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a  b  s  t  r  a  c  t

A  series  of  photocatalysts  was  synthesized  by doping  TiO2 with  La  and  B via  the  sol–gel  hydrothermal
route.  The  photocatalytic  capability  of  the  catalysts  under  visible  and solar  light  was  evaluated  in  terms
of sodium  pentachlorophenate  (PCP-Na)  decomposition  and  dechlorination.  The  structural  and  physico-
chemical  properties  of  these  nanocatalysts  were  characterized  by  XRD,  DRS,  ICP-OES,  TEM,  XPS,  and  N2

adsorption–desorption  techniques.  B doping  enlarged  the  anatase  framework,  and  La doping  hindered
the  crystallization  and  growth  of the  mesoporous  structure  in  both  singly  La-doped  and  La–B  co-doped
catalysts.  B implantation  mainly  resulted  in  visible-light  response,  whereas  overload  La2O3 coating  wors-
ened visible  light  absorption,  as  confirmed  by  DRS  and  XPS.  XPS  and  ICP-OES  analyses  revealed  that  the  B
and  La  content  increased  approximately  by  1.6 and  4.8 times  from  the  interior  to  the  surface  of  modified
opant TiO2, which  dominantly  existed  in  the  form  of  La2O3 and  interstitial  B  structure.  The  co-doped  sample
with  1%  La  and  5%  B  doping  (LA10B50)  exhibited  maximum  photocatalytic  activity  under  visible and
solar  light  compared  with  the  mono-doped  samples,  which  was  attributed  to synergetic  effects,  namely,
efficient  separation  of  photo-generated  carriers  by La and  response  to the extended  visible  region  due to
B. An  increase  in  hydroxyl  groups  and  the  photosensitivity  of  carbon  on  the surface  also  contributed  to
the  improvement  of  photoactivity.
. Introduction

TiO2 nanoparticles have attracted attention in research on the
hoto-induced removal of harmful environmental contaminants
ue to their high photocatalytic potential [1–3]. However, two
roblems limit the use of TiO2: its poor response to visible light
accounting for 45% of solar energy) due to its wide bandgap, and
he fast recombination of the photo-generated electron–hole pairs
n its surfaces or in its lattices [2].  Both the wide bandgap resulting
n the selective ultraviolet (UV, � < 380 nm)  induction of the cata-
yst and the poor separation efficiency of the electron–hole pairs
approximately 90% of the generated carriers lost within nanosec-
nds of their generation) leading to low photocatalytic activity can
imit the solar applications of TiO2 [4].

The photocatalytic performance of TiO2 can be improved by

oping with impurities such as nonmetals, metal ions, and semi-
onductor oxides [5].  Incorporation of non-metal atoms, such as
itrogen [6,7], sulfur [8,9], carbon [3,10],  and phosphorus [11],
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has been demonstrated to enhance visible light absorption and
photocatalytic activity. B modification by the sol–gel, surface
impregnation, and ion implantation methods can also result in
the absorption of visible light and changes in the chemical state
[12–14].

Increasing attention has been given to metal doping (i.e., the
development of higher visible light-active photocatalysts by dop-
ing with transition metals) [15,16]. However, even the relatively
low doping content of transition metals does not always lead to
better photocatalytic activity due to the increased recombination
efficiency of electron–hole pairs [5].  Lanthanide ions have also been
proven to be good dopants for the activity of TiO2 photocatalysts
by improving the microstructure and increasing the separation effi-
ciency of electron–hole pairs [17,18]. The fabrication of novel La–B
co-doped TiO2 photocatalysts by the sol–gel hydrothermal process
was investigated in our study. Attention was paid not only to the
variation of catalytic activity with the incorporation of the dopant
but also to the action of the dopants in this co-doped system.

