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bstract

La-doped ZnO nanoparticles with different La contents were synthesized and characterized by various sophisticated techniques such as XRD,
V–vis, AFM, XPS, and HR-SEM. The XRD results revealed that La3+ is uniformly dispersed on ZnO nanoparticles in the form of small La2O3

luster. It was found that the particle size of La-doped ZnO is much smaller as compared to that of pure ZnO and decreases with increasing La
oading. Rough and high porous surface of La-doped ZnO was observed by AFM, which is critical for enhancing the photocatalytic activity. The
hotocatalytic activity of La-doped ZnO in the degradation of monocrotophos (MCP) was studied. The effects of the adsorption of MCP, lights
f wavelength, and the solution pH on the photocatalytic activity of La-doped ZnO with different La loading were studied and the results were

ompared with pure ZnO and pure TiO2. It was observed that the rate of degradation of MCP over La-doped ZnO increases with increasing La
oading up to 0.8 wt% and then decreases. It was found that the doping of La in ZnO helps to achieve complete mineralization of MCP within a
hort irradiation time. Among the catalyst studied, the 0.8 wt% La-doped ZnO was the most active, showing high relative photonic efficiencies and
igh photocatalytic activity for the degradation of MCP.

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

Metal oxide semiconductor materials, such as TiO2, ZnO
ave attracted considerable attention in the recent year owing
o their photocatalytic ability in the degradation of various envi-
onmental pollutants, such as pesticides, detergents, dyes, and
olatile organic compounds into carbon dioxide, water, and min-
ral acids under UV light irradiation [1–4]. Although TiO2 is
niversally recognized as the most photo active catalyst, ZnO
s a suitable alternative to TiO2 as it has similar band gap
nergy (3.2 eV) [5] and its lower cost and better performance

n the degradation of organic dye molecule in both acidic and
asic medium than TiO2 has stimulated many researchers to fur-
her explore the properties of this oxide in many photocatalytic
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tonic efficiency

eactions [6–9]. It has been recently shown that ZnO colloids
re more effective in production of H2O2 and photocatalytic
egradation of organic acids than TiO2 colloids. In addition, the
mitting properties of ZnO, which are developed in the system
ue to various kinds of intrinsic defects such as oxygen vacan-
ies, zinc vacancies, zinc interstitials, oxygen interstitials, and
ntisite defect, can help to set up a catalytic system which is able
o sense and shoot environmental contaminants [10–12].

ZnO has also several drawbacks including the fast recombina-
ion rate of photogenerated electron–hole pair and a low quantum
ield in the photocatalytic reactions in aqueous solutions, which
bstruct commercialization of the photocatalytic degradation
rocess [13,14]. Consequently, there has been a lot of interest in
mproving the photocatalytic activity by suitable modification

f semiconductors for the degradation of organic compounds in
ater. It has been found that the interfacial electron transfer effi-

iency and rate of the recombination of electron–hole pairs of
emiconductor materials can be easily tuned by various surface

mailto:vinu.ajayan@nims.go.jp
dx.doi.org/10.1016/j.molcata.2006.11.008
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Fig. 1. Structure of monocrotophos (MCP).

odification methods such as surface chelation, surface derivati-
ation, platinization, and selective metal ion and nitrogen doping
15–20]. It has been also demonstrated that the presence of heavy
etals such as Pt, Pd, Au, and Ag on semiconducting metal

xides or zeolite supported TiO2 can enhance the degradation
fficiency of photocatalytic reactions [21–28]. Very recently,
a-doped TiO2 nanoparticle has attracted much attention in

he photocatalytic processes owing to its high photocatalytic
ctivity in the degradation of organic contaminants because of
he suppression of electron–hole recombination, large content
f oxygen vacancies, and strong absorption of OH− ions on
he surface of the catalyst [23–25]. Unfortunately, there has
een no report available on the preparation of rare earth-doped
nO nanoparticles and their photocatalytic activities towards the
egradation of pollutants present in water though it has almost
imilar band gap energy as that of TiO2.

