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A series of lanthanide oxide-doped titanium dioxide photocatalysts Ln,O3/TiO, (Ln3t =
Eudt, Pr3t, Yb3t) were prepared. The photocatalysts reveal a substantially enhanced
activity for the degradation of organic pollutants, as compared to undoped TiO,. The
photodegradation processes of p-nitrobenzoic acid, (1), p-chlorophenoxyacetic acid, (2),
aniline, (3), salicylic acid, (4), and trans-cinnamic acid, (5), with the different photocatalysts
was examined. The photodegradation of (1)—(5b) is significantly faster with Ln,O3/TiO,
photocatalysts and leads to complete mineralization of the organic compounds. The high
activity of the Ln,03/TiO, photocatalysts is attributed to the enhanced association of the
functionalized organic pollutants to lanthanide-ion surface sites. © 7999 Kluwer Academic
Publishers

1. Introduction order to compete with the"¢h* recombination, and
Semiconductor photocatalysts have evoked tremendousap effectively the conduction band electron, or the
interest over the last decade for the light-stimulatedvalence band hole, the respective acceptor or donor
degradation of aqueous pollutants [1, 2] and atmoshould be confined to the semiconductor surface. Var-
spheric pollutants [3, 4]. Photocatalytic remediation ofious means to control the interfacial electron transfer
organic pollutants, such as alkanes, alkenes, phenolat semiconductor-solution interfaces were developed.
carboxylic acids, surfactants and pesticides, was acFhese include the encapsulation of electron acceptorsin
complished [5-10]. Also, reductive deposition of dif- receptor-functionalized semiconductors [13], the elec-
ferent heavy metals such as Pt, Au and Rh was achievegbstatic association of electron acceptors at the semi-
by irradiation of semiconductor photocatalysts [11, 12].conductor surface [14], and the immobilization of
Several oxides exhibit band-gap energies adequatsemiconductor photocatalysts in redox-functionalized
for catalyzing the degradation of organic materials.polymers [15, 16].
Among them, TiQ has proven to be the most effec- The mechanisms of photocatalytic degradation of or-
tive catalyst for detoxification of organic pollutants. ganic materials in aqueous media or in a gaseous atmo-
Photochemical excitation of semiconductors leads t&phere, has been a subject of extensive studies [17]. Al-
the formation of an electron-hole pair¢é*). This  though the detailed routes leading to the mineralization
exciton can recombine and dissipate the energy. Alteref organic materials require further research efforts, itis
natively, the electron (or hole) can be trapped by suitclear that superoxide and specifically hydroxyl radicals
able chemical scavengers, i.e., electron acceptors (¢rOH) act as active reagents for the mineralization of
electron donors), or eventually, surface defect states. Ithe organic compounds [18]. These radicals are formed
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by the scavenging of the éh* by molecular oxygen

and water Equations 1-4 Ti[OCH(CH3)314 (7.38 ml) + MeOH (10.2 ml),

Eu(0OCOCH3)3 (0.027 g), Pr(NO3)3 (0.039 g) or YB(NO3)3 (0.033 )
Mixing and stirring at room temperature

Oy +¢€, — Oy (1)
H,O+ ht — OH- + H" (2) ‘ MeOH (10.2ml) + HCI (120 i)
OH-: + OH- — H,0, 3) L

Gel Formation

HzOg—i—OE' — -OH+OH™ + O, (4)

Insertion of-OH into C—H bonds or functionalized
C—H bonds, leads ultimately to the mineralization of y
the organic substances. Indeed, complete mineraliz: Drying Process (air) 100°C 2h
tion of, for example, a variety of aliphatic or aromatic ‘

