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ABSTRACT

In the present work, the elimination of NO3, NO3 and BrOs3 in distilled and groundwater samples using Hy as
reducing agent is studied. For this purpose, PdCu-based catalysts were prepared on CeO; pure and modified with
10 % of ZrO; supports. The prepared catalysts were characterized by Ny physisorption, SEM-EDS, XRD, TPR,
RAMAN, FTIR and XPS. The results showed that the materials obtained were mesoporous, exposing the cubic
CeO; crystalline phase. Raman and FTIR analysis allow corroborating that both supports have oxygen vacancies,
being higher in the ZrCe support, due to the presence of Zr** jons in the CeO, lattice. All the prepared catalysts
were active in the elimination of the selected oxyanions, showing high selectivities (>99 %) towards the product
of interest (N2 and Br™), especially the catalyst PdCu/10ZrCe. This catalyst presented the highest oxyanion
removal rate, which is higher for NO3 elimination (Vo no3-: 5.6; Vo,Bro3-:.0.93). In the reduction stage, ce*tis
reduced to Ce®*, generating oxygen vacancies at the metal-support interface. It is postulated that the reduction of
the anions occurs by interaction of the oxygen atoms of the NO3, NO3 or BrO3 species with the oxygen-vacant
sites generated. The addition of Zr on ceria support increases its ability to activate anions and reduce them.
PdCu/10ZrCe catalyst was also tested using groundwater. The conversion results obtained were promising, 60 %

for NO3, 70 % for NO3 and 27 % for BrOs3.

1. Introduction

There is a variety of compounds that affect the quality of water
destined for human consumption, among them there are various oxy-
anions, including NO3, NO3, BrO3, ClO3 and ClOjs. Agricultural and
livestock activities produce discharges of pesticides, fertilizers and
organic remains of animals and plants. These wastes pollute notoriously
water, in particular groundwater. One of the main problems generated is
the high concentration levels of NO3 and NO> [1-3]. When the levels of
NOs in the soil are greater than that which the plants can assimilate, the
irrigation and rainwater cause that NOs- percolate and reach ground-
water layers [4]. Excess intake of NO3 ions can cause serious health
problems, due to the fact that NOs- is easily transformed to NO3 in the
human body. This causes an oxygen deficiency in the blood, mainly in
children, called methemoglobinemia [4,5]. In addition, NOy- are
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precursors of carcinogenic nitrosamines [6].For this reason, maximum
tolerable limits have been established for these anions through different
legislations [7-9] in water for human consumption. The maximum limit
level of NO3 by the World Health Organization is 50 mg/L in the water
supply for the population. In Argentina, the Food Code established a
maximum concentration of NO3 of 45 ppm. In Buenos Aires province
(Argentina), the Puelche aquifer extends uninterruptedly in the subsoil,
occupying approximately 89,000 km?2. This aquifer is highly exploited
both for irrigation and for human consumption and the potability is
affected by the NO3 content, particularly in urbanized areas [2,10].
The disinfection of water for human consumption is achieved mainly
by CIO™ addition. However, as this method generates halogenated by-
products, an alternative method is the ozonation [11]. The ozonation
process improves the taste of water, but can allow the formation of
BrOs, a potentially toxic byproduct. BrO3 is formed from the reaction
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between ozone radicals and OH [12], through many intermediates.
Besides, BrOs is also naturally formed as a byproduct of surface bromide
oxidation, particularly in saltwater [11].

BrOs is classified as a Group 2B human potential carcinogen by the
International Agency for Research on Cancer (IARC). This is due to the
induction of tumours in rats and mice, but there is lack of evidence of
carcinogenicity in humans. Different legislations have been established
a maximum level of BrO3 of 10 pg/mL in human consumption water
[7-9].

There are different treatments for the elimination of the excess of
oxyanions in drinking water such as ion exchange and reverse osmosis,
but both techniques need a water pre-treatment, to preserve the mem-
branes [13]. These methods also accumulate anions and do not elimi-
nate them. For that reason, the best technique to remove these anions is
to transform them into innocuous products: NO3 to No, ClOs to Cl™,
BrOs to Br . For example, when biological denitrification is applied, the
microorganisms transform NOs- to Nj. Nevertheless, this technique
presents problems such as incomplete degradation of organic com-
pounds or the need for pre-treatment [13].

One of the most promising processes is the catalytic reduction of
these oxyanions to harmless products using a reducing agent as Hy [14,
15]. Generally, the employed catalysts contain a precious metal as a base
(Pd, Rh, Ru or Pt), and a metal acting as a promoter (Cu, Ag, Fe, Hg, Ni,
Cu, Zn, Sn or In) [16,17]. In these catalysts, the bimetallic sites allow the
reduction of NO3 to NO3, which then are reduced to N».

In the last years, many catalysts have been synthesized for the
reduction of different oxyanions, presenting high activity in the re-
actions studied [18-20]. There are numerous bibliographical references
that show the influence of the support on the activity and selectivity in
the hydrogenation reactions. For example, Pd-based catalysts supported
on SBA-15 and SBA-15-modified CeOg, prepared by impregnation, or by
strong electrostatic adsorption (Ce-SBA-15), were tested in BrOjz
removal [21]. When the catalysts were prepared by electrostatic
adsorption, a higher Pd dispersion and a stronger interaction with the
support were observed. The same effect was achieved by increasing the
amount of CeOy and decreasing the amount of Pd on the catalyst. The
highest catalytic activity was observed for Pd catalysts supported on
Ce-SBA-15 [22].