MCP is a model pollutant (Fig. 1), which is identified as
ndocrine disrupting chemicals (EDCs). Endocrine disrupt-
ng chemicals (EDCs), an exogenous agent present in the
nvironment, disrupt the endocrine functions such as growth,
evelopment and reproduction of humans and animals. Recent
esearch reports [29] have highlighted the existence of these
hemicals in surface and ground water via point and non-point
ources. A few adverse effects of EDCs are early maturity,
efect in child birth and impotence [30]. Hence, the treatment of
astewater containing endocrine disrupting chemicals is imper-

tive.
Here we report for the first time on the synthesis and char-

cterization of La-doped ZnO catalysts and their photocatalytic
ctivity on the degradation of. MCP. All the materials have been
nambiguously characterized by XRD, FT-IR, UV–vis, XPS,
FM, and HR-SEM analysis. It has been found that the photocat-

lytic activity of La-doped ZnO is much higher as compared to
hat of pure ZnO and TiO2. Moreover, La-doped ZnO photocata-
ysts require shorter irradiation time for complete mineralization
han pure ZnO and TiO2. The relative photonic efficiency of
nO, TiO2, and La-doped ZnO has also been compared and the

esults have been discussed. Interestingly, the relative photonic
fficiency of La-doped ZnO is much higher as compared to that
f pure ZnO and TiO2.

. Experimental

.1. Materials
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (Analytical
rade, Merck Ltd., India) and lanthanum nitrate hexahydrate (La
NO3)3·6H2O) (Analytical grade, CDH, India) were used as zinc

o
i

lysis A: Chemical 266 (2007) 149–157

nd lanthanum sources, respectively. Sodium carbonate anhy-
rous (Na2CO3) was purchased from Merck (Analytical grade),
ndia. The technical grade sample of monocrotophos (MCP) was
eceived from Sree Ramcides Chemicals, India. HPLC grade
cetonitrile was purchased from Merck, India. All the chemicals
ere used without further purification.

.2. Preparation of photocatalysts

La-doped ZnO nanoparticles were prepared by co-
recipitation method using the precursors of zinc and lanthanum.
n(NO3)2·6H2O and Na2CO3 were dissolved separately in dou-
le distilled water to obtain 0.5 mol/l solutions. Zinc nitrate
olution (250 ml of 0.5 mol/l) was slowly added into vigorously
tirred 250 ml of 0.5 mol/l Na2CO3 solution. Lanthanum nitrate
n the required stoichiometry was slowly added into the above
olution and a white precipitate was obtained. The precipitate
as filtered, repeatedly rinsed with distilled water, and then
ashed twice with ethanol. The resultant solid product was dried

t 100 ◦C for 12 h and calcined at 300 ◦C for 2 h. ZnO particles
ere also prepared by the same procedure without the addi-

ion of lanthanum nitrate solution. The doping concentrations of
anthanum are expressed in wt%.

.3. Characterization of photocatalysts

The crystallinity of pure ZnO and La-doped ZnO catalysts
ere analyzed by X-ray powder diffraction using PANalytical
-ray diffractometer with Cu K� radiation in the scan range
θ between 10◦ and 70◦. An accelerating voltage of 40 kV and
n emission current of 25 mA were used. The UV–vis spec-
ra of pure ZnO and La-doped ZnO catalysts were recorded in
he range 200–700 nm using Shimadzu, Model: UV-1601. For
ecording of the spectra, the catalyst (∼5 mg) in paraffin oil
2 ml) was finely crushed and applied over Whatman 40 filter
aper. The absorbance spectra were then recorded in the range
00–700 nm for all the catalysts using a filter paper soaked in
araffin oil as the reference.

Pure ZnO and La-doped ZnO surfaces were investigated
y an atomic force microscope (Model: Digital Instruments,
100). The samples were analyzed by contact mode with Si3N4
ip having a force constant of 0.12 N/m. The presence of ele-

ents and chemical states of the catalysts were examined by
SCALAB 200 X-ray photoelectron spectrophotometer (VG
cientific) with monochromatic Mg K� excitation source. The
ressure was maintained at 6.3 × 10−5 Pa. Prior to XPS mea-
urements all as-sprayed samples were calcined at 673 K for 2 h
o ensure that any possible residual precursors would decom-
ose completely. The texture and morphology of pure ZnO and
a-doped ZnO were measured by a high resolution-scanning
lectron microscope (Hitachi, Model: S-4800).

