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Oxidation state of bimetallic PdCu catalysts during liquid phase
nitrate reduction
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The oxidation state and the structural properties of Al,Oz-supported bimetallic PdCu catalysts during the catalytic reduction of
KNO;3 carried out in the agueous phase were investigated by X-ray absorption spectroscopy. Under reaction conditions the noble metal
component (Pd) was in a reduced state, while the less noble metal (Cu) was found to be partialy oxidized. A PdCu phase was formed
in the bimetallic catalysts, which appears to be located in small domains on the surface of Pd rich particles.
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1. Introduction

Physico-chemical methods for the removal of nitrates
from agueous solutions, especially at concentration levels
that cannot be treated with biological denitrification meth-
ods, are receiving widespread attention today [1,2]. One of
the most attractive processes is the catalytic liquid phase
hydrogenation over metal-oxide-supported bimetallic cat-
alysts, which typically consist of a combination between
a noble and a non-noble metal. In these catalysts Pd is
used for the reduction of nitrite to nitrogen, while bimetal-
lic combinations such as PdCu, PdSn and PdIn are required
for the nitrate reduction [3—7]. The catalytic properties of
the materials and the reaction conditions were extensively
studied, however, information on the structural and chemi-
cal properties of the metal componentsin the working cata-
lystsis limited [8,9] and, in particular, the characterization
of the catalyst in the aqueous phase under reaction condi-
tions was not reported so far. The structural and chemical
properties of (metal) catalysts are typically affected by the
presence of reactant molecules and the surrounding reac-
tion media and, therefore, the characterization of the cat-
alysts in the aqueous phase under reaction conditions is
indispensable to improve the understanding of the catalytic
reaction.

X-ray absorption spectroscopy (XAS) is among the
methods most frequently used to analyze structural and
chemical properties of metal components in bimetallic cat-
alysts [10-12]. Although the experiments can be carried
out for samples in the liquid phase [13-15], the structural
properties of PdCu catalysts were investigated so far only
after reduction in the gas phase [9,16-18].

In this study we report the characterization of the chem-
ical and structural properties of bimetallic PACu/Al,O3 cat-
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alysts by in situ X-ray absorption spectroscopy. The main
focus of the experiments was to closely reflect the typi-
cal catalyst preparation and reaction conditions during the
XAS experiments and to study the catalyst directly in the
aqueous phase.

2. Experimental
2.1. Sample preparation

~v-Al,03 (Sigma Aldrich ALOX560C, specific surface
area 155 m?g~!) was used as support for mono- and
bimetallic Cu/Al,O3, Pd/Al,O3 and PdCu/Al,O3 catalysts.
Aqueous solutions of Cu(NOg3), and PANO3 were used for
the (co-)impregnation. The metal loading of the catalysts
was 5 wt% Pd and/or 1.25 wt% Cu. After preparation the
catalysts were dried at 323 K for 12 h and calcined in dry
air at 773 K for 3 h.

2.2. X-ray absorption spectroscopy

X-ray absorption spectra were measured in Hasylab at
DESY (Hamburg, Germany) at beamline X1 (ROMO 1)
using Si(311) crystals in the monochromator. The en-
ergy resolution was approximately 1 eV at the Cu K edge
(8.979 keV) and 3 eV at the Pd K edge (24.35 keV). To
calibrate the energy of the monochromator a foil of the
corresponding metal was inserted between the second and
a third ionization chamber.

In the first series of experiments the samples were pre-
pared as self-supporting wafers and investigated before and
after reduction with H, in the gas phase using a stainless-
steel cell equipped with capton windows [19]. The weight
of the samples was chosen to result in a total absorption
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of ux = 2.5 for the reduced catalysts in order to optimize
the signa to noise ratio [20]. The catalysts were reduced
in Hy at 773 K for 30 min (heating rate from room tem-
perature 20 K min—?) and after cooling the samples to lig-
uid nitrogen temperature the X-ray absorption spectra were
recorded.