chlorinated compounds was reported [19-21]. The re
active hydroxyl radicals might, however, dissipate by Y
geminate coupling to yield $D,. This leads to ineffi-
cient degradation of the pollutants. Forimproved degra
dation of the pollutant, the organic material should be
preconcentrated at the semiconductor surface in orde
to effectively trap the respective radicals. Concentratior
of organic pollutants at semiconductors was accom
plished by the surface modification of the photocata-
lyst with chelating agents [20] or by the immaobilization Scheme 1
of hydrophobic layers [21]. Also, surface modification
of the catalyst with electron acceptor groups that con-
centrate electron-donor pollutaniis the formation of  the gel for 60 min. The resulting gel was dried at 100
donor-acceptor complexes [22] and the selective dopinfpr 2 h. The resulting Ti@ powder was calcined to the
of the crystalline semiconductor oxide [23-25] provedanatase form by heating to 550 for 14 h in air. The
to concentrate the pollutants at the photocatalyst sureuropium, praseodymium and ytterbium-doped Z[iO
face and to enhance their degradation yields. EwO3/TiO,, PrOs/TiO, and YkO3/TiO, were pre-
Lanthanide-ions are known for their ability to form pared by a similar method, except that europium ac-
complexes with various Lewis bases, (e.g. acidsetate, Eu(OA®), praseodymium nitrate, Pr(Ng@ and
amines, alcohols, aldehydes, thiols, etg)the inter-  ytterbium nitrate, Yb(N@)3; were dissolved in the sol
action of these functional groups with f-orbitals of prior to formation of the respective gels. The molar ra-
the lanthanides. This property is used in NMR spec+io of Ti(IV) to Eu(lll), Pr(l1l) or Yb(lll) is usually 100.
troscopy, where the magnetic features ofEar PP+ Photocatalysts with a molar ratio of Ti(IV) and Eu(lll)
yield significant chemical shift changes in the protonscorresponding to Ti/Ee= 20, were also prepared.
of the ion-associated organic ligands [26, 27]. Thus, the The X-ray diffractograms of the calcined samples
incorporation of lanthanide ions in a Ti@atrix could  were recorded using a Philips PW 1050 powder diffrac-
provide a means to concentrate the organic pollutant abmeter. The diffraction patterns were recorded at
the semiconductor surface. room temperature using a Ni filtered Ky radiation
The sol-gel method enables the synthesis of high surt. = 1.5418 A) for the samples. A scanning speed of
face area TiQ particles [28, 29] and nanometer size 2 deg/min and a chart speed of 13 mm/deg were gener-
semiconductor colloids [30]. Here we wish to reportally employed.
on the preparation of lanthanide oxide-doped J[iO  The surface area of the lanthanide-dopedTand
We describe the enhanced photodegradation of a s¢he non-modified Ti@catalyst were measured by nitro-
ries of aromatic compounds by the lanthanide-modifiedyen adsorption at 196°C by the dynamic BET method
TiO, as compared to the non-modified photocatalysusing a Micromeritics 1l 2370 surface area analyzer.
[31]. The routes that lead to the enhanced activity ofThe Transmission Electron Micrographs of the sam-
the europium-, praseodymium- and ytterbium-oxide-ples were recorded using a JEOL, JEM-100 CX, elec-

Calcination (air) 550°C 14h

Final Material

Lny03/TiOy Ln=Eu,ProrYb

doped TiQ are discussed. tron microscope operating at an accelerating voltage of
80 kV.
X-ray Photoelectron Spectroscopy, (XPS) analyses
2. Experimental section were performed with an AXIS-HS Kratos instrument

The non-modified Ti@, europium-(E&"), praseo- using a monochromatized AIK(,) source fiv =
dymium (P#+) and ytterbium (YB+)-doped TiQwere 14866 eV). A flood gun was used to neutralize the
prepared as shown in Scheme 1. A sol of Ti(IV) iso-sampled surface, while the C (1 s) line was used for a
propoxide, 7.38 ml in 10 ml methanol was preparedfinal energy scale calibration.

by mixing. After 15 min, a solution that contained Photochemical degradation of organic substrates:
methanol, 10 ml and conc. ag. HCI, 120 was slowly  p-nitrobenzoic acid 1), p-chlorophenoxyacetic acid
added to the sol and the mixture was allowed to yield(2), aniline, @), salicylic acid @) andtrans-cinnamic

5274



2.2. GC-MS/FTIR-analysis
OzN—Q'COOH (1) For the qualitative and quantitative analysis of the

reaction products generated during time intervals of
photolysis, the filtered samples (&) were injected
into a GC (HP 5971A MSD, mass selective detec-
tor), coupled with a HP 5965B ID (infrared detec-
tor). An HP-INNOWAX capillary column (cross-linked
Cl—< >— OCH,COOH 2) polyethylene glycol) was employed. All reaction prod-
ucts were identified by a combination of MS and FTIR-
spectroscopy in comparison with analytical data bases.
Furthermore, the calibration curves for the compounds

investigated were also analyzed. In all cases, linear de-
pendence of both MS and FTIR areas were obtained.