.4. Adsorption studies
Prior to photocatalytic experiments, the adsorption of MCP
n ZnO and La-doped ZnO catalysts was carried out by mix-
ng 100 ml of aqueous solution of MCP with fixed weight of
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are shown in Fig. 3. The absorbance maxima and the correspond-
ing band gap values and the rate constants for the degradation
of MCP for all the catalysts are presented in Table 2. It can be
clearly seen from Fig. 3 that the maximum of the absorbance
S. Anandan et al. / Journal of Molecular

he respective catalyst (100 mg). This slurry was equilibrated
or 30 min in a magnetic stirrer. The aqueous MCP solution
as then separated from the catalyst by centrifugation and the

hange in MCP concentration was measured by HPLC. The
mount of adsorption of MCP on ZnO and La-doped ZnO cata-
ysts was calculated by comparing the concentration before and
fter stirring. From the adsorption experiments, the percentage
f MCP adsorbed on the catalyst surface was determined from
he following equation:

of adsorption = C0 − Ct

C0

here C0 is the initial concentration of MCP and Ct is the
oncentration of MCP after ‘t’ minutes.

.5. Photocatalytic reactor setup and degradation
rocedure

The cylindrical photochemical reactor tube was made up of
uartz with a dimension of 30 cm × 3 cm (height × diameter).
he top portion of the reactor tube has ports for sampling, gas
urging, and gas outlet. The aqueous pesticide solution contain-
ng appropriate quantity of either pure ZnO or La-doped ZnO
as taken in the quartz reactor and subjected to aeration for

horough mixing. The reactor tube was placed inside the reac-
or setup and the distance between the reactor set up and the
V lamp was adjusted to 6.5 cm. The lamp housing consisted
f low-pressure mercury lamps (8 × 8 W) emitting either 254 or
65 nm with polished anodized aluminum reflectors and black
over to prevent UV leakage. The photocatalytic degradation
as carried out by mixing 100 ml of aqueous MCP solution and
00 mg of pure ZnO or La-doped ZnO photocatalyst. The exper-
ments were performed at room temperature and the pH of the
eaction mixture was kept at 5.4. Prior to irradiation, the slurry
as aerated for 30 min to reach adsorption equilibrium followed
y UV irradiation. Aliquots were withdrawn from the suspen-
ion at specific time intervals and centrifuged immediately at
500 rpm. Then it was filtered through a 0.2 �m millipore filter
aper to remove suspended particles. The filtrate was analyzed
y HPLC and TOC to find out the extent of degradation and
ineralization of MCP.

.6. Analytical methods

The concentration of MCP was analyzed by HPLC instrument
Shimadzu, Model: SPD-10A VP) with a UV-Vis detector. In
he HPLC analysis, Shim-pack CLC-C8 column (5 �m particle
ize, 250 mm length and 4.6 mm inner diameter) and mobile
hase of acetonitrile/water (6:4, v/v) was used with a flow rate of
.0 ml min−1. An injection volume of 20 �l was used. The total
rganic carbon was determined by a TOC analyzer (Shimadzu,
odel: 5000A) equipped with a single injection auto sampler

ASI-5000).
.7. Relative photonic efficiency (ξr)

The relative photonic efficiency of the catalyst is obtained by
omparing the photonic efficiency of La-doped ZnO with that of

F
L
1
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he standard photocatalyst (ZnO—Merck). In order to evaluate
r, a solution of MCP (40 mg l−1) with a pH of 10 was irradiated
ith 100 mg of ZnO or La-doped ZnO for 60 min. From the
egradation results, ξr was calculated as follows:

r = initial rate of MCP degradation on La-doped ZnO

initial rate of MCP degradation on pure ZnO

here both initial rates were obtained exactly under identical
onditions.

. Results and discussion

.1. Characterization of photocatalysts

.1.1. XRD patterns of ZnO and La-doped ZnO
The powder X-ray diffraction patterns of ZnO and La-doped

nO with different lanthanum contents are shown in Fig. 2. The
article size, unit cell parameter and unit cell volume are pre-
ented in Table 1. The XRD patterns of all the La-doped ZnO
atalysts are almost similar to that of ZnO [31], suggesting that
here is no change in the crystal structure upon La loading. This
lso indicates that La3+ is uniformly dispersed on ZnO nanopar-
icles in the form of small La2O3 cluster. However, it should be
oted that the La-doped samples have a wider and lower intense
iffraction peaks than pure ZnO. Moreover, the XRD peaks of
a-doped ZnO continuously get broader with increasing the La

oading. It is interesting to note that the particle size of La-
oped ZnO calculated using Scherrer equation is much smaller
s compared with that of the pure ZnO, which decreases with
ncreasing the La loading. The decrease in the particle size of
a-doped ZnO is mainly attributed to the formation of La–O–Zn
n the surface of the doped samples, which hinders the growth
f crystal grains [17].

