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a  b  s  t  r  a  c  t

A  sulfonated  poly(styrene–divinylbenzene)  (Sty–DVB)  was  used  for preparing  bimetallic  palladium–tin
or  palladium–indium  catalysts  by successive  impregnation  and  catalytic  reduction.  The  use  of  this  acidic
support allows  increasing  the selectivity  to  molecular  nitrogen  without  external  control  of  the  pH,  as
compared  to  a classical  alumina  catalyst.  The  preparation  by successive  impregnation  led  to the  most
vailable online 18 October 2012
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active  and selective  catalysts  while  the  indium-based  catalysts  were  more  active  for  nitrate  reduction
and less  selective  to nitrogen  than  the  tin-based  ones.  The  best  performances  were  obtained  with  the
5%Pd2.6%Sn/Sty–DVB  prepared  by  successive  impregnation.  This  finding  was  related  to the  role  of  the
support  in  decreasing  the  final  pH,  as  well  as  to the  buffering  properties  of  the  support  near  the  active
metal  sites.
itrate reduction

. Introduction

The acceleration of nitrogen introduction in the soil, mainly as
itrates, is due to the increasing use of nitrogenous fertilizers, ani-
al  rearing and sanitation systems such as septic tanks. A large

mount of these species permeates through the soil layers and
ontaminates groundwater. The human consumption of this water
resents serious health risks such as blue baby syndrome, cancer,
ethemoglobinemia, malformation and mutation, when trans-

ormed into nitrosamines. The maximum level of nitrate, nitrite and
mmonium species recommended in drinking water by the World
ealth Organization [1] is of 44, 0.1 and 0.5 mg  L−1, respectively.
he methods available for removing nitrate from water include
hysicochemical [2],  biological [3] and catalytic processes [4–27].
wo types of processes are used at the industrial scale for treating
itrates, namely the physicochemical and the biological processes.
he most commonly used physicochemical process for treating
roundwater is the ion-exchange, which is simple to automate but
resents the main disadvantage of requiring regeneration, produc-

ng large amounts of waste and increasing the chloride content of
ater. Biological processes, such as heterotrophic denitrification,
re suitable for treatment of surface water, but are temperature
ensitive, with low denitrification rates in cold water. Compared
o the ion-exchange method, the biologic denitrification process
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E-mail address: florence.epron@univ-poitiers.fr (F. Epron).
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presents the advantages of transforming nitrates into molecular
nitrogen, whereas the physicochemical method only removes them
from drinking water by concentrating them elsewhere. However,
the main concern with the biological denitrification is the possibil-
ity of contaminating the treated water with bacteria and the need of
adding a carbon source, which is often not completely used and may
be another source of contamination. Moreover, biological denitri-
fication is difficult to operate and costly post-treatment steps are
needed.

An inexpensive and ecological technology for removing nitrate
species from water is the catalytic reduction of nitrate species to
form nitrogen. In the global reaction, nitrate is converted into nitro-
gen as main product, as shown by Reaction (1).

2NO3
− + 5H2 → 4H2O + N2 + 2OH− (1)

Nitrite, an intermediate product (Reaction (2)), can be reduced
to produce nitrogen, according to Reaction (3).

NO3
− + H2 → NO2

− + H2O (2)

2NO2
− + 3H2 → 2H2O + N2 + 2OH− (3)

Ammonium species, a by-product of the reaction, can be formed
by reduction of nitrate or nitrite species (Reactions (4) and (5)).

NO3
− + 4H2 → H2O + NH4

+ + 2OH− (4)
NO2
− + 3H2 → NH4

+ + 2OH− (5)

Hydrogen is commonly used as a reducer in this reaction.
The electroneutrality of the aqueous phase is maintained by

dx.doi.org/10.1016/j.molcata.2012.10.008
http://www.sciencedirect.com/science/journal/13811169
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roduction of hydroxide ions [4,19].  This leads to an increase in
he pH value of the medium up to 10–11. It was demonstrated that
his increase in pH favors the production of ammonium instead of

olecular nitrogen, which is not acceptable for drinking water. For
his reason, hydroxides ions produced during nitrate reduction are
ommonly neutralized by addition of hydrochloric or formic acid
r CO2 [6,21,22,14,28–30].

