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bstract

The influence of indium addition on the catalytic properties of palladium catalysts supported on Al2O3 in the reaction of nitrates reduction to
itrogen was studied. It was found that indium did not show any activity by itself, but acted as a “promoter” for the catalytic activity of monometallic
d/Al O catalysts. The X-ray diffraction (XRD) and Time-of-flight secondary ion mass spectrometry (ToF-SIMS) studies proved the existence of
2 3

ntermetallic interactions between Pd and In, which probably modified activity and selectivity of bimetallic catalysts in this reaction. The ToF-SIMS
echnique showed the presence of intermetallic compounds in all the studied bimetallic systems, which could not be proved by XRD measurements
n the case of the systems with a small amount of indium.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Supported palladium catalysts have been widely used in
hemical and petrochemical industry as well as in the environ-
ent protection. One of the general problems taking place during

atalytical processes in industry is the inevitable deactivation of
he catalysts.

In order to minimalize the problem of deactivation of cata-
ysts and improvement of their selectivity, the modification of
atalysts was made through the introduction of various metallic
romotors. Monometallic catalysts are more often replaced by
ulticomponents systems.
Bimetallic palladium systems (Pd–M) are a large and impor-

ant group of heterogenic catalysts which have been used in
any reactions of reduction and oxidation. One of the examples

f promoting Pd by an addition of a second metal deals with the
indlar catalyst PdPb/CaCO3 for the selective hydrogenation of
lkynes [1]. In those reactions high selectivity was also observed

pon alloying Pd with Sn [2,3], Ag [4], Fe [5], Co [6] and Cu
7,8]. The bimetallic Pt–Pd system on acidic supports shows
igher activity in hydrodearomatisation than the monometallic
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d and Pt catalysts [9]. The addition of Mo [10], Cu [11] or Cr
12] to Pd catalysts increases activity and selectivity to N2 in
he reaction between NO and CO, which is important for three
ay catalysts used in cars. It was shown that the addition of
i and Tl to Pd/SiO2 increased the selective hydrodechlorina-

ion of CCl2FCHF2 to CH2FCF2Cl and CH2FCHF2 [13]. The
ydrogenation of nitrates to N2 in contaminated drinking water
s promoted by the addition of Cu [14–16], Ag [17-19] and Sn
20,21] to Pd catalysts. The industrial catalyst for hydrogenation
f nitrobenzene is a trimetallic catalyst PtPdFe/C [22].

A lot of interesting information about the effect of co-metals
n the performance of Pd in bimetallic catalysts is presented
n the paper of Coq and Figueras [23]. The catalytic properties
f Pd are discussed in the frame of electronic and geometric
ffects. This review is restricted to Pd–M catalysts operating in
reductive atmosphere.

In the past few years various bimetallic palladium based cat-
lysts have been used in commercial oxidation processes. One
f the well-known catalysts in the oxidative esterification reac-
ion is Pd–Te catalyst [24]. Palladium catalysts promoted with
ismuth and thallium are characterized by high selectivity in the

eaction of oxidation of glucose to gluconic acid and lactose to
actobionic acid [25–28]. In recent years Pd–Pb catalysts have
een used in the direct production of methyl methacrylate from
ethacrolein, methanol and oxygen [29]. A great interest has

mailto:karski@p.lodz.pl
dx.doi.org/10.1016/j.molcata.2008.01.044
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lso been paid to the Pd–Bi systems for the direct production of
enzylacetate [30].

The examples listed above prove a great theoretical as well as
ractical importance of Pd-based catalysts. Even though various
romotors have been used for different reduction and oxidation
eactions, their precise role is still not known. Most of the inter-
retations on the role of promotors are rather hypothetical. This
s probably due to the lack of information about the exact surface
tructure.

Supported Pd–In catalysts were not widely investigated in the
hemical processes, but there is some information in literature
bout their activity and selectivity in the reduction of nitrates
31–34]. However, the reason for the promoting effect of indium
n bimetallic Pd–In/support systems is still not explained.

In this paper, we would like to present an influence
f indium addition on the activity and selectivity of pal-
adium catalysts in the reduction of nitrates to nitrogen in
ater. The catalysts were characterized by X-ray diffraction

XRD), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
IMS), temperature-programmed desorption of H2 (TPDH2)
nd temperature-programmed reduction (TPR).