Highly chlorinated phenol derivatives such as sodium pen-
tachlorophenate (PCP-Na) are typical hazardous organic pollutants,

and they have been listed as priority contaminants by the
US, European Union, and China [19,20]. There have been some
investigations to examine their degradation by photo-Fenton reac-
tion [20,21], enzymatic reaction [22], and photocatalysis [23].

dx.doi.org/10.1016/j.molcata.2011.04.022
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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owever, PCP-Na has not been used as a model target contami-
ant in investigating its removal in the photocatalytic process by
odified catalysts under solar light.
Previously, the photocatalytic activity of doped catalysts was

xamined under the irradiation of visible light and simulated
unlight sources, such as xenon lamps, which are different from
eal sunlight. In this study, novel La–B TiO2 nanoparticles were
mployed to investigate the effects of photocatalytic reaction on
he efficiency of PCP-Na degradation under visible (� > 400 nm)  and
olar light. The degradation process was examined by ion chro-
atography (IC), high-performance liquid chromatography (HPLC),

nd UV–vis spectroscopy (UV). In this work, several important
actors affecting photocatalytic activity, such as the layer feature,
rystallinity, amount of the dopant, distribution of the dopant, and
ight absorption, were also systematically investigated.

. Experimental

.1. Catalyst preparation

La-doped TiO2, B-doped TiO2, and La–B co-doped samples were
repared by the sol–gel hydrothermal method as follows. Under
igorous stirring, 0.05 mol  Ti(OBu)4 was added to 0.2 mol  isopropyl
lcohol. A desired amount of H3BO3 and La(NO3)3·6H2O was dis-
olved in a solution of acetic acid (15 mL), isopropyl alcohol (10 mL),
nd deionized water (20 mL). This mixture was added dropwise into
he titanium-isopropyl alcohol solution, which was stirred for 4 h
t room temperature until a transparent gel was formed.

The TiO2 gel (approximately 70 mL)  obtained was transferred to
 Teflon vessel (100 mL)  and heated at 180 ◦C for 12 h. The vessel
as cooled to room temperature. After centrifugation at 5000 rpm

or 10 min, the obtained precipitate was washed with deionized
ater and ethanol, dried at 80 ◦C for 8 h, then dried again at 180 ◦C

or 12 h to remove organic contaminants. The samples mono-doped
ith La (La/Ti molar ratios of 1%, 2%, and 5%) were denoted as TLA10,

LA20, and TLA50, respectively. Samples mono-doped with B (B/Ti
olar ratios of 2%, 5%, and 10%) were denoted as TB20, TB50, TB100,

espectively. The non-doped titanium and La–B co-doped catalysts
ere named NT0, LA10B20, and LA10B50, also according to the
olar ratio of the doped element. The synthesized gels of pure TiO2,

% La–TiO2, 5% B–TiO2, and 1% La–% B–TiO2 dried at 80 ◦C with-
ut the hydrothermal process were denoted as NT0-80, TLA10-80,
B50-80, and LA10B50-80, respectively. The commercial P25 TiO2
80% anatase, 20% rutile; BET area, 50 m2 g−1) supplied by Degussa
orporation (Germany) was  used for comparison.

.2. Characterization of the photocatalysts

The crystal structure of the samples was analyzed by X-ray
iffraction (XRD) using a Bruker D8 Advance diffractometer with
u K� line at � = 1.5418 Å and settings at 40 kV and 40 mA.  Nitro-
en adsorption–desorption isotherms were obtained at 77 K using
n Autosorb AS-1 N2 adsorption apparatus (Quantachrome Instru-
ents, USA) after the samples were vacuum-degassed at 150 ◦C.

he surface area of the modified TiO2 nanoparticles was determined
rom the adsorption data using the Brunauer–Emmett–Teller (BET)

odel, and the pore volume based on the desorption isotherms
as obtained using the Barrett–Joyner–Halenda (BJH) model.

ransmission electron microscope (TEM) images were obtained
ith a Hitachi H-800 transmission electron microscope operat-

ng at an accelerating voltage of 200 kV. UV–vis diffuse reflectance

pectra (DRS) were taken using a Hitachi U-3010 spectropho-
ometer equipped with an integrating sphere accessory for diffuse
eflectance. The surface composition of the nanocatalysts was ana-
yzed on a Kratos Axis Ultra System with monochromatic Al K�
Fig. 1. X-ray diffraction patterns of the (a) NT0-80, (b) TB50-80, (c) TLA10-80, (d)
LA10B50-80, (e) NT0, (f) TLA10, (g) TLA20, (h) TB20, (i) TB50, (j) LA10B20, and (k)
LA10B50 catalysts.

X-rays (1486.6 eV). Determination of element composition in the
catalysts was performed by microwave digestion and the induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
method using an IRIS Intrepid II XSP Spectrometer (ThermoFisher,
USA).

