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The photocatalytic activity of 1.0wt% PdO supported on Al,03-Nd,03 binary oxides prepared by the
sol-gel method was studied in the photodegradation of 2,4-dichlorophenoxyacetic acid (2,4-D). The
photocatalysts were characterized by N, physisorption, XRD and UV-vis spectroscopy. PdO supported
on y-Al,03; photo-degrades the 2,4-D, however the addition of Nd, O3 to y-Al,O3 notably improves the

photocatalytic activity. As the concentration of Nd,Os in the binary oxide increases from 2 to 10 wt%,
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the photodegradation of 2,4-D is highly enhanced. The catalytic test for PdO supported on pure Nd,03;
showed scarce photocatalytic activity. Total organic carbon (TOC) analysis showed that the 2,4-D has
been completely destroyed on the PdO/Al,03-Nd, 03 photocatalysts after 6 h under irradiation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The intensive use of herbicides in agriculture frequently
arises to the soil and water resources contamination [1].
Among them, the 2,4-dichlorophenoxyacetic acid (2,4-D)
is the most commonly used herbicide in the world. This her-
bicide is widely applied in controlling broadleaf weeds in wheat,
corn, rice, and similar cereal field crops. Generally the herbicide
exhibits high persistency in soils, and on the surface and ground
water effluents. The high hydro-solubility of the 2,4-D causes its
mobility in the soil polluting through lixiviation underground
water resources. This is especially important since water effluents
can contaminate reservoirs of drinkable water. 2,4-D is a well
known endocrine disrupter and affect the central and peripheral
nervous system [2]. Therefore, the treatment of such pollutant
compounds in water is highly required. Nowadays increased
attention has been devoted to the application of photocatalysis
as an advanced oxidation process for the elimination of organic
pollutants in aqueous wastes using semiconductor materials as
photocatalysts [3-6]. This approach is interesting since it allows
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the conversion of organic pollutants into harmless chemicals.
Among these photocatalytic materials TiO, [7], ZnO doped TiO,
[8,9],Sn0O, doped TiO, [10,11], layered double hydroxides [12-15],
and Cr, Mn, Fe, Ni, Cu substituting metals in CeVO4 [16] have
been tested. In order to reach for highly active photocatalysts
in the present work is reported the study of palladium oxide
supported on alumina modified with rare earth oxides. It is known
that palladium oxide (PdO) is a p-type semiconductor and it is of
technological interest as a photocathode in water electrolysis [17].
However, to our knowledge the use of PdO supported on alumina
as a photocatalyst for the degradation of herbicides has not been
reported. Furthermore, it is reported that neodymium oxide can be
used as doping agent for titania semiconductors for photocatalytic
purposes [9,18-21] and it is the third more abundant element
among lanthanides. With this in mind it should be very interesting
to investigate the application of PdO supported on Al,03-Nd;03
binary oxides as a photocatalyst for the degradation of herbicides in
aqueous milieu [2,7,8,22-24]. On the other hand, the physicochem-
ical properties of the catalysts depend on the preparation method.
Among the methods of synthesis, the application of the sol-gel
method for the preparation of photocatalytic materials seems
to be attractive, since it allows the preparation of homogeneous
doped materials with high surface area and stability [9,25-29,10].
The PdO/Al,03-Nd, 03 binary oxides prepared by the sol-method
were characterized by N, physisorption, X-ray diffraction and
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UV-vis spectroscopy and were tested in the photodegradation of
the 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide.