Previous studies have shown that the best catalysts for nitrate
eduction in water are bimetallic systems based on Pd modified
y Cu, In and Sn [5,10,13]. In these catalysts, nitrate species are
educed into nitrite ones by a redox process involving the pro-
oter, while nitrite species can be reduced by hydrogen on the
onometallic Pd ensembles, to give nitrogen or ammonium [12].
ydrogen chemisorbed on palladium also allows maintaining the

econd metal in the metallic state [12]. The supports used are
ainly alumina or silica, but some studies with zirconia [31], nio-

ia [32], hydrotalcite [33], zeolites [34], titania [30,35,36],  ceria
15,37], active carbon [18] or polymers are reported in the literature
39–46].

Recently, polymers have been considered as supports or for
tabilizing the bimetallic nanoparticles in the form of colloids. Poly-
ers such as poly(N-vinylpyrrolidone) (PVP) or poly(vinylalcohol)

PVA) were used to increase the stability and to control the par-
icle size and the composition of the bimetallic particles [10,46].
onducting polymers, especially polyaniline and polypyrrole, used
s supports for bimetallic particles, have been associated with an
mprovement of the catalytic performances of the catalysts, in
erms of both the activity and the selectivity into molecular nitro-
en [39,43,44].  A third type of polymers, namely functional resins,
as been successfully used as support for Pd–Cu and Pd–In sys-
ems for nitrate reduction [38,40–42,45]. Thus, it has been related
he use as supports of styrene–divinylbenzene copolymer with
N(CH3)3

+Cl− and SO3
−H+ groups, i.e. cationic and anionic resins,

ble to exchange anions and cations, respectively. The use of acidic
esins as supports for bimetallic catalysts could be an interesting
lternative to the addition of acids during the course of nitrate
eduction to maintain the pH value at acceptable levels [38,40].

The aim of the present paper is to prepare bimetallic Pd–Sn
nd Pd–In catalysts supported on styrene–divinylbenzene copoly-
er  with SO3H groups and evaluate their performances in terms

f activity and selectivity for nitrate reduction. Different catalyst
ompositions and preparation procedures are investigated. It is
xpected that this acidic resin used as support may  play the role
f buffering the reaction medium near the catalytic sites where the
eaction occurs, as observed by Roveda et al. [40], and then improve
he catalytic performances of the bimetallic system, thus avoiding
he addition of an acid in solution.

. Experimental

.1. Preparation of the catalysts

The styrene (Sty) and divinylbenzene (DVB) monomers (Aldrich)
ere purified by distillation under reduced pressure. The PdCl2

Alfa Aesar), SnCl4 (Alfa Aesar) and In(NO3)3 (Aldrich) were used
s received.

.1.1. Preparation of the polymeric supports (Sty–DVB)
The copolymer based on styrene and divinylbenzene (Sty/DVB

olar ratio = 15/85) was synthesized by polymerization in suspen-
ion using a mixture of heptane and toluene as pore forming agents

ispersed in water (water to organic phase ratio equal to 4), in
he presence of gelatin and hydroxyethylcellulose as stabilizing
gents. In the following, the poly(Sty–DVB) support will be named
ty–DVB. Porogenic agents are used to create a macroporosity.
lysis A: Chemical 366 (2013) 294– 302 295

Benzoyl peroxide was used as initiator. After 24 h of reaction at
70 ◦C, the copolymer was  purified with water and then ethanol.
Spheres of polymer with diameters in the 125–250 �m range were
used in this work. The copolymer was sulfonated in dichloroethane
containing concentrated sulfuric acid. This system was kept under
stirring for 4 h at 70 ◦C. The sulfonated copolymer was filtered,
rinsed with water, in order to remove excess H2SO4, until neu-
tral pH and dried at 70 ◦C overnight. The ion exchange capacity,
i.e. its acidity in mmol  of H+, of the resin is 2.6 mmol  g−1 and the
BET surface area is 242 m2 g−1 with pore diameters between 15 and
50 nm.