. Experimental

.1. Catalyst preparation

Bimetallic Pd–In/Al2O3catalysts containing 5 wt.% Pd and
.5, 1, 2 and 5 wt.% In were obtained through coimpregnation
f support (Al2O3, Fluka 506 C, 143 m2/g) with water solution of
n(NO3)3 (99.9%, Aldrich) and Pd(NO3)2 (the MLS-1200 Mega

icrowave Digestion System (Milestone) was used for complete
igestion of metallic Pd in HNO3 (POCh Gliwice)). The water
as evaporated at an increased temperature under vacuum. The

atalysts were dried in air at 110 ◦C for 6 h, calcined at 500 ◦C for
h in air atmosphere and then reduced in hydrogen atmosphere

or 2 h at 300 ◦C, directly before the measurements.

.2. Catalytic measurements

.2.1. Reduction of nitrates and nitrites
The hydrogenation of nitrate or nitrite solutions was per-

ormed in a thermostated glass reactor equipped with a stirrer,
hydrogen supply system, a burette and a pH electrode. The

mmonia formed during the reduction was neutralized by the
ddition of aqueous solution of HCl (50 mmol/dm3) to pH 5.5
n the reaction medium. The reaction was conducted at 20 ◦C.
he mixture was stirred at 300 rpm, and hydrogen was bubbled

hrough at 0.2 dm3/min. No rise in temperature due to the heat of
he reaction was observed in any of the runs since the reactor was
perated with low concentration of nitrate (1.6 mmol/dm3) or
itrite (2.1 mmol/dm3). No pressure control was required as the
otal operating pressure in the system was equal to atmospheric
ressure. Because three phases were present in the reactor, the

ystem used is treated as a slurry reactor.

Samples of the reaction medium were taken every 5, 10, 20,
0, 45 and 60 min, filtered and analyzed using a liquid chro-
atograph LaChrom (Merck Hitachi) coupled with a variable

s
t
t
w

alysis A: Chemical 287 (2008) 87–94

avelength UV detector LaChrom L-7400 (Merck Hitachi). The
nalytical wavelength was 210 nm. In our investigation, Merck
18 LiChrospher RP-18 (5-�m) column (250 mm × 4.0 mm

.d.) was used. The water solution of octyloamine phosphorate
5 mmol/dm3, pH 6.3) was used as a mobile phase. The flow rate
f octyloamine phosphorate was 1.0 cm3/min. For the samples,
oncentrations of NH4

+ ions were analyzed spectrophotomet-
ically with the use of ammonia-test (2.6–193 mg NH4

+/dm3,
erck).

.2.2. Powder X-ray diffraction
Powder X-ray diffraction patterns were obtained with
Simens D5000 diffractometer using Cu K� radiation

λ = 154.18 pm). Crystalline phases were identified by refer-
nces to the ASTM data files.

.2.3. Temperature-programmed reduction and temperature
rogrammed desorption of H2 (TPDH2 ) measurements

TPR and TPD measurements were carried out in a flow appa-
atus described in Ref. [35].

The catalyst samples (0.1 g), prior to the TPR measurements
ere calcined at 500 ◦C for 2 h in oxygen and then flushed with
elium at the same temperature for 0.5 h. After cooling to room
emperature in helium atmosphere, temperature programmed
eduction measurements were carried out. TPR runs were per-
ormed in the temperature range 25–500 ◦C, using a mixture
f hydrogen-argon (10 vol.% of H2) and a linear temperature
rowth of 10 ◦C/min. The flow rate of gases was 30 cm3/min.

For TPDH2 measurements samples of catalysts weighing
.5 g were used. Before sorption measurements, samples of
ono- and bimetallic catalysts were reduced with hydrogen at

00 ◦C for about 1 h and then flushed with argon at the same
emperature and for the same amount of time. After cooling to
oom temperature and sorption of hydrogen (0.5 h), TPD mea-
urements were carried out. Argon was used as a carrier gas. The
ow rate of gas was 40 cm3/min. Catalyst samples were heated
t the rate of 20 ◦C/min.