Metal oxides are of interest in different fields, such as catalysis,
biochemical engineering or environmental remediation. Materials con-
taining ceria have a wide range of applications, due to its redox
behavior, and can be used as oxygen storage/release material [22,23].
CeOz has a significant oxygen storage capacity (OSC), and also, is a good
material to stabilize the dispersion of precious metals, such as Pt, Pd and
Rh. For this reason, ceria is used in three-way catalysts [24-26]. Several
studies have demonstrated that CeO, can be modified, adding dopants,
like Zr**, La®" or Eu®" [27,28]. These dopants modify the lattice strain,
the oxygen vacancy sites, and therefore, the physicochemical properties.
The dopants introduce modifications in the fluorite-type lattice:
increased lattice strain and more oxygen vacancy sites, for example. This
causes an increment in the Oxygen Storage Capacity (OSC) of the mixed
oxide. This modification improves the catalytic performance in reactions
such as Water Gas Shift, hydrocarbon steam reforming, and CO oxida-
tion [29]. Adding zirconium into CeO, generates more oxygen va-
cancies, so these materials have better OSC and thermal stability [30,
31]. Besides, Zr addition provides better catalytic activity at lower
temperatures than CeO, [30]. It was found in literature that
Pd-catalysts, prepared on redox supports or supports with oxygen va-
cancies, such as ZrO,, CeO, or TiO,, presented high activity in NO3
elimination, and also high selectivity to the desired product Ny [32,33].
In these catalysts, new NO3 adsorption sites are generated, due to the
presence of oxygen vacancies. These vacancies sites, close to Pd sites,
would allow the activation of NOj sites.

There are different methods for the preparation of Ce-Zr mixed ox-
ides, like hydrothermal synthesis, sol-gel methods or surfactants-assisted
methods [34]. Among them, the sol-gel method is usually preferred, due
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to its many advantages, like high homogeneity, a lower number of
process steps, and soft conditions. This method allows synthesizing
particles with controlled size [35]. Materials with different compositions
of Ce and Zr can be prepared, obtaining different degrees of homoge-
neity and textural properties.

As a contribution on the subject, the purpose of this work is to syn-
thesize and characterize PdCu-based heterogeneous catalysts for envi-
ronmental remediation of contaminated water. Pure and Zr-modified
ceria were the selected supports. These catalysts were tested in the
removal of NO3z, NO; and BrO3 anions present in distilled and
groundwater.

2. Materials and methods
2.1. Support preparation

The supports were prepared using the precipitation and co-
precipitation method. (NH4)2Ce(NO3)g and ZrOCl,.8H30 (Fluka) were
employed as source of Ce and Zr respectively. The precursor salts were
dissolved in distillated water in an appropriate concentration so as to
obtain pure ceria or 10 wt% ZrO, on CeO,. Concentrated NH4OH was
added to these solutions slowly under constant stirring. The obtained
solids were aged for 1 day, dried overnight at 105 °C and finally calcined
at 600 °C for 2 h. The prepared supports were named as CeO, and
10ZrCe.

2.2. Catalyst preparation

The Pd-based catalysts (1 wt%) were prepared by impregnating the
supports with a solution of HyPdCly prepared from PdCly (Sigma-
—Aldrich) in HCI (pH = 1). The solids obtained were dried at 105 °C and
calcined in air at 400 °C. After that, the monometallic catalysts prepared
were impregnated with a solution of Cu(NO3), (Merck), so as to obtain
0.3 wt% Cu on the solid. The bimetallic catalyst was first dried at 105 °C
and then calcined at 400 °C. The prepared catalysts were named as
PdCu/CeO5 and PdCu/10ZrCe.

2.3. Catalysts characterization

The total surface area of the prepared supports was obtained by the
Brunauer-Emmer-Teller (BET) method, using N5 physisorption at 77 K,
with a Micromeritics ASAP 2020 analyzer. The pore volume (Vp) was
determined using the adsorption branch of the Ny isotherm curve at P/Pg
= 0.98 single point.

Scanning electron microscopy (SEM) images were obtained with a
Philips Scanning Electron Microscope 505. The energy dispersive X-ray
analysis (EDS) was performed using an EDAX DX PRIME 10 analyzer at a
working potential of 15 kV

X-ray diffraction (XRD) was conducted using Cu Ka (A = 0.154 nm)
as a radiation source in an automatic Philips PW 1729 X-ray diffrac-
tometer. The samples were scanned from 5° to 60° (step size 0.02°; time
per step 1.25 s). The average crystallite sizes (D) were estimated using
the Scherrer equation [36]:

K2
" Pcosd

@

where K is a constant equal to 0.9; A the wavelength of the X-ray used;
and p the effective linewidth (FWHM) of the observed X-ray reflection,
obtained by curve-fitting procedure after Warren’s correction for
instrumental broadening and background subtraction.