.1.2. UV–visible (UV–vis) analysis
The UV–vis absorption spectra of ZnO and La-doped ZnO
ig. 2. XRD patterns of ZnO and La-doped ZnO: (a) pure ZnO, (b) 0.2 wt%
a-doped ZnO, (c) 0.5 wt% La-doped ZnO, (d) 0.8 wt% La-doped ZnO, and (e)
.0 wt% La-doped ZnO.
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Table 1
Physical characteristics of pure ZnO and La-doped ZnO catalysts

Catalysts Crystal size (nm) Lattice parameter (a) (nm) Lattice parameter (c) (nm) Unit cell volume (nm3)

Pure ZnO 53.11 0.3248 0.5205 0.0476
0.2% La–ZnO 45.44 0.3255 0.5143 0.0478
0.5% La–ZnO 23.60 0.3259
0.8% La–ZnO 21.24 0.3250
1.0% La–ZnO 20.58 0.3267
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Zn interstitials [33–35]. It is interesting to note that the Zn LMM
spectrum of La-doped ZnO is much broader as compared to that
of pure ZnO. This could be mainly attributed to the existence
of Zn–O–La bonding and difference in the electronegativity of
ig. 3. UV–vis absorption spectra of pure ZnO and La-doped ZnO catalysts.

and shifts toward lower wavelength by about 14–22 nm upon
ncreasing the La loading. Consequently, the band gap of La-
oped ZnO also increases gradually with increasing the La
oading and is much higher as compared to that of pure ZnO.
his could be mainly attributed to the quantum size effect as
ell as the strong interaction between the surface oxides of Zn

nd La. These observations strongly suggest that the La doping
ignificantly affects the particle size and hence the absorbance
roperties. Moreover, these results are in good agreement with
he conclusion derived from the XRD results and a similar result
as also been reported in La-doped TiO2 by Liqiang et al. [24].

.1.3. Atomic force microscope (AFM) analysis
The atomic force microscopic (AFM) images of ZnO and

.8 wt% La-doped ZnO are presented in Figs.4a and 5a, respec-
ively. The surface roughness profile of ZnO and La-doped ZnO
s shown in Figs. 4b and 5b, respectively. Smooth surface is

learly evident for ZnO whereas La-doped ZnO appears rough
nd porous. The roughness value derived from surface roughness
rofile is 0.591 nm for ZnO whereas the roughness value for La-
oped ZnO is 21.64 nm. The high surface roughness and small

able 2
V–vis absorption data for pure ZnO and La-doped ZnO catalysts

atalyst λmax (nm) Bandgap (eV) Apparent rate constant, k
(×10−2 min−1)

ure ZnO 390 3.18 5.25
.2% La–ZnO 376 3.30 5.42
.5% La–ZnO 376 3.30 6.61
.8% La–ZnO 374 3.32 10.09
.0% La–ZnO 368 3.37 8.01 F

Z

0.5171 0.0480
0.5138 0.0477
0.5182 0.0472

article size of La-doped ZnO reveals higher porosity and sur-
ace area than ZnO. It has been reported that the surface area and
orosity of the catalysts are important parameters to enhance the
ctivity of the photocatalysts [32]. Thus, we believe that the high
urface roughness of La-doped ZnO may be helpful to enhance
ts photocatalytic activity.

.1.4. X-ray photoelectron spectroscopy (XPS) analysis
The nature and the coordination of the elements present in the

nO and La-doped ZnO were analyzed by X-ray photoelectron
pectroscopy (XPS). Fig. 6A shows the Zn LMM spectra of ZnO
ompared to La-doped ZnO. The spectrum of ZnO exhibits two
omponents with the binding energy values of 265 and 262 eV.
he Zn LMM peak at 265 eV is assigned to Zn–O–Zn while the
road peak at 262 eV is attributed to the dissociative Zn atoms or
ig. 4. (a) AFM images of pure ZnO and (b) surface roughness profile of pure
nO.
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ig. 5. (a) AFM images of 0.8 wt% La-doped ZnO and (b) surface roughness
rofile of 0.8 wt% La-doped ZnO.