2.1.2. Preparation of the monometallic catalysts
The monometallic catalysts were prepared by impregnation

using aqueous solution of PdCl2 in order to obtain a catalyst con-
taining 5 wt.% of palladium (Pd5%/Sty–DVB). The suspension of
copolymer in aqueous solution containing the palladium salt was
stirred for 2 h at room temperature. Then water was evaporated
and the catalyst was  dried on a sand bath at 80 ◦C and in an oven at
the same temperature overnight.

2.1.3. Preparation of the bimetallic catalysts
Bimetallic Pd–Sn and Pd–In/polymer catalysts were prepared

either by successive impregnation or by catalytic reduction method
to obtain various tin and indium contents.

2.1.3.1. Preparation by successive impregnation (SI). The
monometallic catalyst was added to a solution of tin (SnCl4)
or indium (In(NO3)3). This mixture was stirred during 2 h before
being evaporated and dried in a sand bath (80 ◦C) during a night.

2.1.3.2. Preparation by catalytic reduction method (CR). The palla-
dium catalyst (Pd5%/Sty–DVB) was flushed with N2 during 20 min
then was  flushed with H2 (250 mL  min−1) for 1 h at room tempera-
ture. It was shown by TPR that the palladium catalyst is completely
reduced at room temperature under hydrogen. After that, a sec-
ond metal solution (SnCl4 or In(NO3)3) was  added on the reduced
catalyst. This deposition was  performed under the same H2 flow
for about 2 h. Then, the suspension was  filtered and dried at 80 ◦C
overnight.

2.2. Catalytic test

The reaction was  carried out in a semi-batch reactor, at atmo-
spheric pressure and 25 ◦C. The catalyst (64 mg)  was pretreated
under hydrogen flow (250 mL  min−1 at 25 ◦C for 0.5 h). Then, pure
water (90 mL)  was purged with nitrogen and added over the cat-
alyst and then placed under hydrogen flow. Afterwards, 10 mL  of
a degassed nitrate solution (1.6 × 10−2 mol  L−1) was introduced in
the reactor to start the reaction. The catalyst dispersion in the
aqueous medium was achieved by the hydrogen flow, introduced
through a porous glass located at the bottom of the reactor with
a flow rate of 250 mL  min−1. It was checked by using the criteria
described in [47] that the chosen reaction conditions avoid any
limitation by interphase mass-transfer resistances. Representative
aqueous samples were periodically withdrawn and analyzed by
high performance liquid chromatography.

Nitrate and nitrite were determined after separation on a C18
column using an UV detector at � = 210 nm.  Ammonium ions were
quantified using an Alltech Universal Cation column coupled with
a conductivity detector. The acidic mobile phase (oxalic acid) used
provided the complete conversion of the ammonia basic form into

ammonium ions. Nitrogen was  deduced by mass balance, taking
into account the sum of all nitrogen-containing products.

The pH of the final solution was  determined by means of a digital
pH meter pH210 (Hanna Instruments).
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Table 1
Real content of palladium, tin and indium in the catalysts bimetallic (±0.02%).

Sample % Pd % Sn % In

SI
Pd5%0.5%Sn/Sty–DVB 5.10 0.25 –
Pd5%2.0%Sn/Sty–DVB 5.10 1.25 –
Pd5%4.0%Sn/Sty–DVB 5.10 2.56 –
Pd5%0.5%In/Sty–DVB 5.20 – 0.42
Pd5%2.0%In/Sty–DVB 5.20 – 1.58
Pd5%4.0%In/Sty–DVB 5.20 – 3.20

CR
Pd5%0.5%Sn/Sty–DVB 5.20 0.21 –
Pd5%2.0%Sn/Sty–DVB 5.20 1.04 –
Pd5%4.0%Sn/Sty–DVB 5.20 3.70 –
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epoxy resin and cut with a diamond knife in order to obtain
slices of 70 nm.  TEM analysis was  carried out with a JEOL 2100
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(c)
Pd5%0.5%In/Sty–DVB 5.20 – 0.33
Pd5%2.0%In/Sty–DVB 5.20 – 1.50
Pd5%4.0%In/Sty–DVB 5.20 – 3.36

In order to quantify the amount of ammonium possibly
dsorbed onto the support during the reaction, an excess of potas-
ium cations (20 mL  of a solution of KCl (0.08 mol  L−1)) was  added
t the end of the reaction, with the aim of desorbing ammonium
ons. Then, the concentration of ammonium was determined again
44].

