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a  b  s  t  r  a  c  t

Monometallic  Pd  and  bimetallic  Pd–Cu  catalysts  supported  on  alumina,  zirconia  and  ZrO2–Al2O3 mixed
oxides  of different  composition  were  prepared  and  evaluated  in the  catalytic  denitrification  of  water.
The  supports  were  characterized  by X-ray  diffraction  (XRD),  scanning  electron  microscopy  with  energy
dispersive  X-ray  (SEM/EDX),  NH3-adsorption  thermogravimetry  and  specific  surface  areas  measured  by
the  BET  method.  XRD  studies  showed  that the predominant  phase  in  the  ZrO2-modified  Al2O3 supports
eywords:
itrate
itrite
ater denitrification

dCu catalysts
irconia

is  the metastable  tetragonal  phase  (57%)  of  zirconia.  SEM/EDX  results  indicated  that  ZrO2 crystals  are
distributed  homogeneously  on the  supports.  Temperature-programmed  reduction  (TPR)  experiments
carried  out on  bimetallic  PdCu  catalysts  showed  that Pd is well  dispersed  on  the  modified  supports  and
that  there  is  a strong  interaction  between  both  metals.  The  modification  of  Al2O3 by  the addition  of  ZrO2

not  only  improved  the  activity  but also  the  selectivity  to N2 of  the  PdCu  catalysts.
© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays, groundwater used for human consumption is
ontaminated with NO3

− concentrations well above the maxi-
um  level allowed by the U.S. Environmental Protection Agency

10 ppm) [1]. Nitrate excess in water is mainly caused by fertilizers
nd waste effluents from certain industries.

The consumption of water with excess NO3
− seriously affects

uman health mainly because it is reduced to NO2
− in the human

ody. NO2
− is combined with hemoglobin, which favors methe-

oglobinemia especially in children under six months who  may
uffer from the so-called “blue baby syndrome” that in many cases
eads to death [2]. Moreover, NO2

−could be converted into carcino-
enic nitrosamine.

The reduction and elimination of NO3
− from aqueous solutions

sing hydrogen over a solid catalyst is one of the most promising
echnologies. Most catalysts for nitrate reduction are composed of

 noble metal and a promoter. The great majority of the bimetallic

atalytic systems used in the denitrification of water are composed
f noble metals such as Pd, Pt, Ru, Rh, or Ir and promoted by Cu, Sn,
g, or In [3–5].

∗ Corresponding author. Tel.: +54 2214210711.
E-mail addresses: casella@quimica.unlp.edu.ar,

onicalauracasella30@gmail.com (M.L. Casella).

ttp://dx.doi.org/10.1016/j.apcatb.2014.02.048
926-3373/© 2014 Elsevier B.V. All rights reserved.
It is well-known that the performance of catalysts depends on
the nature and structure of the active phase and the chemical and
textural characteristics of the support. Different solids have been
employed as supports in catalysts for the denitrification of water:
alumina [6–8], zirconia, titania [9,10], activated carbon [11,12],
SnO2 [13], ceria [14], SiO2 [15] and Mg/Al layered double hydroxide
[16], and it has been demonstrated that different supports signif-
icantly affect the catalytic activity and selectivity of the process.
Recently, Soares et al. reported a very complete study in which they
used different materials as support, showing the remarkable effect
they had on the performance of PdCu catalysts [17].

In the case of inert supports such as SiO2 or Al2O3, one of
the most widely accepted mechanisms for the reduction of NO3

−

involves its reduction to intermediate nitrite or directly to nitrogen
gas or ammonium ion [6,18]. Since Vorlop et al. [19] published in
1989 the first study using solid catalysts for the removal of NO3

−

to date, bimetallic PdCu systems have been the most successful
in terms of activity. According to the most accepted explanation,
in these catalysts, bimetallic sites allow the reduction of NO3

− to
NO2

−, which is then reduced to N2 or over-reduced to NH4
+ on

monometallic Pd sites [20,21].
Zirconia has been used as support for catalysts and has received
considerable attention due to a special combination of surface
properties. It possesses chemical properties that may  be of impor-
tance in the behavior of catalytic systems, namely acidity or
basicity, as well as in their reducing and oxidizing ability [22,23].

dx.doi.org/10.1016/j.apcatb.2014.02.048
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Table  1
Nomenclature, textural properties and acidity of the prepared supports.

Nomenclature Composition SBET (m2 g−1) Vp (cm3 g−1)b Dp (nm)a Acidity (�mol  NH3 m−2)

Zf ZrO2 (as prepared) 309 0.18 2.4 n.d.
Z  ZrO2 (calcined at 600 ◦C) 73 0.10 5.4 0.80
A  Al2O3 (calcined at 600 ◦C) 190 0.47 10.1 1.47
ZA-5  5 wt.%ZrO2/Al2O3 184 0.47 10.2 1.47
ZA-10 10 wt.%ZrO2/Al2O3 179 0.44 10.1 2.18
ZA-15 15 wt.%ZrO /Al O 175 0.46 9.9 3.40
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diffraction (XRD) performed on a Philips PW 1050/70 diffractome-
ter using Cu K� radiation (� = 0.154 nm). XRD data were recorded
in the range of 2� = 5◦–70◦ at a scanning speed of 2◦ min−1. The

Table 2
Nomenclature and chemical composition of Pd and PdCu studied catalysts.

