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The effect of lanthanide on the degradation of RB in nanocrystalline
Ln/TiO2 aqueous solution
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Abstract

A series of Nd3+, Pr3+, Er3+, and Dy3+ (0.25–5 at.%) homogeneously doped nanocrystalline titanium dioxides (Ln/TiO2) were prepared
by an easy sol–gel technique, and the roles of lanthanide doping on the photocatalytic activity in the degradation of rhodamine B (RB) in
aqueous solution were studied. Both the concentration of the lanthanide dopant and calcination temperature showed significant effect to the
photodegradation of RB. The photocatalytic activity of pure titania was drastically decreased when calcination temperature was at 700◦C,
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hile the high photocatalytic activity was still maintained for lanthanide-doped samples. HPLC-MS method was used to study the d
rocess, and it is demonstrated that the degradation of RB catalyzed by Ln/TiO2 was principally go through with a stepwise de-ethyla
hotochemical process.
2004 Elsevier B.V. All rights reserved.
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. Introduction

One of the major sources of environmental contami-
ations is dyestuff which mainly comes from the textile
nd photographic industries[1–3]. The conventional meth-
ds such as flocculation, osmosis, and activated carbon
bsorption showed a limited efficiency for the treatment
f dye-containing wastewaters due to the increased re-

ractory pollutants in the effluents and expensiveness. The
dvanced oxidation technologies, such as TiO2-mediated
hotocatalysis, have been extensively investigated for the
estruction of dye pollutants in the past few years

4–6].
TiO2 has three natural phase modifications: brookite,

natase, and rutile. Anatase is commonly believed to be the
ctive phase[7]. Ultrafine TiO2 powders have larger spe-
ific surface areas and are expected to have good catalytic

∗ Corresponding author. Tel.: +86 571 87953253; fax: +86 571 87951895.

activities since reactions take place on the TiO2 surface[8].
However, the pure ultrafine TiO2 powders often agglomera
into larger particles, which resulted in an adverse effect o
catalytic performance. Doping different valence metal
into TiO2 is proven to be able to alter both the photoacti
and A–R (anatase-to-rutile) phase transformation of tit
[9–20]. Recently, others and we reported the lanthan
doped TiO2 [20–31]. Lanthanide ions are known for th
ability to form complexes with various Lewis bases (e
amines, aldehydes, thiols, etc.) in the interaction of t
functional groups with the f-orbitals of the lanthanides. T
incorporation of lanthanide ions in a TiO2 matrix could pro
vide a means to concentrate the organic pollutant at the
conductor surface and therefore enhance the photoactiv
titania. We found that the performance of the europium-do
titania was dependent on the preparation procedure, th
tribution, and the concentration of europium ions[31]. In this
paper, we describe the preparation of a series of lanth
homogeneously doped nanosized TiO2 and their photoca
E-mail address:yhzhang@zjuem.zju.edu.cn (Y. Zhang). alytic properties for degradation of RB in aqueous solution.
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The results indicated that the activity of TiO2 was signifi-
cantly improved by lanthanide doping, and the degradation
process catalyzed by Ln/TiO2 carried out with a stepwise
process.

2. Experimental

2.1. Preparation of samples

Neodymium (NT), praseodymium (PT), dysprosium
(DT), and erbium (ET) homogeneously doped titania were
prepared by an easy sol–gel technique, which has been re-
ported elsewhere[18]. A typical procedure for the preparation
of lanthanide-doped titania is given below: the required stoi-
chiometric oxide lanthanide (99.9%, ACROS) was dissolved
in a minimum amount of nitric acid and evaporated to dryness.
The dry lanthanum nitrate was dissolved in butanediol (2 g),
and tetrabutyl-orthotitanate (98%, ACROS, 3 g) was added
into the solution at room temperature by stirring. A homoge-
neous transparent solution was formed. The solution was very
stable and no changes took place for more than 1 year when
it is preserved in the sealed bottle. When the solution was ex-
posed in air at room temperature for 1 week, a dry solid gel
resulted, which is further heated at 120◦C for 5 h. The doped
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2.3. Characterization