The evolution of nitrates, nitrites and ammonia are systemat-
cally analyzed as a function of time. Catalysts are compared as a
unction of (i) their activity (�mol/(min gcatal)) at 75% of nitrate
onversion, corresponding to the disappearance rate of nitrate per
ram of catalyst and (ii) their selectivity into ammonium ions,
etermined as the following:

NH4
+ (%) = [NH4

+]t

[NO3
−]0 − [NO3

−]t

× 100

nd

NO2
− (%) = [NO2

−]t

[NO3
−]0 − [NO3

−]t

× 100

here [NO3
−]0 is the initial concentration of nitrate, [NH4

+]t,
NO2

−]t and [NO3
−]t the concentrations of ammonium ions, nitrite

nd nitrate, respectively, at 75% of nitrate conversion.
The selectivity into N2 is calculated as the following:

N2 (%) = 100 − SNH4
+ (%) − SNO2

− (%)

.3. Catalyst characterization

The palladium, tin and indium in the catalysts were determined
y ICP-OES, with a Perkin-Elmer Optima 2000 DV equipment.

The thermal stability of the samples was analyzed by TGA/DSC.
he samples were runs with a TA Instruments SDT Q600 in the
emperature range of 25–900 ◦C under air atmosphere. It was used
bout 20 mg  and heating rate of 5 ◦C min−1 for all samples.

The textural properties were measured by adsorption of nitro-
en at −196 ◦C, in a Micromeritics TriStar-3000 apparatus. The SBET
as calculated by the BET equation, micropore specific surface

Smic) area were obtained using the t-plot method, pore volume (Vp)
nd pore size distribution was determined using the BJH model.

XRD analyses were carried out in a Bruker model D5005 diffrac-
ometer. The powder method was used at ambient temperature
ith a wavelength of 0.1541 nm,  which corresponds to the K�

mission from a copper target (K�Cu). The spectra were acquired
ith the software DIFFRAC and evaluated with the software EVA.

he databank used comes from the International Centre for Diffrac-

ion Data (ICDD).

The catalysts were characterized by scanning electron
icroscopy (SEM) and transmission electron microscopy (TEM)

efore reaction. SEM measurements were carried out with a JEOL
Fig. 1. TGA (a) and DTG (b) curves for ( ) Pd5%/Sty–DVB, (- - -)
Pd5%Sn0.5%/Sty–DVB, and (· · ·) Pd5%In0.5%/Sty–DVB.

model JSM 5600-LV equipped with an X-ray energy dispersive
spectrometer (EDS, BRUKER X-Flash 4010). The samples were
previously dried at 110 ◦C for 2 h, coated with gold and subjected
to analysis. Before TEM analysis, the sample was embedded in
Fig. 2. X-ray diffraction for (a) Pd5%Sn0.5%/Sty–DVB and (b) Pd5%In0.5%/Sty–DVB
prepared by successive impregnation method and (c) Pd5%Sn0.5%/Sty–DVB and (d)
Pd5%In0.5%/Sty–DVB prepared by catalytic reduction method. All catalysts were
reduced with hydrogen 250 mL min−1 for 30 min at room temperature.
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Fig. 3. SEM pictures (a and b) and metal mapping (c and d for palladium, e and

aB6 operating at 200 kV with a resolution of 0.19 nm.  EDS was
erformed with the analysis system JEOL JED.

. Results and discussion

.1. Characterization of the catalysts

The metal contents of the bimetallic catalysts are reported in
able 1. The real and nominal palladium contents are similar what-
ver the catalyst. It can be observed a difference in the loading of
he second metal depending on the preparation method. For most
atalysts prepared by catalytic reduction the amount of the second
etal is lower than that obtained by successive impregnation. The
atalysts with indium contain more of the second metal than sam-
les prepared with tin. It is important to mention that, after the
atalytic test, the metal contents are unchanged, and then, there is
o leaching of metals.
ndium) of Pd5%In0.5%/Sty–DVB prepared by successive impregnation method.