a and Zn. The O 1s core level spectrum of ZnO and La-doped
nO is shown in Fig. 6B. The O 1s spectrum of ZnO shows a
harp peak centered around 530.4 eV, which is mainly assigned
o the oxygen atoms coordinated with Zn atoms. In the case of
a-doped ZnO, a slight shift in the value of the binding energy
f the sharp peak (530.8 eV) as well as an additional shoulder
entered around 532.5 eV was observed. The peaks which are
entered around 530.8 and 532. 5 eV may be attributed to the
oordination of oxygen in La–O–La and La–O–Zn, respectively.
he La 3d spectrum of La-doped ZnO is shown in Fig. 6C.
he spectrum exhibits two components with the binding energy
alues of 837.3 and 840.2 eV. The highest energy contribution
s assigned to the bonding between lanthanum and zinc while
he lowest energy contribution is attributed to the bonding in the
anthanum oxide clusters. These results demonstrated that the
onding between the lanthanum and zinc is occurred and the
nteraction between the lanthanum oxide clusters and the ZnO
urface are strongly developed.

.1.5. HR-SEM analysis of ZnO and La-doped ZnO
The high resolution scanning electron micrograph (HR-

EM) image of ZnO and 0.8 wt% La-doped ZnO is shown in

ig. 7a and b, respectively. HR-SEM image of ZnO nanopar-

icles illustrates that the morphology is well ordered and the
ize of the particles are in the range 100–500 nm, suggesting a
ide range of band gap value in the ZnO crystals. The HR-SEM

Z
s
r
o

ig. 6. XPS spectra of pure and 0.8 wt% La-doped ZnO: (A) Zn LMM (a = ZnO;
= 0.8 wt% La–ZnO); (B) O 1s (a = ZnO; b = 0.8 wt% La–ZnO) and (C) La 3d.

mage of La-doped ZnO demonstrates that lanthanum oxide
lusters are formed on the clear smooth surface of ZnO and
how aggregations.

.2. Adsorption of MCP over ZnO and La-doped ZnO

Adsorption is one of the important aspects in photocatalysis.
ence, prior to photocatalytic experiments, adsorption (dark)

xperiments were carried out with 100 ml MCP solution over

nO or La-doped ZnO catalysts. The resulting solution was
tirred on a magnetic stirrer and the aliquots were withdrawn at
egular intervals for analysis. The percentage of the adsorption
f MCP over La-doped ZnO is around 8% whereas only 1.5%
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appropriate loading of La3+ ions is highly necessary for produc-
ing a significant potential difference between the surface and the
center of the particles in order to efficiently separate the pho-

Table 3
Apparent kinetic values for the degradation of MCP

Catalysts Apparent kinetic
constant, k
(×10−2 min−1)

t1/2 values
(min)

Correlation
co-efficient
(R2 value)

Pure ZnO 5.25 13.20 0.976
0.2% La–ZnO 5.42 12.79 0.987
0.5% La–ZnO 6.61 10.48 0.999
0.8% La–ZnO 10.09 6.87 0.959
ig. 7. HR-SEM pictures of (a) pure ZnO and (b) 0.8 wt% La-doped ZnO.

s observed for pure ZnO. The adsorption capacity of La-doped
nO is much higher as compared to that of pure ZnO.

.3. Photocatalytic degradation of MCP

In order to determine the photocatalytic activity of ZnO and
a-doped ZnO, a series of experiments were carried out with
CP in aqueous suspension with the light of wavelengths 254

nd 365 nm. The photocatalytic degradation follows a pseudo-
rst order reaction and its kinetics can be expressed using

n(C0/Ct) = kt, where k is the apparent reaction rate constant,
0 the initial concentration of MCP, t the reaction time and Ct

s the concentration of MCP at the reaction time t. Fig. 8 shows
he kinetic fit for the degradation of MCP over pure ZnO and
a-doped ZnO with different lanthanum loading. The integral

inear transform ln(C0/C) as a function of time f(tR) reveals the
pparent first order reaction kinetics. The apparent reaction rate
onstants (k) and t1/2 values of ZnO, TiO2 and La-doped ZnO
re presented in Table 3. It is clearly seen from Fig. 8 and Table 3
hat the rate of photocatalytic degradation of La-doped ZnO cata-

ysts is much higher as compared to that of pure ZnO and TiO2.
t is interesting to note that the rate constant of the catalysts
ncreases with increasing the La loading up to 0.8 wt% and then
ecreases. Among the catalysts studied, 0.8 wt% La-doped ZnO

1
P

M
λ

ig. 8. Kinetic fit for the degradation of MCP with pure ZnO and La-doped
nO catalysts (initial concentration of MCP = 40 mg l−1; pH 5.3; catalyst
mount = 0.1 g/100 ml).