In the second series of experiments the catalysts were
directly investigated in the aqueous solution. The nitrate
reduction reaction was carried out at 298 K in a stirred
batch reactor (750 ml volume, operated as a CSTR) con-
taining 75 mg KNO3 and 0.75 g of the catalyst. H, and
CO, (to compensate the increase in the pH value during
the reaction) with flow rates of 200 ml min—* were passed
through the reactor. X-ray absorption spectra were meas-
ured from the pre-reduced catalysts suspended in H,O, af-
ter introducing the H, flow for 60 min at 298 K and after
60 min of reaction in the presence of KNO3; and CO,. Dur-
ing all procedures the catalyst remained inside the aqueous
reaction media and a contact to the atmosphere was pre-
vented using polyethylene windows to seal the cell against
the environment. The cell used for the transmission ex-
periments in the aqueous phase was built from polyamide
and consisted of three parts. The two inner parts were
formed like a piston and allowed selection of the thickness
of the agueous layer exposed to the X-ray beam in order to
adjust the absorption according to the composition of the
sample and the energy of the absorption edge being stud-
ied. The third part was used to seal the cell against the
atmosphere and contained the inlet and outlet for the reac-
tant solution. A peristaltic pump was used to transfer the
agueous solution into the cell, which contained a porous fil-
ter to retard the catalyst particles until the desired amount
of material was collected. Subsequently, the cell was de-
tached from the reaction setup and inserted into a liquid
nitrogen cooled block where the spectra were measured at
low temperature. The catalyst mass and the thickness of
the aqueous layer were chosen to obtain a total absorption
of pux = 2.5.

In contrast to the other liquid phase cells described in
the literature [13-15], our cell design alows an easy ad-
justment of the thickness of the liquid layer exposed to the
X-ray beam. At the energy of the Pd K edge (24.35 keV)
the absorption cross section of water is relatively low and,
therefore, an aqueous layer of 10 mm thickness resulted in
a contribution of ~20% to the total absorption. In contrast,
at the energy of the Cu K edge (8.979 keV) an aqueous
layer of only 2 mm thickness caused already a contribu-
tion of more than 50% to the total absorption coefficient.
Therefore, only atenth of the amount of solid sample could
be used for the experiments on the Cu K edge compared to
the Pd K edge, which is reflected in the significantly lower
signal—noise ratio for the spectra measured at the Cu K
edge.

The position of the absorption edge in the spectra was
determined at the maximum of the first derivative. All
spectra were aligned using the edge position of the cor-
responding bulk metal measured simultaneously with the
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Figure 1. XANES of Pd/Al,O3 (Pd K edge): (a) before and (b) after

gas phase reduction in Hy, (c) after exposure to air, (d) after suspending

in H2O, (e) before and (f) after the reduction of KNO3 with Hy in the
agueous phase, (g) bulk Pd.

samples. The scattering cross section of the edge metal was
determined from the Victoreen coefficients and the height
of the edge was normalized to one. The radial distribution
functions were calculated from the EXAFS using standard
analysis procedures as described, e.g., in [21]. This in-
cluded the removal of the background scattering using a
third-order polynomial function and a Fourier transforma-
tion of the k2-weighted oscillations over the range k = 3—
16 A—1. The contributions of the first coordination shell
were isolated from the Fourier transformed oscillations in
the range between r» = 1.35-3.1 and 1.5-3.2 A for Cu and
Pd, respectively, and analyzed using phase shift and am-
plitude functions calculated from the corresponding bulk
metals. The Pd—Cu and Cu—Pd contributions of the bimetal-
lic catalysts were calculated using the program FEFF (ver-
sion 8) [22], the data treatment was done with the WinXAS
program (version 1.3) [23].

3. Results

The X-ray absorption spectra of the Pd/Al,O3 and
PdCu/Al,O3 catalysts measured at the Pd K edge before and
after gas phase reduction in H,, after suspending the cata-
lysts in H,O and before and after the reduction of KNO3
with H, in the aqueous phase are compared in figures 1
and 2. For the precursors of the Pd/Al,O3z and PACu/Al,O3
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Figure 2. XANES of PdCuW/AIl,O3 (Pd K edge): (a) before and (b) after

gas phase reduction in Hy, (c) after exposure to air, (d) after suspending

in H>0, (e) before and (f) after the reduction of KNO3z with Hy in the
aqueous phase, (g) bulk Pd.

catalysts the intensities of the peaks above the Pd K absorp-
tion edge were significantly higher compared to the reduced
catalysts, where the XANES observed were essentialy the
same asthose of bulk Pd. For both catalysts further changes
in the XANES were not observed after exposing the sam-
ples to the agueous phase and during the nitrate reduction
reaction.

The XANES at the Cu K edge of Cu/Al,O3 and
PdCu/Al,O3; before and after reduction with Hy, in the
agueous phase and before and after the KNO;3; reduction
reaction are shown in figures 3 and 4. For both catalyst
precursors intensive peaks above the Cu K edge were ob-
served, which decreased in intensity during the reduction
in Hy. Incontrast to the samples measured at the Pd K edge,
the XANES of the reduced Cu/Al,Oz and PdCu/Al,O5 cat-
alysts were not identical after reduction. While the features
in the XANES of the reduced Cu/Al,O3 catalyst resembled
those of bulk Cu, the XANES of the bimetallic PdCu cata-
lyst showed a broader and more intense peak above the ab-
sorption edge. These features did not change markedly for
both catalysts after exposure to air at 298 K. After contact
with the liquid phase a pronounced increase in the intensity
of the peak above the absorption edge was observed in the
XANES of both samples. Note that after the reaction in the
aqueous phase the XANES of the monometallic Cu/Al,O3
catalyst resembled that of its oxidic precursor, while the
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Figure 3. XANES of Cu/Al,O3 (Cu K edge): (a) before and (b) after