2.3. Photocatalytic degradation

Photocatalytic degradation was  performed in a glass reactor
containing 500 mL  20 ppm PCP-Na solution and 200 mg  of the pho-
tocatalyst. Visible light photocatalytic tests were performed using
an 800 mL  cylindrical reactor equipped with a quartz cool trap
with 2 M NaNO2, which was used as cut-off filter to remove UV
radiation from the 400 W Xe lamp and water cooler to keep the
reaction temperature at 20 ◦C. Solar light photocatalytic exper-
iments were performed with a circular disk (diameter: 20 cm;
height: 3 cm;  total capacity: 940 mL)  covered with a quartz slice
to maintain the solar light spectrum. The solar irradiation strength
was 20.6–37.9 mW/cm2 as measured by a radiometer (FZ-A, Pho-
toelectric Instrument Factory of Beijing Normal University) from 2
to 4 PM in May  at Beijing.

Reactions under visible and solar light illumination were initi-
ated after 60 min  stirring in the dark. First, 8 mL  of the mixture was
withdrawn at predetermined intervals, and then centrifuged and
filtered through a 0.45 �m pore size membrane filter to remove the
catalyst particles. The determination of PCP-Na in the filtrates was
performed by HPLC (Shimadzu model LC-10AVP) equipped with a
YMC C-18 (25 �m × 4.6 mm × 250 mm)  reverse phase column and
a UV detector at 249 nm.  The mobile phase was 80% methanol
in phosphate buffer (pH = 2), and the flow rate was  1.0 mL/min.
The variation of chloride ion evolution was monitored by an ion
chromatography system (ICS-1000, Dionex Corporation). The UV
spectra of the aqueous solutions were obtained on a UV-2401PC
(Shimadzu). The photocatalytic capability of the modified TiO2 was
studied by observing the rate constant of PCP-Na degradation based
on a pseudo-first-order reaction model and the dechlorination rate
of PCP-Na.

3. Results and discussion
3.1. XRD patterns

The crystalline phase of the La–B–TiO2 series was  character-
ized by XRD measurements. Fig. 1 displays the XRD patterns of the
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Table 1
Physicochemical properties of undoped and La-, B-, and La–B co-doped titanium catalysts.

Sample Crystalline sizea (nm) Intensity (1 0 1)b (a.u.) Surface areac (m2/g) Pore volumed (cm3/g) Pore diametere (nm)

NT0 12.0 3244 116.131 0.253 8.558
TLA10 10.4 2781 126.151 0.245 7.592
TLA20 9.7 2470 128.437 0.234 7.365
TB20  12.1 3249 123.208 0.275 8.826
TB50  13.3 3305 119.156 0.281 9.256
LA10B20 10.8 3011 127.036 0.260 7.987
LA10B50 10.5 2947 130.809 0.257 7.725

a Average crystallite size determined by XRD using the Scherrer equation.
b Intensity (1 0 1) is the height intensity of the (1 0 1) diffraction peak.
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TLA10, but slightly lower than that of TB50. These results demon-
strate that the visible light absorption of the co-doped catalysts
dominantly resulted from B doping.
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 TLA 10
 TB 50
 LA10B 50
c Specific surface area data calculated from the multi-point BET method.
d Pore volume obtained from the nitrogen adsorption volume at P/P0 of 0.993.
e Pore diameter estimated from the desorption isotherm by the BJH model.

repared catalysts after the hydrothermal process at 180 ◦C and
our samples without hydrothermal processing. The results show
natase patterns [i.e., 2� values of 25.3◦, 37.8◦, 48.0◦, 55.1◦ and 62.7◦

orresponding to the (1 0 1), (0 0 4), (2 0 0), (2 1 1), and (2 0 4) crystal
lanes, respectively (JCPDS 21-1272)] [24]. Peaks caused by impuri-
ies were not found. These results indicate that the doping of La and

 by sol–gel hydrothermal reaction had no deleterious effect on the
ormation of the anatase crystal phase. Meanwhile, the La2O3 and
2O3 structures were not observed in any of the samples modified
ith boric acid and La(NO3)3.