.2.4. Time of flight secondary mass spectrometry
Secondary ions mass spectra and images were recorded with

ToF-SIMS IV mass spectrometer manufactured by ION-TOF
mbH, Muenster, Germany. The instrument is equipped with

iquid metal 69Ga+ primary ion gun and a high mass resolution
ime of flight mass analyzer. Two different working modes of
rimary Ga+ gun were used during the measurements. A high
urrent bunched mode characterized by high mass resolution
as applied for spectra acquisition. Images were recorded in a
urst alignment mode which provide high lateral resolution. Sec-
ndary ion mass spectra were recorded from an approximately
00 �m × 100 �m area of the sample surface. During the mea-
urement the analyzed area was irradiated with the pulses of
5 keV ions at 10 kHz repetition rate and average ion current
.5 pA. The analysis time was 50 s giving an ion dose below

tatic limit of 1 × 1013 ions/cm2. Secondary ions emitted from
he bombarded surface are mass separated and counted in the
ime of flight (ToF) analyzer. For each catalyst mass spectra
ere recorded from at least three places at the sample surface.
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Fig. 1. Conversion of nitrates (X) and selectivities to nitrites
(

SNO−
2

)
, ammo-

nia
(

SNH+
4

)
and nitrogen

(
SN2

)
in the presence of catalysts: 5%Pd/Al2O3
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I. Witońska et al. / Journal of Molecula

low energy electron flood gun was used for charge compensa-
ion. Prior to the image acquisition secondary ion mass spectra
f the sample surface were recorded and then appropriate ion
eaks were chosen for the imaging. Images of the surface show
mission intensities of the corresponding secondary ions from
selected number of surface points obtained by rastering the

rimary ion beam over the analyzed area.
The catalyst samples for ToF-SIMS analysis were prepared

y pressing pellets.

. Results and discussion

Catalytic results are expressed as conversion (X, %) and selec-
ivity (S, %). Those parameters were defined as

X (%) = [1 − (C/C0)] × 100

S (%) = [CA/(C0 − C)] × 100

where C0 was a molar concentration of nitrates or nitrites at
he beginning of the reduction process, C a molar concentration
f nitrates or nitrites after time t, and CA was a molar concentra-
ion of products (nitrites or ammonia) after time t. The selectivity
o N2 was defined as SN2 (%) = 100 − SNO−

2
− SNH4

+ .

Fig. 1 shows the conversion degree of nitrate and selectiv-
ties towards NO2

−, NH4
+ and N2 for chosen monometallic

ystems containing 5%Pd/Al2O3 and 5%In/Al2O3 as well as
or palladium catalysts supported on alumina and modified with
ndium.

The presented picture shows that the conversion of palla-
ium catalysts modified with indium is considerably higher
han in the case of monometallic systems. It is noteworthy
hat activity was enhanced by the addition of only 0.5 wt.% In
In/Pd = 9.3 at.%) and the maximum activity was observed at
wt.% In (In/Pd = 37.1 at.%). However, the addition of greater
mounts of indium (for 5 wt.% In, the metal promoter propor-
ion in bimetallic phase reached 92.7 at.%) caused the decrease
n activity of bimetallic Pd–In/Al2O3 systems in the reaction of
itrate reduction in water. The same phenomenon was observed
or the supported palladium systems promoted with copper
nd silver [19,36,37]. Those publications showed that for both
ypes of palladium-based catalysts the activity for nitrate reduc-
ion appears to go through a maximum for a promoter content
etween 33 and 50 at.%, depending on the catalyst. The pre-
ented results obtained for the Pd–In/Al2O3 catalysts in the
eduction of nitrates are in good agreement with the results
roclaimed in literature.

For the catalyst 5%Pd–5%In/Al2O3, which is characterized
y the lowest activity, the highest concentrations of nitrites in
he reaction mixture were observed. The relatively high concen-
ration of NO2

− ions is noticed even at the end of the reaction
Fig. 1). It is worth emphasizing that we did not observe the for-
ation of ammonia, which is a by-product of the reduction of

itrates. However, the NH4
+ ions were detected in the reaction
ixture for bimetallic catalysts containing smaller amounts of
ndium (0.5–2 wt.%).