2. Experimental

2.1. Synthesis of 1 wt¥% PdO catalysts supported on binary
A1203—Nd203 oxides

Al;,03-Nd,03 binary oxides (Al-Nd-x, where x=2, 5, 10, and
100 wt% of Nd, 03 ) were synthesized by the sol-gel method as fol-
lows: aluminium tri-sec-butoxide, Al(O-SecBut.)3 (Alfa Aesar) and
Neodymium acetylacetonate, Nd(acac);.xH,O (Alfa Aesar) were
used as precursors. A required volume of aluminium tri-sec-
butoxide was dissolved in a three mouth glass flask containing
10 mL of 2-methylpentane 2,4-diol (JT Baker) as a complexing agent
at 70°C and under stirring for 1 h. After cooling down to 50°C, a
required volume of a solution containing the neodymium acety-
lacetonate, dissolved previously in acetone at 40°C for 1h, was
added into the three mouth glass flask containing the precursor
solution. Then, the solution was heated with continuous stirring at
50°C for 1 h until a transparent solution was formed. Afterwards,
approximately 10 mL of deionised water were added to the solution
drop by drop in order to carry out the aluminium alkoxide hydrol-
ysis. The gels obtained were aged firstly at 55°C for 2h and then
at 80°C during 12 h. Samples were dried in an oven at 110°C for
12 h followed by calcination under static air at 650 °C for 4 h. Pure
Al,03 (Al) was prepared by the same method as the mixed oxides
but without the addition of lanthanum acetylacetonate. Pure Nd, 03
(Nd) was prepared by calcination of the neodymium acetylaceto-
nate powder at 800°C for 5h. Al, Nd, and Al-Nd-x binary oxides
samples, were impregnated with aqueous PdCl, (Aldrich) solution
to obtain solids with 1.0 wt% PdO. The impregnated Al, Nd and Al-
Nd-x binary oxide supports were dried in an ovenat 110°Cfor 12h
and then calcined in air at 650 °C for 3 h to give PdO/Al, O3 (PdO-A),
PdO/Nd, 03 (PdO/Nd) and PdO/Al,03-Nd, 03 (PdO/AI-Nd-x, where
x=2,5, 10 wt% of Nd,03) photocatalysts.

2.2. Characterization

The BET specific surface area (Sger) of the PdO/Al,03-Nd;03
catalysts were determined on samples calcined at 650°C for 3h
by nitrogen physisorption by using an Autosorb gas sorption sys-
tem (from Quantachrome). Before measurements, samples were
flushed with Arat 200 °C for 2 h and then evacuated for 3 hat 200 °C.

X-ray powder diffraction patterns of the powder catalysts were
recorded at room temperature with a Bruker D-8 Advance diffrac-
tometer with the Bragg-Brentano geometry, by using a Cu Ka
(A=0.154 nm) radiation, a Ni 0.5% Cu-Kbeta-filter in the secondary
beam, and a 1-dimensional position sensitive silicon strip detec-
tor (Bruker, Linxeye). The diffraction intensity as a function of the
angle 20 was measured between 20° and 110°, with a 26 step of
0.01945¢, for 53 s per point. Identification of the diffraction peaks
from the XRD patterns was carried out by using the JCPDS database.

UV-vis diffuse reflectance spectra of calcined samples catalysts
were recorded in a UV-Vis CARY 300 SCAN spectrometer with a scan
speed of 600 nm min~! with intervals of data collection of 1 nm and
a change of the source light at a wavelength of 350 nm.

2.3. Photocatalytic degradation test

The photocatalytic activity test of the PdO/Al, PdO/Nd, and
PdO/AI-Nd binary oxides were performed by using a batch-type
cylindrical glass photoreactor of 1L with a round bottom and
surrounded by a double wall glass jacket. The herbicide used in
the photodegradation experiments was 2,4 dichlorophenoxy acetic
acid (2,4-D) (99.9%, Sigma-Aldrich). 80 mg of the 2,4-D herbicide

Table 1

Sger of PAO supported on Al,03-Nd, 03 binary oxides.
Photocatalyst Sper (M2 g 1)
1 wt%PdOJAl 180
1 wt%PdO/Al-Nd-2 242
1 wt%PdO/AI-Nd-5 248
1 wt%PdO/Al-Nd-10 259
1 wt%PdO/Nd 10

were dissolved in 1L of deionized water (0.362 mmol L-1) and sub-
mitted to aeration during 2h. A volume of 200 mL of the 2,4-D
herbicide dissolution was put into the glass photoreactor followed
by the addition of 200 mg of the photocatalyst to give a concentra-
tion of 1 mg of palladium photocatalyst per mL of 2,4-D herbicide
solution. Then, the solution was submitted to continuous aeration
(1mL/s) and stirring until the photodegradation was initiated. A
protected quartz tube with Pen-Ray UV power supply lamp (UVP
products) with a typical wavelength of 254nm and an intensity
of 4400 W cm~2 was immersed into the dissolution and used as
the source of irradiation during the photodegradation experiments.
Before irradiation, the 2,4-D solution and the catalyst were kept for
1 h without irradiation until the complete adsorption-desorption
equilibrium of 2,4-D was reached on the solid. Then, the UV lamp
was turned on. Samples of the irradiated dissolution were taken
from the photoreactor and filtered each 2 h for a period of 6h, in
order to know the extent of photodegradation of the 2,4-D herbi-
cide. The photodegradation of the 2,4-D herbicide was followed by
UV-vis spectroscopy, employing a CARY 100 spectrophotometer
with integration sphere. After ending the irradiation, the remain-
ing 2,4-D-PdO/AINd photocatalyst solids were dried at 80°C for
12 h and then analyzed by FTIR spectroscopy using a PerkinElmer
FT1730 spectrophotometer.