Nomenclature Pd (wt.%) Cu (wt.%) Support

Pd/�-Al2O3 1.0 – Commercial�-Al2O3

PdCu0.5/�-Al2O3 1.0 0.3 Commercial�-Al2O3

PdCu1/�-Al2O3 1.0 0.6 Commercial�-Al2O3

Pd/A 1.0 – Al2O3 (calcined at 600 ◦C)
Pd/Z 1.0 – ZrO2 (calcined at 600 ◦C)
Pd/ZA-5 1.0 – 5 wt.% ZrO2/Al2O3

Pd/ZA-10 1.0 – 10 wt.% ZrO2/Al2O3

Pd/ZA-15 1.0 – 15 wt.% ZrO2/Al2O3

PdCu/A 1.0 0.3 Al O (calcined at 600 ◦C)
2 2 3

a Dp (pore diameter) was  estimated from BJH desorption determination.
b Vp (pore volume) was  estimated from the pore volume determined using the ad

ith Pd as the active phase, ZrO2 has been used in various oxidation
eactions, such as the oxidation of CH4 [24] and toluene [25]. In the
ase of a reduction reaction such as water denitrification, the use
f zirconia as a slightly conventional support is interesting to study
ecause of its capability to improve the performance of supported
ransition metals in hydrogenation reactions.

Despite its beneficial influence on the catalytic activity, the zir-
onia support has a low surface area. For that reason, this solid is
ften deposited on high surface area oxides, such as alumina or sil-
ca, in order to prepare ZrO2 supports with greater area [26–28].
irconium oxide dispersed on alumina and silica is an attractive
ew class of supports, combining the unique chemical properties
f ZrO2 with the high surface area and the mechanical stability of
lumina or silica supports [29]. It is possible to adjust the textu-
al properties of ZrO2–Al2O3 mixed oxides by changing the ratio of
he two oxides during the preparation procedure to thereby design
atalysts that are more selective [22].

The objectives of the present study were to develop monometal-
ic Pd and bimetallic Pd–Cu catalysts supported on different oxides
nd to evaluate their activity and selectivity toward the catalytic
enitrification of water. Alumina, zirconia and ZrO2–Al2O3 mixed
xides of different composition were used as supports, employ-
ng a sol–gel procedure to prepare the ZrO2-containing solids.
hese supports were characterized by X-ray diffraction (XRD), scan-
ing electron microscopy with energy dispersive X-ray (SEM/EDX),
H3-adsorption thermogravimetry and specific surface areas mea-

ured by the BET method. Besides, the reducibility of the mono-
nd bimetallic catalysts was studied by temperature-programmed
eduction (TPR) experiments.

. Experimental

.1. Support preparation

.1.1. ZrO2 preparation
The precursor salt, ZrOCl2·8H2O (Fluka), was dissolved in dis-

illed water. Aqueous ammonia was added until the pH of the
olution reached a value of 10 and the formation of the gel was
bserved. The mixture was aged for 8 days at room temperature.
he obtained precipitate was washed with distilled water until free
rom chloride ions (determined by AgNO3), filtered and dried at
05 ◦C for 24 h. The hydrous zirconia was calcined at 600 ◦C for 2 h.
he following equation represents the zirconia preparation:

rOCl2·6H2O + OH− → ZrO2 + 2Cl− + H+ + 6H2O

.1.2. ZrO2–Al2O3 preparation
Zirconia particles were grown onto the �-Al2O3 support (Air

roducts, surface area 190 m2 g−1; pore volume 0.50 m3 g−1) by
dding a ZrOCl2·6H2O solution onto �-Al2O3 in an appropriate con-

entration so as to obtain 5, 10 and 15 wt.% ZrO2 on Al2O3. In a
ypical procedure, the alumina support was suspended in deion-
zed water under vigorous stirring. The appropriate amount of
rOCl2·6H2O was dissolved into the resultant mixture and aqueous
ion branch of the nitrogen isotherm curve at P/P0 = 0.98 single point.

ammonia was added dropwise until pH = 10. After aging the solids
for 8 days, they were washed until no chloride ion could be detected
with AgNO3 solution in the filtrate. The materials obtained were
dried at 105 ◦C and finally calcined at 600 ◦C for 2 h. These supports
are designated ZA-x, where “x” indicates the ZrO2 content.

Both the as-received commercial �-Al2O3 and the �-Al2O3 cal-
cined at 600 ◦C (A) for 2 h were used for comparison purposes. The
nomenclature of the supports is described in Table 1.