Taking into consideration the formation of undesirable prod-
cts (nitrites and ammonia) and high activity in the nitrate

T
w
w
v

©); 5%In/Al2O3 ( ); 5%Pd–0.5%In/Al2O3 (�); 5%Pd–1%In/Al2O3 (�);
%Pd–2%In/Al2O3 (�); 5%Pd–5%In/Al2O3 (�) as a function of time.

eduction, the system containing 5%Pd–2%In/Al2O3 seems to
e an optimal catalyst for this process. This catalyst is character-
zed by a conversion degree (about 95%) after a relatively short
ime of reaction (20 min) and good selectivity towards N2 (about
5%).

The behaviour of bimetallic Pd–In/Al2O3 catalysts in the
eduction of nitrites is quite similar to the one in the reduction
f nitrates. In the case of this reaction, the catalyst 5%Pd-
%In/Al2O3 also shows the lowest conversion degree (Fig. 2).
he different behaviour of bimetallic Pd–In/Al2O3 catalysts

ith a higher amount of indium (5 wt.% In) in comparison
ith catalysts containing 0.5–2 wt.% In could be connected with
arious surface structures of those catalysts.
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Table 1
Metal particle size of the Pd–In/Al2O3 catalysts calculated according to the
Scherrer equation

Pd content (%) In content (%) Crystallites size (nm)

5 0 6.6
5 0.5 6.9
5 1 7.2
5
5

l
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ig. 2. Conversion of nitrites (X) in the presence of catalysts: 5%Pd/Al2O3

©); 5%In/Al2O3 ( ); 5%Pd–0.5%In/Al2O3 (�); 5%Pd–1%In/Al2O3 (�);
%Pd–2%In/Al2O3 (�); 5%Pd–5%In/Al2O3 (�) as a function of time.

In order to investigate the surface structure of palla-

ium catalysts promoted with indium the XRD study was
sed. In Fig. 3 the X-ray diffractograms related to the
onometallic system (5%Pd/Al2O3) and to the bimetal-

ig. 3. Diffractograms of: (1) 5%Pd/Al2O3; (2) 5%Pd–0.5%In/Al2O3; (3)
%Pd–1%In/Al2O3; (4) 5%Pd–2%In/Al2O3; (5) 5%Pd–5%In/Al2O3 catalysts.
rystalline phases were identified by references to the ASTM data file.
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ic systems (5%Pd–0.5%In/Al2O3, 5%Pd–1%In/Al2O3,
%Pd–2%In/Al2O3, 5%Pd–5%In/Al2O3) are reported.

From the obtained diffractograms we can see the presence
f metallic palladium phase in all supported bimetallic sys-
ems. On the other hand, the presence of metallic indium was
ot observed in Pd–In/Al2O3 catalysts. However, in the case
f the diffractogram obtained for 5%Pd–5%In/Al2O3 catalyst,
hich is characterized by the lowest activity in nitrates reduc-

ion, the new maxima were observed. The positions of the new
axima indicated the appearance of a new intermetallic phase

n0.52–Pd0.48 in this bimetallic system.
According to the Scherrer equation, the metal particle size of

onometallic and bimetallic catalysts was calculated (Table 1).
he dispersion of the metallic phase was quite good. The metallic
article size in monometallic 5%Pd/Al2O3 catalyst was 6.6 nm
nd after the introduction of In (0.5–5 wt.%) it almost remains
he same. Therefore, the unique changes in the conversion prac-
ically resulted from the strong metals interactions on the surface
ather than from the changes in the metal particle size.

To get a better understanding of the nature of the interac-
ions between palladium and indium on the surface of alumina,
he samples of chosen bimetallic catalysts were characterized
y ToF-SIMS. This technique made it possible to observe the
hanges of catalyst surface which are invisible for XRD.

Fig. 4 shows a secondary ion image of palladium catalyst
upported on alumina and modified with indium after oxidation
n air atmosphere for 4 h at 500 ◦C and reduction in hydrogen
tmosphere for 2 h at 300 ◦C. The brightness of particular places
n the images corresponds to the intensity of secondary ions
mission.

