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bstract

Photocatalytic degradation of phenol in water was examined using Pr-doped TiO2 nanoparticles. These photocatalysts were synthesized by
n acid-peptized sol–gel method from titanium tetra-isopropoxide with different concentrations of Pr(III) dopant and calcination temperatures.
everal tools such as XRD, BET surface area, SEM, and EDX, were used to evaluate particle structure, size distribution, and composition. The
ptical absorption properties of the prepared particles were also measured. Photocatalytic activity of the particles was studied in a batch reactor
ontaining phenol solution with 400 W UV irradiation. Parameters affecting photocatalytic process such as the catalyst crystallinity, light absorption
fficiency, the dosage of catalyst, dopant and phenol concentrations were investigated. The Pr-doped TiO2 showed high activity for photocatalytic

egradation of phenol. The presence of Pr ions in the TiO2 particles would cause a significant absorption shift towards the visible region. The
egradation process was optimized using 1 g/L Pr-doped TiO2 with a Pr(III) concentration of 0.072 mol% after 2 h irradiation. It was shown that
hotodegradation followed a pseudo-first-order kinetics and the rate constant changed with phenol concentration.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of phenolic compounds in aqueous solutions
as caused several environmental problems. A representative of
his class of compounds is phenol. Sources of phenol include
he discharges of chemical process industries such as coal gasi-
cation, polymeric resin production, oil refining, coking plants,
aper mill, herbicides and fungicides production [1]. Phenol
nd their degradation products in the environment are major
quatic pollutants. When phenol-containing water is chlori-
ated, toxic polychlorinated phenols can be formed; hence, such
ffluent requires proper treatment before being discharged into
he environment. Since they are stable and soluble in water,
heir removal to reach safety levels in the range 0.1–1.0 mg/L
s not easy [2]. Traditional methods such as solvent extraction,

ctivated carbon adsorption, and common chemical oxidation
ften suffer from serious drawbacks including high cost or for-
ation of hazardous by-products [1,3]. Biological degradation

∗ Corresponding author. Tel.: +886 3 4638800x2555; fax: +886 3 4559373.
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s environmental friendly and cost effective; but it is usually
ime-consuming [3]. Among the methods available, oxidative
egradation using photocatalysts appears cost effective, which
as thus been an increasingly important process in pollution
revention [4–7].

Photocatalytic degradation of such organic pollutants with
iO2 semiconductor has been proved to be the most efficient
nd popular method because it is a stable and low-cost pho-
osensitized material [8]. The effective photoexcitation of TiO2
articles requires the application of light with energy higher than
ts band gap energy; moreover, such photoexcitation results in
he formation of electrons (e−) in the conduction band and posi-
ive holes (h+) in the valence band, and formation of OH radicals
9]. Photogenerated electron-hole pairs also recombine; there-
ore, inhibiting the recombination of electron–hole pairs and
rolonging lifetime of carriers are essential for improving the
fficiency of net charge transfer at the semiconductor/electrolyte
nterface. The hydroxyl ions (OH−) are the likely traps for holes,

eading to the formation of hydroxyl radicals that are strong oxi-
izing agents, while the traps for electrons are adsorbed oxygen
pecies, leading to the formation of superoxide species (O2

−)
hich are unstable [6]. The reactive radical species generated

mailto:rsjuang@ce.yzu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.03.035
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OH−, O2
−) attack phenolic molecules present in suspensions

nd cause its hydroxylation, oxidation, and finally mineraliza-
ion occur in forming to carbon dioxide and water [10,11].

Several researchers have studied the photocatalytic degrada-
ion of phenol and chlorinated phenols in aerated suspensions of
iO2 upon illumination with near-UV light [12–14]. In most of

he above studies, the Langmuir–Hinshelwood model was often
pplied to characterize the reaction [15,16], which describes the
egradation rate in terms of the disappearance of compounds
r the formation of CO2. It has been indicated that catalyst
osage, initial concentration of organic pollutants, pH, UV light
ntensity, and concentration of charge trapping species are the

ain parameters affecting the degradation rate of phenol in TiO2
uspension [17–19]. Previous work generally uses near-UV as
he light source; however, only about 3% of the solar light is
bsorbed in solar energy applications [20]. Tryba et al. [21]
ave used an activated carbon as adsorbent, combined with TiO2
hotocatalyst, to improve the efficiency of phenol degradation.