Raman spectra were measured at room temperature in back-
scattering geometry with a Via Renishaw micro-Raman spectrometer
equipped with an air-cooled CCD detector and edge filters. The emission
line at 488.0 nm from an argon ion laser was focused on the sample
under a Leica DLML microscope using 20x or 5x objectives. The power
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of the incident beam was about 5 mW. Five 10 s accumulations were
generally acquired for each sample. The resolution was 2 cm™! and
spectra were calibrated using the 520.5 cm™! line of a silicon wafer.
Spectra processing included baseline removal and curve fitting using a
Gauss-Lorentz cross-product function by Peakfit 4.12 software (Systat
Software Inc., San Jose, CA, USA, 2007).

Fourier Transform Infrared Spectroscopy (FTIR) was employed to
characterize the prepared catalysts. The spectra were obtained in the
400-4000 cm~! wavenumber range using KBr pellets in a Thermo
Bruker IFS 66 FT-IR spectrometer.

The temperature programmed reduction (TPR) patterns were ob-
tained in a flow system with a mixture of 10 vol.% Hy and 90 vol.% Ny
(20 cm®/min), by heating from room temperature up to 850 °C at 10 °C/
min in a home-made equipment.

X-ray Photoelectron Spectroscopy (XPS) analysis was carried out in a
Multitecnic Specs equipped with a dual Mg/Al X-ray source and a
PHOIBOS 150 hemispheric analyzer operating in the Fixed Analyzer
Transmission (FAT) mode (30 eV). Spectra were recorded using Mg Ka
radiation (1253.6 eV, 200 W) and pressure lower than 5.10~° mbar
during determination. The samples, gently pressed on the sample holder,
were either evacuated for 10 min at 423 K or reduced in a flowing Hp/Ar
(5%) mixture at 623 K for 10 min and then kept in ultra-high vacuum for
at least 2 h before measurements. Binding energy values were referenced
to C 1s at 284.6eV. Data analysis involved smoothing, non-linear Shir-
ley-type background subtraction, curve fitting (mixed Gaus-
sian-Lorentzian functions by a least-square method) and peak area
determination by integration of the appropriate signal after data anal-
ysis (Esca Tools 4.2 software, Surface Interface Inc., Mountain View,
CA). Surface composition was determined by the peak area ratios using
the empirically derived atomic sensitivity factors reported by Wagner C.
D [37].

2.4. Catalyst activity

The NO3, NO3 and BrO3 reduction was carried out in a three-necked
100-mL Pyrex glass 100 mL semi-batch reactor equipped with a mag-
netic stirrer. In a typical run, 25, 50 or 100 mg of catalyst were
employed. These catalysts were previously reduced in H; flow at 400 °C
for 2 h, and then cooled in H, flow. After that, Ar was recirculated to
remove Hy. Then, the catalyst was transferred to the reactor, which
contained 50 mL of a degassed solution with 50 ppm of BrOz or 100 ppm
of NO3 or NO3. The reaction was carried out at atmospheric pressure, at
ambient temperature, and pure Hj, the reducing agent, was flowed
during the reaction at 400 mL/min. Values of NO3, NO3 or BrO3 con-
version (Xno3-%) and selectivity to the detected products NO3 (Sno2-%),
NHI (Snu4+%), No (Sn2%) or Br™(Sp.%) after 180 min reaction were
calculated for all the catalysts under study according to the following
equations [38]:

[NO5 i = INOZ 1, 0

o =0 @
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Sup = —— L0 @
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3. Results and discussion
3.1. Catalyst characterization

The morphological characterizations of the supports, performed by
SEM, are shown in Fig. 1. Both supports prepared by the sol-gel method
using NH4OH as precipitant, exhibited a porous and uniform surface.
The Zr/Ce atomic ratio on the 10ZrCe support was also determined by
the EDS semi-quantitative analysis. A good agreement between theo-
retical Zr/Ce atomic ratio (0.19) and the obtained value (0.20) was
found. This technique also allowed corroborating that the support con-
tains 10 % of Zr (Table 1).

Table 1 presents the textural properties of the prepared supports. The
specific surface area and the Ve of CeO2 and 10ZrCe supports are quite
similar, like the morphology of the surfaces, analyzed by SEM. Besides,
the addition of Zr noticeably decreases the pore diameter of CeOy which
suggests that Zr*" ions having smaller radius may agglomerate inside
ceria pores [24,39].

Fig. 2 shows the isotherms obtained for all the prepared supports. In
both cases, the isotherms were type IV, typical of mesoporous sample,
such as oxide gels, industrial adsorbents or mesoporous molecular
sieves. This type of isotherm indicates an initial monolayer-multilayer
adsorption on the mesopore walls, followed by pore condensation. For
pure ceria, the isotherm showed a hysteresis cycle type H2a, attributed
to pore-blocking/percolation, or to cavitation-induced evaporation. The
small step around P/Py = 0.45 could implied a cavitation process. On the
other hand, for 10ZrCe support, the presence of hysteresis observed is
assigned to capillary condensation. The hysteresis cycle is type H3,
corresponding to non-rigid aggregates of plate-like particles [40]. It was
found that the ZrO, addition improves the thermal stability of pure
ceria, since it slows down the growth process of crystallites, thus pre-
serving the specific surface [24].