s found be more active, showing high photocatalytic activity
or the degradation of MCP. Thus, it is concluded that the opti-
um loading of La is 0.8 wt% which may be more efficient

or separating photoinduced electron–hole pairs and enhance
he photocatalytic activity. The reason for the high activity of
.8 wt% La-doped ZnO and the effect of La loading on the pho-
ocatalytic activity can be explained as follows: Pleskov [36]
eported that the value of space charge region potential for effi-
ient separation of electron–hole pairs should not be lower than
.2 V. The increase in La3+ ion concentration the surface barrier
ecomes higher, the space charge region becomes narrower and
ence the electron–hole pairs are efficiently separated by the
arge electric field. On the other hand, with increase in concen-
ration of La3+ ions, the penetration depth of light into ZnO can
reatly exceed the space charge layer. Therefore, the recombi-
ation of photogenerated electron–hole pairs becomes easier. It
hould be noted that the band-bending and the electrical field of
he ZnO colloidal particles are very small while the band gap
nergies of rare earth oxides in general and La2O3 in particu-
ar are not sufficient for photocatalytic reactions. However, an
ptimum concentration of La3+ ions is required to match the
hickness of charge layer and the depth of the light penetration
or separating photo-induces electron–hole pairs. In addition,
.0% La–ZnO 8.01 8.65 0.977
ure TiO2 6.0 11.55 0.985

CP = 40 mg l−1; ZnO, TiO2 or La–ZnO = 100 mg/100 ml; pH 5; UV = 8 lamps;
= 254 nm; adsorption equilibrium = 30 min; irradiation = 60 min.



S. Anandan et al. / Journal of Molecular Catalysis A: Chemical 266 (2007) 149–157 155

Table 4
Apparent kinetic values for the degradation of monocrotophos

Catalysts Apparent kinetic
constant, k
(×10−2 min−1)

t1/2 values
(min)

Correlation
co-efficient
(R2 value)

Pure ZnO 3.00 13.20 0.999
0.2% La–ZnO 5.42 12.79 0.995
0.5% La–ZnO 6.61 10.48 0.993
0.8% La–ZnO 8.27 8.38 0.994
1.0% La–ZnO 8.00 8.66 0.985
Pure TiO2 5.3 13.08 0.999
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CP = 40 mg l−1; ZnO, TiO2 or La–ZnO = 100 mg/100 ml; pH 5; UV = 8 lamps;
= 365 nm; adsorption equilibrium = 30 min; irradiation = 60 min.

oinduced electron–hole pairs [37] because the excess La2O3
overing the surface of ZnO may increase the number of recom-
ination centers, thus, giving low photocatalytic activity. This
an be clearly seen from the present study that La-doped ZnO
ith more than 0.8 wt% of La loading showed a very low photo-

atalytic activity. The higher activity of 0.8 wt% La-doped ZnO
an be attributed to a strong absorption of OH− ions on the sur-
ace of ZnO because of a large number of oxygen vacancies.
hese OH− ions are assumed to serve as surface bound traps for

he photogenerated holes, which prevent electron–hole recom-
ination. A similar behavior has also been reported in La-doped
iO2.

The photocatalytic activity with the light of wavelength
65 nm (Table 4) is less than that of wavelength 254 nm. This
ifference is due to enhanced electron–hole recombination with
ight of wavelength 365 nm. But the light of wavelength 254 nm
an excite electrons with high kinetic energy and hence they
an easily escape electron–hole recombination. The optimum
a-loading for both 254 and 365 nm was found to be 0.8 wt%.
he t1/2 values of 0.8 wt% La-doped ZnO are 8.38 and 6.9 for
54 and 365 nm, respectively, suggesting that La-doped ZnO
xhibits higher photocatalytic activity as compared to pure ZnO
nd TiO2. The plot of experimentally and theoretically derived
alues of C/C0 versus time for ZnO and La-doped ZnO cata-

ysts are depicted in Fig. 9. The experimentally derived points
re exactly coinciding with the theoretical curve illustrating that
he reaction follows first-order kinetics.

ig. 9. Effect of irradiation time in the degradation of MCP (initial concentration
f monocrotophos 40 mg l−1; pH 5.3; catalyst amount = 0.1 g/100 ml).
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ig. 10. Effect of solution pH on the rate of degradation (concentration of
CP = 40 mg l−1; catalyst amount = 0.1 g/100 ml).