NH, 3 3. Results and discussion

The europium-, praseodymium- and ytterbium-modi-
fied TIOz, EU203/Ti02, Pr203/Ti02, szOg/TiOg and
non-modified TiQ, were prepared by the general
method outlined in Scheme 1. The molar ratio of
Ti(IV) : Ln(lll) prior to formation of the gel is usually
100:1. In a single system, a gel with the composition

T

Ti(IV) : Eu(lll) corresponding to 20:1 was prepared.
COOH 4)  Thesamples, after calcination, were analyzed by means
of XRD and XPS.
OH The X-ray diffractograms of the samples reveal that

in the bare titanium dioxide, the anatase phase is the
major constituent of the photocatalyst (ca. 80%) ac-
companied by a rutile phase (ca. 20%). In the case of
EwO3/TiO, and YOs/TiO, catalysts, the anatase
phase is predominant05%), while in the case of the
CH=CHCOOH )] Pr,O3/TiO, catalyst, the X-ray diffractogram reveals
the presence of only the anatase phase. The surface
area of the non-modified Ticatalyst is 78.1 rig.
The surface areas of the Edg/TiO,, PrLO3/TiO, and
the Yb,O3/TiO, catalysts, are 102.1 3ty 125.0 ni/g
and 55.4 /g, respectively. The TEM pictures indicate
et_he particle sizes to be in the range 40-80 nm for the
abare titanium dioxide. For the E@3/TiO,, PLOs/TiO,
and the YbOs/TiO, catalysts, the particle sizes are in
the range, 30-50 nm, 25-40 nm and 40-80 nm, re-
spectively. The XPS measurements reveal that the lan-
thanides exist in the resulting Ti(photocatalysts as
oxides, LpOs3. Lanthanide concentrations were evalu-
ated from their 3d (where available) and 4d lines. The
2.1. DOC analyses europium-doped Ti@photocatalysts, having a molar
The analysis of DOC (Dissolved Organic Carbon) wasratio of Ti/Eu= 20 and Ti/Eu= 100, show a charac-
carried out using a Dohrmann DC-190 TOC (Total Or-teristic band at 1134.7 eV due to the ¥uon. The
ganic Carbon) analyzeT (= 680°C) from Rosemount band characteristic of I appears at 458.6 eV. The
Analytical. The organic components were oxidized inratio of the atomic concentration of Ti/Eu in the doped
an oxygen atmosphere at a platinum/alumina contacEu,O3/TiO photocatalyst (starting molar composition,
The amount of carbon dioxide formed was measuredi/Eu = 20) at the surface was evaluated to be ca. 20
using a non-dispersive IR-detector. The (TOC) Totalt 2, in full agreement with the molar ratio of the ions
Organic Carbon content was analyzed in this manneused in the preparation of the photocatalyst prior to
and the Inorganic Carbon Content was subtracted frorthe calcination. However, for the catalystJ4/TiO»
this value. The latter is obtained by treating the samplegstarting molar composition Ti/E& 100) the ratio of
with concentrated phosphoric acid. The calibration waghe Ti/Eu at the surface was evaluated to be cat40
performed using salicylic acid, oxalic acid and potas-4 from XPS studies. This ratio is ca. 2.5 times lower
sium hydrophthalate (KHP). All calibration samples than the molar ratio of the ions used in the preparation
could be fitted with a linear calibration curve. The sam-of the photocatalyst. Thus, it seems that there is an en-
ples were injected three consecutive times (injectiorrichment of EG* at the surface due to the segregation
volume, 50ul) and the average values are reported. of EwO3 to the surface after calcination. An additional