The analysis of the original dye andN-de-ethylated in-
termediates was performed on an HPLC-MS equipment
(Agillent-1100, Bruker Esquire 3000t) using an YMC C-
18 column under normal-phase condition. The mobile phase
was a methanol/water gradient ranged from 60 to 90%
at a flow rate of 0.8 mL min−1. HPLC grade methanol
and HPLC grade water were used throughout the analy-
sis. The crystal and the structure/modification of the prod-
ucts were studied on a Bruker D8 X-ray diffractometer
using Cu K� radiation. The identification of crystalline
phases was accomplished by comparison with JCPDS files
numbered as 21-1272, 21-1276, 33-943, 45-265, 17-453,
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anocrystalline was finally obtained by heating the dry s
el at different temperatures above 400◦C for 1 h in air by
sing a Naber 7H furnace. The heating program is 3◦C/min

or each sample. The samples containing 0, 0.25, 0.5, 1
nd 5 at.% (mole percentage) neodymium are labeled as
T1, NT2, NT3, NT4, NT5, and NT6. The samples conta

ng 0, 0.25, 0.5, 1, 2, 3, and 5 at.% dysprosium are label
T0, DT1, DT2, DT3, DT4, DT5, and DT6. Identical conce

ration of Pr- and Er-doped samples were prepared and n
nalogously.

.2. Photocatalysis measurements

The rhodamine B dye was of laser grade. Deion
ater was used throughout the experiment. The pho

ivity of as-prepared samples is detected by the deg
ion of rhodamine B at ambient temperature. The aqu
B/Ln–TiO2 dispersions were prepared by the addition
n–TiO2 (50 mg) to a 25-mL aqueous solution containing
ye (C0 = 10−5 M). Prior to the irradiation, the suspensio
ere stirred for 15 min to ensure the establishment of sui
dsorption/desorption equilibrium of the dye on the sur
f Ln/TiO2 or TiO2. A 300 W 365 nm UV lamp (Institute o
lectric Light Source, Shanghai, China) was surrounded
irculating water jacket (Pyrex) to cool the lamp. The dista
etween UV lamp and reactor is 30 cm for each experim
fter irradiation and removal of the Ln–TiO2 particles by
entrifugation and filtration, the filtrates were analyzed
himadzu UV-2000 spectrophotometer.
nd 18-499 for anatase, rutile, neodymium titanium
de (Nd4Ti9O24), praseodymium titanium oxide (Pr4Ti9O24),
ysprosium titanium oxide (Dy2Ti2O7), and erbium titanium
xide (Er2Ti2O7), respectively. The average crystal size
etermined from the anatase peak broadening (1 0 1) c
lane for anatase with Scherrer’s equation.

. Results and discussion

.1. Characterization of lanthanide-doped titania

The phase transformation of lanthanide-doped TiO2 de-
ends on the dopants and their concentration.Fig. 1present

ig. 1. XRD diffraction patterns of dysprosium-doped titania samples
ined at 800◦C for 1 h in air: (�) rutile; (�) anatase.
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the XRD results of dysprosium-doped titania calcined at
800◦C for 1 h in air. The transformation of anatase-to-rutile
of pure as-prepared nanosized TiO2 took place between 630
and 700◦C. Thus the pure as-prepared TiO2 only shows a
single rutile phase inFig. 1. It should be noted that a mixture
of anatase and rutile is still maintained in 0.25% dysprosium-
doped sample calcined at 800◦C. When the concentration of
dysprosium is increased to 0.5 at.%, the relative intensity of
rutile is decreased remarkably. Further increasing of the dys-
prosium content to 1 at.%, a single anatase phase is observed,
demonstrating that dysprosium doping has a significant in-
hibitory effect to the A–R phase transformation. It is man-
ifest that this remarkable shift of the phase transformation
to high temperatures is caused by the lanthanide doping. It
is expected that the surrounding lanthanide ions will inhibit
the phase transition of anatase-to-rutile through the forma-
tion of Ti O Ln bond. On the other hand, the Ln2O3 lattice
locks the Ti O species at the interface with the TiO2 do-
mains preventing the nucleation that is necessary for anatase
transformation to rutile.