From the obtained results, it can be inferred that the ceria-based
materials synthesized in this work have adequate textural characteris-
tics to be used as supports in the preparation of catalysts. The solids
obtained by the simple sol-gel method used in this work are mesoporous
and had a desirable specific surface which could favor that catalytic
reaction reactions take place at the catalyst surface.

FT-IR spectra analysis of the supports and catalysts prepared are
presented in Fig. 3. All FT-IR spectra show similar profiles. Relatively
intense bands are observed near 3500, 1600 and 700 cm™ L. The first two
correspond to (OH) stretching and deformation modes respectively, due
to the hydrogen bonds of residual water molecules. Those below 700
em ™! correspond to antisymmetric stretching modes of the Zr(Ce)-O
bonds. According to the literature, residual water and OH" groups can
be detected according to the preparation method and calcination tem-
peratures. At high frequencies (between 3400 and 2500 cm™ 1), bands
assigned to OH groups could also be observed. These bands are due to
the fact that the Ce*" is hydrolyzed with water or OH- molecules during
the synthesis process, to give [Ce(OH)x(H20)y] (4'X)+]. The number (x +
y) corresponds to the Ce coordination number. Also, a band at 3510
cm ! has been reported, assigned to a residual phase of cerium oxy-
hydroxide located within the pores [41,42].

The chemical properties and structural characteristics of Ce-Zr mixed
oxides are strongly dependent on their atomic composition. In this sense,
the XRD patterns of the supports and bimetallic catalysts are presented
in Fig. 4. All the diffraction patterns show peaks at 26 values of 28.5°,
33.1°, 47.5°, 56.3° and 59.1 corresponding to the reflections (111),
(200), (220) and (311) of the fluorite-type cubic crystal structure of
CeO5, (PDF card 81—0792). The addition of Zr to the CeO lattice did not
produce appreciable modifications in the XRD patterns, (comparison
between curves a) and b) indicating that a strong interaction at atomic/
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Fig. 1. SEM images of a) CeO,, and b) 10ZrCeO, support, both using 500X magnification.

Table 1
Textural properties and results of EDS for the prepared supports.

Catalyst Specific area (mz/g) Vipore (cm3/g) Dpore A) Theoretical Zr% Experimental Zr%® Theoretical Zr/Ce atomic ratio Experimental Zr/Ce atomic ratio®
CeO, 62 0.06 38 - - - -
10ZrCe 66 0.07 44 0.19 0.20 10 11
a: determined by EDS.
b
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Fig. 2. N adsorption/desorption isotherms at —196 °C for the prepared sup-
ports: a) CeO, and b) 10ZrCe.

molecular level between support and added species occurred with
highly dispersed surface metal species. This would be an evidence of the
Zr** incorporation in the CeO; lattice. [24,43].

No significant changes appeared in the patterns of the PdCu-
containing catalysts. This indicates a well dispersion of the metals on
the surface of the supports. Compared to CeOy mean crystals size
calculated for CeOy (7.0 nm), 10ZrCe (6.7 nm) and the PdCu/10ZrCe
(7.0 nm) samples, the little lower values found for the PdCu/CeO,
sample indicate that the interaction between surface species and CeO,
prevented coalescence of CeO, particles.

The Raman spectrum of the CeO, sample (Fig. 5A) exhibits a strong
peak at about 460 cm’l, attributed to the F»; mode of the fluorite-like
phase. This is in accordance with the XRD studies [44]. The weak
bands at about 250, 595, and 1175 em™! are due to second-order
transverse acoustic (2TA), defect-induced (D) mode, and second-order
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Fig. 3. FT-IR of the synthesized catalysts. a) CeOy; b) 10ZrCeOy; c) PdCu/
10ZrCe; d) PdCu/CeO..

longitudinal optical (2LO) mode, respectively [45,46]. The Fa; mode
is sensitive to grain size and to defects and/or distortion of the CeOy
structure. Specifically: i) the Fa; band broadens and becomes asym-
metric with a low frequency tail as the grain size decreases; ii) the
presence of defects appears with new features at about 225 and 580
em™!, which are related to lattice defects introduced into the CeO,
structure in order to maintain charge neutrality or to structure distortion
due to incorporation of equivalent cations differing in size.

Comparing the Raman spectra of the CeO, and 10ZrCe supports it is
apparent a slight shift to higher frequency and an increase of the tail in
the lower frequency side as well as of the bands at about 250, 595, and
1175 cm™ L. These variations can be attributed to the incorporation of
Zr**ions in the CeO, lattice: the difference in the ionic size of Ce**cation
(0.097 nm) and Zr** (0.084 nm) promotes the lattice deformation as
well as the presence of oxygen vacancies due to incorporation of Zr*+
ions. These results agree with the absence of zirconia reflections in the
XRD pattern.
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Fig. 4. XRD patterns of the CeO, —based catalysts. a) CeO,; b)10ZrCe; c)PdCu/
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Fig. 6 allows comparing the Raman spectra obtained for each support
with the addition of PdCu. Fig. 6A compares the pure CeO, support with
the PdCu/CeO; catalyst, and Fig. 6B compares 10ZrCe with PdCu/
10ZrCe catalyst. In both cases, the addition of the metal and the pro-
moter to the support causes an increase of the tail in the lower frequency
side due to a lowering of the Ce-O bond and an increase in intensity of
the bands at about 250, 595, and 1175 cm ™. The increase in intensity of
the band at about 595 cm ™}, which encloses contributions due to oxygen
vacancies and defects due to changes in cations coordination, shown by
the addition of PdCu to the CeO lattice can be attributed to the strong
interaction between the supported species and the support [44,47].