2.2. Catalyst preparation

The monometallic catalysts were prepared by impregnation
using an aqueous solution of H2PdCl4 prepared from PdCl2
(Sigma–Aldrich) in HCl (pH = 1) in order to obtain a catalyst contain-
ing 1 wt.% of palladium. The support was suspended in the aqueous
solution containing the palladium salt for 24 h at room tempera-
ture. Then, the solids were dried at 105 ◦C and calcined at 400 ◦C
for 2 h. To prepare the bimetallic catalysts, a certain amount of the
monometallic catalyst was  added to a solution of copper nitrate
(Cu(NO3)2, Merck) of the appropriate concentration. This mixture
was stirred for 2 h before drying at 105 ◦C and calcined at 400 ◦C
(2 h). The catalysts are designated Pd/support or PdCu/support (see
Table 2).

2.3. Characterization of supports and catalysts

The textural properties of the supports (specific sur-
face area, SBET, and pore volume) were measured by N2
adsorption–desorption at −196 ◦C using a Micromeritics Accusorb
2100E apparatus. The SBET was calculated by the BET equation and
the pore volume (Vp) was estimated using the adsorption branch
of the nitrogen isotherm curve at P/P0 = 0.98 single point. The
textural properties of the supports are listed in Table 1.

The structural characterization was  completed by X-ray powder
2 3

PdCu/Z 1.0 0.3 ZrO2 (calcined at 600 ◦C)
PdCu/ZA-5 1.0 0.3 5 wt.% ZrO2/Al2O3

PdCu/ZA-10 1.0 0.3 10 wt.% ZrO2/Al2O3

PdCu/ZA-15 1.0 0.3 15 wt.% ZrO2/Al2O3
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ractions of the monoclinic and tetragonal phases of zirconia were
alculated with the following equation [30]:

m = Im(1̄ 1 1) + Im(1 1 1)

Im(1̄ 1 1) + Im(1 1 1) + It(1 0 1)
(1)

here Im(1̄ 1 1) and Im(1 1 1) are the line intensities of the (1̄ 1 1) (at
� = 28.2◦) and (1 1 1) (at 2� = 31.5◦) peaks for the monoclinic phase
m-ZrO2) and It (1 0 1) is the intensity of the (1 0 1) (at 2� = 30.2◦)
eak for the tetragonal phase (t-ZrO2) of zirconium oxide. The aver-
ge metal cluster size was determined through XRD line broadening
nalysis by using Scherrer equation [31]:

 = 0.9�

 ̌ cos(�)
(2)

here � is the crystal size, � is the wavelength of the Cu K� radia-
ion,  ̌ is the full width half maximum of the respective peak, and

 is the Bragg diffraction angle.
The total acidity of the prepared supports was studied by

dsorption of ammonia using a thermobalance (Shimadzu TGA
0). In a typical procedure, the sample was dried in a He flow
30 mL  min−1) by heating from room temperature up to 500 ◦C at a
ate of 10 ◦C min−1 to remove adsorbed water and other volatiles.
hen, the sample was cooled in a He flow to 70 ◦C. At that temper-
ture, the catalyst was exposed to an NH3–He mixture (5 vol.%) at
0 mL  min−1 flow for the adsorption of the base, until a constant
eight was obtained.

SEM/EDX measurements were carried out using a FEI Quanta
00 scanning electron microscope equipped with an energy dis-
ersive X-ray spectroscopy facility (EDX SDD Apollo 40). In order
o draw conclusions about the distribution of the components in
he samples, Backscattered Electrons (BSE) images were taken.

Temperature-programmed reduction (TPR) experiments were
arried out in a conventional flow system built in our laboratory.
he reactive gas stream (5% H2 balanced with Ar) was flowed at
5 mL  min−1 over 50 mg  of sample, and the temperature was raised
rom room temperature to 800 ◦C at 10 ◦C min−1. Hydrogen uptake
uring the reduction was analyzed on-line by a Shimadzu GC-8A
as chromatograph with a thermal conductivity detector (TCD).

CO adsorption on mono- and bimetallic catalysts was stud-
ed by means of FTIR spectroscopy using a Bruker EXINOX 55
quipment. Spectra were recorded at ambient temperature in the
000–400 cm−1 range and the samples were prepared in form of
afers with KBr. The standard sample pretreatment consisted of

 reduction in a 20 mL  min−1 flow of H2 at 500 ◦C for 1 h. After
hat, the samples were cooled in H2 to room temperature and then
ushed with Ar. With the aim of collecting a reference spectrum, a
ortion of the catalyst was separated, and the rest was exposed to

 flow of 10 vol.% CO in He for 30 min  at room temperature. Then,
he spectrum was collected.