»

acid (), were examined. Aqueous solutions of the re-
spective pollutant, 2« 107> to 3.5 x 10% M and
2.0 to 2.4 mg of the respective photocatalyst, wer
placed in a quartz cuvette. The suspension was irr
diated with a 200 W Xe (Hg) lamp (Oriel). The cu-
vette was purged with oxygen during irradiation. After
irradiation, the suspension was filtered and the solu
tion analyzed spectroscopically (Uvikon-860, Kontron
spectrophotometer).
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europium signal around 1125 eV was observed in the 3+ | 1 I
Ew03/TiO, samples, associated with the reduced form

of the europium. It is believed that this metallic sig- 2.54 (@) -
nal is induced by X-ray beam during the measurement.

The magnitude of the signal ranged from 20 to 35% 27 i
of the total europium signal for the Ti/E& 20 and 2 154 |
Ti/Eu= 100 photocatalysts, respectively. In fact, itwas < *

inspected as a function of the X-ray irradiation time, 14 (d)
showing a rough proportionality trend (note that due to
the low concentration of the lanthanide, low irradiation 0.5 L
exposures could not yield satisfactory signal-to-noise
ratios). The XPS analysis of the ¥®3/TiO, photocat- 0-+— | l i
alyst reveals a signal at approximately 185.5 eV due 200 250 300 350
to Yb3* (4d) with a Ti/Yb ratio that corresponds to A (nm)
200+ 50. In the case of the R©3/TiO, photocata- Fiure 1(B) Absoroti o of  obenzoic acid
H igure Sorption spectra or an agqueopaitrobenzolic acl
lyst, the Slgn.al.due T[O Pr (3d) appears at .933'.5 V. so%ution Ezz)lx 10“PM) (a)pbefore irradia?ion, (pb) after 30 min ofirr:?ldi-
The TI/PI‘ ratio IS_ eStImlated to b_e 1000, but in this Caseoltion, (c) after 45 min of irradiation, and (d) after 60 min of irradiation
the signal-to-noise ratio of Pt signal was extremely i the presence of B@s/TiO, photocatalyst (Ti/Ew= 100), (2.2 mg in
low, so much so that the relative error could be as highe.5 mi of solution).
as 100%. Contrary to the EQ3/TiO, photocatalyst,

the photocatalysts YiD3/TiO, and PsO3/TiO, show < P , ,

a lower surface concentration of thetrions as com-

pared to the concentration used in the preparation ofthe 2 54 (a) -

gel. The XPS results clearly reveal that the lanthanide

ions exist as their respective oxides. 24 -
The photodegradation of a series of organic aromatic ; \

compounds in agueous solutions, eggnitrobenzoic 2 1.51 | -

acid, (1), p-chlorophenoxyacetic acid), aniline, @),

salicylic acid, @) and trans-cinnamic acid, %), by 1 @ r

EwOs/TiO,, Pr0s/TiO, and YkOs/TiO, was exam- 0.5- |

ined and compared to the photodegradation yields of |

these substrates by non-modified ZiGig. 1(A) shows 04— , , . _

the absorbance spectra of tpenitrobenzoic acid X) 200 250 300 350

solution at time intervals of irradiation with the non- A (nm)

modified TiQ, photocatalyst. A gradual decrease in the

absorbance of the substrate is observed, indicating itSgure 1(C) Absorption spectra of an aqueous solution whitro-

photodegradation. Fig. 1(B) and Fig. 1(C) show the abbenzoic acid, 1), (24 x 10* M) (a) before irradiation, (b) after 30

sorbance spectra of thd)(solution at time-intervals M o imadiation, (c) after 45 min of irradiation, and (d) ater 60 min
. .. . . of irradiation in the presence of the®3/TiO, photocatalyst (Ti/P&

of irradiation in the presence of the ED&/TiO2 and 140y (2.5 mg in 2.5 mi of solution).

