible light irradiation. The
egradation kinetics of orange I on different catalysts under UV
ight and visible light could be analyzed by the pseudo-first-
rder kinetic model. On the basis of the experimental data, the
lots of (Ct/C0) versus t were shown in Fig. 4. The pseudo-first-

rder kinetic rate constants kap were listed in Table 3. It was
hown that the photocatalytic activity of erbium ion-doped TiO2
as significantly higher than that of pure TiO2 under both UV

ight and visible light. The photocatalytic activity of TiO2-based

le light irradiation

.0% Er3+-TiO2 1.5% Er3+-TiO2 2.0% Er3+-TiO2

.0438 0.0683 0.0405

.987 0.992 0.982

.0219 0.0292 0.0204

.999 0.999 0.988
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Fig. 5. The changes of UV–vis adsorption spectra of orange I solution
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ig. 4. The degradation of 6 × 10−5 mol/l orange I under UV light (a) and visible
ight irradiation (b) (pH 7.0, catalyst dosage: 1.0 g/l).

atalysts increased with increasing the Er3+ doping dosage ini-
ially, but decreased when Er3+ doping content was over 1.5%
nder both UV light and visible light. 1.5% Er3+-TiO2 achieved
he best photocatalytic performance under both UV light and
isible light. Under visible light, orange I can be excited and
n excited electron is generated. Then the excited electron can
e transformed to TiO2, then to O2, and O2

•− and hydroxyl
adical are generated, as described by Eqs. (4)–(9). Therefore,
ure TiO2 should have photocatalytic activity owing to dye
ensitization.

ye + hν → dye∗ (4)

iO2 + dye∗ → TiO2 (e−) + dye•+ (5)

2 + TiO2 (e−) → O2
•− + TiO2 (6)

2
•− + H2O → HO2

• + OH− (7)
O2
• + H2O + TiO2 (e−) → H2O2 + OH− + TiO2 (8)

2O2 + TiO2 (e−) → OH• + OH− + TiO2 (9)

t
t
a
l

5.2 × 10−5 mol/l) on 1.5% Er3+-TiO2 under UV light (a) and visible light irra-
iation (b) (pH 7.0, catalyst dosage: 1.0 g/l).

t was also noted that the visible light irradiated photocatalytic
ctivity of Er3+-TiO2 was near twice as much as that of pure
iO2, and the UV irradiated photocatalytic activity of Er3+-
iO2 was near threefold as much as that of pure TiO2. The
hotocatalytic activity of Er3+-TiO2 under visible light might
e attributed to erbium ion doping, since erbium ion can lead to
he red shifts of optical adsorption edges [18] and the enhance-

ent of the overall up-conversion luminescence intensity [29].
ig. 5(a) and (b) also showed that the changes in the optical
ensities of 481 nm (–N N–), 290 nm (naphthalene ring) and
40 nm (benzene ring) of orange I under different illumination
ime under UV light and visible light. Obviously, three adsorp-

ion peaks of orange I became weaker and weaker along with
he illumination time. That indicated that both azo bonds and
romatic part of the dye molecule were attacked under both UV
ight and visible light. Thus, it can be deduced that erbium ion
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oping can enhance the photocatalytic activity for the mineral-
zation of orange I.

To further investigate the photocatalytic kinetics, the signif-
cant adsorption of orange I on the Er3+-TiO2 catalysts need
o be considered. As known from the adsorption experimen-
al data, the adsorption of orange I onto Er3+-TiO2 catalysts
as obviously more than that of pure TiO2. To describe the
egradation kinetics of some substrates adsorbed on the TiO2-
ased catalysts, the Langmuir–Hinshelwood (L–H) equation
as usually used [30,31]. In fact, the L–H model has been

stablished on the basis of Langmuir adsorption of the organic
ubstrate onto the photocatalyst. Thus, the substrate adsorption
as already been included in the L–H model whether the adsorp-
ion is strong or weak [31]. The L–H model can be expressed as
ollows:

dC

dt
= kr

KaC

1 + KaC
(10)

here −dC/dt is the photocatalytic degradation rate in
ol/(l min), kr is the degradation kinetic constant also in
ol/(l min), t is the reaction time in min, C is the concentration

f orange I (mol/l) at time t and Ka is the adsorption equilibrium
onstants as same as in Eq. (1). If the product value of C and
a is significantly smaller than 1, Eq. (10) may be simplified to
seudo-first-order kinetic equation as follows:

dC

dt
= krKaC (11)

onsequently an integrated form of Eq. (11) can be expressed
s:

ln

(
C

C0

)
= krKat (12)

n this work, the initial concentration (C0) of orange I was around
.2 × 10−5 mol/l, the products of KaC0 were calculated to be
etween 0.78 and 1.03 which were not significant smaller than
. So it should not be neglected. Under this situation, an integral
orm of the L–H model would be more feasible which can be
xpressed as below:

n

(
C0

C

)
+ Ka(C0 − C) = krKat (13)

q. (13) also can be rearranged as follows:

n

(
C0

C

)
+ Ka(C0 − C) = kapt (14)

here kap = krKa, and it is the apparent kinetic constant in 1/min.
he kap value can be obtained by plotting ln(C0/C) + Ka(C0 − C)
ersus t.