The evolution of the total organic carbon (TOC) during the
photocatalytic runs was followed by using a TOC-V¢gy Shimadzu
analyzer (catalytic oxidation on Pt at 680 °C). Calibration runs were
performed by calibration curve of potassium phthalate.

3. Results and discussion

3.1. Characterization of PdO catalysts supported on Al;03-Nd;03
binary oxides

Table 1 shows the Sggr of the various photocatalysts. The Sggr
of the PdO/Al catalyst was 180m2 g~!, whereas the Sggr for the
PdO/AI-Nd-2, PdO/AI-Nd-5 and PdO/AI-Nd-10 catalysts were 242,
248 and 259m? g-! respectively. On the other hand, the Sggr of
the PdO/Nd catalyst was 10 m2 g1, The improvement in the Sggt of
PdO/AI-Nd catalysts with the increase of the Nd,03 content, sug-
gests that the addition of Nd,O3 acts as a textural promoter of
the y-Al; 03 support. The presence of y-Al;03 in the binary oxide
is corroborated by the XRD patterns (Fig. 1) where broad diffrac-
tion peaks at 260 =19.4, 37.5, 39.6, 45.9, 60.5 and 66.8 belonging to
the (111),(311),(222),(400),(511) and (440) planes of the y-
Al;03 phase (29-63, 10-425 JCPDS) can be seen. In addition, some
diffraction peaks at 20=33.98 and 54.95 belonging to the (101)
and (11 2) planes of the tetragonal PdO phase (00-041-1107 JCPDS)
are also observed in the XRD patterns. This suggests the presence
of big PdO crystallites in the palladium catalysts supported on
the Al,03-Nd, 03 binary oxides. When the Nd,03 content in the
Al,03-Nd,03 binary oxide is 2 wt% (PdO/Al-Nd-2), the XRD pat-
tern is almost similar to that of the PdAO/Al sample. At higher Nd, 03
concentration, a decrease in the intensity as well as the widening
of the Al,03 diffraction peaks are observed in the XRD patterns
suggesting a decrease in the y-Al,03 crystallite size. These results
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Fig. 1. X-ray diffraction patterns of 1wt% PdO supported on Al,03-Nd,03 binary
oxides.

justify the increase in the BET specific surface area for the samples
containing 2.0, 5.0 and 10 wt% Nd, O3 on the binary oxide.

In Fig. 2 the UV-vis spectra of palladium oxide supported on
Al,03, Al,03-Nd, 03 binary oxides, and Nd, 03 are presented. For
the PdO/Al catalyst an absorption band at ca. 212nm and an
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Fig. 2. UV-vis spectra of 1wt% PdO photocatalysts supported on Al,03-Nd;03
binary oxides.
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Fig. 3. UV spectra for the photodegradation of the 2,4-D over 1 wt%PdO/Al, 03 cat-
alyst after: (a) Oh; (b) 2h; (¢) 4h; and (d) 6 h of irradiation.

absorption edge in the visible region between 490 and 600 nm can
be seen. The band at ca. 212 nm is assigned to Pd?* states of highly
dispersed PdO particles [30,31]. Whereas, the absorption edge
between 490 and 600 nm belongs to the semiconductive electronic
structure of crystalline PdO [31]. UV-vis spectra of PAO/AI-Nd cat-
alysts show the same absorption bands for the PdO/AI-Nd-2 and
PdO/Al catalysts. For the PdO/Al-Nd-5 and PdO/AI-Nd-10 samples,
however new absorption bands can be seen 580, and 744 nm. It
is well known that UV-vis spectroscopy reveals the influence of
crystal field on the electronic transitions in f orbitals of the rare
earth elements [32,33]. By comparing the absorption bands of the
UV-vis spectra of PAO/AI-Nd catalysts with those of PdO/Nd cata-
lyst we infer that they correspond to Nd3* transitions. However, the
more intense and sharp absorption bands observed at ca. 592 and
750nm in the UV-vis spectra of the PdO/Nd catalyst are slightly
shifted to a lower wavelength for about 13 nm in the UV-vis spec-
tra of the PdO/AI-Nd catalysts. This shifting in the absorption bands
could be related to the modification in the coordination sphere of
Nd3* cations due to interaction with AI3* cations. In fact, Caro [33],
reported the shift of the 4lg,—2P;, transition of the 43 orbital
between Nd3* in Nd,03 and the same ion in NdAIO; with a per-
ovskite structure. The interaction between AI3* and Nd3* cations
could be facilitated by the sol-gel preparation route due to that the
compounds in the materials are homogenously well mixed aris-
ing to a higher interaction and an easier inter-diffusion between
species.