Table 1 shows that the estimated anatase crystallite sizes from
he (1 0 1) peak using the Scherrer formula were 12.0, 10.4, 9.7,
2.1, and 13.3 nm for NT0, TLA10, TLA20, TB20, and TB50, respec-
ively. The crystallite size became smaller as the La concentration
ncreased; the effect was slightly larger with B doping. For the
o-doped LA10B50 catalyst, the estimated anatase crystallite size
ecreased to 10.5. The height of the main (1 0 1) diffraction peak
lso gave a quantitative view of the crystallization degree (Table 1).
he peaks of the La-doped TiO2 and La–B co-doped TiO2 were
bserved to become less intense, indicating a lower crystallinity
nd a smaller crystallite size, compared with the pure TiO2 and
-doped TiO2 [25]. Moreover, Fig. 1 also shows that the crystalliza-
ion of TLA10-80 and LA10B50-80 at a low temperature without
he hydrothermal process was hindered compared with the result
f NT0-80 and TB50-80. The X-ray diffraction patterns imply that
oping La within the TiO2 matrix hindered crystallization and
gglomeration of the modified particles during the synthesis pro-
ess.

.2. BET surface areas and pore distributions

Nitrogen adsorption–desorption isotherms and the BJH pore
ize distribution curves (inset) were used to investigate the effect
f the dopant on the porous structure of the synthesized cata-
ysts (Fig. 2). The adsorption isotherms of the samples have the
ypical type IV shape with a hysteresis loop, indicating the exis-
ence of well-developed mesopores in their framework [17,26].
y comparing the pore size distribution, average pore diameter,
nd BJH pore volume of the catalysts (Table 1), the mesoporous
tructure was found to be enlarged when doped with B, whereas
he pore size decreased when the catalyst was mono-doped with
a and co-doped with La and B. These indicate that the doping of
a can stabilize the small mesoporous framework. The calculated
ore size distribution from the desorption branch of the nitrogen

sotherm suggested that NT0, TLA10, and LA10B50 had a narrow
ore size distribution with a maximum of approximately 7.8, 6.6,
nd 7.8 nm,  respectively, compared with that of TB50. The aver-

ge pore size, pore volume, and BET-specific surface areas were
.256 nm,  0.28 cm3/g, and 119.156 m2/g for TB50, and 7.725 nm,
.257 cm3/g, and 130.809 m2/g for LA10B50. These results show

 remarkable increase in surface area with the use of La in the
co-doped TiO2 system. The enhancement of specific surface area
occurred in every modified catalyst, especially the La–B co-doped
titania.

3.3. UV–vis diffuse reflectance spectra

Fig. 3 shows the UV–vis diffuse reflectance spectra for the
nanoparticles synthesized by the sol–gel hydrothermal process at
various doping ratios. All samples had a stronger absorption in visi-
ble light than P25 TiO2 due to the doped elements and the additional
contaminated surface carbohydrate [10]. The absorption band of
TLA10 presented a slight shift to the infrared region. However,
increasing the La doping to 5 at.%, the spectrum of TLA50 pre-
sented a worse absorption tail in the visible region between 400 and
500 nm.  The latter may  be due to the increased concentration of the
white La2O3 depositing on the surface of TiO2 as analysis in XPS and
ICP [27]. The absorption spectra of TB20 and TB50 showed that an
increase in B doping led to a red shift, which can be ascribed to the
formation of an impurity energy level within the bandgap [28]. The
band energy Eg can be calculated from the Kubelka–Munk equa-
tion, which is shown in Fig. 3 (inset). The corresponding bandgaps
for NT0, TLA10, TLA50, TB20, TB50, and LA10B50 were 2.89, 2.78,
2.85, 2.66, 2.54, and 2.57 eV, respectively. Compared with the Eg

of TLA10 and TB50, that of LA10B50 was much higher than that of
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pr essur e (P /P0)

Fig. 2. Nitrogen adsorption–desorption isotherms and pore size distribution curves
(inset) of modified TiO2.
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.4. TEM images

Fig. 4 shows the TEM photographs of NT0, TLA10, TB50, and
A10B50. From the images, all samples are elliptical particles with
iameters in the range of 10–18 nm.  TLA10 and LA10B50 modi-

ed with La exhibited a more anomalous morphology than NT0
nd TB50 without La doping. In addition, the particle sizes of the
A10B50 and TLA10 catalysts were smaller than those of the TB50
nd NT0 in general, which can be attributed to the La2O3 deposits

Fig. 4. TEM micrographs of (a) NT0, (b) 
sis A: Chemical 344 (2011) 145– 152

on the surface of the catalysts [29]. The smaller particle size and the
La2O3 coating may  enhance the photocatalytic activities by increas-
ing the active reaction sites and by efficiently separating charge
carriers [26,27,30].