.4. Catalytic test

The catalytic reduction of nitrates or nitrites was  carried out in a
00 mL  glass semi-batch reactor equipped with a magnetic stirrer.
n a typical run, 100 mL  of a solution containing either 100 ppm of
O3

− (precursor salt: NaNO3) or 100 ppm of NO2
− (precursor salt:

aNO2) was placed in the reactor. This solution was degassed with
2. The reaction started when 200 mg  of the catalyst, previously

educed under a H2 flow at 500 ◦C, was loaded in the reactor. The
xperiment was carried out at atmospheric pressure, at a tempera-
ure of 25 ◦C and with a H2 flow of 400 mL  min−1. A typical catalytic
un was completed after 3 h. To monitor the reaction progress,
 mL  samples were taken periodically. The samples were filtered
nd then analyzed in an ion chromatograph (Metrohm 790 Per-
onal IC) to determine NO3

− and NO2
− concentration. A solution of

aHCO3 1.0 mM and Na2CO3 3.2 mM was used as the mobile phase,
vironmental 156–157 (2014) 53–61 55

the flow rate was set at 7 mL  min−1. Ammonium ions were deter-
mined by UV–vis spectrophotometry (UV-Vis Thermo Spectronic
Helios Gamma), following a modified Berthelot method [32]. The
pH value for each sample was also measured.

3. Results and discussion

3.1. Catalyst characterization

Fig. 1(a)–(f) shows the N2 adsorption–desorption isotherm at
−196 ◦C for each one of the supports used in this work. For all the
studied supports, uncalcined ZrO2 (Fig. 1(a)), Z (Fig. 1(b)) and A
(Fig. 1(c)) supports, as well as for the alumina-supported zirco-
nia solids ZA-5, ZA-10 and ZA-15 (all of them calcined at 600 ◦C),
the same type of isotherm was  obtained, corresponding to a type
IV isotherm according to the IUPAC classification, characteristic of
mesoporous solids [33]. The presence of a hysteresis loop in these
isotherms is associated with the mechanism of filling and emptying
of the pores, which have an ink bottle shape, or with the occur-
rence of a percolation process due to the effects of interconnection
in the pore network. As shown in Fig. 1(d)–(f), the isotherms of the
alumina-supported zirconia supports ZA-5, ZA-10 and ZA-15 are
identical to the one corresponding to A support (Fig. 1(c)), indi-
cating that the surface characteristics of these supports are quite
similar.

Table 1 lists the results of the surface areas of the supports cal-
culated employing the method of Brunauer–Emmett–Teller (SBET).
The pore volume and average pore diameter values were obtained
using the adsorption branch of the isotherms and are also gath-
ered in Table 1. It can be observed that there is a huge difference
between the surface area of the as-prepared and calcined zirconia
(Z). Thus, the surface area of the as-prepared zirconia support is
309 m2 g−1, whereas the Z support has a SBET of 73 m2 g−1 that is
more than four times lower. The calcination at 600 ◦C leads to the
collapse of part of the porous structure giving this lower area. The
specific surface area of the Z support is quite similar (70 m2 g−1) to
the area obtained by Labaki et al. [34] who  prepared ZrO2 under
similar conditions to those used in the present work. From Table 1,
it can also be seen that the calcination of ZrO2 to obtain the Z sup-
port caused a reduction in the surface area, but an increase in the
average pore diameters. This phenomenon might be derived from a
change in the morphology of the support, which could have formed
interpores between the particles.

The deposit of ZrO2 on alumina results in a decrease of the spe-
cific surface area of the latter, most probably by pore blocking. This
decrease is proportional to the amount of ZrO2 added. The high sur-
face area of the alumina allows ZrO2 to be dispersed, creating mixed
supports with a significant BET area (184, 179 and 175 m2 g−1 for
ZA-5, ZA-10 and ZA-15 samples, respectively (Table 1)).

SEM/EDX analysis was performed to investigate the morpholog-
ical characteristics of A, Z, ZA-5, ZA-10 and ZA-15 supports (Fig. 2).
Fig. 2(a) shows a platy shape surface that corresponds to ZrO2
according to the EDX analysis. Fig. 2(b) depicts the alumina support
presenting its characteristic porous structure. In the three ZA sup-
ports it is possible to distinguish separate and individual granules
(appearing as bright spots in the micrographs in Fig. 2(c)–(e) due
to the use of BSE detection) corresponding to ZrO2 that has been
deposited on Al2O3, as is demonstrated by EDX technique. These
crystals are distributed homogeneously on the supports indicating
a suitable method of preparation and an effective deposit of zir-
conia on alumina. It can also be seen that ZA supports follow the

morphological properties of the mother material.

