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Abstract

Catalysts containing 4 and 1 wt.% of palladium and copper, respectively, supported on cationic resin (DOWEX 1× 4, gel type poly(styrene-co-
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ivinylbenzene) with –N(CH3)3
+Cl− groups, particle size 100–200 mesh) were prepared and tested in the liquid-phase hydrogenation o

n water. The catalyst was prepared by reduction of anionic chloro complexes of palladium(II) and copper(II) immobilized in the resin.
eduction agents were employed, namely sodium borohydride in ethanol, or in water, and dihydrogen in either water (0.1–0.5 MPa) o
0.5 MPa) solution of Na2CO3 (2.5%, w/w). The characterisation by means of X-ray microprobe analysis (XRMA), X-ray powder diffr
XRPD) and transmission electron microscopy (TEM) revealed the presence of palladium metal nanoclusters and copper compounds
esin as the support was expected to facilitate the transport of the nitrate anions into the catalyst in comparison to previously emplo
esins. This was fully proved by the generally higher specific activity of Pd-Cu catalyst supported on cationic resin. The most active and
table catalyst was obtained by reduction of the immobilized metal precursors with H2 in aqueous Na2CO3 at 0.5 MPa. The catalysts exhibit
ifferent stability with respect to leaching of metals under duty. Owing to the mechanical stirring of the reaction mixture, the catalytic
ere gradually ground and handling the reaction mixture with the suspended catalyst became rather problematic.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Removal of low-concentrated nitrates from water represents
serious ecological problem. The limits currently accepted for
itrates and nitrites in drinking water are 50 and 0.1 mg/l, respec-

ively. The content of nitrates in water can be lowered by several
ethods, such as ion exchange, electrodialysis, reverse osmosis
r microbiological treatment[1]. However, the catalytic reduc-

ion of nitrates with hydrogen, with no formation of solid or
iquid wastes, is a very attractive alternative and a subject of
xtensive investigation[2–13]. The target is the selective con-
ersion of NO3

− to N2 and water, with no formation of NO2−

∗ Corresponding author. Tel.: +421 2 5249 5242; fax: +421 2 5249 3198.
E-mail addresses: milan.kralik@stuba.sk, mkralik@vucht.sk (M. Králik).

(partial reduction) and NH4+ (over-reduction). To this purpos
bimetallic Pd-Cu and Pd-Sn catalysts on inorganic supports
Al2O3, pumice) apparently offer the most promising prosp
[3–6].

Recently [14], we prepared and tested palladium-cop
catalysts supported on Dowex 50 W× 4 (particle size
100–200 mesh). This is a gel-type sulfonated poly(styrenco-
divinylbenzene) resin, containing acidic groups (SO3H). The
concept of these catalysts rested on the possibility to trap
duced NH3 in the form of NH4

+, by ion exchange. Howeve
the restoration of the acidic sites with hydrochloric acid le
dissolution of the metals, mainly copper, with gradual los
catalytic activity.

Therefore, we decided to prepare Pd-Cu catalysts supp
on anion exchangers (Dowex 1× 4), in view of our large exper
ence gathered in recent years in the field of resins-supp

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Nomenclature

c concentration (mol/m3)
nNO2

−,cat nitrite content in the catalyst (mol)
nNO3

−,cat nitrate content in the catalyst (mol)
t duration of an experiment
V volume of reaction mixture (m3)
xNO3

− nitrate conversion (%)
ξ extent of reaction (mol)
σ selectivity (%)

Subscripts
0 at the start
t at the time

metal catalysis[15–22] and on the fact that the mobility of
anions inside of swollen cationic resin is higher in comparison
to anionic ones[23].

2. Experimental

2.1. Catalysts preparation and characterisation

All chemicals were of analytical grade purity, supplied by
Fluka (Dowex 1× 4, CuCl2·2H2O), Safina Jesenice (PdCl2,
40 wt.% solution in HCl/H2O) or Lachema Brno.

The Dowex 1× 4 microgel resin (particle size 100–200 mesh,
tetraalkylammonium groups) was washed with 1 M KCl, dis-
tilled water and cold methanol and finally dried at 50◦C at
reduced pressure (10 kPa). The ion exchange capacity of th
resin was 4.18 mmol/g. The chloride form of Dowex 1× 4 anion
exchanger (3.8 g) was metallated by ion exchange (3 h, mild stir
ring) upon using 20 ml of a solution of PdCl2 (1.1109 g, 40 wt.%
solution in HCl/H2O) and CuCl2 (0.1789 g) in 4 M aque-
ous HCl (13.33 g Pd/l and 3.33 g Cu/l) according to reactions
(1) and(2).