Obtained from the adsorption equilibrium coefficients (Ka)
nd the apparent kinetic constants (kap), the degradation kinetic
onstants (kr) on pure TiO2 and Er3+-TiO2 catalysts irradiated by
V light and visible light were shown in Fig. 6. The correlation
oefficients with the L–H model were much better than those
ith the pseudo-first-order kinetic equation, which suggested

hat the adsorption plays an important role in the degradation of
range I on Er3+-TiO2. Similar to the pseudo-first-order kinetic

T
t
r
t

hotodegradation by using Er3+-TiO2 catalyst under UV light and visible light
rradiation.

onstants, the degradation kinetic constants (kr) increased with
he increase of Er3+ doping dosage initially, but decreased when
r3+ content is over 1.5%. It can be confirmed that 1.5% Er3+-
iO2 would achieve the best photocatalytic activity under both
V light and visible light.

.5. Mineralization of orange I

Fig. 7 shows the TOC removal for orange I degradation after
20 min under UV light irradiation with different catalysts. The
esult showed that orange I was efficiently mineralized. The per-
entage of TOC removal was 65.4%, 74.0%, 75.4%, 64.0%, and
1.0%, respectively, in the suspension of pure TiO2, and 0.5%,
.0%, 1.5%, 2.0% Er3+-TiO2. The percentage of TOC removal
f TiO2-based catalysts increased with the increase of Er3+ dop-
ng dosage initially, but decreased when Er3+ content was over
.0%. Obviously, 1.0% Er3+-TiO2 had the best performance for

OC removal, which was not consistent with that of the pho-

ocatalytic activity for orange I degradation, because the TOC
emoval was attributable to the mineralization of orange I, while
he photocatalytic degradation for orange I was attributable to



C.-H. Liang et al. / Journal of Hazardou

F
d

t
o

3

t
s
o
r
f

t
s
r
t
E
t
d
e
s
i
e
p

d
i
t
i
s
p
e
i
v
g
b
e
o

4

o
i
d
w
t
r
I
i
d
e
o
a

A

F
i
w

R

[

[

[

ig. 7. TOC removal percentage of 6 × 10−5 mol/l orange I solution using 1.0 g/l
ifferent photocatalysts after 120 min under UV light irradiation.

he decolorization for the destroy of –N N– in the molecular of
range I.

.6. Discussion

The DRS spectra of Er3+-doped TiO2 catalysts showed that
here were optical adsorption in visible region and slightly red
hifts in the doped catalysts, which is ascribed to the transitions
f 4f electrons of Er3+ from 4I15/2 to 4F7/2, 2H11/2 and 4F9/2,
espectively. The transitions of 4f electrons of Er3+ favored the
ormation of photogenerated electron–hole pairs.

It is well known that the high photocatalytic activity of pho-
ocatalysts strongly depends on the better adsorption of organic
ubstrate and the improvement of the interfacial charge-transfer
eaction. On one hand, from the above results it can be concluded
hat the larger surface area, the smaller crystallite size and the
r3+ complex effect of the Er3+-TiO2 catalysts are favorable to

he better adsorption of orange I, which benefits to the degra-
ation of orange I. Furthermore, it was reported that the pairing
ffect between the ion-dopants led to the appearance of a solid
olution in Er3+-doped TiO2 sol–gel layer [32]. Erbium ion dop-
ng might be more favorable to the separation of photoinduced
lectron–hole pairs, which would lead to the enhancement of
hotocatalytic activity [33].

The optimal dosage of erbium ion doping at 1.5% may be
ue to the fact that there was an optimal dosage of erbium
ons in TiO2 particles for the most efficient separation of pho-
oinduced electron–hole pairs. With the concentration of doped
ons increases, the surface barrier becomes higher, and the
pace charge region becomes narrower. So the electron–hole
airs within the region are efficiently separated by the large
lectric field. Moreover, when the concentration of doped
ons is excessively high, the space charge region becomes
ery narrow and the penetration depth of light into TiO
2
reatly exceeds the space charge layer; therefore the recom-
ination of the photogenerated electron–hole pairs becomes
asier. Thus, there is an optimal Er3+ dosage for degradation of
range I.

[

s Materials B138 (2006) 471–478 477

. Conclusion

Erbium ion doping could stabilize thermally anatase phase
f TiO2 and inhibit the increase of the crystallite size, and also
mprove the adsorption of orange I on TiO2 significantly. The
egradation of orange I under UV light and visible light radiation
as better with Er3+-TiO2 catalyst than with pure TiO2, and

he optimal dosage of erbium ion was 1.5% under both UV
adiation and visible light. Er3+-TiO2 could mineralize orange
more effectively than pure TiO2. The separation efficiency of

nterfacial charges by Er3+ doping may lead to an optimal Er3+

osage for the degradation of orange I. The transitions of 4f
lectrons of Er3+ and the red shift of the optical absorption edge
f TiO2 by Er3+ doping were useful to enhance photocatalytic
ctivity under visible light.
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