The thermogravimetric analysis (TG) and the corresponding
derivative curves (DTG) of representative mono and bimetallic
catalysts are shown in Fig. 1a and b. These figures show four
degradation steps at roughly 70, 230, 285 and 335 ◦C, the latter
presenting a shoulder between 350 and 375 ◦C. The first peak at
70 ◦C is due to dehydration. The two degradation steps, at 229
and 285 ◦C, are due to the loss of monomers, oligomers and addi-
tives used in the preparation of polymer and to the loss of SO3

−

groups, respectively. During the last step, at 337 ◦C, the chain of
poly(styrene–divinylbenzene) was  crumbled into gaseous products
[48–52]. Then, it can be concluded that the polymer is stable in
the temperatures of preparation of the catalysts and the reaction
catalytic of nitrates.
The nitrogen adsorption and desorption curves of the cata-
lysts bimetallic were typical of type II isotherm. The monometallic
Pd/Sty–DVB catalyst presents a SBET of 190 m2 g−1, a micropore
specific surface of 50 m2 g−1 and a pore volume of 0.67 cm3 g−1.



298 D.P. Barbosa et al. / Journal of Molecular Catalysis A: Chemical 366 (2013) 294– 302

nd f fo

T
b
3
b
4

o
o
e
i
t
p
w
t
v
b
h

the bimetallic catalyst determined using Bragg equation is reported
in Table 2. One can see that, for a majority of samples, the increase
in the second metal loading results in an increase in the average
particle size. Moreover, palladium particles are smaller in samples

Table 2
Average diameter of palladium particles, calculated by Scherrer equation, the
bimetallic catalysts prepared by successive impregnation (SI) and catalytic reduction
(CR).

Sample D (nm)

SI CR

Pd5%0.5%Sn/Sty–DVB 3.8 5.1
Pd5%2.0%Sn/Sty–DVB 3.9 6.1
Fig. 4. SEM pictures (a and b) and metal mapping (c and d for palladium, e a

he bimetallic catalysts present similar characteristics with SBET
etween 172 and 189 m2 g−1, micropore specific surface between
5 and 40 m2 g−1, pore volume between 0.61 and 0.68 cm3 g−1. For
imetallic catalysts, the average pore diameter is between 4 and
0 nm.

The X-ray diffractograms of bimetallic catalysts with 0.5 wt%
f the second metal are presented in Fig. 2. Similar profiles were
btained for the samples with higher contents in second metal,
xcept that there is an increase in the peak intensity and a decrease
n the half width when the Sn or In content increases. The diffrac-
ogram of the monometallic catalysts (not shown) presents the
rofile of metallic palladium (Pd0). When another metal (Sn or In)
as deposited (successive impregnation or catalytic reduction) on
he catalyst, only the peaks characteristic of palladium (Pd0) are
isible (Fig. 2). There is no peak indicating the presence of alloys
etween palladium and the second metal, even in the samples with
igh amounts of the second metal. The palladium particle size in
r indium) of Pd5%In0.5%/Sty–DVB prepared by catalytic reduction method.
Pd5%4.0%Sn/Sty–DVB 4.8 6.5
Pd5%0.5%In/Sty–DVB 4.6 5.0
Pd5%2.0%In/Sty–DVB 5.9 7.9
Pd5%4.0%In/Sty–DVB 6.4 7.9
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Fig. 5. TEM pictures of Pd5%In0.5%/Sty–DVB prepared by catalytic reduction
D.P. Barbosa et al. / Journal of Molecula

repared by successive impregnations than in those prepared by
atalytic reduction. It has been already shown that noble metal par-
icles sintered easily when the catalyst is immerged in water and
ubmitted to a hydrogen bubbling [53].