2(P)-N(CH3)3
+Cl− (s) + [PdCl4]2−

→ {(P)-N(CH3)3
+}2[PdCl4]2− (s) + 2Cl− (1)

+ − −

s-
s wt.%
o ated
r ride
i de
i tir-
r

r or
m r
g Pa
(
m

The catalysts were characterised by means of X-ray micro-
probe analysis (XRMA)[17], X-ray powder diffraction (XRPD),
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM)[24]. X-ray powder diffraction patterns
were obtained using the Diffractometer PHILIPS with an X-ray
source Cu K�; λ = 0.154 nm. To prevent the surface oxidation
of copper in contact with air[10], the samples of reduced cata-
lysts were dried in nitrogen atmosphere at 60◦C and embedded
in poly(methyl methacrylate) matrix. X-ray microscope anal-
ysis and scanning electron microscopy were performed in a
Cambrige Stereoscan 250 EDXPW 9800. Image analysis was
carried out with an Image Pro Plus Program. Transmission
electron micrographs of catalysts were obtained with a JEOL
2010 electron microscope with GIF. Water swollen samples
of the analysed catalysts were ground with pestle and mortar.
Then, a drop of the obtained suspension was deposited onto
a carbon grid and the resin let to dry in the air before the
analysis.

2.2. Catalytic tests

Catalytic tests were carried out in a thermostatic batch reactor,
four-necked flask (volume, 500 cm3) equipped with a magnetic
or KPG stirrer, inlets for hydrogen–nitrogen (45 mole% of H2)
and 0.1 M HCl supply, a capillary for sampling and off-gas. The
flow rate of the H2–N2 mixture was 64 ml/min and the total pres-
s lytic
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(P)-N(CH3)3 Cl (s) + [CuCl3]

→ (P)-N(CH3)3
+[CuCl3]− (s) + Cl− (2)

The obtained material was dried at 50◦C under reduced pre
ure to constant weight. The metal loading was 4.1 and 1.0
f palladium and copper, respectively. The cationic metall
esin was reduced with 0.066 M solution of sodium borohyd
n ethanol (C1) or with 1.163 M solution of sodium borohydri
n water (C2), for 1 h at room temperature with occasional s
ing.

Suspensions of the metallated resin in 2.5 wt.% wate
ethanol solution of Na2CO3 at 25◦C (20 ml of solution pe
ram of dry resin) were treated for 1 h with hydrogen at 0.1 M
aqueous suspension,C3) or 0.5 MPa (aqueous suspension,C4;
ethanol suspensionC5).
e

-

ure 1 bar. Hydrochloric acid was fed throughout the cata
xperiments to maintain the pH at 5–6. A typical starting reac
ixture consisted of 0.25 dm3 KNO3 aqueous solution contai

ng 100 mg/dm3 NO3
− and 0.5 g of catalyst. The catalytic ru

ere carried out at 25◦C. Samples were periodically collect
ith sampling intervals ranging from 5 to 30 min. Recovered
lysts were treated with 0.25 M NaCl to displace any nitrate
itrite ions entrapped inside the support. After filtration, NO3

−
nd NO2

− ions were quantitatively determined in the filtrate
ell as in the reaction mixture.

.3. Product analysis

The determination of nitrates, nitrites and ammonia was
ormed by VIS absorption spectrophotometry[25]. NO3

− ions
ere determined with salicylic acid in the presence of sulf
cid (maximum absorption at 410 nm), NO2

− ions via reaction
ith sulfanilic acid andN-(1-naphtyl)ethylenediamine dichl

ide (maximum absorption at 550 nm) and NH4
+ ions by reacting

ith Nessler’s reagent (maximum absorption at 425 nm).
amples of water were analysed for palladium and copp
tomic absorption spectroscopy (AAS) on a Carl Zeiss Jena
atomic absorption spectrometer.