XPS analysis allowed determining the chemical composition of the
catalytic surface and the nature of interactions between the supported
metallic species and CeO,. The BE values obtained from curve fitting
procedures of the various regions are collected in Table 2.

Figure S1 illustrates the Ce3d, OI s and C1I s regions collected on
CeO,. The fraction of Ce>'species was calculated by the ratio Ce™3/
(Ce™3+Ce™) [48], that is the area of Ce*® signals to the total Ce3d
[Ce*3/(Ce*®+Ce™) signals, obtained by curve fitting procedures. This
value resulted 11 % of the total components.

The O1 s binding energy (BE) for CeO, normally can vary between
529.6 eV and 530.3 eV, corresponding to Ce*"— 0 and Ce3*- O bonds,
respectively. Surface OH groups are expected to contribute with a
component at a BE of 531.6 eV. The O1I s region (Figure S1A) was
resolved with a main component at 529.4 eV and two weaker peaks at
531.1 and 532.7 eV, ascribed to lattice oxygen (Ce-O bond), surface
oxygen species, and hydroxyl groups, respectively. The major peaks at
around 529.2 and 531.3 eV are characteristic of lattice oxygen (Ojatt)
and surface adsorbed oxygen (Ogy,), respectively [49]. It was demon-
strated previously in literature that the concentration of Ce™2 is related
to the level of oxygen vacancy [50]. The presence of Ce+3, Ce**and Olatt
indicates the presence of oxygen vacancies on the support.

Figure S2 shows the profiles and fitting for the 10ZrCe support. The
Ce3d profile (Figure S2C) was very similar to that recorded for pure
CeO, corresponding to Ce*™ species and Ce3" with Ce3ds,, main
component having BE of 882.8 eV (v) and 885.5 eV (v’), respectively.
The fraction of Ce3* species, calculated by ratio Ce3*/(Ce®* + Ce*h),
resulted slightly higher than 12 % in comparison with CeOy support.
This may indicate a higher formation of oxygen vacancies in the 10ZrCe
support, and it is in accordance with the Raman analysis. The O;5 peak
(Figure S2A) resulted as the convolution of components at 529.3, 530.5
and 532.1 eV. The components at 529.3 and 532.1 eV are in close
agreement with those of CeO,, whereas the component at 530.5 could
arise from oxygen contribution of surface ZrO5 [51]. Figures S2D and
S2E shows the XPS results for Zr3ds,, at 182.2 eV and Zr3p3z/2 at 332.8
eV. Both are in agreement with the values reported in the literature for

B) —— RICu10ZCe
— wmcsc:
£
c
£
/ |
r -~
s R sV I R s VI - M Vv R o

wavenumbers/cnt’

Fig. 6. Raman spectra of CeO, and PdCu/CeO, (A), and 10ZrCe and PdCu/10ZrCe (B).
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Table 2
BE values obtained by curve fitting of the most representative regions of the various elements.
Catalyst 01 s BE(eV) Ce3d BE(eV) Zr3ds,, BE(eV) Zr3ps,2 BE(eV) Pd3ds,, BE(eV)
CeO 529.4 Ce(IV): 882.6, 888.6, 898.5, 901.1, 907.4, 917.2; e e e
531.1 Ce(III): 885.5, 903.8
532.7
10ZrCe 529.6 Ce(IV): 882.8, 889.3, 898.7, 901.3, 907.5, 182.1 3329 —
530.5 917.1;
532.1 Ce(III): 885.5, 903.5
PdCu/CeO, 529.4 Ce(IV): 882.7, 888.8, 898.6, 901.3, 907.5, 917.1; _ — 337.9
530.5 Ce(II) 885.03, 903.4;
532.5
PdCu/10ZrO,Ce 529.5 Ce(IV): 882.6, 888.7, 898.7, 900.9, 906.6, 916.9. 182.2 3329 337.2
530.8 Ce(III): 881.1, 884.9, 897.5, 903.4
532.5
ZrOy [52]. Figure S4D, the overlapping of the Pd3d and Zr3p regions was resolved