3.5. XPS and ICP analysis

The atomic composition and chemical characteristics of the ele-
ments incorporated in the surface layer of modified TiO2 were
investigated by XPS (Fig. 5 and Table 2), and the bulk content of the
doping elements in doped TiO2 was  measured by ICP-OES (Table 2).

As shown in Fig. 5(a), the Ti 2p region was  composed of the
Ti 2p3/2 peak and Ti 2p1/2 peak. The binding energies of the 2p3/2
peak and 2p1/2 peak were 458.5 ± 0.1 and 464.2 ± 0.1 eV and the
area ratio of the two peaks was  approximately 2.1 for all modi-
fied samples, which are in accordance with those of Ti4+ [31,32].
Ti existing in the form of Ti4+ without a low valence, such as Ti3+,
may  be ascribed to the low content of the dopant [33] and to oxi-
dization by adsorbed water [34] in the long hydrothermal synthesis
process.

Table 2 shows that all samples contained carbon, ranging from
17.6% to 19.1%, as measured by XPS on the surface of the catalysts.
This element was  ascribed to the residual carbon from the pre-
cursor as the samples were prepared by the hydrothermal process
at a relatively low temperature. The C 1s XPS spectra of LA10B50
are shown in Fig. 5(b) and were fitted to three peaks at binding
energies of 284.8, 285.6, and 288.7 eV, suggesting adventitious ele-
mental/aromatic carbon on the surface of the samples, C–OH bonds
and C O bonds of the surface-adsorbed carbonate species, respec-

tively [11,31,35].  Therefore, all synthesized catalysts were covered
with adventitious carbon species, which can alter surface layer fea-
tures and extend the optical absorption of TiO2 to visible light by
photosensitivity [10,31].

TLA10, (c) TB50, and (d) LA10B50.
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Fig. 5. High-resolution XPS spectra of the (a) Ti 2p region of LA10B50; (b) C 1s region of LA10B50; (c) O 1s region of NT0, TB50, TLA50, and LA10B50; (d) La 3d region of
LA10B50, TLA20, and TLA50; (e) B 1s region of TB20, LA10B50, and TB100.

Table 2
Chemical surface La/Ti and B/Ti molar ratios by XPS, surface carbon atomic concentration by XPS and La/Ti and B/Ti molar ratios by ICP of the modified samples.

Sample

TLA10 TLA20 TLA50 TB20 TB50 TB100 LA10B20 LA10B50

C(XPS) (at.%) 18.24 18.35 18.59 18.37 19.14 18.40 18.23 18.21
La/Ti(XPS) 0.0113 0.0233 0.0421 – – – 0.0129 0.0135
La/Ti(ICP) 0.0024 0.0051 0.0094 – – – 0.0022 0.0025
B/Ti(XPS) – – – 0.0045 0.0128 0.0272 0.0047 0.0139
B/Ti(ICP) – – – 0.0029 0.0079 0.0183 0.0028 0.0076
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Table 3
Relative atomic percentage of O(O–Ti), O(O–H), and O(O–C) in non-doped and modified
titanium catalysts.

Sample O 1s(Ti–O) (at.%) O 1s(O–H) (at.%) O 1s(C–O) (at.%)

NT0 81.40 11.86 6.81
TB20 75.88 15.49 8.63
TB50 73.50 17.93 8.57
TLA10 73.42 16.87 9.71
TLA20 71.37 18.00 10.63
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TLA50 63.65 25.30 11.05
LA10B50 71.71 18.22 10.07

The high-resolution O 1s spectra are asymmetric and can be fit-
ed by three peaks including crystal lattice oxygen (Ti–O), hydroxyl
roup oxygen (H–O), and surface contaminant oxygen (C–O) with
ncreasing binding energy (Fig. 5(c)). The corresponding atomic
ercentage composition of the three oxygen types is summarized

n Table 3. The binding energies of Ti–O, O–H, and C–O were 529.7,
30.5, and 531.8 eV, respectively. Table 3 shows that the percent-
ge of O atom in the Ti–O bond decreased, whereas the content
f O atoms in the O–H and C–O bonds increased with La and B
oping. The samples with La and B doping had larger specific sur-
ace areas, and their surface contained more carbohydrates which
ad oxygen atoms in the O–H or O–C bonds. The increase in sur-

ace hydroxyl content also results from element incorporation [11].
he hydroxyl groups are mainly ascribed to the chemisorbed water
36,37] and an increase in hydroxyl groups on the photocatalyst
urface contributed to the improvement of photocatalytic activity
38,39].