In recent years, many groups have examined the effect of
etal doping on photocatalytic properties of TiO2. The incor-

oration of transition metals into TiO2 crystal lattice alters the
hotoreactivity by shifting the band gap of the catalysts into the
isible region [22–25]. For instance, Blazkova et al. [26] doped
t in TiO2 immobilized on glass fibers by sol–gel technique

o improve phenol photodegradation under UV irradiation. The
eflectance spectra of TiO2-containing Fe have shown increased
bsorption dependence on annealing temperature and Fe concen-
ration [27]. In addition to the methods of catalyst preparation,
he photoactivity of the doped TiO2 catalysts depends substan-
ially on the nature of the dopant and its concentration [28,29].
wasaki et al. [30] reported that TiO2 doped with a small amount
f Co2+ has high photocatalytic activity under UV–vis light irra-
iation at a Co2+ doping concentration of 0.03 mol%. In the
ame subject, Barakat et al. [6] also reported a Co3+ doping
oncentration of 0.036 mol% in TiO2 particles.

There are many reports on transition metal and noble metal
opants in TiO2 particles previously. To our knowledge, the dop-
ng of rare earth metals, particularly Pr(III), in TiO2 and their
atalytic properties have seldom been presented so far [31]. In
his work, we synthesized the Pr-doped TiO2 nanoparticles via a
ol–gel technique with various Pr3+ concentrations and anneal-
ng temperatures. The photocatalytic activity of the prepared
r-doped TiO2 was evaluated via the degradation of phenol

n aqueous solutions under 400 W UV irradiation. Parameters
ffecting photodegradation process such as catalyst crystallinity,
ptical absorption, concentration of the catalyst and dopant, and
henol concentration were examined.

. Materials and methods

.1. Materials and solutions

TiO2 nanoparticles were prepared using 0.12 mol titanium

etra-isopropoxide (Ti[iso-OC3H7]4, Acros 98%) in a mixture
f 2 mol% ethanol (Merck 99.8%) and water. The suspension
as stirred for 6 h at room temperature, followed by several

entrifuge and washing steps with deionized water (Milli-

2

a
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, Millipore). The colloidal solution was then diluted with
eionized water and the pH was adjusted to 1.8 by adding
.1 M HNO3 (Merck 65%). Pr-doped TiO2 particles containing
.018–0.22 mol% Pr3+ dopant were synthesized via the acid-
eptized sol–gel formation method at 85 ◦C and were calcined
t different temperatures [32]. The dopant stoichiometry was
ontrolled by dissolving the precursor Pr(NO3)3·5H2O (Acros
9.9%) in deionized water prior to the drop-wise addition of
iO2 colloidal solution. The resulting suspension was stirred for
8 h at 85 ◦C, and was allowed to rest and cool to room tempera-
ure for settling the precipitate. The precipitate was separated and
ollected by centrifuge and washing steps with deionized water
o remove contaminants. The powder samples were dried from
oom temperature to 100 ◦C in an oven and then annealed for 6 h
n a tube furnace operating between 100 and 800 ◦C in ambient
tmosphere. During this process, the samples were transformed
rom anatase to rutile phase. The calcined particles were finally
ulverized with mortar and pestle, followed by passing through
270 mesh.

The reagent-grade phenol was purchased from Merck Co.
99.5% purity). All other chemicals used in this work were also
f reagent-grade quality. The light source used was a water-
ooled 400 W high-pressure mercury lamp (HL400EH-5, SEN,
apan). The spectral irradiance of the UV lamp ranges from
53.7 to 577 nm, with three dominant peaks locating at 365, 546,
nd 577 nm, and the illumination distance is 80 mm. The light
ntensity of the UV lamp used for photodegradation experiments
as recorded with a UV–vis spectrophotometer (Shimadzu, UV-
501PC).

.2. Characterization

The Brunauer–Emett–Teller (BET) surface area of the Pr-
oped TiO2 catalysts was measured from N2 sorption isotherm
t 77 K using a Micrometrics ASAP2010 sorption analyzer. The
arrett–Joyner–Halenda (BJH) approach was applied to obtain
ore size distribution from the desorption data. The samples
ere degassed at 150 ◦C for 5 h to remove any physically sorbed
ases or vapors prior to the measurements. The crystalline phases
resent in the sample were identified by X-ray diffraction (XRD)
nalysis. A Siemes D8 XRD system generating monochromatic
u K� radiation with continuous scanning mode at a rate of
min−1 and the operating conditions of 40 kV and 40 mV was
sed to obtain XRD patterns. Scanning electron microscopy
SEM, Hitachi S-4800) was applied to observe the morphol-
gy of the catalysts. The dopant concentration was verified by
nergy dispersive X-ray analysis (EDX, Horiba 7593H). Finally,
diffusive reflective UV–vis spectrophotometer (Shimadzu UV-
501PC) was employed to measure the absorbance and estimate
he band gap of the catalysts. The samples were diluted with

ethanol, and the resulting solution was sonicated before the
easurements.
.3. Photodegradation experiments