For PdCu/CeO; catalyst, the XPS peaks of Ce3d, O1I s and Pd3d are
illustrated in Figure S3. The region corresponding to CuZp was not
recorded due to the low resolution of the XPS equipment employed. If
compared to CeO,, the addition of Pd and Cu species did not affect the
Ce3d profile (Figure S3B), both in the BE values and cedty (Ce3+ + Ce4+)
ratio. The curve fitting procedure gave Ce3ds,2 main component with BE
of 882.7 €V (v) and 885.0 eV (v’) corresponding to Ce*™ and Ce®*
species, respectively. The fraction of ce3t species, resulted 11 %, in full
agreement with the value determined for CeOs. For Pd, has the Pd3ds,2
peak at 336.6 eV with a doublet separation (Pd3ds,2-Pd3ds/2) of 5.31
eV. In the form of metal particles, the Pd3ds,, has a BE equal to 335.8 eV
[53-55]. The presence of Pd sites allows Hjy dissociation, and conse-
quently, the NO3 reduction. For the catalyst PdCu/CeOs, the Pd3ds,2
component (Figure S3C) displayed a BE value of 337.8 eV, 1.2 eV higher
than that recorded for PdO. This shift indicates the presence of PdO
species dispersed and interacting with the ceria surface [49,56]. The O1
s peak deconvolution resulted in three components at 529.3, 530.5 and
532.1 eV (Figure S3A). The components at 529.3 and 532.1 eV are in
close agreement with those of CeO,, whereas the component at 530.5 eV
could arise from oxygen contribution of surface PdO [53-55]. The
proximity of Pd° and PdO would favor the catalytic reduction of the
oxyanions, since Hj can be dissociated on the Pd° sites, which then are
oxidized to PdO [56].

In the case of PdCu/10ZrCe catalyst, the representative XPS regions
corresponding to Ce3d, O1 s, Zr3d and Zr3p+Pd3d are illustrated in
Figure S4. As explained before, the region corresponding to CuZp was
not recorded. In comparison to the 10ZrCe system, the addition of Pd
and Cu-species affected the Ce3d profile (Figure S4B), both in the BE
values and in the Ce®** / (Ce3++ Ce4+) ratio. The curve fitting procedure
gave for Ce3ds,2 a main component with BE of 882.7 eV (v) and related
peaks corresponding to Ce** and components with BE of 881.2 (u°) and
885.0 eV (v’) assigned to cedt species. The fraction of ce3t species,
resulted 27 %, indicative of an increase in the formation of this species.
The high value of the Ce>* fraction could be originated from the strong
interaction between surface species and support. The Ce>" content was
increased by loading Pd species. In this sense, the PdCu/10ZrCe surface
had more oxygen vacancies than PdCu/CeO,. The increase of Ce>*
content favors the catalytic activity, since allows a greater chemisorp-
tion of Hj on the catalytic surface, and consequently, a better oxyanions
removal. As the Cu2Zp region was not recorded, the effect of the CuO
addition cannot be ascertained.

The O1 s peak resulted as the convolution of components at 529.3,
530.5 and 532.1 eV (Figure S4A). The components at 529.3 and 532.1
eV are in close agreement with those of 10ZrCe, whereas the component
at 530.5 could arise from oxygen contribution of surface species such as
PdO and ZrO». The Zr3d;,, peak exhibited a BE of 182.2 eV (Figure S4C),
as for the unsupported ZrO; oxide. For Pd-containing compounds in the
presence of ZrO,, there is generally an overlapping between the Zr3p
and Pd3d regions; the Pd3ds,»-Pd3ds/2 energy splitting is 5.3 eV,
whereas that of the Zr3p doublet is 13.6 eV [56,57]. As shown in
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by curve fitting resulting in a Zr3p3,2 component having a BE of 332.8 eV
as for ZrO,, and Pd3ds,/, peak with BE of 337.8 eV due to PdO. The value
obtained for the supported Pd species is shifted by 1.2 eV with respect to
the value of bulk PdO but unchanged with respect to the value obtained
for the CeO3 support. The presence of Pd° would provide more sites for
H, dissociation, which makes the reaction to proceed more rapidly [56].

In the NOj3 reduction, it was demonstrated that the support plays a
key role. The electronic interaction between Pd particles and the support
has influence in the catalytic performance [58]. The XPS data obtained
in this work provide evidence that the Pd metal sites are present on both
prepared supports. Surface composition, expressed as atomic ratios,
yielded a Pd/Ce atomic ratio of 0.023 for PdCu/CeO>, and a Pd/(Zr +
Ce) atomic ratio equal to 0.017 for PdCu/10ZrCeO catalyst.

For the PdCu/CeO;, catalyst, according to sample composition (1%Pd
and 99 % CeO5), a bulk atomic ratio Pd/Ce equal to 0.016 was calcu-
lated; for the PdCu/10ZrCe [1%Pd /(10 % ZrOs+ 90 % CeO5)], a bulk
atomic ratio Pd/Ce + Zr equal to 0.015 was expected.

Comparing surface and bulk composition, the PdCu/CeOy sample
shows an enrichment of Pd surface species.

TPR results are presented in Fig. 7. In this figure, all the reduction
peaks appear at less than 650 °C, and can be attributed to surface Ce
species. According to the literature, ZrO,-CeO2 mixed oxides present
two representative reduction peaks at the TPR profile: the first one
located from 280 to 600 °C corresponds to the reduction of the outer
layers of Ce*" to Ce®*. A second peak from 650 to 850 °C can be assigned
to the reduction of the inner layer Ce** and also bulk oxygen. In the
10ZrCe support, the peak at 600 °C, is attributed to the reduction of
surface Ce species [22,59].

Intensity (a.u.)