In Fig. 5(d), the characteristic XPS splitting doublet peaks in the
a 3d region appeared at 851.8 eV (La 3d3/2) and 834.9 eV (La 3d5/2)
or all the La-doped catalysts. The fitted data are consistent with the
tandard spectrum of lanthanum oxide [29]. The apparent splitting
f La bonding to oxygen is due to configuration effects in the final
tate of La [27], demonstrating that the La element trapped on the
urface of the resulting catalysts exists in the form of La2O3.

Table 2 presents the La and B content of the surface and catalyst
atrix measured from XPS and ICP-OES, respectively. The molar

atios of La/Ti in the bulk of the catalysts were 0.24%, 0.51%, 0.94%,
.22%, and 0.25% for TLA10, TLA20, TLA50, LA10B20, and LA10B50,
espectively. The corresponding surface molar ratios were 1.13%,
.33%, 4.21%, 1.29%, and 1.35%, which are approximately 4.48–5.86
imes larger than those inside the samples. These suggest that

ost of La was  trapped on the surface of titanium during the
ydrothermal doping process. The difference in radii between La3+

0.1016 nm)  and Ti4+ (0.068 nm)  was the main reason why  the La3+

on cannot easily enter the lattice of titanium to substitute the Ti4+

on by the hydrothermal process. The presence of doped La on the
urface of the photocatalyst can cause a shallow capture trap, which
enefits the photocatalytic reaction dominantly happening on the
urface of the modified catalysts. The fast accepting of shallow cap-
ure current carriers from the interior of the nanoparticle by La2O3
eads to the efficient separation of photo-generated electron–hole
airs, which enhances the photocatalytic interface reaction [29,33].
oreover, the low La ion content inside the TiO2 prevents the trap-

ing of the photo-generated carrier in the bulk of the catalyst and
avors the diffusion process of the carriers [33].

The B 1s emission in Fig. 5(e) shows two peaks at the binding
nergy (BE) values of 191.9 and 190.8 eV in the TB50 and TB100
amples. The standard binding energies of B 1s in B2O3 or H3BO3
193.0 eV, B–O bond) and in TiB2 (187.5 eV, B–Ti bond) suggest
hat B is neither bonded by the B–Ti–B bond nor by the B–O bond

3+
ithin the as-prepared catalyst [12]. The radius of B (0.023 nm)
as much smaller than that of Ti4+ (0.064 nm), therefore, for B3+

o replace the Ti4+ site is difficult [40]. The low BE peak at 190.8 eV
orresponds to B incorporated into the TiO2 lattice through substi-
sis A: Chemical 344 (2011) 145– 152

tution of O sites to form B–Ti–O bonding [38,41].  The high BE peak
at 191.9 eV is related to B ions in the interstitial of TiO2 matrix to
form Ti–O–B [12,42], which is the main form of B on the surface of
the catalyst.

The quantitative analysis of doped B by XPS and ICP showed
the diffusion feature of B in the catalysts. The XPS signal was very
weak for B on the surface when the doping content was less than
2%, as in TB20 and LA10B20. When the molar ratios of B/Ti inside
the catalysts measured by ICP were 0.29%, 0.79%, 1.83%, 0.28%, and
0.76% for TB20, TB50, TB100, LA10B20, and LA10B50, respectively,
the corresponding molar ratios of B/Ti on the surface were 0.45%,
1.28%, 2.72%, 0.47%, and 1.39%, respectively, which are approxi-
mately 1.48–1.82 times larger than those inside the samples. This
demonstrates that the B content increased from the interior to the
surface of the catalyst.