The bimetallic catalysts prepared by successive impregnation
nd catalytic reduction with 0.5% of the second metal (indium or
in) were analyzed by scanning electron microscopy and the metals
ere mapped on the surface of catalysts by EDS. The microscopy
ictures and metal mappings of Pd–In prepared by successive

mpregnation and catalytic reduction are shown in Figs. 3 and 4,
espectively. The catalysts prepared by successive impregnation
howed a smoother surface than those prepared by catalytic reduc-
ion (Figs. 3b and 4b). The same trend was observed with the
d–Sn catalysts. The cracks appearing at the surface of the samples
repared by catalytic reduction could be due to the preparation
ethod. The mapping of metals shows that they are in general
ell distributed over the surface of the support, with no visible

gglomeration of palladium, tin or indium metal.
In order to characterize the inner part of the polymer beads, they

ere embedded in a resin and then cut into thin slices which were
bserved by TEM. Fig. 5 shows typical TEM pictures. Metal particles
re distributed everywhere in the polymer beads, with, however
n apparently higher density of particles at the outer part. Metal
articles are in majority very small, with an average diameter of

 nm,  but some aggregates are also visible with diameters up to
0 nm.

.2. Nitrate removal

The sulfonated poly(styrene–divinylbenzene) support
 SO3

−H+) is a cation exchanger. This is illustrated by the
act that, when the catalyst is introduced in a solution of potassium
itrate, as at the beginning of the catalytic test, a rapid decrease in
H is observed, due to the exchange between the protons of the
esin and the potassium ions in solution. This kind of resin is not
ble to exchange anions such as nitrate (NO3

−) or nitrite (NO2
−)

n water. The cation exchange capacity of the resin is equal to
.6 mmol  g−1, which means that 0.064 g of support, corresponding
o the amount of sample for the catalytic test, is able to exchange
.664 × 10−7 mol  only. This value is negligible compared to the
mount of nitrate in solution, i.e. 1.6 × 10−4 mol. Consequently,
ven if ammonium ions can be adsorbed on the resin, a maximum
f 1.664 × 10−7 mol  may  disappear from the solution, which would
ead to a change in selectivity into ammonium ions of 0.1% at

aximum. However, it was checked that ammonium ions are
ot exchanged in the reaction conditions. For that purpose, a
olution of KCl (0.08 mol  L−1) was systematically added at the end
f the catalytic nitrate removal test in order to remove poten-
ially adsorbed ammonium ions. No ammonium desorption was
bserved. This can be explained by the fact that, at the beginning
f the reaction, the resin is saturated by K+ (in the nitrate solution),
hich renders it incapable for adsorbing ammonium ions, the

mount of potassium in solution being thousand times greater
han the amount of exchange sites.

The bimetallic Pd–Sn and Pd–In catalysts, with various second
etal contents and prepared by successive impregnation or cat-

lytic reduction, were tested in nitrate reduction in the presence of
ure hydrogen. The evolution of the nitrate concentration as a func-
ion of time is reported in Fig. 6. Results obtained are summarized
n Table 3.

Concerning the Pd–Sn series, one can see that the complete
itrate conversion was not reached after 27 h of reaction. For the

I catalysts, the activity increases significantly with the Sn con-
ent, the catalysts with the highest tin loading being by far much

ore active than the others. Globally the Pd–Sn catalysts prepared
y successive impregnation (SI) are much more active than their
method.

counterpart prepared by catalytic reduction (CR). The best catalyst
is the one with 4% of tin added prepared by successive impreg-
nation. This catalyst is able to convert 90% of nitrates in 40 min,
with a selectivity to N2 of 91%. This selectivity reaches 93% at the
complete nitrate conversion, due to nearly complete reduction of
intermediate nitrite. For the CR Pd–Sn catalysts, the activity varies
slightly with the tin content, but the optimal activity is obtained
with the intermediate tin loading (2% of Sn), a higher amount of tin
(4%) leading to a decrease in the activity. This can be explained by
the fact that the preparation method used for the preparation of
the bimetallic catalyst, i.e. the catalytic reduction, favors the depo-
sition on tin onto palladium. Then, it can be inferred that, for a high
amount of tin introduced, palladium atoms are mainly covered by
tin and then the hydrogen dissociation, which occurs on palladium
ensembles only, is too limited to maintain tin in the metallic state. It
is now admitted that a good balance between bimetallic ensembles

and palladium ensembles are necessary to obtain both a high activ-
ity in nitrate reduction and a high selectivity to gaseous nitrogen
[35].
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Table 3
Activity (a) and selectivity (S) at 75% of nitrate conversion of 5%Pd–X bimetallic catalysts (X = second metal, Sn or In), prepared by successive impregnation (SI) or catalytic
reduction (CR), in nitrate reduction under H2.