In order to analyze the structure of pure zirconia and whether
this structure is preserved when it is supported on alumina, all the
supports were characterized by X-ray diffraction (XRD). According
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Fig. 1. N2 adsorption/desorption isotherms at −196 ◦C for the prepared oxide supports: (a) uncalcined ZrO2, (b) ZrO2calcined at 600 ◦C (Z), (c) commercial alumina calcined
at  600 ◦C (A), (d) ZA-5, (e) ZA-10, (f) ZA-15.
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Fig. 2. SEM photographs of Z (a), A (b)

o literature data, zirconia is amorphous when the calcination
emperature is maintained below 300 ◦C. Crystallization occurs
hen this material is calcined between 300 ◦C and 550 ◦C. In this

ase, the resulting sample is a mixture of phases corresponding

o metastable tetragonal and monoclinic structures [35]. An
ncrease of the calcination temperature leads to the coarsening of
he crystallites. The thermodynamically stable monoclinic phase
redominates after calcination up to 1200 ◦C.
 (c), ZA-10 (d) and ZA-15 (e) supports.

Fig. 3 shows the XRD diagram of the Z support. This diagram is
similar to that found by Mekhemer et al. [36] who  calcined ZrO2 at
600 ◦C. In this diagram it is possible to observe the typical diffrac-
tion lines of tetragonal metastable structure (2�  = 30.5◦, 50.7◦
and 35.2◦) and the diffraction lines characteristic of monoclinic
zirconia (2�  = 28.2◦, 31.5◦ and 34.5◦). The predominant phase is
the metastable tetragonal phase, whose main line is situated at
30.5◦, corresponding to the (1 1 1) plane. Using Eq. (1) it can be
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ig. 3. XRD patterns of Z, A, ZA-5 and ZA-15 supports. (�) Tetragonal metastable
nd (♦) monoclinic phases.

stablished that the zirconia prepared in this work is a mixture of
3% monoclinic zirconia and 57% metastable tetragonal zirconia.
he stabilization of this metastable tetragonal phase is important
rom the catalytic point of view, especially in what concerns its
cidic catalytic properties [37].

During the calcination process, the amorphous ZrO2·nH2O crys-
allites have different polymorphisms depending on the nature of
he host ions. For that reason, it is possible that during the washing
rocess of the hydrogel, the ammonium ions were not completely
emoved and could probably be oxidized to nitrate ions during cal-
inations. This leads to the formation of a metastable tetragonal
hase [38]. Other authors have found that the presence of oxoan-

ons (CO3
=, SO4

=, OH−) increases the stability of the tetragonal
hase of zirconia. This may  explain the prevailing presence of this
hase in our experiments.

For the �-Al2O3 support the structure obtained can be assigned
o the hexagonal phase of alumina with a low degree of crystallinity
s was proposed by Klimova et al. [26]. The ZA-5 support is almost
morphous, the characteristic peaks are observed neither for the
etragonal nor for the monoclinic phases. When the pattern of ZA-
5 is analyzed, it is evident that the crystal structure corresponds
o the metastable tetragonal phase, although only the more intense
ines at 2� = 30.5 and 50.7◦ are observed (Fig. 3).

The crystallite sizes of the metastable tetragonal phase on Z and
A-15 supports estimated from XRD using Eq. (2) have been calcu-
ated. The value for pure zirconia (Z) is 23.5 nm,  whereas when 15%
f ZrO2 is deposited on alumina this value decreases to 17.6 nm.  This
esult, which can be attributed to the good dispersion achieved, is
onsistent with those obtained from the morphological studies of
he supports.

The results of the acidity measurements evaluated by NH3-
dsorption thermogravimetry are presented in Table 1. From
heir analysis, it appears that the amount of adsorbed ammonia
expressed as �mol  NH3 m−2) increases with a higher percentage
f zirconia in the mixed ZrO2–Al2O3 supports. Thus, the support
hat showed the highest NH3-adsorption, ZA-15 with a value of
.40 �mol  NH3 m−2, is the same one in which the presence of the
etastable tetragonal zirconia phase was detected by XRD.
Fig. 4 shows the temperature-programmed reduction (TPR) pro-

les for the Pd/Z, Pd/ZA-15, PdCu/Z and PdCu/ZA-15 catalysts. The
iagrams of Pd/Z, Pd/ZA-15 and PdCu/Z show the presence of a
egative peak centered around 85 ◦C. This peak was studied exten-
ively in the literature for Pd-based catalysts and is indicative of a
elease of H2, attributed to the decomposition of �-hydride palla-
ium (HxPd) formed at room temperature [39–41]. In the case of the

PR profile of the Pd/ZA-15 catalyst, the intensity of the negative
eak at 85 ◦C is strongly reduced, indicating a greater interaction of
d with the modified support, thus inhibiting the reduction of PdO
t low temperatures. Pd/ZA-15 catalyst also present a small and
Fig. 4. TPR profiles for Pd/Z, PdCu/Z, Pd/ZA-15 and PdCu/ZA-15 catalysts.

broad peak between 100 and 200 ◦C in their TPR diagrams, assigned
to the reduction of Pd (PdO to Pd◦) in accordance with the literature
[8].