.4. Calculation of the selectivities

The selectivity to N2 (σN2), NO2
− (σNO2

− ) and NH4
+ (σNH4

+ )
ormation in the hydrogenation of nitrates was calculated o
asis of the following expressions:

N2 = ξN2

Σ
(3)
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σNH4
+ = ξNH4

+

Σ
(4)

σNO2
− = ξNO2

−

Σ
(5)

Σ = ξN2 + ξNH4
+ + ξNO2

−

= V (cNO3
−,0 − cNO3

−,t) − nNO3
−,cat (6)

Moles of NO3
− converted to NH4+:

ξNH4
+ = VcNH4

+,t (7)

Moles of NO3
− converted to NO2−:

ξNO2
− = nNO2

−,cat + VcNO2
−,t (8)

Moles of NO3
− converted to nitrogen (ξN2) were calculated from

Eqs.(6)–(8).

3. Results and discussion

The reduction procedures and characterisation of the pre-
pared Pd-Cu catalysts are summarised inTable 1.

The chlorometallates of palladium(II) and copper(II) immo-
bilized in the cationic resin are much more resistant to reduction
than palladium(II) and copper(II) cations fixed in anionic resins.
I
a pres
s ctio
o abou
1 enc
o se o
p st
e

iate
b igh
t wit
h

dro-
g
e tals

(Fig. 1). Higher concentration of metals (mainly palladium)
on the surface was observed in the case of catalysts reduced
at lower pressure (Fig. 1b), which probably relates with the
transport of anions during the reduction. At low pressure,
the concentration of hydrogen inside the catalyst is low and
the metal ions have the possibility to move to the periph-
ery of the particles, where they are reduced. On the con-
trary, the metal distribution in the particles of the Pd-Cu cat-
alyst reduced with NaBH4 appears to be uniform, shown by
XRMA map of the whole cross-section of the catalyst particles
(Fig. 1a).

The presence of either monometallic or mixed Pd and Cu
crystalline microphases in catalystsC1, C3 andC4 was inves-
tigated by XRPD (Figs. 2 and 3). No peaks were detected in
the XRP diffractogram ofC1 (Fig. 2). It suggests that any
metal phase is either amorphous or so well dispersed (i.e. very
small particle size) that they could not be detected. The X-ray
powder diffraction analysis ofC4 showed a peak of metallic
palladium(1 1 1) at 40.1◦ (Fig. 2). The estimated size of crys-
tallites is 3.8 nm. No characteristic peak for copper species or
palladium/copper alloys is observed.

XRPD analysis of the Pd-Cu catalyst reduced with hydrogen
at lower pressure (C3) exhibited much more complex diffrac-
togram. In addition to the diffractions signals of metallic palla-
dium(1 1 1) at 40.1◦ and 46.5◦, we observed a strong diffraction
at 37.96◦ (Fig. 3). This peak can be associated to the mixed
p y,
w
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C C

C B
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C G
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C B
n fact, the metal precursors in the Dowex 1× 4 cationic resin
re not reduced with hydrogen in methanol or water even at
ure 5 MPa. However, in the pre-treated catalyst, the redu
f palladium and copper precursors was achieved after
0 min from the start of the catalytic test, as the consequ
f the pH increase during the reaction. In fact, the increa
H enhances the reducing power of H2, as shown in the Nern
quation(9):

2H+ + 2e− → H2,

E = −R · T

F
· pH = 0.0256· pH (25◦C) (9)

Accordingly, we found that the addition of an appropr
ase like Na2CO3 in methanol or water was enough to outwe

he reluctance of the metal precursors towards the reduction
ydrogen.

XRMA analysis of the Pd-Cu catalysts reduced with hy
en in the presence of 2.5 wt.% water solution of Na2CO3
xhibited a non-uniform (peripheral) distribution of me

able 1
d-Cu catalysts for nitrate hydrogenation and some properties thereof

atalyst Reduction conditions

1 NaBH4, EtOH
2 NaBH4, H2O
3 H2, 0.1 MPa, Na2CO3, H2O
4 H2, 0.5 MPa, Na2CO3, H2O
5 H2, 0.5 MPa, Na2CO3, MeOH

a B: black, G: grey.
b E: even, P: peripheral, VP: very peripheral.
c Nanometer, from XRPD analysis.
-
n
t

e
f

h

alladium(II) oxide Na2Pd3O4. Poorly visible signals, if an
ere found at 42.40◦ and 48.93◦, and can be attributed to Cu3Pd
lloys. This observation is slightly in contradiction with our p
ious results where no such kind of diffractions was monito
o match in the XRPD database was found for other sig

marked as A, B and C inFig. 3). Broadly speaking, it is possib
o conclude that at relatively low hydrogen pressure, Pd(II)
u(II) were not completely reduced, which was also refle
y grey colour of the catalyst.