Pr,Os3/TiO,, respectively. The substratd) {s degraded

at an impressive rate in the presence op@TiO»

and PgO3/TiO, as compared to the non-modified 5O

For example, after 30 min of irradiation, only 18% of
(1) are degraded by the non-modified pi@hereas
54% and 50% ofX) are degraded by the ED3/TiO,
and PpO3/TiO,, respectively. Afte 1 h of irradiation,

3 ! ! ’ ca. 32% of () are degraded by the non-modified FiO
95 (@) | while 90% and 80% are degraded by the@y/TiO,
’ and PpO3/TiO,, photocatalysts respectively. The con-
2 L centrations of the solution were also monitored by
. GC-MS analyses. An excellent correlation was ob-
%’ 1.5 - served between the results obtained from UV-Vis spec-
tra and GC-MS studies. For example, Fig. 2 shows the
1 () rate of photodegradation oflY by EwO5/TiO, cata-
0.54 lyst as assayed by spectroscopic analysis (curve a) and
) GC-MS (curve b), respectively and the rates of light-
04— | ; , induced degradation ofl by the non-modified TiQ
200 250 300 350 catalyst by the same analytical methods, curve (c) and
A (nm) (d), respectively. It can be realized that the spectro-

scopic assay of the degradation rates of the substrate

Figure 1(A) Absorption spectra of an aqueopsitrobenzoic acidX) (1) coincides with the results obtained by GC-MS anal-
solution (24 x 10~* M) (a) before irradiation, (b) after 30 min of irradi-

ation, (c) after 45 min of irradiation, and (d) after 60 min of irradiation ysis of the irradiated samples. The photodegradation of

in the presence of non-modified Ti@hotocatalyst (2.4 mg in 2.5 ml of (1) by the europium‘mOdiﬁed tiFani!Jm dioxide catalyst
solution). leads to the complete mineralization of the substrate.
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120.0 . . ' : ' ' is Kadgs = 4.5 x 10° M~ while the adsorption constants
of (2) to EwO3/TiO,, PRLO3/TiO, and Y,O3/TiO, are
100.01 ® ' Kags= 1.15x 10° ML, Kags = 1.23 x 10° M~ and
g £0.0- @ | Kads= 9.96 x 10 M~%, respectively.
3 The activity of the EnO3/TiO, is preserved. After
£ 60.0- L photodegradation of2] with the photocatalyst, in the
A first run, the EgO3/TiO, catalyst was centrifuged and
& 40.04 @ r used for a second run. No noticeable degradation in the
ha € (¢) photocatalytic activity was observed.
20.0+ - The enhanced degradation yields of carboxylic acid
0.0 . | | | ' derivatives in the presence of Eds/TiO,, PLO3/TiO>

0 10 20 30 4'0 0 60 70 and_ Yb_;(_)g/TiOz is genergl, and_ min_erali;ation of sal-
icylic acid (4) andtrans-cinnamic acid %) is substan-
tially faster in the presence of the modified catalysts.
Figure 2 Rate of photodegradation @knitrobenzoic acid, 1), (2.4 x The photodegradation of salicylic aci) (vas found to
10~ M), in the presence of B3/ TiO, photocatalyst; (a) assayed spec- pe enhanced in the presence of lanthanide-dopegd TiO
troscopically (b) analysed by GC-MS analysis. Photodegradation of (1)8.5 compared to non-modified TiOAfter 1 h of irra-

(2.4 x 10~* M) in the presence of non-modified Ti@hotocatalyst, (c) L 0 e
assayed spectroscopically and (d) analysed by GC-MS analysis. In aﬁjl_atlon Only 50% of 4) are degraded by nqn-mo_dlfled
experiments 2.2-2.5 mg of the respective catalyst in 2.5 mL of solution| 102 Whereas ca. 90, 95 and 92% df are mineralized
were used. by EwO3/TiO,, PrLO3/TiO, and YO3/TiO,, respec-
tively. The results obtained from the GC-MS analy-