T T T
400 600 800

Temperature (°C)

5 T
0 200

Fig. 7. TPR results for the prepared catalysts. a)CeO,; b)10ZrCe; c)PdCu/CeOs;
d)PdCu/10ZrCe.
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In the TPR profiles of the Pd catalysts, it is possible to distinguish a
large peak centred around 150 °C, assigned to the reduction of PdO to
Pd°. In the PdCu/10ZrCe catalyst, this peak also appeared, and is shifted
to lower temperatures [60,61]. When Zr is added to the ceria support, it
can be observed that the reduction temperature of the peak corre-
sponding to Pd, decreases. This is due to more oxygen vacancies are
generated by the Ce**/Ce3" pair, as observed in Raman analysis.

In the PdCu/CeO>, catalyst, a second peak extended around 200 °C is
observed. This peak corresponds to the reduction of CuO to Cu®, and is
absent in the catalyst PACu/10ZrCe. In this catalyst, the presence of Pd
and Ce3'/Ce*" favors the spillover of Hj, so the Cu oxides can be
reduced at lower temperature, in comparison to the necessary temper-
ature in a monometallic Cu catalyst (300—400 °C) [62,63]. For
PdCu/10ZrCe catalyst two Cu reduction steps are observed. A small
peak, which was extended between 300 and 400 °C, corresponds to the
reduction of CuO to Cu® and the reduction of copper oxides promoted by
the presence of the noble metal Pd are observed.

3.2. Catalytic activity

Some blank reactions, before the catalytic test, were performed. In
the first blank test, H, was bubbled in an aqueous solution containing
100 ppm NO3, 100 ppm NO3 or 50 ppm solution of BrO3 in the absence
of catalyst. The second test was performed under these same conditions
in the presence of the support. In both cases, it was found that NO3, NO3
and BrO3 removal were null.

The results of elimination of the oxyanions of interest (X%),
including the selectivity (S%) towards the different products and the
initial rate (Vo), employing the prepared catalyst, are presented in
Table 3. The elimination curves of the different oxyanions are presented
in Fig. 8.

The results in Table 3 indicate that the monometallic catalysts are
active in the elimination of the oxyanions and higher elimination was
achieved using bimetallic instead of monometallic catalysts. All the
PdCu-containing catalysts were active in the elimination of the oxy-
anions of interest. Contrary to what is reported in the literature, Pd
monometallic catalysts supported on cerium materials are active in the
elimination of NO3. When Al;O3 or SiO; are used as support, Pd cata-
lysts are inactive in NO3 elimination [64]. In the catalyst used in this
work, NO3 and NO; are mainly reduced to Ny and the presence of small
amounts of NH4 (an undesirable product) was observed, with selectivity
minor to 1% in almost every case. It was also observed that the NO3
elimination generates NO5 as intermediate, which disappears at the end
of the reaction. In the elimination of NO3- and NO,-, catalysts containing
only Cu exhibit a lower conversion compared to those containing Pd and
Cu. According to the generally accepted mechanism for this reaction, the
promoter metal (Cu, in this case) takes an oxygen atom from NO3 and in
a second step, the noble metal (Pd) dissociates the H, to atomic H, which
reduces the promoter metal, Cu. [52,65,66]. The presence of Pd
(corroborated by XPS) and Cu in zero valent state is necessary for a good
elimination of the oxyanions, both for the activation of the N—O0 bonds,
and for the hydrogen chemisorption and spillover [33]. The TPR results
also determined the interaction between Cu and Pd, since Cu could be

Table 3
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reduced at lower temperatures than usual. Furthermore, as seen by XPS,
CeOy is an oxide susceptible of being reduced, which can interact with
metal Pd, leading to electron transfer from the noble metal to CeO,,
favoring the oxyanion elimination. Both catalysts prepared in this work
exhibited great selectivities towards No: 98.71 % for PdCu/CeO, and
99.93 % for PdCu/10ZrCe. The catalyst PdCu/10ZrCe presented the
higher reaction rate, in comparison with PdCu/CeO,, as was shown in
Table 3. This difference is more notorious in the NO3 reduction.

In the same way for NO3 and NO; reduction, the generally accepted
mechanism for BrO3 reduction is their adsorption on the catalyst, fol-
lowed by dissociative Hy adsorption, and finally the reduction step [67,
68]. According to the results presented in Table 3 it can be observed that
BrO3 is reduced exclusively to Br- in all cases. Both PdCu-catalysts were
active in BrO3 removal, even more than those that only containing Pd o
Cu separately. The difference can be attributed to the Hy chemisorption
on metals. Considering the classification of bond, the Hy chemisorption
is weak for Cu, and moderate for Pd [67,69]. This would explain the
greater activity of Pd/CeO, and Pd/10ZrCe catalysts in comparison with
Cu/CeO3 and Cu/10ZrCe. The highest removal percentages were found
for PdCu-containing catalyst: 50 % y 75 % for PdCu/CeOy and
PdCu/10ZrCe, respectively. The presence of more oxygen vacancies in
the 10ZrCe support in comparison with the pure ceria, evidently im-
proves the catalytic performance. On the other hand, the initial reaction
rate is lower for BrO3 reduction, when compared to NO3 and NO3
reduction. The difference may be due to the strong dependence of BrO3
adsorption and reduction with pH. The redox potential of BrO3/Br~
decreases with increasing pH, and for high pH solution, the reducibility
of BrO3 would be inhibited [63,68,70].