There is an optimal dopant concentration in which the
observed inhibitory effect achieves the maximum.Fig. 2
presents the XRD reflections of dysprosium-doped titania
calcined at 900◦C. It can be seen that 0.25 and 0.5% doped
samples show a mixture phase of anatase and rutile, and
t eas-
i con-
t and
a note
t hen
t a re-
d ped
s ident
t de-
d ge is
u nide
t for
h f de-

F cal-
c -
n

fects inside the anatase phase is grown with the enhancement
of lanthanide oxide, and the defects in excess may be fa-
vorable to the formation and growth of rutile nuclei[32].
Lanthanide titanium oxide is appeared at high heating tem-
peratures. The evolution temperatures for lanthanide titanium
oxide are progressively reduced with the enhancement of
lanthanide concentration. It is not easy to obtain a conclu-
sion about a link between A–R transformation and the for-
mation of lanthanide titanium oxide, but the easy formation
of lanthanum titanium oxide for high lanthanum content ti-
tania samples may catalyze the mass transport to the nucle-
ation region of rutile phase, promoting rutile nuclei growth,
and therefore favoring the phase transformation. XRD re-
flections belonging to lanthanide oxide(s) are not found in all
as-prepared samples. These findings are consistent with the
results of transition metal ion-doped titania prepared by this
technique[18], implying that lanthanide is better dispersed
in TiO2 matrix. The oxide lanthanides reflections were ob-
served where the aqueous nitric acid solution was applied for
the preparation of rare-earth-doped titania during the sol–gel
process[26].

The effect of other lanthanide on the A–R phase trans-
formation of TiO2 is similar to dysprosium doping.Table 1
presents the phase transformation results of 3 at.% various
lanthanide-doped TiO2. It is demonstrated that the all 3%
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he relative ratio of rutile/anatase is reduced with incr
ng lanthanide content. Further increasing lanthanide
ent to 1%, only a small rutile reflection was observed

main anatase phase was retained. It is interesting to
hat the relative ratio of rutile/anatase was increased w
he lanthanide content enhanced to 3% (LT5), inferring
uction of A–R phase transition temperature. In 5% do
amples, the rutile became the main phase. It is ev
hat the optimum inhibitory effect is the 1–2% lanthani
oped sample. The precise mechanism for this chan
nclear but may be related to the formation of lantha

itanium oxides (Dy2Ti2O7) and enhancement of defects
igh lanthanide content samples. Likely, the number o

ig. 2. XRD diffraction patterns of dysprosium-doped titania samples
ined at 900◦C for 1 h in air: (�) rutile; (�) anatase; (©) dysprosium tita
ium oxide (Dy2Ti2O7).
anthanide-doped samples only show an anatase phase
alcined at 800◦C for 1 h in air, showing very strong i
ibitory efficient to the A–R phase transformation. A

hese samples were heated at 900◦C for 1 h in air, the rutile
eflections were emerged in the XRD pattern, and at the
ime, the lanthanide titanium oxides were formed (Pr4Ti9O24,
d4Ti9O24, Dy2Ti2O7, Er2Ti2O7). Larger radius lanthanid
refer to form higher coordination number lanthanide
ium oxide.

From the broadness of the anatase peak (1 0 1), the
ge crystallite sizes of the lanthanide-doped titania calc
00◦C for 1 h in air were calculated (Table 2) by Scher
er’s equation. Obviously, the lanthanide-doped samples
ner crystallites than undoped titania. The average cry
ite size was 56 nm calcined at 700◦C for undoped titania
hile a considerable reduction in size was observed
oping with 1% lanthanides. With the increase of lantha
opant content, the average crystallite size progressive
reased. This reduction in crystallite size is proposed t

able 1
he phase modification of 3 at.% lanthanide-doped titania calcined a

erent temperatures

emperature
◦C)

Sample

PT5 NT5 ET5 DT5 Pure TiO2

00–630 A A A A A
40–700 A A A A A, R
10–800 A A A A R
00 A, R, PTO A, R, NTO A, R, HTO A, R, DTO R

: anatase; R: rutile; PTO: Pr4Ti9O24; NTO: Nd4Ti9O24; ETO: Er2Ti2O7;
TO: Dy2Ti2O7.
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Table 2
Average grain size of the neodymium- (NT), praseodymium- (PT),
dysprosium- (DT), and erbium- (ET) doped titania calcined at 700◦C for
1 h in air calculated by Scherrer’s equation

Grain size at lanthanide content (at.%)

0 0.25 0.5 1 2 3 5

NT–700 (nm) 56 27 23 16 11 11 9
PT–700 (nm) 56 28 23 22 13 11 10
DT–700 (nm) 56 33 25 20 13 11 12
ET–700 (nm) 56 29 23 16 12 11 10

due to segregation of the dopant cations at the grain boundary,
which inhibits the grain growth by restricting direct contact
of grains[32].