3.2. Photodegradation of the 2,4-D herbicide

Fig. 3 shows the photocatalytic activity of PdO/Al catalyst in
the photodegradation of the 2,4-D herbicide. This figure shows
that the intensity of the absorption band at 200 nm belonging to
the electronic transition m— 1 of the aromatic groups decreases
with time under irradiation indicating the elimination of aromatic
molecules in the solution, another absorption band at 270 nm indi-
cates the decomposition of benzene functional groups. The PdO/Al
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Table 2
Conversion % of aromatic groups in the photodegradation of 2,4-D over PdO photo-
catalysts supported on Al,03-Nd, O3 binary oxides.

Irradiation ~ Conversion % of aromatic groups photocatalysts
time (h)
PdO/Al PdO/Al-Nd-2 PdO/AI-Nd-5 PdO/Al-Nd-10 PdO/Nd
2 8 17 19 38 1
4 18 38 50 80 6
6 59 70 86 95 22

photocatalyst eliminates about 8%, 18% and 59% of the aromatic
groups after 2,4 and 6 h of irradiation respectively (Table 2). When
2wt% of neodymium oxide is added to y-Al,03 by the sol-gel
method the photocatalytic activity of the PdO/AI-Nd-2 photocat-
alyst (Fig. 4) improves to 17%, 38% and 70% of elimination of
aromatic groups after the same times of irradiation respectively.
The improvement in the photocatalytic activity is also observed
in the PdO/AI-Nd-5 and PdO/Al-Nd-10 photocatalysts (Table 2
and Fig. 5) compared to PdO/Al photocatalyst. The photocatalytic
activity in the photodegradation of the 2,4-D increases as the con-
centration of Nd, O3 in the binary oxide support increases to 10 wt%
(Table 2). The less active photocatalyst was the PdO supported on
pure Nd, 03 (Fig. 6) since it converts only 22% of aromatic groups
of 2,4-D after 6 h of irradiation. The lower photodegradation of aro-
matics groups observed with PdO/Nd is correlated with its lowest
Sger- It suggests that the nature of the support and thereby the
chemical state of neodymium oxide is crucial in order to promote
the activity of PAO/Al catalysts for the photodegradation of the 2,4-
D in aqueous milieu. It means that at least 2 wt% of neodymium
oxide added to y-Al;03 is needed in order to promote the pho-
todegradation of 2,4-D.

Figs. 7 and 8 show that the 2,4-D herbicide is strongly adsorbed
on the photocatalysts surface establishing the equilibrium after
one hour of adsorption. However, when the UV irradiation was
turned on, a continuous decrease in the concentration of the solu-
tion was observed degrading more than 90% of 2,4-D herbicide after
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Fig. 4. UV spectra of the photodegradation of the 2,4-D over 1 wt%PdO/Al-Nd-2
photocatalyst after: (a) 0 h; (b) 2 h; (c) 4h; and (d) 6 h of irradiation.

3,5

3,0+
PdO/AI-Nd-10

2,54

2,0+

Absorbance

1,51
1’0_.

0,54

0,0 — e
200 250 300 350
Wavelength (nm)

Fig.5. UV spectra of the photodegradation of the 2,4-D over the 1 wt%PdO/AI-Nd-10
photocatalyst after: (a) 0 h; (b) 2 h; (c) 4h; and (d) 6 h of irradiation.

6 h of irradiation. An increase in the Nd,O3 concentration in the
Al,03-Nd,03 binary oxides showed an apparent increase of the
capability of adsorption and photodegradation of the 2,4-D. It is
noteworthy to point out that due to the strong adsorption of the
2,4-D, it was not possible to calculate a correct kinetics of the pho-
tocatalytic degradation in aqueous solution, reason for which were
carried out studies of the solution during the process of photodegra-
dation and also studies of the solids by FTIR spectroscopy in order

3,5

3.0
254
2.0

1,5+

Absorbance

1,01

0,54

300

0,0-— —
250
Wavelength (nm)

Fig. 6. UV spectra of the photodegradation of 2,4-D over 1 wt%PdO/Nd,03; photo-
catalyst after: (a) 0 h; (b) 2h; (¢)4h; and (d) 6 h of irradiation.
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Fig. 7. Evolution as a function of time under irradiation for the 2,4-D degradation
on 1wt% PdO supported on Al,03;-Nd, 03 binary oxides.

to corroborate the total elimination of the 2,4-D. Furthermore, total
organic carbon analysis (TOC) during the photocatalytic runs were
carried out in order to analyze the amount of the organic compound
eliminated.