4. Photocatalytic degradation under visible and solar light

The photocatalytic activities of the non-doped TiO2, La–TiO2,
B–TiO2, and La–B–TiO2 catalysts were evaluated through PCP-Na
(initial concentration of 20 ppm) degradation in aqueous solution
under visible (� > 400 nm)  and solar light (20.6–37.9 mW/cm2) for
2 h in Fig. 6(a) and (b). The initial adsorption of PCP-Na on nanopow-
ders within 60 min  in the dark is shown in Table 4. The decrease in
PCP-Na concentration in the NT0 dispersed solution was inappar-
ent and the adsorbed amount was  higher on the surface of all the
modified catalysts, especially for the La-doped and La–B co-doped
catalyst, which were loaded with 23.3%–28.4% PCP-Na. The trend
was ascribed to the increase in surface area, the enhancement of
OH groups, and the presence of La2O3 coating on the surface of the
catalysts. Blank experiments without photocatalysts were carried
out to investigate the photodegradation of PCP-Na under visible
and solar light, and the photolysis was  0.5% and 8% for 2 h visible
and solar light illumination, respectively.

All the doped catalysts had a much higher activity than that
of the non-doped photocatalyst under visible light, wherein the
PCP-Na degradation was  15%. Solar light-induced photocatalysis
was also investigated in Beijing in May. The relative concentra-
tions of PCP-Na were fitted by the apparent first-order equation.
The apparent reaction rate constants (kVis and kSolar) under visible
light and solar light are listed in Table 4. A photodegradation of PCP-
Na by P25 TiO2 was also employed to clarify visible light response
of the La and B modified TiO2. From the rate constants, the visible
photocatalytic activity of TLA20 and TB50 was  highest among the
La–TiO2 and B–TiO2 series, respectively. The photocatalytic degra-
dation rates of TLA20 and TB50 were 4.66 and 4.48 times that on
NT0, and the conversions of PCP-Na (for 120 min  irradiation) were
88.4% and 90.1%, respectively. In comparison with the degradation
rate constants utilizing La doped and B doped TiO2 series, the com-
mercial P25 TiO2 exhibited very low photocatalytic activity in the
degradation of PCP-Na with a rate constant of 0.054 × 10−2 min−1,
which was approximately 50 times lower than that of TLA20 and
TB50.

The reaction rate constant increased with the La/Ti molar ratio
from 0% to 2%, and then decreased when the La/Ti molar ratio was
5% under visible light irradiation. However, the TLA20 sample was
less active compared with TLA10 under solar light. The increased
specific surface area and surface barriers leading to the efficient
separation of electron hole pairs increased the photocatalytic activ-
ity of the La-modified TiO2. However, when the coated La2O3 layer,
which acts as a space charge region, is overloaded, the space charge

region becomes very narrow. This occurs when surface barriers
are enhanced, and the required depth of penetration of light into
TiO2 greatly exceeds the dimensions of the space charge layer [27].
Too much La2O3 trapped on the surface of TiO2, such as in TLA50,
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ig. 6. Photodegradation of PCP-Na with modified TiO2: (a) photocatalysis under vis
hanges in PCP-Na by LA10B50 under solar light irradiation.

an decrease the absorption of visible light because of its white
olor. In these cases, the easier recombination of the photo-induced
lectron–hole pairs and the weaker visible light absorption con-
ribute to the worsening of photocatalytic activity. Thus, catalysts
ith 4.2% La coating and 2.3% La coating were overloaded under

isible light and solar light, respectively.
The removal rate increased and then slightly decreased as the

oping content of B increased from 1% to 10% in the following trend:
B50 > TB100 > TB20. The high activity of the B-doped TiO2 series
nder visible and solar light was attributed to the midgap band
rising from the substitutional B for oxygen atoms, interstitial B,
nd the formation of localized oxygen vacancies.
La–B co-doped TiO2 nanoparticles exhibited a higher photocat-
lytic activity than La-doped and B-doped TiO2 in removing PCP-Na
rom the aqueous solution under both visible and solar irradia-
ion. The final concentrations of PCP-Na were approximately 1.2

able 4
he adsorption of PCP-Na within 60 min  in the dark and apparent first-order rate consta
olar  light irradiation in the initial 60 min.