Degradation experiments were conducted in a batch photocat-
lytic reactor. This small-scale system consisted of a cylindrical
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Fig. 1. XRD patterns for 0.072 mol% Pr-doped TiO2 samples at different calci-
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the absorption curve to a longer wavelength compared to that
of undoped TiO2. The absorption reaches a maximum for the
sample with 0.072 mol% Pr. Further increase in the Pr3+ con-
C.-H. Chiou, R.-S. Juang / Journal

yrex-glass cell with 1.0 L capacity (100 mm inside diameter,
00 mm height). A 400 W high-pressure mercury lamp was
laced in a 50 mm diameter quartz tube. Both the lamp and tube
ere then immersed in the photoreactor cell with a light path
f 80 mm. The photocatalytic reactor was filled with 0.8 L of
2.5–200 mg/L phenol solution, to which 0.2–1.0 g/L of the Pr-
oped TiO2 particles were added. The pH value of the solution
as measured to be 6.5–6.8 using a digital pH meter (Horiba,
-23) without any adjustment. The whole reactor was cooled
ith a water-cooled jacket on its outside, and the temperature
as kept constant at 25 ◦C.
The compressed air was purged into the solution by bub-

ling it from the bottom to maintain an aerobic condition. The
agnetic stirrer was employed to keep the suspensions uni-

orm. Solutions were radiated by UV–vis light for specific time
ntervals. Experiments were performed for 120 min, and the liq-
id samples (5 mL) were taken at preset time intervals (every
0 min). The sample was subjected to filtration through a 0.2 �m
yringe filter (Millipore, cellulose acetate membrane) to remove
articles before HPLC analysis of phenol concentration. The
olumn used was a Merck LichroCART 250-4 (250 mm length,
mm diameter), packed with LiChrospher 100 RP-18e. A mix-

ure of acetonitrile (70%, v/v) and deionized water was used
s the mobile phase at a flow rate of 1.0 mL/min. An aliquot
f 50 �L sample was injected using Rheodyne valve and ana-
yzed at a wavelength of 270 nm with an UV detector (Perkin
lmer, Series 200). Each experiment was duplicated. The repro-
ucibility of the concentration measurements is mostly within
%.

. Results and discussion

.1. Characteristics of the catalysts

The influence of Pr doping concentration on the transforma-
ion of anatase (A) to rutile (R) phases at different calcination
emperatures was determined by XRD method. The weight
raction of rutile in the samples was calculated based on the rela-
ionship between the integrated intensities of anatase (1 0 1) and
utile (1 1 0) peaks. Fig. 1 shows typical XRD patterns obtained
rom the samples with 0.072 mol% Pr. The samples were cal-
ined at 100, 200, 400, 500, 600, and 800 ◦C, respectively.
hese patterns indicate that the samples annealed at 100–400 ◦C
ecome crystalline with dominantly anatase structure. Upon
nnealing at 500–600 ◦C the samples possess both anatase and
utile structures, whereas the samples annealed at 800 ◦C are
ompletely transformed to the rutile structure. Also, the small
eaks related to the PrTiO3 phase start to appear with the forma-
ion of rutile. It is noted that the BET surface area of the sample
nnealed at 600 ◦C is 40 m2/g.

In fact, Barakat et al. [6] prepared the Co-doped TiO2
anoparticles by a sol–gel technique from TiCl4 with differ-
nt concentrations of Co3+ dopant and calcination temperatures.

hey reported that with 0.036 mol% Co the particles annealed
p to 400 ◦C are amorphous and become crystalline with domi-
antly anatase structure upon annealing at 600 ◦C. It is reported
hat anatase with a band gap of 3.2 eV is more efficient as a pho-

F
P
a

ation temperatures: (a) 100 ◦C, 100% A; (b) 200 ◦C, 100% A; (c) 400 ◦C, 85%
, 15% R; (d) 500 ◦C, 69% A, 31% R; (e) 600 ◦C, 40% A, 60% R; (f) 800 ◦C,
00% R (A: anatase; R: rutile).