TEM pictures ofC4 after catalytic test (Fig. 4) revealed tha
his catalyst contains relatively large aggregates (20–100
f smaller (<10 nm) irregularly shaped nanoclusters. We sp

ate that in this catalyst, the active component in the redu
f nitrates is metallic palladium in the form of relatively sm
anoclusters embedded in a matrix of an amorphous ma
hydrated oxo-compounds of copper(I), copper(II) and/or m
ic copper), which are resulting in the observed larger aggreg

etallic copper should be present, if any, only in very sm
mount. In fact, it can be easily oxidised upon exposition t

oloura Distributionb Pd nanocluster sizec

E n.d.
P 6.7
VP 3.2
P 3.8
P 2.9



D. Gašparovičová et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 258–266 261

Fig. 1. XRMA analysis of Pd-Cu catalysts supported on Dowex 1× 4, reduced with: (a) sodium borohydride (0.066 M solution in ethanol) (C1); (b) H2 in aqueous
Na2CO3 (2.5%, w/w) at 25◦C and 0.1 MPa (C3); (c) H2 in aqueous Na2CO3 (2.5%, w/w) at 25◦C and 0.5 MPa (C4).

before the reaction, or by nitrates, during the catalytic process
[10,26].

The activity of catalystsC1–C5 in hydrogenation of nitrate to
nitrite, dinitrogen and ammonium ion is illustrated inFigs. 5–8,
respectively. The marked decrease in the concentration of nitrate
at the beginning of the reaction over Pd-Cu/Dowex 1× 4 cata-
lysts (Fig. 5) is caused by the ion exchange ability of the support.
0.5 g of catalyst used contains 2.1× 10−3 mol of cationic cen-
ters and the total amount of nitrate ions present at the beginning
of the catalytic experiments is 0.4× 10−3 mol. While the rapid
nitrate adsorption creates an increase in the local concentra-
tion, on the other hand, it constitutes a major hurdle to the
intraparticle migration towards the Pd active centers. In addi-
tion, there is equilibrium among individual ions in the resin.

Lowering concentration of nitrates, driving force for its trans-
port is also lowered and total conversion of nitrates would be
reached at infinity time. Therefore, conversions reached after
certain time are never quantitative, as demonstrated by the
amount of nitrate that still remains in the resin after the catalytic
experiments.

In general, higher activity was achieved with the catalysts
prepared by hydrogen reduction of the metal precursors. The
most active catalyst isC3, which was obtained under hydrogen
at 0.1 MPa. Its relatively high activity can be accounted for by
lower mass transport restrictions due to peripheral location of
catalytic sites (seeFig. 1). However, this catalyst is plagued
by low stability and significant metal pollution of the solution
was observed during the experiment (black colour of water from
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Fig. 2. X-ray powder diffraction patterns forC1 (reduction with sodium boro-
hydride, 0.066 M in ethanol) (a) andC4 (H2 in aqueous Na2CO3, 2.5%, w/w, at
25◦C and 0.5 MPa) (b). Dashed lines indicate the position of typical diffraction
peaks for the possible metal species.

released metals). Due to its low stability, this catalyst was not
investigated any further.

Mass transport limitations are more effective inC4 than in
C3, the former is apparently a little less active than the latter
(87% nitrate conversion versus 93% at 135 min). When the spa-
tial distribution of the metals is quite homogeneous, as in the
case of catalystC1, the apparent activity of the catalyst is even
lower, in spite of the smaller size of metal nanoclusters. This
suggests that the reaction takes place under diffusion regime,
whereby the process rate is not sensitive to the metal nanoclus-
ter size. In fact, whereas the metal nanocluster size increases
in the orderC5 < C3 < C4 < C2 (palladium nanocluster diam-
eter not available forC1), the apparent activity increases as
(C1) < C5 < C2 < C4 < C3.

The data inFig. 8 show that the selectivity to nitrogen for-
mation decreases as the apparent catalyst activity increases (it
should be borne in mind that the final conversion and selectivity

F
w frac-
t

Fig. 4. Transmission electron micrographs of Pd-Cu catalyst supported on
Dowex 1× 4, reduced with H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and
0.5 MPa (C4), after the catalytic test.

data forC1 are referred to 175 min and not 135 min as for the
other ones).