Catalyst

NT0 TB20 TB50 TB100 T

C0 min/C0 0.932 0.879 0.809 0.783 0
kVis 0.640 2.690 2.864 2.236 2
kSolar 2.779 – 3.776 – 3
ght illumination, (b) photocatalysis under solar light irradiation, and (c) UV spectral

and 0.54 ppm after 2 h of photocatalysis by LA10B50 under visible
and solar light; the degradation efficiencies was  94.0% and 97.3%,
respectively.

The dechlorination of PCP-Na is also illustrated in Fig. 6(a) and
(b). The data for this reaction suggest that the activity of dechlo-
rination was  consistent with the photocatalytic degradation of
PCP-Na for TLA10, TB50, and LA10B50. The chloride formation rates
were slow compared with the degradation rate of PCP-Na, which
indicates that the dechlorination is stepwise and also occurs in
the degradation of the intermediates [43]. Photodecomposition of
PCP-Na results from radicals (such as •OH and •OOH) attacking
PCP-Na to replace chlorine atoms, which generates more hydroxyl

functional groups such as semiquinone radicals [20,21].  The dechlo-
rinated intermediates were subsequently oxidized to open up the
aromatic ring. Finally, the substrate was  mineralized to CO2 and
H2O. The dechlorination efficiency under solar light was higher

nt k (10−2 min−1) for the photocatalytic degradation of PCP-Na under visible and

LA10 TLA20 TLA50 LA10B20 LA10B50

.747 0.728 0.716 0.767 0.721

.371 2.985 1.504 2.865 3.439

.614 3.050 – 3.956 5.297
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ig. 7. Schematic illustration of the photocatalytic reaction by the La–B co-doped
atalyst under solar light irradiation.

han that under visible light; the amount of released chloride
ons was 2.21, 3.81, and 4.30 mg/L for TLA10, TB50, and LA10B50,
espectively, after 30 min  visible light irradiation. The correspond-
ng results under solar light were 5.04, 6.88, and 7.34 mg/L.

The UV spectral variations during photocatalysis on LA10B50 are
lso presented in Fig. 6(c). The PCP-Na aqueous solution exhibited
wo major absorption peaks at 249 and 320 nm,  which is attributed
o the conjugated structure [23]. The absorption value at 249 and
20 nm decreased efficiently with the solar light-induced photo-
atalytic reaction.

The La–B co-doped TiO2 presented the most activity toward
CP-Na under both visible light and solar light irradiation (Fig. 7),
hich can be attributed to the synergetic effects of La incorpora-

ion and B implantation. The La doping mainly responsible for the
fficient separation of electron–hole pairs and B doping caused a
ed shift to the visible region. The other beneficial effects of the
ydrothermal co-doping process included an increased amount of
ydroxyl groups, a larger surface area, and the presence of carbon
riginating some visible-light responding.

. Conclusions

La–B-modified TiO2 series was fabricated by the sol–gel
ydrothermal method to investigate the effect of La and B species
n PCP-Na decomposition. The incorporation of La led to smaller
natase crystallite size and mosoporous framework, whereas B
oping enlarged the grain size and mesoporous structure. When
o-doped with La and B, a large surface area, a narrowed absorp-
ion band, and a small crystallite size were obtained. The narrowing
f the absorption band mainly resulted from B doping, and not from
a doping, due to La2O3 coating on the co-doped catalyst. XPS and
CP-OES showed that the entry of B into the lattice of TiO2 was
videnced by the form of substitutional and interstitial B. The B
ontent increased approximately 1.6 times in the interior com-
ared with the surface of the modified catalyst. The presence of
a3+ was proven by XPS and ICP-OES as La2O3 on the surface of
he nanoparticle. The photocatalytic degradation and dechlorina-
ion of PCP-Na over the La–B co-doped titania series revealed a high
ctivity for the co-doped catalyst under both visible light and solar
ight. This was due to the efficient separation of photo-generated
lectron–hole pairs and visible light absorption, which resulted
rom the synergetic effects of the incorporation of La and B, respec-

ively. The enhanced photocatalytic activity also resulted from
ydroxyl groups and carbon species on the surface synthesized

n the sol–gel hydrothermal process. The doped catalyst exhibited
 higher activity under solar light illumination than under visible

[
[
[

[

sis A: Chemical 344 (2011) 145– 152

light irradiation. Therefore, the introduction of La and B into TiO2
was proven to be effective in the photocatalytic decomposition of
PCP-Na in aqueous medium and was  favorable to photocatalysis
under solar light.
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