.4. Effect of pH

The solution pH exhibits profound influence on ZnO oxida-
ion potential and surface charge, which affect adsorption and
egradation of MCP. Hence, the role of pH on the degradation
ate was studied in the pH range 5–12 with 40 mg l−1 initial
oncentration of MCP and 0.1 g/100 ml catalyst. The influence
f solution pH on the degradation rate of MCP is depicted in
ig. 10. It shows that the rate of degradation increases grad-
ally with increasing the solution pH up to 8 and increases
apidly above the solution pH of 8, and reaches a maximum
alue approximately at pH 10. The photocatalytic degradation
f MCP is strongly favored in alkaline pH. Sakthivel et al. [5]
ave observed similar trend with ZnO and further demonstrated
hat acid-base property of the metal oxide surfaces influence
onsiderable implication upon their photocatalytic activity. The
igh degradation rate at pH 10 is explained as follows. The zero
oint charge of ZnO is 9.0 ± 0.3 and above this value, the surface
s negatively charged due to adsorbed OH− ions. The presence
f large quantities of adsorbed OH− ions on the particle surface
avors the formation of •OH radicals, which is accepted as the
rimary oxidizing species responsible for degradation [7,38].
n the other hand, a noticeable decrease in the rate of degra-
ation above pH 10 is observed as shown in Fig. 10. This is
ue to decrease in the adsorption of MCP. Above pH 10, the
atalyst surface may adsorb OH− ions and thus it becomes neg-
tively charged. Since MCP is not protonated above pH 10, the
lectrostatic repulsion between the surface charges on the adsor-
ent and the adsorbate hinders the amount of MCP adsorption.
onsequently, the degradation rate decreases above pH 10. The
ecrease in the photocatalytic degradation in the acidic medium
s due to a high adsorption of MCP [39]. As the catalyst sur-
ace is fully covered by MCP, absorption of UV radiation on
he catalyst surface decreases, which is very important for the
hotocatalytic process.

.5. Photocatalytic mineralization of MCP in aqueous
uspension
Complete mineralization of pollutants with cost-effective
rocess is important for industrial applications. The HPLC chro-
atograms revealed that MCP molecules are degraded in to



156 S. Anandan et al. / Journal of Molecular Catalysis A: Chemical 266 (2007) 149–157

F
d
s

s
(
n
w
t
f
i
i
T
g
e
m
t
c
m
a
w
i
n
i

l
f
h
a

F
a
a

Table 5
Comparison of relative photonic efficiencies in the photodegradation of MCP
by ZnO and La-doped ZnO photocatalysts

Catalysts Relative photonic efficiency (ξr)

254 nm 365 nm

Pure ZnO 1.03 ± 0.01 0.76 ± 0.01
0.2% La–ZnO 1.10 ± 0.01 0.89 ± 0.01
0.5% La–ZnO 1.26 ± 0.01 0.91 ± 0.01
0.8% La–ZnO 2.54 ± 0.01 1.57 ± 0.01
1.0% La–ZnO 1.51 ± 0.01 1.25 ± 0.01
Commercial ZnO 1.00 ± 0.01 1.00 ± 0.01
T
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ig. 11. Comparison of photocatalytic mineralization of pure ZnO and La-
oped ZnO (MCP concentration = 40 mg l−1; catalyst amount = 100 mg/100 ml;
olution pH 10; λ = 254 nm).

maller fragments and subsequently mineralized completely
not shown). The TOC concentration of MCP decreases sig-
ificantly with increasing the irradiation time for the light of
avelengths 254 and 365 nm as shown in Figs. 11 and 12, respec-

ively. As irradiation time increases, MCP degrades into small
ragments and consequently complete mineralization is achieved
n about 120 min. La-doped ZnO photocatalysts require shorter
rradiation time for complete mineralization than pure ZnO.
his is due to suppression of electron–hole recombination and
eneration of more •OH radicals. The •OH radicals are strong
nough to break different (C–C, C C, and C O) bonds in MCP
olecules adsorbed on the surface of ZnO, and this will lead

o the formation of CO2 and inorganic ions at the end. Further,
ontinuous degradation of MCP leads to the formation of inter-
ediates such as aldehydes, alcohols, nitrates and phosphoric

cid. The alcohol and aldehydes can easily be hydrolyzed in
ater whereas the phosphoric acid and nitrates are transformed

nto harmless inorganic ions such as phosphates (PO4
3−) and

itrates (NO3
−). Finally, MCP and its intermediate are converted

nto CO2, H2O and harmless inorganic ions.
The rate of mineralization was high in the initial period fol-
owed by the slow rate. This slow rate indicates the formation of a
ew long-lived by-products, which had a low rate of reaction with
ydroxyl radicals. This reveals the formation of intermediates
nd their competitiveness with MCP anions in the photocatalytic

ig. 12. Comparison of photocatalytic mineralization of pure ZnO
nd La-doped ZnO catalysts (MCP concentration = 40 mg l−1; catalyst
mount = 100 mg/100 ml; solution pH 10; λ = 365 nm).