For the bimetallic PdCu/Z and PdCu/ZA-15 catalysts the TPR
profiles are quite different. For the first system, it is possible
to distinguish three different peaks: the first peak, around 85 ◦C
that, as already mentioned, corresponds to the decomposition of
Pd �-hydride. In relation to the second peak, which is centered
around 130 ◦C, in the literature there are different opinions about
which species could be responsible for its existence: some authors
assigned it to the reduction of PdO to Pd0, while other authors
assigned it to the reduction of different PdCu species, especially
when catalysts are prepared by a catalytic reduction procedure
[42,43]. The third peak, which extends between 300 and 400 ◦C,
corresponds to the reduction of CuO to Cu0 [44]. For the PdCu/ZA-
15 catalyst, the negative peak is not observed. This catalyst also
shows a broad reduction peak between 60 and 200 ◦C that can
be assigned to the reduction of copper oxides promoted by the
presence of the noble metal. As was  published by Mendez et al.
[41] when studying the reduction of a PdCu/�-Al2O3 catalyst, the
absence of the negative peak could be due to the presence of a wide
positive peak (between 60 and 150 ◦C) masking any signal corre-
sponding to the evolution of hydrogen from the decomposition of
the hydride phase. These authors stated that it was also possible
that the presence of copper within the palladium crystals could
inhibit the formation of palladium hydride.

To verify the interaction between palladium and copper species,
a series of experiments of CO adsorption followed by FTIR analysis
were conducted on Pd/ZA-15 and PdCu/ZA-15 catalysts. The spec-
tra of CO adsorbed on these samples are shown in Fig. 5, for the
range between 2250 and 1850 cm−1. Samples without CO adsorbed
were taken as reference (Fig. 5, spectra a and c). The band with the
maximum around 2060 cm−1 (Fig. 5, spectra b and d) is assigned
to the presence of CO linearly adsorbed on Pd(0) sites, indicating
that the Pd is fully reduced in both catalysts. None of the two  sam-
ples showed the presence of the band corresponding to bridged CO
bonded to Pd (Pd CO Pd) at 2020–1800 cm−1 [32], which indi-
cates the high dispersion of Pd in both catalysts analyzed. The
presence of Cu leads to a decrease in the intensity of linear CO
adsorption signal, which is assigned to a decrease of the ability of
Pd to adsorb CO caused by Cu.

3.2. Catalytic activity and influence of the copper content
Pd/�-Al2O3, PdCu0.5/�-Al2O3 and PdCu1.0/�-Al2O3 catalysts
were evaluated in the catalytic reduction of NO3

−. The results are
depicted in Fig. 6, which represents the NO3

− concentration decay
as a function of time. As has already been mentioned extensively
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Fig. 5. FTIR spectra of reduced catalysts: (a) Pd/ZA-15, (b) Pd/ZA-15 with CO
adsorbed, (c) PdCu/ZA-15, (d) PdCu/ZA-15 with CO adsorbed.
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NO3
−, a blank test for each of the supports in the absence of the

metallic phase was  carried out. The results indicated that the sup-
ports were inert for the NO3

− reduction. It is well known that when
using inert supports such as SiO2 or Al2O3, NO3

− ion cannot be

Table 3
Nitrate and nitrite conversions (X%) determined after 180 min reaction over
monometallic catalysts.

Catalyst X(%) NO3
− X(%) NO2

−

Pd/A 0 13
ig. 6. Nitrate decay (solid lines and symbols) and nitrite formation (dotted lines and
pen symbols) for �-Al2O3-supported Pd y PdCu catalysts: (�) monometallic Pd/�-
l2O3 catalyst, (�,�) PdCu0.5/�-Al2O3 catalyst and (�,�) PdCu1.0/�-Al2O3 catalyst.

n the literature [3,44], the Pd/�-Al2O3 catalyst is not active in the
eduction of NO3

−. The bimetallic systems, on the other hand, are
ctive in the reduction of NO3

− and their reducing capability is
learly dependent on the copper content. Similar to previously pub-
ished results for PtSn catalysts [5], the highest activity is achieved

ith the lowest promoter content (PdCu0.5/�-Al2O3 catalyst). For
he catalyst with the highest content of copper NO2

− formation
as detected during the course of the reaction, whereas for the
dCu0.5/�-Al2O3 catalyst, although NO2
− was also generated in the

rst part of the reaction, it starts to disappear after 40 min, showing
he intermediate character of this ion. As regards the generation
f NH4

+ ion, its concentration was determined at the end of the
Fig. 7. Nitrite concentration (ppm) in water vs. time (min) over Pd/�-Al2O3 (�),
PdCu0.5/�-Al2O3 (�) and PdCu1.0/�-Al2O3 (�) catalysts.

hydrogenation reaction for both bimetallic catalysts, obtaining val-
ues of 3 ppm and 7 ppm for PdCu1/�-Al2O3 and PdCu0.5/�-Al2O3,
respectively.

The three gamma  alumina-supported catalysts, both the
monometallic and the bimetallics were active in the removal of
NO2

− (Fig. 7), the monometallic being the most active. Contrary to
what happens in the reduction of nitrate, nitrite reduction proceeds
rapidly over the monometallic catalyst, in agreement with what is
reported in the literature [9].