.. . .. sis and the spectroscopic analysis for thgRfTiO»
This is evident from the fact that no new aromatic 'n'catalyst is shown in Fig. 3. It can be realized that

fcermgdiates are observed in the GC-MS analysis of thfhe spectroscopic assay of the degradation rates of
irradiated samples [31]. . ... the substrate4) coincides with the results obtained
To account for the enh_anced photocatalytic aCtIV'tyby GC-MS analysis of the irradiated samples. Fig. 4
OFELO4/TIO; and PE0O,/TIO, as comparedtothe non- g g the absorption spectra of the aqueous solution of
modified .T.'Q’ the adsorption pf]() to the modified and trans-cinnamic acid, §), upon irradiation for 45 min.
non-modified TiQ was examined. The amount dif)( in the presence of non-modified TiQcurve b), and

adsorbed onto the ph_otocatalyst was fou.nd to increas\ﬁith PrOs/TiO, (curve c), YbO3/TiO, (curve d) and

t (min)

ecomposed by the non-modified Ti€a. 90, 93 and

imum loading of {) on the photocatalyst. For unmodi- % of TIO,. Y Ti
fied TiO,, the saturation value of ca®x 10" mol-g~* gidoEongg) /_?igzdfgézg(e:gvt;)llyms/ 102, Yb,04/TiO

of (1) on the catalyst is obtained at a bulk concentra- The photodegradation of aniline3)( was also ex-

. 4 .

tion of ca. 7> 10" M of (1). For EuOs/TiO2 and 5 ine in the presence of the different photocatalysts.
PROs/TIO, the saturat|0n7value folr the amount of ad- Fig. 5 shows the absorption spectra of the aqueous ani-
sorbed ) is ca. 55 x 10™" molg™". The respective line solution upon irradiation for 90 min. in the pres-

ads_orption isotherms were analyzed aqcording to Langénce of non-modified Tig(curve b) and in the presence
muir’s theory [32]. The derived adsorption constants ofOf Pr,O3/TiO; (curve ¢) and ExO5/TiO; (curve d), re-

(1) on unmodified TiQ is Kags = 9.8 x 10* M1, spect . e .
. . ) pectively. Visually, the aniline solutionirradiatedin the
while the adsorption constants d){to ELOs/TIO, presence of non-modified TiQurned yellow, whereas

and PpOs/TiO; are Kggs = 2.1 x 16° M~* and the solutions treated with E@3/TiO» and PpO3/TiO
Kags = 2.8 x 10® M~%, respectively. The adsorption B04/TIO: BTN

constants of 1) to the lanthanide-ion-modified TiO
is ca. 3-fold higher as compared to the association of 139 | | | |
the substrate to Ti® This can be attributed to the for-
mation of Lewis acid-base complexes between the Pr__100- (b) -
and Eu ions in the modified TiDand the carboxylic = (a)
acid residue of the substrate. Concentration of the sub-g 80 B
strate at the photocatalytic surface could then provide g

the mechanism for the enhanced mineralizationlpf ( go 60 i
by the modified photocatalysts. The photodegradation </ 40- |
of p-chlorophenoxyacetic aci@)(was similarly found S

to be enhanced in the presence of the lanthanide-dopec 5, | N
TiO, as compared to the process with non-modified

TiO,. After 1 h of irradiation only 34% of 2) are de- 0 L v w * w l
graded by TiQ, and ca. 85, 90 and 85% d)(are min- 0 10 20 30 40 50 60 70
eralized by EpO3/TiO,, PrO3/TiO, and YO3/TiOo, t (min)

respectively. Analyzing the adsorption constantspf ( _ o

. . g . Figure 3 Rate of photodegradation of salicylic acid),((2.4 x 10~4 M),
on the Ianthanlde—doped T@nd n,or_l_mOdlfled TI@_ . in the presence of PO3/TiO, photocatalyst; (a) assayed spectroscopi-
reveals similarly enhanced ?.SSOCIatIOI’] to the mOdlfleQally (b) analysed by GC-MS analysis. In all experiments 2.2-2.5 mg of
photocatalysts. The adsorption constant2pf@ TiO, the respective catalyst in 2.5 mL of solution were used.