The obtained images of bimetallic catalysts show that
ncreased concentrations of In and Pd were observed on the
ame areas, which demonstrated strong interactions between
hose metals on the surface of alumina. ToF-SIMS peak intensity
atios PdIn+/Pd+ (Table 2) were taken as the measure of surface
oncentration of PdIn phase. On the basis of the obtained results
t was found that the participation of PdIn phase on the surface
ises together with the increase in percentage content of indium
n bimetallic catalysts (Fig. 5). The measured ToF-SIMS peak
ntensities of ions In+ and Pd+ emitted from the studied surfaces
f bimetallic catalysts stay in good agreement with our expec-
ations. Moreover, the ToF-SIMS study of 5%Pd–5%In/Al2O3
atalyst reveals the high surface concentration of indium in com-

arison with palladium, which could also be the reason for
ecrease in activity of this system in nitrates reduction. The
ncreased surface concentration of indium can also be the rea-
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ig. 4. Positive secondary ions ToF-SIMS images of the Pd–In/Al2O3 catalyst
00 �m × 500 �m; burst alignment working mode of primary Ga+ gun; spatial

on for the observed high nitrites concentration in the reaction
ixture (Fig. 1).
The samples of bimetallic catalysts were also charac-

erized by temperature programmed desorption of H2 and
emperature programmed reduction. Fig. 6 shows the results
f temperature-programmed desorption of hydrogen (TPDH2 )
or the monometallic system 5%Pd/Al2O3 and for bimetal-
ic systems 5%Pd–0.5%In/Al2O3, 5%Pd–1%In/Al2O3 and
%Pd–5%In/Al2O3 in the temperature range 25–500 ◦C.

A wide desorption peak can be observed for catalyst
%Pd/Al2O3 at the temperature ranging from 25 to 315 ◦C and
he peak with the maximum rate of desorption at the temperature
f about 450 ◦C. The presence of these peaks in the thermo-
ram indicates that several adsorption states exist, which is the
esult of occurrence of different adsorption centres with spe-

ific bond strength of hydrogen. The high temperature (about
50 ◦C) of the maximum rate of hydrogen desorption indi-
ates that strongly bound hydrogen exists on the surface of
%Pd/Al2O3 catalyst. The hydrogen which is too strongly bound

o
P
t
b

able 2
oF-SIMS peak intensity for the analyzed samples of Pd–In/Al2O3 catalysts

atalysts Peaks intensity (the number of counts)

In+ 106Pd+ P

%Pd–0.5%In/Al2O3 83,309 15,430 3
%Pd–2%In/Al2O3 183,940 8,185 3
%Pd–5%In/Al2O3 441,403 7,316 4

he analyzed area of the surface 500 �m × 500 �m; burst alignment working mode o
aces after a single oxidation–reduction cycle; the analyzed area of the surface
tion of images was set to 128 × 128 pixels.

n the surface of palladium can be the reason for low activity
f monometallic palladium catalyst in the reduction of nitrates
Fig. 1).

The introduction of even a small amount of indium con-
ributes to the decrease in the size of desorption peaks,
hich means that the amount of strongly sorbed hydrogen on
d–In/Al2O3 systems decreases in comparison with monometal-

ic systems, which can have an influence on the activity.
Fig. 7 presents TPR spectra obtained for 5%Pd/Al2O3,

%In/Al2O3 and for bimetallic systems 5%Pd–1%In/Al2O3,
%Pd–2%In/Al2O3, 5%Pd–5%In/Al2O3 after calcination in O2
t 500 ◦C for 2 h.

In the case of catalysts 5%Pd/Al2O3 and 5%Pd–1%In/Al2O3
nstead of hydrogen adsorption peaks only desorption peaks
ere observed. It leads to a conclusion that the total reduction

f all oxide forms took place at room temperature. Moreover,
d has the ability to form hydride phases under normal condi-

ions. The desorption peaks observed for 5%Pd/Al2O3 and for
imetallic systems with a small amount of indium in the TPR

Relative intensity of peaks

dIn+ PdIn+/Pd+ In+/Pd+

26 0.021 5.399
86 0.047 22.473
53 0.062 60.334

f primary Ga+ gun; spatial resolution of images was set to 128 × 128 pixels.
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after
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Fig. 5. The ToF-SIMS (+) spectra of Pd–In/Al2O3 catalysts
rocess at a temperature around 80 ◦C probably correspond to
-PdH decomposition.