ocatalyst than rutile [6,33]. Thus, Fig. 1 indicates that to obtain
he anatase phase of TiO2 particles a much lower annealing
emperature is sufficient using the present acid-peptized sol–gel

ethod.
It is recognized that the optical properties of Pr-doped TiO2

obtained form diffusive reflectance spectra) directly affect the
hoto reactivity according to the light absorption efficiency and
unctioning wavelength range [6]. The photoreactivity of Pr-
oped TiO2 is greatly improved by the high efficiency and wide
ange of light absorption, due to the increased photogeneation
ate of charge-transfer between Pr3+ electrons and the TiO2 con-
uction or valence band [31]. Fig. 2 shows the absorption spectra
or Pr-doped TiO2 samples with different Pr concentrations. The
ight absorption in the region between 350 and 520 nm shifts
ig. 2. Effect of Pr doping concentration on optical absorption of TiO2: (a) 0%
r, (b) 0.22 mol% Pr, (c) 0.143 mol% Pr, (d) 0.018 mol% Pr, (c) 0.036 mol% Pr,
nd (f) 0.072 mol% Pr.



4 of Ha

c
s
b
t
m
P
c
d
o
o
p

d
a
t
w
P
t

E
t

3

o
c
f
u
a
m
s
U

C.-H. Chiou, R.-S. Juang / Journal

entration results in the shifting of absorption curves toward the
horter wavelength (not shown). The band gap can be estimated
y extrapolating the rising portion of the absorption spectrum to
he abscissa at zero absorption [9]. The band gap of laboratory-
ade TiO2 was 3.21 eV, which is different from that of the
r/TiO2 between 2.80 and 3.10 eV. The effect of higher dopant
oncentration on the lifetime of the charged carrier has been
iscussed [23,30]. Increasing dopant concentration above an
ptimal value would result in forming the recombination centers
r trapping the charges for a long time, thereby decreasing the
hotodegradation efficiency [6].

Morphology of the supports and the supported catalysts were
etermined by SEM micrographs. It is observed from Fig. 3 that
n increase in annealing temperature leads to a larger TiO2 par-

icle; however, all Pr-doped TiO2 samples reveal similar shapes
ith a particle size distribution of 10–50 nm. The molar ratio of
r to Ti is estimated from the EDX semi-quantitative acquisi-

ion, ranging from 0.009 to 0.044 for 0.018–0.22 mol% Pr. Spot

s
a
t
r

Fig. 3. SEM micrographs of 0.072 mol% Pr-doped TiO2 samples annealed at (
zardous Materials 149 (2007) 1–7

DX analysis reveals that most Pr is present on the surface of
he TiO2 support.

.2. Photocatalyic degradation

The efficiency of phenol photodegradation as a function of
perating parameters is shown in Figs. 4–8. To study the effect of
atalyst structure on photodegradation, samples annealed at dif-
erent temperatures that show different crystal structures were
sed. Fig. 4 illustrates the results. The highest degradation is
chieved with the samples annealed at 600 ◦C, which is pri-
arily because the crystalline includes both anatase and rutile

tructures. The band gap energy of anatase sample measured by
V–vis spectrophotometry was found to be 3.2 eV, which is the
ame as that of the bulk TiO2. The samples annealed at 800 ◦C
re rutile structure. They give lower degradation efficiency than
hose annealed at 400 and 600 ◦C, which are anatase and anatase-
utile mixture, respectively. As have been indicated earlier, the

a) 100 ◦C, (b) 200 ◦C, (c) 400 ◦C, (d) 500 ◦C, (e) 600 ◦C, and (f) 800 ◦C.
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Fig. 4. Effect of the calcination temperature of Pr-doped TiO2 on phenol pho-
todegradation (0.072 mol% Pr, catalyst dosage 1.0 g/L, 50 mg/L phenol).

Fig. 5. Effect of the Pr doping concentration on phenol photodegradation (cat-
alyst dosage 1.0 g/L, 50 mg/L phenol).

Fig. 6. Effect of the dosage of Pr-doped TiO2 on phenol photodegradation
(0.072 mol% Pr, 50 mg/L phenol).
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ig. 7. Effect of phenol concentration on its photodegradation rate (0.072 mol%
r, catalyst dosage 1 g/L).

iO2 particles with anatase structure have a better photocatalytic
ctivity [6,33,34].