Method of preparation Second metal Under H2

S (%) a (�mol  min−1 g−1) pH

N2 NH4
+ NO2

−

SI
0.5%Sn 80.0 19.5 0.5 2 8.4
2.0%Sn 87.0 13.0 0 5 8.9
4.0%Sn 91.0 7.0 2.0 74 8.4

CR
0.5%Sn 87.0 9.1 3.9 4 9.7
2.0%Sn 72.0 17.4 10.6 6 9.2
4.0%Sn 89.0 6.7 4.3 4 9.3

SI
0.5%In 84.5 15.5 0.0 10 9.9
2.0%In 81.0 6.0 13.0 14 9.3
4.0%In 88.0 3.0 9.0 28 8.2

a
t
p
t
a

F
(

CR
0.5%In 75.8 

2.0%In 42.0 

4.0%In 40.3 

As far as the Pd–In catalysts are concerned, they present higher
ctivities, at 75% of nitrate conversion, than their Pd–Sn coun-
erpart, especially for low metal loadings (≤2%), whatever the

reparation method. Moreover, all the Pd–In catalysts are able
o convert totally nitrates. However, the selectivity to nitrogen is
lways lower than that obtained with Pd–Sn catalysts, which is due
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ig. 6. Nitrate concentration as a function of time during nitrate reduction under hydrog
�,  �) (X = Sn or In) prepared by successive impregnation method (full symbol—a and c) a
11.6 12.6 6 9.5
41.7 16.3 12 9.4
16.2 43.5 7 9.1

to a high selectivity to ammonium, as well as to the high amount
of nitrite produced. As for the Pd–Sn series, the best catalytic per-
formances in terms of activity and selectivity to N were obtained
2
with the catalysts prepared by successive impregnation.

Very few studies deal with the use of resins as supports for
bimetallic catalysts for an application in nitrate removal, and,
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Table 4
Comparison of the catalytic performances at 75% of nitrate conversion, of 5%Pd–2%X
bimetallic catalysts (X = second metal, Sn or In) prepared by successive impregnation
and supported on the resin or Al2O3, in nitrate reduction under pure H2.

Catalyst Activity
(�mol  g−1 min−1)

Selectivity to
N2 (%)

Final pH

Pd–Sn/Sty–DVB 5 87 8.9
Pd–In/Sty–DVB 14 81 9.3
Pd–Sn/Al2O3 32 55 10.0

m
u
c
t
o
a
o
t
t
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b
s
f
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l
w
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[
[
[
[
[14] J. Sá, D. Gašparoviĉová, K. Hayek, E. Halwax, J.A. Anderson, H. Vinek, Catal. Lett.
Pd–In/Al2O3 71 52 10.3

ainly, cationic resins, i.e. with anion exchange capacity, were
sed [41,45]. With the cationic resins, the objective was to con-
entrate nitrate in the support by ionic forces in order to favor
he catalytic reduction. However, it was shown that the activity
f Pd–Cu and Pd–In catalysts supported on a macroporous weak
nionic exchange resin [45] is not directly related to the capacity
f the resin of retaining nitrate. To the best of our knowledge, only
wo papers [38,40] report the use of an anionic resin as support for
his application, with the aim of buffering the pH values within the
ores of the catalyst. Two kinds of resins were used, namely a strong
cidic one, with sulfonic acid groups [38] and a weakly acidic one
aring carboxylic acid groups [40]. Thus, Gašparoviĉová et al. [38]
tudied nitrate reduction on Pd–Cu catalysts supported on the H+

orm of a commercial Sty–DVB copolymer (Dowex 50 WX4), sul-
onated by treatment in sulfuric acid. During nitrate reduction, a
ow selectivity to NH4