An addition of greater amounts of indium (2–5 wt.% In)
esults in the disappearance of the desorption peak suggesting

t
l
r
T

oxidation at 500 ◦C in air atmosphere reduction at 300 ◦C.
hat the �-PdH formation was inhibited. For those bimetal-
ic catalysts the adsorption peaks connected probably with the
eduction of mixed palladium–indium oxides were observed.
he appearance of the reduction peak at the temperature about
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Fig. 6. Temperature-programmed desorption of H2 from the surfaces of the
systems: (1) 5%Pd/Al2O3; (2) 5%Pd–0.5%In/Al2O3; (3) 5%Pd–1%In/Al2O3;
(4) 5%Pd–5%In/Al2O3 after adsorption of H2 at room temperature. Adsorption
of H2 was conducted in a continuous method (0.5 h, flow rate of H2 40 cm3/min,
rate of heating 20 ◦C/min). In all measurements the same amount of catalyst
0.5 g was used.

Fig. 7. TPR of (1) 5%Pd/Al2O3; (2) 5%Pd–1%In/Al2O3; (3)
5%Pd–2%In/Al2O3; (4) 5%Pd–5%In/Al2O3; (5) 5%In/Al2O3 catalysts
after their oxidation in oxygen atmosphere at 500 ◦C for 2 h.
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50 ◦C for the 5%Pd–2%In/Al2O3 and 5%Pd–5%In/Al2O3 cat-
lysts might indicate the formation of a certain mixed oxide
orm strongly bonded with the support. The existence of this
orm could lead to the formation of intermetallic compounds
n reduction atmosphere. For those systems the formation of
n0.52Pd0.48 phase was indicated by XRD measurements and
onfirmed by ToF-SIMS study.

. Conclusions

Bimetallic 5%Pd–0.5%In/Al2O3, 5%Pd–1%In/Al2O3 and
%Pd–2%In/Al2O3 catalysts are characterized by high activ-
ty in the reduction of nitrates and nitrites. System containing
higher amount of indium (5%Pd–5%In/Al2O3) show poorer

ctivity in the studied reactions. The ToF-SIMS measurements
howed the presence of intermetallic compounds in all studied
imetallic catalysts. This technique is a very sensitive method
or the examination of the surface structure. On the basis of
he ToF-SIMS results an increase in the surface concentration
f intermetallic compounds with an increase in indium content
n bimetallic systems were observed. As a measure of the con-
entration of those compounds, the ratio of PdIn+ ion emission
ntensity to Pd+ was assumed. For the catalyst with composition
%Pd–5%In/Al2O3, the intermetallic phase In0.52–Pd0.48 was
lso detected by XRD. This method enables the detection of
nly relatively high concentrations of intermetallic compounds
n the bimetallic catalysts. Because of this, the lowest activity
f 5%Pd–5%In/Al2O3 in the reduction of nitrates and nitrites
ay be connected with an appropriately large amount of this

ompound on the surface.
On the other hand, the ToF-SIMS study reveals the increased

oncentration of indium in comparison with palladium on the
urface of bimetallic systems. This fact could also have an influ-
nce on the observed changes in activities.

Summing up, on the basis of our investigations we can say that
here are two effects which can influence activity of Pd–In/Al2O3
atalysts in the reduction of nitrates and nitrites: the forma-
ion of intermetallic phase and/or the increase in indium surface
oncentrations in those bimetallic systems.
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18] I. Witońska, S. Karski, J. Gołuchowska, React. Kinet. Catal. Lett. 90 (1)

(2007) 107.
19] F. Gauthard, F. Epron, J. Barbier, J. Catal. 220 (2003) 182.

20] A. Garron, K. Lázár, F. Epron, Appl. Catal. B 59 (2005) 57.
21] A. Garron, F. Epron, Water Res. 39 (2005) 3073.
22] A.M. Strätz, in: J.R. Kosak (Ed.), Catalysis of Organic Reactions, Marcel

Dekker, New York, 1984, p. 335.
23] B. Coq, F. Figuueras, J. Mol. Catal. A 173 (2001) 117.

[
[
[
[
[

alysis A: Chemical 287 (2008) 87–94

24] Mitsubishi Chemical Industries, US Patent 3,922,300 (1975).
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