Tsai and Cheng [35] have reported that, between the
aboratory-made anatase and rutile TiO2, anatase reveals better
hotocatalytic activity in decomposition of phenolic pollutants.
owever, the present results show that the Pr-doped TiO2 parti-

les containing both anatase and rutile structures have the highest
ctivity. This observation matches the work of Ohno et al. [36]
hat the co-existence of anatase and rutile structures leads to

synergistic effect. Also, the catalytic activity of the catalyst
trongly depends on its calcination temperature. Iwasaki et al.
30] also confirmed that the catalytic activity of Co3+-doped
iO2 declines when annealing temperature rises over 600 ◦C
here the rutile structure and a new compound CoTiO3 are

ormed. In fact, a similar compound PrTiO3 is found in our

RD patterns (Fig. 1).
Fig. 5 shows the effect of Pr3+ dopant concentration

0.018–0.22 mol%) on phenol photodegradation. For a solu-
ion containing initially 50 mg/L phenol after 2 h UV irradiation,

ig. 8. Reproducibility of the Pr-doped TiO2 catalyst for phenol photodegrada-
ion at comparable rates for four cycles (0.072 mol% Pr, catalyst dosage 1 g/L,
0 mg/L phenol).



6 of Ha

4
d
a
0
i
d
e
f
p
t
r
[

P

O
i
f
d
a
C
u

c
U
r
i
w
g
h
m
t
[
t
n
w
p
O
r
c
s

t
3
2
s
y
a
(
i
T
H
s
t
t
u
a

b
p
r

i
i
t
o
c
c
l
n
b
a

(

C

T
i
t
t
a
t
t
f
t
t
i
T
r

h
[
b
i
r
s
[
t
T
p
N
s
b
c

4

T
s

C.-H. Chiou, R.-S. Juang / Journal

2% of phenol is degraded with the undoped sample. The degra-
ation efficiency increases with increasing Pr concentration,
nd a maximum of 94.4% is obtained with sample containing
.072 mol% Pr that was annealed at 600 ◦C. A further increase
n Pr concentration to 0.22 mol% leads to a slight decrease in
egradation efficiency to 91.3%. The variation of degradation
fficiency with Pr concentration could be understood by the
ollowing mechanism. Under the irradiation of Pr-doped TiO2
articles, Pr3+ works as electron scavenger, which may react with
he superoxide species and prevent the holes–electrons (h+/e−)
ecombination, and thus increases photo-oxidation efficiency
6]. The possible reaction is represented below:

r3+ + O2
− (ads) → Pr2+ + O2 (ads) (1)

n the other hand, a higher Pr concentration results in a decrease
n transformation temperature of anatase to rutile phases and the
ormation of PrTiO3 compound. This might lead to a further
ecrease in degradation efficiency. Iwasaki et al. [30] and Choi et
l. [37] have actually confirmed the retarding effect of increasing
o3+ doping concentration on the photocatalytic activity of TiO2
nder UV irradiation.

Burns et al. [38] have studied photodegradation of 2-
hlorophenol using sol–gel synthesized Nd-doped TiO2 under
V irradiation. They reported that doping TiO2 with Nd3+

educes the degradation time because of the difference in the
onic radii of Nd3+ and Ti4+. Much larger substitutional Nd
ill cause localized charge perturbation and formation of oxy-
en vacancies which act as electron traps. This is also the case
ere. The time required to remove a certain percent of phenol is
uch shorter using the present Pr-doped TiO2 particles, in con-

rast to the use of other transition metal-doped TiO2 particles
5,8,13,21,26]. For example, with 0.072 mol% Pr-doped TiO2 it
akes merely 45 min to degrade 80% of initially 50 mg/L phe-
ol (Fig. 5); however, the degradation was smaller than 80%
ith undoped and other metal-doped TiO2 particles under com-
arable conditions (reaction time, phenol concentration, etc.).
n the other hand, the present Pr-doped TiO2 yields satisfactory

emoval of phenol (say, >90%) in a neutral solution, whereas the
orresponding efficiency was achieved in more acidic or basic
olutions using other metal-doped TiO2 particles [6,26,34].

The effect of the dosage of Pr-doped TiO2 on phenol degrada-
ion is illustrated in Fig. 6. In the absence of the catalyst, about
8% of initially 50 mg/L phenol is removed at pH 6.58 after
h of UV irradiation (The phenol degradation efficiency of the

ame catalyst without bubbling is 27%). This is purely a photol-
sis process. The rate of phenol photolysis is almost the same
s that of photodegradation using the undoped TiO2 samples
lowest curve of Fig. 5). It is expected that phenol degradation
ncreases with increasing the dosage of 0.072 mol% Pr-doped
iO2, and reaches a maximum of 96.5% at a dosage of 1.0 g/L.
owever, a further increase in catalyst dosage (e.g., 1.2 g/L)

lightly reduces the photodegradation efficiency. In principle,

he photodegradation rate of pollutants is affected by not only
he active sites but also the photo-absorption of the catalyst
sed. Adequate dosage of the photocatalyst increases the gener-
tion rate of electron/hole pairs for enhancing photodegradation,

c
a
t
a

zardous Materials 149 (2007) 1–7

ut a high dosage of the photocatalysts will decrease the light
enetration by the suspension [39] and reduce the degradation
ate.