The FTIR spectra of the recovered solids after irradiation of
the (2,4-D-PdO/Al-Nd) photocatalyst are shown in Fig. 9. The FTIR
spectra for the 2,4-D solution without photocatalyst before irra-
diation is showed. In this spectra typical absorbance bands at
ca. 1092, 1106, 1233, 1309, 1477, and 1733 cm~! assigned to the
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Fig. 8. Relative concentration (C/Co) of the 2,4-D as a function of time under irradi-
ation on 1 wt% PdO supported on Al,05-Nd, 03 binary oxide.
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Fig.9. FTIR of the 2,4-D herbicide and 1 wt% PdO supported on Al,03-Nd, 03 binary
oxides: (a): 2,4-D solution; (b): PAO/AI-Nd-2; (c): PAO/AI-Nd-5; and (d): PdO/AI-Nd-
10 recovered catalysts from the 2,4-D solution after 6 h under irradiation.

stretching vibrations bands of the v(Ar-Cl), v(C-0-C), v(Ar-O-R),
V(C-H), v(C-C), and v(C=0) functional groups of 2,4-D can be seen,
while the FTIR spectra of the recovered photocatalysts after irradi-
ation do not show the presence of 2,4-D functional groups. It can be
assumed that the 2,4-D molecule have been completely destroyed
by the PdO/Al-Nd photocatalysts after 6 h of irradiation since their
spectra do not show any absorption bands belonging to the char-
acteristic vibrations of the stretching mode of the 2,4-D molecule.

The total organic carbon analysis (TOC) of the irradiated 2,4-D
solutions is showed in Fig. 10. It is observed that approximately 40%
of the 2,4-D molecules are adsorbed on the photocatalysts surface
without irradiation as shown for the PdO/AI-Nd-10 photocatalyst.
When the photodegradation is started the increase in the Nd,;03
content in the Al,03-Nd,03 binary oxides favors the efficiency
for the elimination of 2,4-D. A residual concentration TOC (at ca.
10% for the PdO/AI-Nd-10 photocatalyst) is observed after 6 h of
irradiation indicating a small presence of no mineralized organic
intermediaries.

3.3. Photocatalytic performance

PdO is known to be a p-type semiconductor with a band gap not
firmly established in the range 0.8-2.67 eV [17]. The valence band is
formed by the filled O 2p states, which are hybridized with the Pd 4d
states. The lowest states in the conduction band are associated with
the empty Pd 4d states. Then, during the photocatalytic processes
an electron is promoted from the valence band to the conduc-
tion band generating electron/hole pairs by means of irradiation.
Smaller band gap energy values indicate an enhanced semiconduc-
tive capability. Therefore, it can be inferred that the improvement in
the photocatalytic activity of PdO/Al-Nd photocatalysts in the pho-
todegradation of 2,4-D could be due to the decrease in the band gap
of the PdO p-type semiconductor. However, the lower photocat-
alytic activity observed in PdO supported on pure Nd, O3 suggests
that the nature of the support and thereby the chemical state of
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Fig. 10. Total organic carbon (TOC) in the 2,4-D solution as a function of irradiation
time on 1 wt% PdO supported on Al,03-Nd, 03 binary oxides.

neodymium oxide is crucial in order to promote the improvement
in the catalytic activity of PdO/y-Al, 03 catalysts. The lower photo-
catalytic activity of PdO supported on pure Nd,Os is correlated with
its lower Sger, whereas the highest photocatalytic activity observed
in the PdO/AI-Nd-10 photocatalyst is due to high Sggt of this solid.
This observation should imply an increase in dispersion of the PdO
conglomerates. Moreover, XRD spectra show that the increase in
the Nd,03 concentration in the Al,03-Nd,03 binary oxides arise
to a better dispersion of PdO since the intensity of the diffraction
peaks of PdO decreases with the increase in the Nd,03 concen-
tration, thus forming smaller PdO particles which could help in
the photodegradation processes of 2,4 D by retarding the e~ h*
recombination.

4. Conclusions

It is showed that PdO/Al,03 catalyst photodegrades the 2,4-
D in aqueous solution. The addition of Nd;03 to y-Al,03 by the
sol-gel method notably promotes the photocatalytic activity. As
the concentration of Nd, O3 in the binary oxide increases to 10 wt%,
the photodegradation of 2,4-D as well as the diminution on the
total organic carbon is highly enhanced. 2,4-D has been completely
destroyed by the PdO/Al,03-Nd; 03 photocatalysts after 6 h of UV
irradiation.
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