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The behaviour of Ru and Ru-Pt catalysts supported by ZrO2 used for NO oxidation was studied
in the presence of C3H6 and O2. A qualitative correlation between physicochemical properties
of the catalysts and their activity and selectivity in the NO oxidation is discussed. A high NO
oxidation potential of the catalysts was encountered to give NO2, CO2, and H2O as the main
products. The observed activity is directly related to the catalyst Ru content as well as to the
Ru-Pt interaction. The Ru catalyst prepared by impregnation was the most active and stable even
though the reaction was carried out in oxidizing atmosphere. Metal-support (Ru-ZrO2) and metal-
metal (Ru-Pt) interactions were found to be responsible for Ru phase stabilization in the catalysts.
Ruthenium enhances oxidation processes, as the highest content of noninteracting ruthenium leads
to lower oxidation, for NO, and ignition, for C3H6, temperatures. Platinum presence in the catalysts
enhances the CO formation which is directly related to the metal-metal interaction.

Besides Pt, Ru has demonstrated excellent ability
to reduce different substances, including NOx [1—4].
On the other hand, its instability and variability of
its oxidation state in redox reactions have also been
reported [5] highlighting that at temperatures exceed-
ing 800◦C formation of volatile RuO3 and RuO4 from
RuO2 is probable in oxidizing atmosphere [6, 7].

Volatility of Ru might be suppressed by inter-
actions of ruthenium with support and/or second
metallic component under dynamic conditions [8,
9]. Kobylinski et al. [9] studied NOx reduction over
Ru/Al2O3 doped by BaO reporting negligible loss of
Ru for reaction temperatures below 538◦C under a 4
vol. % of O2 in helium stream.

Anyhow, the use of ruthenium in applications re-
quiring high thermal stability, such as three-way cat-
alytic system [10], is doubtful. On the contrary, it is a
potential oxidative catalyst in the CRT-particles trap
technology for the soot abatement assisted by NOx in
diesel engines, operating at temperatures about 300—
350◦C and lean conditions with an air to fuel ratio
greater than 19 [11, 12].

During the last 20 years an extensive use of ruthe-
nium in electrocatalysis [13] and the problem of highly
volatile Ru(CO)x formation has been forcing scien-
tists to investigate the way to stabilize the ruthenium

phase. The most promising possibility seems to be the
incorporation of another metallic phase into the cat-
alyst composition, or even supporting Ru onto more
suitable solids [4, 5, 14—18].

Platinum has been chosen as the second metal with
high catalytic potential. Ru-Pt clusters are formed all
over metal composition range showing an acceptable
stability in reducing as well as oxidizing conditions.
Moreover, both metals are easily reducible and repre-
sent a well-defined stoichiometry when H2 is used for
chemisorption experiments [15].

Use of ZrO2 as catalyst and support has increased
in recent years [19]. It was extensively used to pre-
pare superacid catalyst through incorporation of SO2−

4
groups into its crystalline structure [20, 21]. As sup-
port, it presents good mechanical and thermal resis-
tance and a well-developed surface ensures the suit-
able dispersion of active phases. Moreover, ZrO2 is
able to develop significant metal-support interactions
with Pt and Ru [21—23].

The aim of this work is to evaluate the oxidizing
potential of Ru and Ru-Pt/ZrO2 catalysts, once Ru
has been stabilized, and search for qualitative corre-
lation between activity and structural properties, for
future application in soot abatement assisted by NOx.
Then, the catalyst behaviour is investigated in oxygen-
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rich conditions for NO oxidation in the presence of
C3H6 and O2, i.e. the environment typical for the ex-
haust gas from diesel engines.

EXPERIMENTAL

ZrO2-Supported Ru catalysts were prepared by the
liquid-phase adsorption (A) of ruthenium nitrosyl ni-
trate onto the support surface, or by its impregna-
tion (I). Details on preparation can be found else-
where [24]. Bimetallic Ru-Pt catalysts were prepared
by co-adsorption (CA) or co-impregnation (CI) of zir-
conia with ruthenium nitrosyl nitrate and hexachloro-
platinic acid.

The support, zirconia (ISA), was supplied by the
Norton Company. The oxide was ground and sieved to
a particle size ranging from 0.16 mm to 0.25 mm, and
calcined at 773 K. Textural properties of zirconia were
determined from the nitrogen adsorption isotherms,
resulting in the following: specific surface area 63.3
m2 g−1; average pore diameter 8.60 nm. The ZrO2 iso-
electric point of 6.5 was determined by electrophoresis
[25] using a Malvern Instrument Zetasizer 4.