w
t
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iO2 1.36 ± 0.01 1.01 ± 0.01

CP = 40 mg l−1; ZnO, TiO2 or La–ZnO = 100 mg/100 ml; pH 5; UV = 8 lamps;
= 254 and 365 nm; adsorption equilibrium = 30 min; irradiation = 60 min.

egradation. Release of PO4
3− ions during degradation of MCP

educes the reaction rate as PO4
3− gets adsorbed on catalyst

urface. Abdullah et al. [40] reported that sulfate and phosphate
ons inhibited the photocatalytic oxidation of organic solutes
nd reduced the rate up to 70%. Such type of hindering effects
as been already reported in the photocatalytic degradation of
extile dyes [41]. This decrease in the reaction rate can also be
ttributed to low reactivity of short chain aliphatic compounds
ith •OH radicals [42]. The TOC removal for the light of wave-

ength 254 nm (Fig. 11) after 120 min with pure ZnO, 0.2, 0.5,
.8, and 1.0 wt% La-doped ZnO catalysts is found to be 24, 61,
8, 100, and 74%, respectively. Similarly the TOC removal for
he light of wavelength 365 nm (Fig. 12) with pure ZnO, 0.2,
.5, 0.8, and 1.0% La-doped ZnO catalysts is found to be 15, 41,
0, 80, and 55%, respectively. These results demonstrated that
he photocatalytic activity of 0.8 wt% La-doped ZnO is much
igher as compared to that of other catalysts.

.6. Relative photonic efficiency

In order to evaluate the relative photonic efficiency (ξr), a
olution of MCP (40 mg l−1) adjusted to pH 10 was irradiated
ith 100 mg ZnO (Merck) or La-doped ZnO. The relative pho-

onic efficiencies of light of wavelengths 254 and 365 nm for
nO and La-doped ZnO are presented in Table 5. For compari-
on, the relative photonic efficiency of TiO2 is also presented in
able. The relative photonic efficiencies of La-doped ZnO are
reater as compared to those of ZnO and TiO2, revealing the
ffectiveness of metal-doped systems. It is also interesting to
ote that the relative photonic efficiency for La-doped ZnO for
ight of wavelength 254 nm are much higher as compared to that
or 365 nm. The results are in good agreement with degradation
nd mineralization studies. Comparing the high efficiency of
a-doped ZnO catalysts with standard ZnO and TiO2 catalyst,

he photocatalytic efficiency of 0.8 wt% La-doped ZnO is about
.5 and 1.5 times higher as compared to that of ZnO and TiO2
ith light of wavelengths 254 and 365 nm, respectively.
. Conclusion

A series of La-doped ZnO with different La loading were
repared and unambiguously characterized by XRD, UV–vis,
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FM, XPS, and HR-SEM. It was found that La3+ is uniformly
ispersed on ZnO nanoparticles in the form of small La2O3 clus-
er. The XRD and UV–vis results revealed that the particle size
f La-doped ZnO is much smaller as compared to that of pure
nO and decreases with increasing La loading. Rough and high
orous surface of La-doped ZnO was observed by AFM, which
s critical for enhancing the photocatalytic activity. The photo-
atalytic activity of La-doped ZnO for the degradation of MCP
as studied and the results are compared with ZnO and TiO2. It
as observed that the rate of degradation of MCP over La-doped
nO increases with increasing La loading up to 0.8 wt% and

hen decreases. The TOC results demonstrated that La-doped
nO requires shorter irradiation time for the complete mineral-

zation of MCP than pure ZnO. The relative photonic efficiencies
nd the photocatalytic activity of the 0.8 wt% La-doped ZnO are
uch higher as compared to those of pure ZnO and TiO2. It was

oncluded that small particle size, separation of charge carriers
e−/h+), rough and high porous surface of La-doped ZnO are
he major constituents for its enhanced photocatalytic activity in
he present study.
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