Fig. 7 shows the influence of initial phenol concentration on
ts photodegradation. As expected, the degradation efficiency
s higher when phenol concentration is lower. Phenol degrada-
ion may be controlled by the limited numbers of surface sites
f the photocatalyst. At concentrations below 25 mg/L, phenol
an be totally decomposed within 1 h. The present results indi-
ate that photocatalytic oxidation process is rather promising at
ow pollutant concentrations. This is also the case for heteroge-
eous catalytic systems where the reaction occurs at the interface
etween the two phases. The reaction can be represented mech-
nistically and stoichiometrically as follows [7]:

phenol
C6H5OH)

hv−→ catechol
C6H4(OH)2

hv−→intermediates
hv−→CO2, H2O (2)

6H5OH + 7O2 → 6CO2 + 3H2O (3)

he reproducibility of the catalyst for phenol photodegradation
n a four-cycle experiment is shown in Fig. 8. After each degrada-
ion experiment, the concentration of phenol was adjusted back
o its initial value of 50 mg/L. A small but gradual decrease in
ctivity of the catalyst is found after the first two cycles, after
hat the activity maintains essentially unchanged. The degrada-
ion efficiencies are 93.6, 92.4, 89.9, and 81.9% in the first to
ourth runs, respectively. The repeatability of phenol degrada-
ion indicates that this is indeed a photocatalytic reaction. For
he same mass of catalyst, an increase in phenol concentration
ncreases the reaction intermediates adsorbed onto the catalyst.
he active sites will be occupied to form a monolayer; as the

esult, the rate is decreased.
A Langmuir–Hinshelwood type of kinetic model is used

ere to describe the concentration effect on its degradation rate
15,16]. The apparent first-order rate constants are obtained to
e 0.051, 0.049, 0.038, 0.014, and 0.006 min−1 at pH 6.58 and
nitial phenol concentration of 12.5, 25, 50, 100, and 200 mg/L,
espectively (not shown). The variation of apparent rate con-
tant with phenol concentration is consistent with previous result
13]. Xu et al. [31] have actually indicated that photodegrada-
ion of nitrite over Gd3+-doped TiO2 and Degussa P-25 (undoped
iO2) samples follows pseudo-first-order kinetics. However, the
hotodegradation over Sm3+-, Ce3+-, Er3+-, Pr3+-, La3+-, and
d3+-doped TiO2 samples obey the zero-order kinetics. Further

tudies should be undertaken to check such inconsistent kinetic
ehavior with Pr-doped TiO2 although the nature of the reactants
ould be play an important role.

. Conclusions

The Pr-doped TiO2 nanoparticles with a composition of
i1−xPrxO2 (x = 0.018–0.22) were prepared via an acid-peptized
ol–gel method. The anatase phase of Pr-doped TiO2 particles

ould be formed even annealed at 100 ◦C. Particles that were
nnealed at 600 ◦C revealed the highest phenol photodegrada-
ion efficiency, primarily because they included both anatase
nd rutile structures. Light absorption reached a maximum for
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he particles with 0.072 mol% Pr, which was consistent with the
rends of phenol photodegradation efficiency. Light absorption

easurements also confirmed that the presence of 0.072 mol%
r doping in TiO2 caused significant absorption shift into the vis-

ble region compared to the use of undoped TiO2 particle. Using
.072 mol% Pr-doped TiO2, phenol degradation with an UV
rradiation of 400 W followed the pseudo-first-order kinetics.
he difference of apparent rate constant between initial phenol
oncentration of 12.5 and 200 mg/L was nearly nine-fold. At
dosage of 1.0 g/L, 0.072 mol% Pr-doped TiO2, about 99 and
0% of phenol was degraded after 2 h irradiation at an initial
oncentration of 12.5 and 200 mg/L, respectively. The present
esults demonstrated the promising photocatalysis potential of
he Pr-doped TiO2 particles, at least for phenol, due to their
elatively faster degradation.
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