From the results found in this section, it can be concluded that
the bimetallic PdCu0.5/�-Al2O3 catalyst is better than the PdCu1/�-
Al2O3 one in terms of activity and, therefore, a Pd/Cu = 0.5 ratio will
be used for the rest of the tests performed in this work.

3.3. Catalytic activity and influence of the support

To analyze the influence of the support, the conversion of NO3
−

was examined using both monometallic Pd catalysts and bimetallic
PdCu0.5 catalysts supported on all the prepared supports (A, Z, ZA-
5, ZA-10 and ZA-15).

Table 3 details the conversion values after 180 min  of reaction
for the reduction of NO3

− and NO2
− anions using monometallic

Pd/A, Pd/Z, Pd/ZA-5, Pd/ZA-10 and Pd/ZA-15 catalysts. These con-
version values (X%) were calculated using the following equation:

X% = Ci − Cf

Ci
× 100 (3)

where Ci is the initial concentration of either NO3
− or NO2

−, and Cf
is the final concentration of the same ion after 180 min  of reaction.

All the monometallic catalysts supported on ZrO2 and ZrO2-
modified Al2O3 (Pd/Z, Pd/ZA-5, Pd/ZA-10 and Pd/ZA-15) were active
in the reduction of NO3

−. In order to exclude any influence of the
support on the activity of the catalysts toward the reduction of
Pd/Z 28 33
Pd/ZA-5 17 21
Pd/ZA-10 12 18.5
Pd/ZA-15 8 17
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Fig. 8. Nitrate concentration (ppm) in water vs. time (min) for nitrate reduction
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Fig. 9. Nitrate (ppm) consumption, nitrite (ppm) and ammonia (ppm) production
ver  PdCu catalysts supported on A, Z, ZA-5, ZA-10 and ZA-15. Temperature 25 ◦C,
00 mL min−1 H2 flow, 200 mg  of catalyst.

educed only by the noble metal without a promoter in the denitri-
cation process [11]. Consequently, since the support itself is not
ctive, there must be some interaction between Pd and the ZrO2-
ontaining supports such that the resulting systems are active in
he hydrogenation of NO3

−. The influence on the catalytic behav-
or is specifically attributed to ZrO2 and not to Al2O3 since, as has
een seen, the monometallic Pd/A catalyst was completely inactive
oward the reduction of NO3

− ion. In the literature there are several
eferences accounting for nitrate reduction using monometallic
atalysts in which the support has a promoter effect, such as CeO2
nd TiO2 [10,17,45]. The reaction mechanism may  involve the NO3

−

on adsorption on the Lewis acid sites (oxygen vacancies) of the
etragonal ZrO2 through electrostatic interactions. This crystalline
hase, as previously explained, represents approximately 60% of
he Z support and is the only phase observed in the case of ZA-15

odified support.
The results of the removal of NO2

− using monometallic Pd cat-
lysts are also reported in Table 3. Like previously obtained results
or Pt catalysts supported on �-Al2O3 or SiO2 [5], and results widely
eported in the literature [21,46], all the tested monometallic cata-
ysts were active in the removal of NO2

−. After 180 min  of reaction,
he Pd/Z catalyst was the one that reached the highest conversion
X% = 33), Pd/ZA-5, Pd/ZA-10 and Pd/ZA-15 catalysts showed sim-
lar activity (ca.  X% = 20) and the Pd/A catalyst was not only the
ess active but also the less selective to N2, since at the end of the
eaction a concentration of NH4

+ of 3 ppm was detected.
Then, the hydrogenation of NO3

− using bimetallic PdCu catalysts
as performed and the results are gathered in Fig. 8. The catalytic

ystems supported on pure ZrO2 or Al2O3 (PdCu/Z and PdCu/A cat-
lysts) were not very promising in terms of activity. The catalytic
ctivity of the PdCu/Z system was slightly higher than that of the
dCu/A catalyst. For the latter, not only a low conversion of NO3

−

as found but also there was a continuous increase in the gen-
ration of NO2

− during the course of the reaction, as well as in
he generation of NH4

+, whose concentration reached a value of
 ppm at the end of the reaction. The behavior is somewhat differ-
nt to that obtained with the analog catalyst supported on �-Al2O3,
robably due to changes in the support surface.

The results of NO3
− conversion as a function of time for

dCu/ZA-5, PdCu/ZA-10 and PdCu/ZA-15 catalysts are also shown
n Fig. 8. During the first 35 min  of reaction, the NO3

− concentration
ropped quickly and, as the reaction progressed, the speed of NO3

−

oncentration decrease slowed down. As postulated by several
uthors [47,48] the increase in pH reduces the rate of conversion
f NO3

−. It is considered that the presence of OH− ions blocks
he access of the NO3

− ions to the active sites of the catalyst [13].
and pH variation vs. time (min) on PdCu/ZA-15 catalyst. Reaction conditions: Tem-
perature 25 ◦C, 400 mL min−1 H2 flow, 200 mg of catalyst.