3.2. Photodegradation of RB

The degradation of RB was investigated by using the as-
prepared catalysts under UV irradiation (380–450 nm). The
UV–vis spectra variations of RB aqueous solution catalyzed
by pure TiO2 and Nd/TiO2 (NT4, neodymium 2 at.%) un-
der different irradiation times are displayed inFig. 3. The
aqueous solution of tetra-ethylated rhodamine (RB, 10−5 M)
shows a major absorption band at 552 nm in the absence

F
S
d
c
w

of TiO2 or Ln/TiO2. The absorbencies of the dispersion of
RB/TiO2 or RB/Ln–TiO2 were decreased obviously after the
magnetic stirring for 30 min in the dark, reflecting the ex-
tent of adsorption of RB on catalysts. It should be noted that
the absorbance reduction of RB/TiO2 is smaller than that
of RB/Ln–TiO2, inferring that more RB molecules were ad-
sorbed on Ln/TiO2. Lanthanide ions are proven to have the
ability to form complexes with various Lewis bases in the
interaction of these functional groups[33]. It is evident that
the lanthanide dopants in a TiO2 matrix provide the means to
concentrate the RB at Ln–TiO2 surface with coordination and
leads to the more decreasing of absorbance. In addition, the
smaller particle size of doped samples induced by lanthanide
doping should play the role to the absorbance reduction as
well.

Both de-ethylation and degradation of RB chromophore
structure may take place in the presence of photocatalysts
under UV irradiation. In fact the degradation of RB chro-
mophore structure and de-ethylation are two competitive re-
actions during the RB photodegradation. The de-ethylation
of the fullyN,N,N′,N′-tetraethylated rhodamine molecule has
the wavelength position of its major absorption band moved
toward the blue region (RB, 552 nm;N,N,N′-tri-ethylated rho-
damine, 539 nm;N,N′-di-ethylated rhodamine, 522 nm;N-
ethylated rhodamine, 510 nm; and rhodamine, 498 nm)[33].
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ig. 3. UV–vis spectral changes of RB as a function of irradiation time.
pectrum RB is the UV–vis spectrum of RB (10−5 M, pH = 7) before ad-
ition of TiO2 or Ln/TiO2 particles to the solution. Absorbance changes
atalyzed by (A) TiO2 and (B) Nd/TiO2. TiO2 and Nd/TiO2 (NT4, 2 at.%)
ere calcined at 500◦C for 1 h in air.

W ime
c

T 01
N 01
ccording to the studies of Watanabe et al.[34–35], OH
adicals in the solution bulk attack principally at the a
atic chromophore ring, leading to the degradation of

tructure and the reduction of absorption without wavele
hift. By contrast, the de-ethylation is mainly a surface oc
ing reaction, causing the significant blue wavelength sh
he temporal spectral changes of the photodegradati
B mediated by TiO2 (Fig. 3A) showed that the absorptio
as decreased with the concomitant small wavelength
f band to the shorter wavelengths after the irradiatio
5 min. These observations indicate that in the dispersi
iO2, both the cleavage of RB aromatic chromophore
tructure and the de-ethylation take place, with the pred
ating RB structure degradation during the initial irradia
eriod. However, the hypsochromic shifts of the absorp
aximum in Ln/TiO2 dispersion was pronounced (Fig. 3B)

hroughout the irradiation. It is seen that after the irradia
f 5 min, the maximum absorbance of band moved from

o 540 nm. The maximum absorption was rapidly shifte
04 nm after 15 min (Table 3). Further irradiation caused t
and moved to 498 nm, indicating that the full de-ethyla
roduct was achieved. Clearly, the RB photodegradatio

able 3
avelength shift in absorption maximum (nm) with different irradiation t

atalyzed by pure TiO2 and NT4 (2 at.%) calcined at 500◦C for 1 h in air

Wavelength shift at time (min)

0 5 10 15 20 25 30

iO2 (500◦C) 554 554 545 536 515 515 5
T4 (500◦C) 554 541 535 505 505 505 5
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the Ln/TiO2 dispersion is mainly the de-ethylation by a step-
wise manner.