+ was observed with highly acidic supports,
hich was due to the capacity of the resin to trap all the cations
resent in solution. It was shown that the best catalyst in terms of
ctivity and selectivity was the one prepared by coimpregnation
nd activated under hydrogen at 50 ◦C, presenting a final acidity
f 3.9 mol/Kg. Roughly 60% of nitrate conversion was  reached with
his catalyst in more than 210 min. However, in the presence of this
ind of catalysts, a large amount of ammonium ions is produced and
ven if they are trapped by the resin, this is not satisfying in term
f selectivity to nitrogen gas. The Dowex 50 WX4  used as support
n [38] is a gel-type, i.e. microporous resin, deprived of pores in
he dry state, which becomes accessible to the reactants only after
welling in an appropriate solvent, as water in the case of the sul-
onated resin. With this kind of resin as support, a low activity was
bserved due to diffusive effects and then to the difficulty for the
eactants for reaching active sites inside the polymeric beads. On
he other hand, the sulfonated Sty–DVB copolymer support synthe-
ized in the present study is different, since it is a macromolecular
esin, with high surface area, in the dry state. In the swollen state,
.e. in water as during the catalytic test, the accessibility of the reac-
ants to the metal nanoparticles dispersed in the matrix is very
igh. Consequently, a complete nitrate conversion can be reached

n 90 min  of reaction with the best catalyst formulation. In addition,
he buffering properties of the support near the active metal sites
rovided high selectivity to nitrogen to the catalysts. The best for-
ulation was achieved by the Pd–X/Sty–DVB catalysts, which has

een proven to be the most active and selective to nitrogen.
The performances of the Pd–Sn and Pd–In catalysts supported

n the sulfonated copolymer were compared to their counterpart
upported on alumina, prepared in the same way, by successive
mpregnation, and with the same metal loading, under pure hydro-
en, i.e. without any external control of the pH by addition of an acid
n the medium. Results are summarized in Table 4. One can see that,
he use of the sulfonated copolymer as support allows to obtain
igher nitrogen selectivities than those obtained with the alumina-
upported bimetallic catalysts, even if the activity are much lower.

his could be easily explained by the lower final pH obtained in the
resence of the Pd–X/Sty–DVB catalysts, as well as to the buffering
roperties of the support near the active metal sites.

[
[

lysis A: Chemical 366 (2013) 294– 302 301

4.  Conclusion

It is well known that the key point of catalytic nitrate reduc-
tion for obtaining a high selectivity to gaseous nitrogen is the pH of
the solution. The most active and selective catalysts for this reac-
tion are made up of palladium and tin or indium as promoters
with redox properties, and high interactions between two  types
of metals [12,15].  The problem with nitrate reduction is that the
formation of ammonium, an undesirable product, always occurs.
Until now there is no paper reporting a selectivity to N2 of 100%.
All the possible noble metals and promoters, as well as the effect
of the experimental conditions (pH, partial pressure of H2, amount
of catalyst, metal loading method of preparation, etc.) have already
been studied. The use of a new type of support well adapted to
water treatment may  help to improve the catalytic performances.
Nitrate reduction is a reaction performed at room temperature and
pressure and for this reason it is a good reaction for developing new
types of supports. The ambition of our study was to use a new type
of support with the aim of improving the selectivity to N2.

Palladium–tin and palladium–indium bimetallic systems were
deposited on a sulfonated styrene–divinylbenzene copolymer by
successive impregnation and catalytic reduction, this method
favoring the deposition of the second metal onto palladium. The
preparation method affects the amount of metal deposited and
the size of bimetallic particles. Whatever the preparation method
used, a high surface area in the dry state and thermal stability up to
about 200 ◦C were obtained for the catalysts. Also, the metals were
homogeneously distributed on the support surface. The bimetallic
catalysts prepared with indium are more active and less selective
than catalysts prepared with tin. The catalysts with tin were more
active and selective to N2 when prepared by successive impregna-
tion, compared to those prepared by catalytic reduction. The best
catalyst in terms of activity and selectivity to N2 is the one pre-
pared by successive impregnation and containing 4% of Sn (2.6%
of Sn deposited). This catalyst is able to convert 90% of nitrates in
40 min  under pure hydrogen. At 100% of nitrate conversion, there
is nearly no nitrite in solution and the selectivity to N2 is of 93%.
This can be related to the role of the support in buffering the active
metal sites increasing the catalyst selectivity to nitrogen.
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