Co-adsorption was carried out at room tempera-
ture and atmospheric pressure for 3 h in a continu-
ously stirred vessel, in which ZrO2 was immersed into
a metal salt solution with a solution-to-support ratio
of 40 cm3 g−1. The pH value of Ru and Pt precur-
sor solutions was lower than 3, a value sufficiently low
compared to the isoelectric point of zirconia, thus pro-
moting the adsorption of the complex metal anions.
Then, the resulting solid (adsorbed and co-adsorbed
catalyst precursor) was separated from the solution
and washed on a filter.

Co-impregnation was performed at 35◦C in rotava-
por with a solution-to-support ratio of 10 cm3 g−1. So-
lution and support were stirred at atmospheric pres-
sure for 10 min to ensure that the pores of solid were
completely filled with metal salts solution. Then, the
pressure was set to 50 mbar to evaporate the solvent,
and after drying the co-impregnated catalyst precur-
sor was obtained.

All catalyst precursors were dried at 120◦C for 12
h in N2. A part of co-adsorbed precursor was calcined
in air at 300◦C for 1 h instead of being dried. Then,
precursors were reduced in a H2 stream at 500◦C. D
denominates the dried and C the calcined catalyst pre-
cursors, i.e. AD, ID, CAD, CID, and CAC.

An ARL FISONS 3410 + inductively coupled
plasma spectroscopy (ICP) equipment was used to de-
termine the actual metal loading of the catalysts.

TPR of the catalyst precursors was used to deter-
mine the presence of metal-metal interaction. Pulse
chemisorption of hydrogen was employed to calculate
the catalyst dispersion. Both techniques were carried
out in an Autochem 2910 Micromeritics apparatus.
Before TPR experiments, solids were cleaned by pass-
ing a stream of N2 at 50◦C. TPR data were obtained

for the temperature range from −50 to 500◦C in a flow
of 5 vol. % of H2 in Ar, using a thermal conductivity
detector (TCD).

Prior to the pulse chemisorption experiment, the
catalyst surface was degassed by heating from ambient
temperature to 500◦C in Ar. Then, the sample was
cooled to 0◦C and hydrogen pulses were injected into
the argon stream. The amount of hydrogen adsorbed
by the sample was measured by TCD.

The reaction of 1000 vol. ppm of NO with 1000
vol. ppm of C3H6 was carried out in the presence of
4.5 vol. % of O2, and N2 (balance). The feed stream,
regulated by mass flow controllers, was introduced in
a tubular reactor. Inside the reactor an 8.1 cm3 cat-
alytic bed composed of 1 g of the catalyst diluted by
quartz was contacted with the gas flowing in a descen-
dant direction. The GHSV was set to 25 000 h−1. Re-
action temperature was measured and controlled by
a thermocouple positioned in the middle of the cat-
alytic bed. The gas leaving the reactor was cooled, and
then aspired by a vacuum pump to force the reactants
and/or products to pass through the analyzers, placed
between the cooler and the pump.

The analyzers, all from Rosemount, consist of a
paramagnetic O2 analyzer model 755, a chemilumi-
nescence NO and NOx analyzer model 915A, a FID
hydrocarbon analyzer model 400A, and two nondis-
persive infrared analyzers: one for CO, model 880, and
the another of double cell for NH3 and N2O, model
BINOS 1004.2. All analyzers, as well as the temper-
ature controller, were connected to a digital register
ALMEMO 5590-2 V5 from AMR.

Concentrations of N2, CO2, and H2O, as reaction
products were calculated according to the atomic mass
balance of N, C, and H using the following equations

[N2] = (1)

=
[NO]inlet − ([NO] + [NO2] + 2 [N2O] + [NH3])outlet

2

[CO2] = 3 ([C3H6]inlet − [C3H6]outlet)− [CO] (2)

[H2O] =
6 ([C3H6]inlet − [C3H6]outlet)− 3 [NH3]

2
(3)

Prior reaction, the bed was kept at 450◦C for 8 h,
with the aim to stabilize the catalysts activity. After
this treatment, reaction was carried out at stationary
conditions in the temperature range from 150◦C to
500◦C.