5277



200 250 300
A (nm)

Figure 4 Absorption spectra of an aqueous solutiortrahs-cinnamic
acid, 6), (2.2 x 10-> M) (a) before irradiation, (b) after irradiation in the

100 : : : :
/./— -
a
3 sl 7 (a) ]
=
L
T 60r / (b)
-1y}
g /
L . i
® /
20 -
O I I 1 1
0 20 40 60 80 100

t (min)

presence of Ti@catalyst for 45 min, (c) after irradiation in the presence Figure 6 Degradation op-chlorophenoxyacetic acic), (3x 104 M),

of Pr0O3/TiO; catalyst for 45 min, (d) after irradiation with ¥®3/TiO;
catalyst for 45 min and (e) after irradiation with Eds/TiO catalyst for

over (a) EuO3/TiO, photocatalyst, 2.1 mg (Ti/E& 100), (b) EuOs/
TiO, photocatalyst, 2.5 mg (Ti/Eg 20) at time intervals of irradiation.

45 min. In all experiments 2.2-2.5 mg of the respective catalyst in 2.5

ml of solution were used.

t t t t t t t t 1
200 250 300
A (nm)

Figure 5 Absorption spectra of an aqueous solution of anilir, (

ergy transfer to Ti@, or the photodegradation processes
of the pollutants, we compared the photodegradation
rate of p-chlorophenoxyacetic aci@) by EwO3/TiO,
photocatalysts that include Ti: Eu ratio of 100 and 20.
Fig. 6 shows the rate of photodegradation2)fify the

two EwO3/TiO, photocatalysts. We see that the rate
of degradation ofZ2) is slowerin the presence of the
Ew,03/TiO, photocatalyst (Ti/Ee= 20) as compared to
the photocatalyst consisting of Ti/E& 100. Thus, the
relative content of Ti@ and lanthanide oxide seems to
control the effectiveness of the resulting photocatalyst.
The fact that the EAD3/TiO, photocatalyst (Ti/Eu=

20) is less efficient than the catalyst (Ti/Eu100) is
clearly indicative that the improved adsorption of the
pollutants to the europium-oxide-doped photocatalysts
is not the sole mechanism that controls the activity of the

(3.4  10-4 M) (a) before iradiation, (b) after irradiation in the presence NOVE! photocatalyst, as the adsorption 2i¢ slightly

of TiO; catalyst for 90 min, (c) after irradiation with theJ@;/TiO, pho-
tocatalyst for 90 min, and (d) after irradiation over,B4/TiO, photo-

higher on the Ti/Ew= 20 photocatalyst. The lower yield
of the degradation of2) by the EyO3/TiO, (Ti/Eu =

catalyst for 90 min. In all experiments 2.2—2.5 mg ofthevariouscatalystszo) photocatalyst can be attributed to a Iight fiItering

in 2.5 ml of solution were used.

effect since the europium oxide absorbs a part of the
light that activates the Ti@semiconductor. This inter-

remained colorless after irradiation. Inspection of thenal light filter effect is evident upon comparison of the
absorbance spectra of the irradiated aniline solution itight absorbed by the two B®3/TiO, photocatalysts.

the presence of non-modified TiQFig. 5, curve b) re-

We find that the ExO3/TiO, (Ti/Eu = 20) absorbs ca.

veals the formation of at least a new intermediate with15-18% more of the incident light as compared to the
an absorbance maximumiat 265 nmand atailingab- EuwOs/ TiO, (Ti/Eu = 100). It should be noted that the

sorbance with a shoulder in the regios- 300-420 nm.

absorbance of the E@3/TiO, (Ti/Eu = 100) photo-

The latter absorbance yields the apparent yellow colocatalyst is higher by only ca. 5% as compared to the
of the solution and is presumably due to intermediatenon-modified TiQ and hence the light filtering effect
diazo dyes or oxidation products of aniline. The broadwith this catalyst is negligible.

absorption spectra in the region 230—-400 nm uponirra- The elucidation of the mechanism leading to the en-

diation of the sample3) with non-modified TiQ, and
the formation of the new intermediatg,ax= 265 nm,

hanced activity of the lanthanide oxide-modified ti-
tanium dioxide as compared to non-modified 7iO

are indicative of the formation of aromatic intermedi- photocatalyst is discussed henceforth. The crystalline
ates (presumably phenol). In contrast, the photodegrgshase of the Ti@ catalyst is important in control-

dation of @) with Ew,O3/TiO, leads to complete min-
eralization of aniline. With ExO3/TiO, the extent of
mineralization of 8) is estimated to be 85% after one

hour of irradiation.