The reduction of nitrate ions produces nitrite and hydroxide
ions that are fixed on the cationic resin as well, and in close prox-
imity of the active Pd sites. It is known that with increasing pH,
the rate of reaction both of nitrate and nitrite reduction decreases

Fig. 5. Nitrate concentration in water vs. time for nitrate reduction (25◦C) over
Pd-Cu catalysts (4 wt.% Pd, 1 wt.% Cu), 0.5 g of a catalyst reduced with: (©)
sodium borohydride, 0.066 M in ethanol (C1); (�) sodium borohydride in water
(C2); (�) H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.1 MPa (C3); (�)
H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.5 MPa (C4); (�) H2 in the
p

ig. 3. X-ray powder diffraction patterns forC3 (H2 in aqueous Na2CO3, 2.5%,
/w, at 25◦C and 0.1 MPa). Dashed lines indicate the position of typical dif

ion peaks for the possible metal species.
 resence of Na2CO3, 2.5% (w/w) in methanol, at 25◦C and 0.5 MPa (C5).



D. Gašparovičová et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 258–266 263

Fig. 6. Nitrite concentration in water vs. time for nitrate reduction (25◦C) over
Pd-Cu catalysts (4 wt.% Pd, 1 wt.% Cu), 0.5 g of a catalyst reduced with: (©)
sodium borohydride, 0.066 M in ethanol (C1); (�) sodium borohydride in water
(C2); (�) H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.1 MPa (C3); (�)
H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.5 MPa (C4); (�) H2 in the
presence of Na2CO3, 2.5% (w/w) in methanol, at 25◦C and 0.5 MPa (C5).

and the formation of nitrite and ammonium ions increases[27].
Fig. 9represents situation for catalyst particles with the uniform
and very peripheral distribution of reduction centers.

When the reduction of nitrates proceeds in the catalyst with
uniform distribution of catalytic centers (C1), the local con-
centration of the formed hydroxyl groups is low; consequently,
the driving force for transport to bulk liquid is also low, and
they remain mainly inside the catalysts. It is in agreement with
the data shown inTable 2. In contrast, for the very peripheral
distribution of catalytic centers (C3), the reduction takes place
very close to surface, the local concentration of OH− ions and
the driving force for the transport of hydroxyl groups are high.
Thus, the concentration of hydroxyl groups in bulk is higher than
in the case of catalyst with the uniform distribution. In order to
maintain pH equal to 5–6, more acid is required (Table 2).

Hydroxyl groups are also transported inside the body of the
catalyst and in opposite way nitrates migrate to edge and are
reduced on the catalytic centers. The OH− ions, which are
remaining inside the catalyst particle, negatively affect the rate

Fig. 7. Ammonia concentration in water vs. time for nitrate reduction (25◦C)
over Pd-Cu catalysts (4 wt.% Pd, 1 wt.% Cu), 0.5 g of a catalyst reduced with:
(©) sodium borohydride, 0.066 M in ethanol (C1); (�) sodium borohydride
in water (C2); (�) H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.1 MPa
(C3); (�) H2 in aqueous Na2CO3, 2.5% (w/w), at 25◦C and 0.5 MPa (C4); (�)
H2 in the presence of Na2CO3, 2.5% (w/w) in methanol, at 25◦C and 0.5 MPa
(C5).

Fig. 8. Final nitrate conversion and selectivity to N2, NO2
− and NH4

+ ions in
the hydrogenation of nitrates in water (25◦C) after experiments withC1–C5
catalysts.

yst with uniform (a) and peripheral (b) distribution of catalytic centers.
Fig. 9. Concentration (c) profiles of hydroxyl groups for catal
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Table 2
Neutralisation of OH− anions produced in the hydrogenation of nitrates

Catalyst nOH− a (×10−3 mol) nH+ b (×10−3 mol) nOH− adsc (×10−3 mol) nOH− ads/ncat
d (%)

C1 0.30 0 0.30 14
C2 0.37 0.05 0.32 15
C3 0.56 0.55 0.01 0.2
C4 0.43 0.1 0.33 16
C5 0.36 0.1 0.26 12

a nOH− : the total amount of OH− produced in experiment (1 mol OH− is formed when 1 mol of NO3− is transformed to nitrogen, or oxides of nitrogen, 2 mol of
OH− is produced when NO3− is transformed to NH4+).

b nH+ : total amount of H+ fed throughout the catalytic experiment as 0.1 M HCl.
c nOH− ads: total amount of OH− fixed on the cationic resin.
d The ratio between the total amount of OH− fixed on the cationic resin and the number of cationic centers present in the amount of catalyst used.