In these catalysts, the noble metal, Pd, has the function of activate
the Hy, allowing the reduction of the different oxyanions™. During the
reduction process, the support is found in a reduced state (Ce*"). This
reduction of Ce** to Ce>* generates oxygen vacancies, first at the metal-
support interface, then progressively into the bulk. Thus, the reduction
of the anions can occur by the interaction of oxygen atoms of NO3, NO3
or BrO3 with the oxygen vacancies created on the support (Fig. 9).
Therefore, the oxygen vacancies that exist in the CeO, and 10ZrCe redox
supports, as well as their interaction with the Pd, as observed by XPS,
make the resulting system active in the oxyanions hydrogenation [71].
The high specific surface and well dispersion of the metal particles in the
surface of the supports also contributes to the catalytic performance.

The results shown in Table 3 reveal that PACu/10ZrCe catalyst has
the best catalytic performance. The elimination of NO3 and NO3 was
complete being more active in the elimination of BrO3 compared to
PdCu/CeO5 (75 % vs. 50 %). Besides, PACu/10ZrCe has the best selec-
tivity towards the products of interest Ny and Br~ (>99.9 % in every
case). This can be attributed to the addition of ZrO, to CeO, that in-
creases the oxygen vacancies of CeO, The vacancies would allow
increasing the interaction between the support and the oxyanions pre-
sent in water. This is due to the partial replacement of Ce** with Zr** in
the ceria structure, as was seen by XRD, XPS and Raman spectroscopy.

The PdCu/10ZrCe catalyst was also evaluated using groundwater
extracted from the Puelche Aquifer in order this catalyst has a practical
application (Fig. 8). The Puelche Aquifer has low salinity

Elimination of NO3, NO; y BrO3, oxyanion initial conversion rate values, and product selectivities using the prepared catalysts (atmospheric pressure, 180 min).

NO; elimination

NOj3 elimination

BrOj elimination

Catalyst
Vo* %XNo2- Y0SNH4+ %0SN2 Vo* %XNo3- %SNo2- %SNHa+ %SN2 Vo* %Xpro3- %Sg;-

Cu/Ce0, - - - - - - - - - - 5 100
Pd/CeO, 65 0.09 99.91 12 1.8 0.08 98.14 23 100
PdCu/CeO, 3.3 100 0.05 99.65 3.2 100 1.2 0.09 98.71 0.40 50 100
Cu/10ZrCe - - - - - - - - - 21 100
Pd/10ZrCe 81 1.4 98.6 25 0.5 0.03 99.2 36 100
PdCu/10ZrCe 5 100 0.06 99.94 5.6 100 - 0.07 99.93 0.93 75 100

" Initial rate at 15 min V,: NO3 consupmtion (ppm)/min.
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Fig. 8. Oxyanions concentration versus time for (A) NOz, (B) NO3, and (C) BrO3 in distilled and groundwater.
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Fig. 9. NO3, NO; y BrOj3 reduction, over the PdCu/10ZrCe surface.

(approximately 585 mg/L), being sodium bicarbonate the most abun-
dant anion present and Its potability is only affected by the NO3 content,
especially in urbanized areas [2,10]. Although the PdCu/10ZrCe cata-
lyst was active in the elimination of all the studied anions studied (%
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Xno3- = 60 %, Xno2- = 70 %, Xpro3- = 27 %), a slowdown during the
reaction was observed. This is probably due to the masking of the active
phase by the different ions present in the real water samples, especially
due to the abundant presence of bicarbonate ions present. It is
well-established that bicarbonate ions present similar chemical prop-
erties to NOg3, and thus it can be expected that both anions would be
adsorbed on the same catalytic sites. The selectivities in this water
sample to the products of interest were >98 % for Ny in the NOzand NO3
elimination and 100 % for BrO3 removal.

4. Conclusions

PdCu catalysts were prepared on supports based on pure CeO, and
also adding ZrO,. These supports were synthesized by a simple sol-gel
method using NH4OH as the precipitating agent. This method allowed
obtaining mesoporous materials containing oxygen vacancies. The
addition of Zr** ions in the CeOy, lattice increases the oxygen vacancies
on the 10ZrCe support.

The prepared catalysts were active in the elimination of the anions
NO3, NO3 and BrOgz, with high conversion and selectivity percentages
towards the products of interest (Br~ and N3). The PdCu/10ZrCe catalyst
was the most active and selective, demonstrating the high promoter
effect of the CeO-ZrO, support on the reaction studied. In the catalyst
reduction with Hy, Ce** is reduced to Ce®*, generating oxygen vacancies
at the metal-support interface. The reduction occurs by interaction of
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their oxygen atoms with these oxygen-vacant sites generated. In the
PdCu/10ZrCe catalyst, it is observed that not only does the reduction
capacity increase even more compared to the same catalyst supported on
pure CeO,, but also the selectivity. The addition of Zr on the ceria en-
hances the ability of the last support to activate NO3 and reduce them to
No.
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