ling its photoactivity, and previous reports have indi-

cated that the rutile phase is less active [34, 35] and
in some cases inactive [36, 37] in the photodegra-
dation of organic compounds. While, the lanthanide-

Lanthanide ions themselves exhibit absorbance andxide-modified TiQ photocatalysts exist in the anatase
emission features [33]. In order to verify whether thephase, the non-modified Tiphotocatalyst includes a
lanthanide-oxides participate in the light collection, en-rutile phase (ca. 20%). The significant differences in
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the photocatalytic activities of the two heterogeneousabsorbance of light by the lanthanide ion and screening

photocatalysts cannot be attributed to the differences iof
the structural composition between them. The surface
areas of the heterogeneous photocatalysts could further
influence the photodegradation yields. The surface a
eas of the EgongiOZ, PI’203/Ti02 and YQOg/TIOz
are 102.1, 125.0 and 55.41g, respectively, while the
surface area of the non-modified Ti® 78.1 nt/g. The
surface area of the E@3/TiO, and PgOs/TiO, cata-
lysts are ca. 30% and 60% high compared to the non-:
modified TiG, catalyst, whereas, the surface area of the
Yb,03/TiO, catalyst, is ca. 25% lower. However, the
photocatalytic activity exhibited by YA03/TiO, cata-
lyst is comparable to that shown by F/TiO, and
Pr,O3/TiO, catalysts. Thus, the differences in the sur-
face area cannot be a factor in influencing the photo-
catalytic activity. Modification of TiQ with altervalent
cations could affect its bulk electronic structure (posi-
tion of Fermi energy level and surface properties such
as thickness of space charge layer, existence and con-
centration of surface states). That is, the work function
of the doped semiconductor is increased and hence the

Bi

Fermi energy level is shifted to lower values. Thus, 2.

the position of the flat band potential is shifted anodi-
cally. Consequently, on contact with an electrolyte, the
depletion layer of thep-donor-doped semiconductor
becomes thicker while the surface barrier is lowered
as compared to the non-doped semiconductor. As a re-
sult, the capacity of the space charge region to sepa-
rate the electron-hole pair is reduced. Thus, when, TiO

is doped with ap-type donor, the activity is expected 3

to decrease. However, the non-modified F&xhibits

lower activity compared to the lanthanide-doped ZiO 4.

The equilibrium dark adsorption of the organic pollu-
tants was found to be higher on the lanthanide-modified

titanium dioxide catalysts as compared with that of the g

non-modified catalyst. This can be attributed to the for-

mation of Lewis acid-base complexes between the lan-7-

thanide ions and the functional group residue of the
organic pollutant. Concentration of the pollutant at the

photocatalytic surface could then provide the mecha-g

nism for the enhanced mineralization &j€(5) by the
modified photocatalysts.

In conclusion, we have tailored a new class of photo-
catalysts for the degradation of functionalized organic
substrates. The photocatalysts consist of lanthanide-

oxide/TiO, composites. The present study has demoniz2.

strated that europium-, praseodymium- and ytterbium-
oxide-doped TiQ exhibit impressively higher photo-
catalytic activities for degradation of organic pollutants.

For all of the examined pollutants, and specifically for 14,

p-nitrobenzoic acid,X), complete mineralization of the

substrates was observed, without the formation of thé5.

pollutant-intermediates. As the photodegradation of
the organic material involves oxidative mineralization,
we suggest that the intermediate alcohols, aldehydes
and carboxylic acids are tightly bound to the lanthanide
ions, and their surface degradation prevents their ap8
pearance in solution. Our study has emphasized that
the loading of the TiQphotocatalyst must be regulated.

High loading of the photocatalyst with lanthanide ions 19,

decreases the photocatalytic activity of %i@ue to the

10.

13.

the band-gap photoexcitation of the catalyst.
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