Table 3
Final nitrate, nitrite and ammonia concentration in the hydrogenation of nitrates
after experimentsa with fresh (1) and recycled (2 and 3) catalystC4

Experiment NO3
− (mg/l) NO2

− (mg/l) NH4
+ (mg/l)

1 1.1 0.4 10.0
2 1.1 0.7 20.0
3 1.1 2.0 14.9

a 250 ml of distilled water with 100 mg/l NO3− (KNO3), 1.5 g of catalyst,
H2–N2 64 ml/min, 1 bar, 25◦C, 0.1 M HCl, pH 6.

of the reduction of nitrates. If transport of hydrogen is also
taken into account, it is obvious that the catalyst with peripheral
distribution should be more active than the catalyst with uni-
form structure. Higher local concentration of hydroxyl groups
decreases the selectivity to nitrogen, which is also fairly docu-
mented by catalystC3 (type b) and catalystC1 (type a) (Fig. 8).

Whereas the catalytic activity of these materials is generally
quite low (TON less than 2 mol/mol and TOF less than 1 h−1),
recycling is of the greatest importance in connection with tech-
nical application of the catalytic abatement of nitrates in water.
When recycled catalyst was used for the second and third runs,
a comparable activity with the first run was observed, but the
concentrations of NO2− and NH4

+ in the final reaction mixture
were somewhat higher (Table 3).

Analysis of the treated water from experiments withC1, C2,
C4 andC5 catalysts by means of AAS revealed the presence o
dissolved copper when magnetic stirring was applied (Table 4).
The largest CuII leaching (cCu) was observed in the sample
from the catalytic test carried out with the catalyst reduced with

NaBH4 in ethanol (C1). The concentration of palladium (cPd)
in the treated water from experiments withC1, C2, C4 and
C5 catalysts was below the detection limit of the used method
(0.1 ppm).

In order to elucidate the effect of mechanical stress in a reac-
tor with a magnetic stirrer, a set of experiments with a KPG
stirrer was performed (Table 5). The catalytic data show the dif-
ferent effects of diffusion when a KPG stirrer was used instead
of a magnetic stirrer. The higher catalytic activity, as well as
a higher selectivity towards dinitrogen in the experiments with
the magnetic stirrer, can be explained by the “sponge effect” and
by grounding of catalyst. The “sponge effect” means a periodi-
cal pressing and releasing of catalyst particles by the blades of
stirrer at bottom of the reactor. This effect increases the rate of
transportation of the liquid inside the catalysts particles, and of
course higher transport between the catalyst body and bulk liq-
uid is achieved. Thus, a sort of convective transport contributes
to diffusion transport, and the overall transport is increased.

On the other hand, the relatively high mechanical stress brings
out the production of fines. As a consequence, the specific sur-
face of the solid increases and this improves both the activity
and the N2 selectivity, simply because diffusion paths are shorter
and the surface for solid/liquid exchange of materials is larger.
Under these conditions, products effuse from the catalyst to bulk
water more readily and the chance of over-reduction is dimin-
ished. The catalytic data (Table 5) are in agreement with this
h mits:
c m-
p sport
r

Table 4
Final nitrate (mNO3

− ) and nitrite content (mNO2
− ) in the used Pd-Cu catalysts, co

and selectivity (σ) to N2, NO2
− and NH4

+ over Pd-Cu/Dowex 1× 4 catalysts (4 wt

Catalyst; duration of
an experiment (min)

mNO3
− (mg) mNO2

− (mg) cCu

C 0.0
C 0.0
C –b

C 0.0 2
C 0.0

–N2 6
1; 175 4.5 0
2; 135 4.2 0
3; 135 0.9 0.03
4; 135 1.8 0.03
5; 135 4.6 0

a 250 ml of distilled water with 100 mg/l NO3− (KNO3), 0.5 g of catalyst, H2
b Not analysed.
f ypothesis, as well as metal leaching data (detection li
Pd< 0.1 mg/l, cCu < 0.013 mg/l). The latter in fact was co
letely suppressed when the KPG stirrer (slower mass tran
ates) was employed.