After 180 min  of reaction, the NO3
− concentration was very low

(close to zero) for the three catalysts. Comparing these results with
those obtained for the PdCu/A catalyst, it is evident that although
the addition of ZrO2 onto Al2O3 did not practically change the
textural properties of the alumina as detailed above, it favored
a marked improvement in the catalytic performance of the sys-
tems toward the conversion of NO3

−. The high surface area of the
ZrO2–Al2O3mixed supports most likely generates a high dispersion
of Pd, facilitating its interaction with copper. This is in agreement
with the above-mentioned results found by FTIR, in which the
band corresponding to bridged CO bonded to Pd (Pd-CO-Pd) in the
region 2020–1800 cm−1was  not detected. Also, it goes in the same
direction as the modification of the TPR profile of the PdCu/ZA-15
catalyst compared to that of PdCu/Z in what concerns to the nega-
tive peak at low temperature. Several authors have attributed the
decrease in the negative peak of the TPR profile of PdCu catalysts to
the decrease of Pd–Pd pairs upon the addition of Cu [49] and to the
fact that part of the Pd is combined with Cu to form bimetallic Pd-
Cu ensembles. PdCu catalysts supported on ZrO2–Al2O3 followed
a similar pattern to what was found by Strukul et al. [9] using ZrO2
microspheres as catalytic support for the nitrate removal reaction.

The modification of Al2O3 by the addition of ZrO2 not only
improved the activity but also the selectivity to N2 of the PdCu
catalysts. A selectivity analysis was performed on the catalyst that
presented the best performance, PdCu/ZA-15, and is shown in Fig. 9.
This figure makes it clear that NO2

− is a reaction intermediate,
reaching a maximum concentration of approximately 1.7 ppm and
almost disappearing after 180 min. Concerning the ammonia pro-
duced during the reaction, although it is dissolved in the aqueous
medium, is also carried by the high flow of H2 used as reagent.
The highest concentration of NH3 detected in the course of the
reaction was 0.5 ppm, which is within the acceptable limits for
this compound. Regarding the pH variation during the reaction, a
rapid and substantial increase from the beginning of the reaction
until practically all of the NO3

− has been consumed was observed.
From this point on, a further increase in pH was observed although
the intermediate NO2

− had also been consumed. This fact can be
explained by the aforementioned loss of NH3, which increases the

concentration of OH− in the solution.

For PdCu catalysts it is generally accepted that the reduction
of NO3

− is a reaction that proceeds in steps: initially, the NO3
− is
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educed to NO2
− by copper and then a reduction of NO2

− primar-
ly on Pd sites follows. Cu requires Pd to get stabilized in a partially
educed state by “spillover” of hydrogen [50]. In order to obtain this
ffective stabilization of Cu, an intimate contact between Pd and
u is required. When analyzing the TPR profile of the PdCu/ZA-15
atalyst used in this work, for example, the presence of a signifi-
ant hydrogen consumption peak assigned to the joint reduction
f Pd and Cu can be observed, thus indicating that both species are
ctually in intimate contact.

. Conclusions

A series of monometallic Pd catalysts and Cu-promoted Pd-
ased catalysts were prepared using alumina and ZrO2-modified
lumina as supports. All of them were tested in the NO3

− reduction
eaction.

The three ZrO2-modified Al2O3 supports (ZA-5, ZA-10 and ZA-
5) showed a BET area slightly lower than that of the alumina,
ut well above the area of the original zirconia. XRD studies of
hese supports shown that the predominant phase of the zirconia
s the metastable tetragonal phase (57%), an important character-
stic from the catalytic point of view. In the SEM images of the
hree ZA supports individual granules of ZrO2 deposited on Al2O3
ere distinguished. These crystals are distributed homogeneously

n the supports indicating a suitable method of preparation and an
ffective deposition of zirconia on alumina.

In the TPR pattern of the PdCu/ZA-15 catalyst, which had a very
ood performance in reducing the nitrate ions, the negative peak
orresponding to the decomposition of the Pd�-hydride was  either
ot observed or its intensity was greatly diminished, indicating that
d is well dispersed on the support. Also, the presence of a peak at
round 130 ◦C, assigned to the reduction of different Pd-Cu species,
s indicative of the strong interaction between the two  metals.

From the series of monometallic Pd catalysts studied, only the
ne supported on alumina was inactive in the reduction of NO3

−,
n agreement with the literature. The other monometallic catalysts

ere active, showing the ability of the support to activate NO3
−

ue to its redox properties.
Cu addition to Pd/A substantially enhanced the activity toward

O3
− conversion, although both NO2

− and NH4
+ during the course

f the reaction are generated. The modification of Al2O3 by the addi-
ion of ZrO2 not only improved the activity but also the selectivity
o N2 of the PdCu catalysts.
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