To get a better handle on the RB degradation details of
lanthanide-doped titania, HPLC-MS method was used to
examine the temporal intermediates occurring in the RB
solution. The aqueous solution separated from the photocat-
alyst (NT4,Fig. 3B) after irradiating at different time was
extracted by ethyl acetate solvent and analyzed by HPLC-
MS technique. The results of HPLC were presented inFig. 4
and six chromatographic bands were clearly evidenced. Ex-
cept for the RB dye (peak A), the peaks increased first and
subsequently decreased, indicating the formation and trans-
formation of the intermediates. The relevant mass spectro-
grams are illustrated inTable 4. The five intermediates were
identified to be the intermediate products having the different
number ofN-methyl group. It is concluded from the related
mass spectrograms (Table 4) that peak B corresponds to the
intermediate losing one ethyl group. Peaks C and D are as-
cribed to the intermediates possessing two less ethyl groups
and correlate with two isomeric molecules. One isomer is
formed by removal of one ethyl group from each side of the
RB molecule, and the other isomer is produced by removal
of two ethyl groups from same side. Both intermediates dis-
play the identical mass spectra data. Peak E is produced by
removal of three ethyl groups from the RB molecule and the
f ed.
T each
i RB
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w , the
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e uced
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H2O + hVB
+ → •OH + H+ (2)

•OH + •OH → H2O2 (3)

H2O2 + O2
•− → •OH + OH− + O2 (4)

The insertion of•OH in the C H bonds causes ultimately
to the complete degradation of RB, while the attacking of
•OH at theN-ethyl group leads the de-ethylation[34,35]. Al-
though the photocatalysis of titania is mainly a surface reac-
tion and de-ethylation is the predominant reaction on the sur-
face of titania, the cleavage of RB aromatic chromophore ring
is also occurred in the solution bulk because of the existence
of equilibrium of RB and its intermediates (RBn) between
TiO2 surface and solution bulk. Therefore both de-ethylation
and structure degradation was observed in TiO2 dispersion
during the UV irradiation. Contrarily, in the RB/Ln–TiO2
dispersion, the lanthanide ion in the TiO2 matrix bonded the
RB molecule at the surface by coordination, which halted the
equilibrium of RB and its intermediates (RBn) between the
TiO2 surface and solution bulk and caused the degradation
principally took place at the surface of titania. The remarkable
wavelength shift toward shorter wavelengths in RB/Ln–TiO2
dispersion was ascribed to the predominant de-ethylation re-
action of the degradation, inferring that the lanthanide played
an important role in the photodegradation process of RB.
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he successive appearance of the maximal quantity of

ntermediate further confirms that the degradation of the
atalyzed by lanthanide-doped TiO2 under the UV irradiatio
s a stepwise photochemical process.

The detailed mechanism of titania-photocatalyzed r
ions is differed from one substrate to another. However
idely recognized that the superoxide, and in particular
ydroxy radical (OH•), act as the active agents to the m
ralization of the organic compounds. The radicals prod
y irradiation of UV light on the titania particles is sho
elow:

2 + eCB
− → O2

•− (1)

ig. 4. HPLC chromatograms of theN-de-ethylated intermediates at diff
nt irradiation times. The corresponding UV–vis absorption was show
ig. 3B.
Other lanthanide-doped titania samples exhibit the sim
egradation process.Fig. 5 shows the dependence of ph

odegradation rate on the lanthanide concentration of N3+-,
r3+-, Dy3+-, and Er3+-doped samples calcined at 500◦C for
h in air. It is seen that the photoactivity of lanthanide-do
iO2 is increased significantly comparing with the undo

itania and the highest photoactivity is generated by the 1
anthanide-doped samples. Further increase of lanth
oncentration induced a steady decrease of degradatio
lthough the photoactivity of per individual lanthanide-do
iO2 was still higher than undoped TiO2. From the point o
oordination, high content lanthanide-doped samples sh
e favorable to the more complex formation, and thus
ore RB molecules should be absorbed, and enhanced

ty should be observed with higher lanthanide content tit
amples. Our results, however, showed that the maxi
hotodegradation rate was produced by 1 at.% lantha
oped samples. Therefore, the concentration of substr

he semiconductor surface by forming complex is likely
he only factor that influences the activity. Further studies
n progress to elucidate the mechanism.