ncentration of Cu dissolved in the treated water (cCu), nitrate conversion (xNO3
− )

.% Pd, 1 wt.% Cu)a

(mg/l) xNO3
− (%) σ (%)

N2 NO2
− NH4

+

6 71 96 0 4
3 81 86 0.2 13.8

93 50 0.9 49.1
4 87 76 0.8 23.
2 73 77 0.2 22.8

4 ml/min, 1 bar, 25◦C, 0.1 M HCl, pH 6.
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Table 5
Final nitrate (mNO3

− ) and nitrite content (mNO2
− ) in the used Pd-Cu catalysts, concentration of Cu dissolved in the treated water (cCu), nitrate conversion (xNO3

− )
and selectivity (σ) to N2, NO2

− and NH4
+ overC1 andC4 catalysts (4 wt.% Pd, 1 wt.% Cu) under different stirring conditionsa

Catalyst; duration of an
experiment (min); blender

mNO3
− (mg) mNO2

− (mg) cCu (mg/l) xNO3
− (%) σ (%)

N2 NO2
− NH4

+

C1; 175; magnetic 4.5 0 0.06 71 96 0 4
C1; 175; KPG 7.2 0 0 61 94 0 6
C4; 135; magnetic 1.8 0.03 0.04 87 76 0.8 23.2
C4; 135; KPG 2.5 0.23 0 83 71 2.2 26.8

a 250 ml of distilled water with 100 mg/l NO3− (KNO3), 0.5 g of catalyst, H2–N2 64 ml/min, 1 bar, 25◦C, 0.1 M HCl, pH 6.

Fig. 10. Final nitrate conversion and selectivity to N2, NO2
− and NH4

+ ions in
the hydrogenation of nitrates in water (25◦C) after experiments withC1 catalyst.

We have also investigated the effect of the nature of the acid
(CO2 instead of HCl) and of hydrogen partial pressure on the
catalytic performance ofC1 andC4. The KPG stirrer was used
for minimizing the mechanical stress (Figs. 10 and 11).

The substitution of CO2 for HCl produces a drop of the appar-
ent catalytic activity, which is somewhat larger forC4 (Fig. 11).
In both cases, the lower catalytic activity is accompanied by
a higher N2 selectivity. Again, the effect is more appreciable

Fig. 11. Final nitrate conversion and selectivity to N2, NO2
− and NH4

+ ions in
t .

for C4. The decrease in activity can be due to some catalyst
poisoning brought out by CO2. A possibility is the formation
of CuCO3·Cu(OH)2 (malachite), a sparingly soluble copper(II)
compound, which lowers the number of active copper sites.
The increase of the partial H2 pressure has no effect forC4:
both the apparent activity and the selectivity of the catalysts did
not change when pure H2 was used instead of the H2/N2 mix-
ture. By contrast, at relatively high H2 pressure, the selectivity
of C1 appreciably dropped down, indicating that under these
conditions over-reduction is favoured. This suggests that CO2
“protected”C4 from over-reduction. It is however interesting
to observe that in the presence of CO2, the activities ofC1 and
C4 were to some extent levelled off, at both low and high H2
pressure. This could be perhaps explained by a much more effi-
cient embedding of palladium in the copper carbonate phase,
which tends to cancel the differences in the metal nanoclusters
sizes. According to our expectations, AAS analysis showed on
the undetectable contents of copper and palladium in the treated
water from these experiments.

4. Conclusions

The Pd-Cu/Dowex 1× 4 catalysts proved the hypothesis of
positive effect of higher mobility of anions in body of the swollen
cationic resin. The catalysts described herein were approxi-
m ates
t pari-
s on
t s still
a his
p use
o ated
w effi-
c ting
e ich is
o

A

GA
p Dr.
V try,
S on
a
he hydrogenation of nitrates in water (25◦C) after experiments withC4 catalyst
ately four times more active in the hydrogenation of nitr
han those prepared on anionic resins. However, in com
on with inorganic catalysts, with metal particles located
he outer surface, the overall mass transport resistance wa
ppreciably high and they exhibited lower catalytic activity. T
roblem could be circumvented, at least partially, with the
f a fixed bed reactor with the external recycling of the tre
ater (increase of the overall liquid–solid mass transport co
ient). This reactor configuration would also help in preven
xcessive mechanical stress on the catalyst particles, wh
ne of the causes of enhanced metal leaching.
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