gas phase reduction in Hy, (c) after exposure to air, (d) after suspending

in H2O, (e) before and (f) after the reduction of KNO3 with Hy in the
aqueous phase, (g) bulk Cu.
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Figure 4. XANES of PdCu/Al,03 (Cu K edge): (a) before and (b) after

gas phase reduction in Hy, (c) after exposure to air, (d) after suspending

in H2O, (e) before and (f) after the reduction of KNO3 with Hy in the
aqueous phase, (g) bulk Cu.
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Figure 5. Magnitude of the Fourier transformed EXAFS (Pd K edge):
(& bulk Pd, (b) Pd/Al,O3 reduced and (c) PACuW/Al,O3 reduced.

changes in the XANES of the bimetallic catalyst were less
pronounced.

The Fourier transformed EXAFS observed at the Pd and
Cu K edges of the reduced mono- and bimetallic catalysts
are compared to that of the corresponding bulk metals in
figures5 and 6. The contributions of atomsin the first coor-
dination shells of Pd and Cu are compiled in tables 1 and 2.
For both catalysts the Pd—Pd distance (rpg—pq) increased
from 2.75 to 2.85 A, which indicates the formation of a
(-Pd-hydride phase during the reduction of the catalysts in
H, [24]. The Cu—Cu distance of the monometallic catalyst
was the same as in bulk Cu and increased only dlightly
due to the presence of the larger Pd atoms in the bimetallic
sample. Note, that for the bimetallic catalyst backscattering

Table 1
Results of the EXAFS analysis at the Pd K edge.
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Figure 6. Magnitude of the Fourier transformed EXAFS (Cu K edge):
(@) bulk Cu, (b) Cu/Al,03 reduced and (c) PACu/Al>,O3 reduced.

from Cu atoms was not observed in the EXAFS at the Pd K
edge (figure 5(c)), while the radial distribution function of
Cu clearly indicated the presence of Cu-Pd contributions
for PACuU/Al,O3 (figure 6(c)). In addition, the quality of the
fit could not be improved by using Pd—Cu contributions in
the EXAFS analysis of the bimetallic catalyst at the Pd K
edge.

4, Discussion

The XANES of a metal oxide is dominated by peaks
with high intensity above the X-ray absorption edge, the so-
called white line, while these peaks are of lower intensity
in the XANES of reduced metals [25]. This difference
in the white line intensity between the oxidized and the
metallic state is understood in terms of a greater density of
unoccupied states near the Fermi-level for oxidized metals

Sample Npg—pd T'Po—Pd Aoy oy .
(A) (A2) and thus can be related to the oxidation state [26,27].
rd e (eferend " p— 5 The decrease in the intensity of the peaks above the Pd
P/ALLOs 110 P 6.7 x 10-5 _and Cu K absorption edges after reduction of the catalys@s
PACWAI,05 5.9 2.858 18x 104 InHy at 773 K and the absence of metal—oxygen contri-
butions in the EXAFS indicated the formation of reduced
Table 2
Results of the EXAFS analysis at the Cu K edge.
Sample NCU—CU TCUD—CU Aa(zgu—Cu N(;u_pd rCLi—Pd AU(f:u—Pd
(A) (A?) (A) (A?)

Cu metal (reference) 12 2.553 0 - - -

Cu/Al;03 9.6 2551 1.9x10°* - - -

PdCu/Al,03 2.4 2583 1.3x10°3 4.9 263 15x10°3
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metal particles. The similar features in the XANES at the
Pd K edge between the reduced Pd/Al,O3 and PACu/Al,O3
catalysts and metallic Pd reveal the formation of a com-
pletely reduced Pd phase in the particles. In contrast, in
the XANES at the Cu K edge the peaks were significantly
more intense for the bimetallic PACu/Al,O3 catalyst, while
only the XANES of the monometallic Cu/Al,O3 catalyst
resembled that of the bulk metal. The differences observed
between the XANES of the mono- and bimetallic catalysts
at the Cu K edge indicate the formation of a bimetallic
PdCu phase. Note that we have already observed a sim-
ilar trend in the XANES of bimetallic PINi/SIO,, where
with increasing Ni/Pt ratio the intensity of the first peak
above the absorption edge increased for Ni and decreased
for Pt [28].