The photoactivity of pure and lanthanide-doped T2
eated at 700◦C for 1 h in air was shown inFig. 6. The
are titania only displayed poor activity to the degrada
f RB. In contrast to undoped titania, the degradation a

ty of all lanthanide-doped samples was markedly impro
nd the higher the lanthanide concentration, the bette
hotoactivity. The reason for this remarkable activity
rovement should be contributed to many factors. First

anthanide doping restrains the A–R phase transformati
he TiO2. As shown inTable 1, all lanthanide-doped TiO2
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Table 4
Identification of RB and de-ethylation intermediates by HPLC-MS for RB/Ln–TiO2 system

Absorption peak Retention time (min) De-ethylation intermediates MS peak Assigned substrates

A 13.0 N,N,N′,N′-Tetraethylrhodamine (RB) 443 RB–H
465 RB–H–Na

B 11.1 N,N-Diethyl-N′-ethylrhodamine (TRB) 415 TRB–H
437 TRB–H–Na

C 9.2 N-Ethyl-N′-ethylrhodamine (DRB) 387 DRB–H
409 DRB–H–Na

D 7.1 N,N-Diethylrhodamine (DDRB) 387 DDRB–H
409 DDRB–H–Na

E 5.5 N-Ethyl-rhodamine(MRB) 359 MRB–H
MRB–H–Na

F 3.5 Rhodamine (RM) 331 RM–H
353 RM–H–Na

Fig. 5. The degradation rate of various lanthanide-doped titania with differ-
ent content calcined at 500◦C for 1 h in air.

maintained the anatase phase after calcined at 700◦C for 1 h
in air, but the A–R phase transformation of bare TiO2 has
almost finished. Therefore, the lanthanide-doped TiO2 still
preserved the anatase phase after the high-temperature calci-
nations, which shows the better performance than rutile in the
photocatalysis. Second, as Ranjit et al. reported[28], the con-
centration of the RB at the surface of lanthanide-doped TiO2
particles might be higher than that of bare titania particles be-

Fig. 6. The degradation rate of various lanthanide-doped titania with differ-
ent content calcined at 700◦C for 1 h in air.

cause of the coordination of lanthanide with RB molecules.
Finally, lanthanide doping has efficiently inhibited the ag-
glomeration and sintering of TiO2 at high temperatures and
hence stabilized the nanosized titania (Table 2), which fa-
cilitated the photocatalysis as well. As we discussed earlier,
the thermal stability effect of the lanthanide is proportional
with the lanthanide concentration. High-concentration lan-
thanide samples show the smaller particle sizes, and therefore
possess larger specific surface areas. Both of smaller parti-
cle size and larger surface area in lanthanide-doped TiO2
were donated to the improvement of the photoactivity of
Ln/TiO2.

4. Conclusions

Titania samples with different amount of lanthanides
were produced and their activity of photodegradation of RB
was investigated. Comparing with pure TiO2-, neodymium-,
praseodymium-, dysprosium-, and erbium-doped titania ex-
hibited much higher photoactivity. The concentrations of the
lanthanide and calcination temperatures show the marked in-
fluences on the photoactivity of doped titania. It was worth
to note that the good photoreactivity was still remained af-
ter the lanthanide-doped titania was heated at 700◦C for 1 h
i
h cha-
n
i egra-
d
d ical
p

A

ons.
T n of
C n of
Z

n air, which implicated a potential application of TiO2 at
igh temperatures. The studies of RB degradation me
ism revealed that the lanthanide ions in TiO2 matrix played

mportant roles to the RB degradation process and the d
ation of the RB catalyzed by lanthanide-doped TiO2 un-
er the UV irradiation was mainly a stepwise photochem
rocess.
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