The formation of the bimetallic PdCu phase was only ob-
served in the EXAFS at the Cu K edge. Significant Cu—Pd
contributionswere present in the radial distribution function
of the bimetallic catalyst at the Cu K edge and the analysis
of the EXAFS indicated an increase in the distance between
the Cu atoms due to the lattice expansion resulting from the
incorporation of the larger Pd atoms. In contrast, contribu-
tions from neighboring Cu atoms were not observed in the
radial distribution function of Pd nor were necessary to fit
the EXAFS of the bimetallic catalyst observed at the Pd K
edge. Thisis in agreement with the XANES data, where
the presence of the bimetallic phase was also only observed
at the Cu K edge, while at the Pd K edge no indication
of a bimetallic phase was found. Conceptualy, X-ray ab-
sorption spectroscopy summarizes the contributions of all
absorber atoms exposed to the X-ray beam. Due to the
significantly higher concentration of Pd in the bimetallic
catalyst only a small fraction of Pd atoms appear to be in
the direct neighborhood of Cu. Consequently, the contribu-
tions from the Pd phase were dominating over the contri-
butions from the bimetallic PdCu phase at the Pd K edge.
Furthermore, the formation of the Pd-hydride phase led to
an increase in the distance between the Pd atoms, which
could be an additional reason why the Pd-Pd and Pd—Cu
contributions could not be differentiated in the EXAFS of
the bimetallic catalysts. For bimetallic alumina-supported
PdCu catalysts an enrichment of the surface of the metal
particles with Cu was reported by Molenbroek et al. [16]
and Pintar et al. [8]. Therefore, most of the Cu atoms in
the bimetallic catalyst should be located in close vicinity of
Pd atoms and, thus the changes in the EXAFS of Cu are
more pronounced compared to Pd.

Within the limits of accuracy there was no indication
for the formation of an oxidic surface layer on Pd for the
Pd/Al,0O5 and PdCu/Al,O3 catalysts during the reaction in
the aqueous phase at 298 K. In contrast, for both Cu cata-
lysts the changes observed in the XANES clearly revealed
a partial oxidation of the Cu phase after contact with the
agueous reactant. For the monometallic Cu/Al,O3 catalyst
a similar oxidation state as in the oxidic precursor was ob-
served after the nitrate reduction in the liquid phase. In
the bimetallic catalyst the peak above the absorption edge

increased only dightly before and after the nitrate reduc-
tion reaction in the agueous phase, which indicates that
the Cu component was only partialy oxidized under these
conditions. The results clearly showed that under reac-
tion conditions the noble metal component is in a reduced
state, while the less-noble metal is partially oxidized. Inthe
monometallic Cu/Al,O3 catalysts the metal was strongly
oxidized during the reaction, while in the bimetallic cat-
alyst Cu was stabilized in a partialy reduced state most
likely due to the close contact with the noble metal.

The differencesin the XANES of Cu between the mono-
and bimetallic catalysts under reaction conditions and the
results from the EXAFS analysis for the reduced bimetallic
catalysts indicated the formation of Cu rich bimetallic do-
mains, which were preferentially formed on the surface of
the metal particles. On these catalysts the noble metal phase
was found to be in a reduced state, while the less-noble
metal phase was slightly oxidized under reaction conditions.
We would like to speculate that the surface polarity induced
is favorable for the reduction of nitrates. In principle, the
nitrate reduction occurs via two consecutive reaction steps.
Only bimetallic catalysts were found to be active for the re-
duction of nitrate to nitrite, while monometallic noble metal
catalysts are only active for the reduction of nitrite to nitro-
gen [5]. Typicaly, Pd is combined with less-noble metals,
which are, based on the results presented here, in a par-
tially oxidized state. Thus, the noble metal component in
the bimetallic catalyst appears to have two functionalities.
It is the active phase for the reduction of nitrite to nitrogen
and it stabilizes the less-noble metal in a partially reduced
phase.

5. Conclusions

The experiments reported clearly revealed that in situ ex-
perimentsin the agueous phase are necessary to understand
the properties of the PACu/Al,O3 catalysts during the lig-
uid phase nitrate reduction. Under the reaction conditions
studied Pd was found to be in a reduced state in Pd/Al,O3
and PdCu/Al;O3. In the monometallic Cu/Al,O3 catalyst
Cu was completely oxidized during the contact with the
aqueous phase, while in the bimetallic PACu/Al,O3 cata-
lyst Cu was stabilized in a partially oxidized state. A PdCu
phase was formed in the bimetallic catalyst, which is pre-
sumably located in small domains on the surface of Pd rich
particles. The noble metal component is the active phase
for the nitrite reduction and stabilizes the less-noble metal
in a partially reduced state. The polarity generated by the
reduced and the partially oxidized metal phases on the sur-
face of the metal particles appears to have a positive effect
on the activity of the catalysts for the nitrate reduction.
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