RESULTS AND DISCUSSION

Catalyst Preparation and Characterization

Nominal Ru content of monometallic precursors
was 1.0 mass % and 1.8 mass % for adsorbed and
impregnated precursors, respectively. Bimetallic pre-
cursors contained 1.0 mass % of Ru and 0.3 mass %
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Table 1. Precursors and Catalysts Active Metal Content and
the Results of Pulse Chemisorption of Hydrogen on
Prepared Catalysts

Metal content/mass % Pulse chemisorption
Catalyst

Precursor Catalyst
Vc/(µmol g−1) D/%

Ru Pt Ru Pt

ID 1.83 – 1.39 – 23.57 34
AD 0.70 – 0.67 – 11.00 33

CAC 0.70 0.21 0.69 0.20 11.42 31
CAD 0.70 0.21 0.68 0.21 9.66 27
CID 1.00 0.30 0.95 0.28 8.85 18

of Pt. The actual metal loading of the correspond-
ing catalyst precursors and catalysts as measured by
ICP is shown in Table 1. Results of hydrogen pulse
chemisorption and deduced dispersion values consid-
ering a H2/metal ratio of 2 [2, 26] are also shown in
Table 1.

During the catalyst activation step, some metal
is lost. The difference between the metal content of
catalyst precursors and that of corresponding acti-
vated catalysts could be, therefore, used as a mea-
sure of the stability of supported metal complexes.
Meanwhile the metal content of adsorbed (AD) and
co-adsorbed (CAD and CAC) precursors and cata-
lysts is very similar; when impregnated (ID) and co-
impregnated (CID) precursors and catalysts are com-
pared, the metal loading differs.

Hence, a stronger Ru bond to the support sur-
face was observed for the catalyst prepared by co-
adsorption. Moreover, it could be stated that the ad-
dition of Pt stabilizes the Ru phase, probably due to
their mutual interaction.

In order to prove the presence of interactions be-
tween platinum and ruthenium, some TPR experi-
ments were performed. In Fig. 1 (left-hand side) the
thermograms obtained for monometallic Pt adsorbed,
Ru adsorbed, and Ru impregnated precursors are
shown. On the right-hand side, the thermograms of
co-adsorbed and co-impregnated bimetallic precursors
as well as of a sample prepared by physical mixture of
both adsorbed Ru and Pt precursors are displayed.

Two reduction peaks can be observed in Fig. 1c for
the Pt-adsorbed precursor reduction, while for Ru, ei-
ther adsorbed or impregnated sample, two overlapped
hydrogen consumption peaks were found at lower tem-
perature, compared to the Pt precursor reduction.

A physical mixture of Ru and Pt monometallic
adsorbed precursors (Fig. 1f ) showed signals coinci-
dent with those of both metal precursors when an-
alyzed separately, revealing no interactions between
the separately adsorbed monometallic particles. For
CI precursor (Fig. 1d), only one H2 consumption peak

Fig. 1. TPR profiles for monometallic and bimetallic catalyst
precursors: a) Ru impregnated, b) Ru adsorbed, c)
Pt adsorbed, d) Ru-Pt co-impregnated, e) Ru-Pt co-
adsorbed, f ) mixture of monometallic Ru adsorbed and
Pt adsorbed precursors.

corresponding to Pt species reduction was observed.
Moreover, the peaks of Ru and Pt reduction appeared
partially overlapped. On the other hand, in the TPR
signal obtained for CA precursor (Fig. 1e), only one
sharp peak is observed, an indication of simultaneous
reduction of supported Ru and Pt species.

By comparing the TPR profiles of monometallic
precursors with those of bimetallic, the alloying of Ru
with Pt was proven for the catalyst prepared by co-
adsorption and at least a part of Pt interacted with
Ru in co-impregnated catalyst precursor. Therefore,
formation of bimetallic clusters is more probable when
the catalysts are prepared by co-adsorption compared
to the catalysts prepared by co-impregnation [5].

Finally, to discern the magnitude of the metal-
metal interaction in bimetallic catalysts, the methyl-
cyclopentane hydrogenolysis was carried out [24], as
this reaction may provide information about the struc-
tural properties of catalysts. Relatively high extent of
methylcyclopentane cracking was observed when un-
alloyed ruthenium catalysts were used. On the other
hand, the addition of Pt to Ru catalysts inhibited the
cracking, as platinum is less active metal for deep hy-
drogenolysis reactions.

Earlier studies revealed that bimetallic Ru-Pt cat-
alysts prepared by co-impregnation of Al2O3 and SiO2

exhibit higher interaction, independently of the metal
precursor used for the catalyst preparation [20, 27, 28].
Different preparation methods, e.g. co-adsorption [21]
or successive impregnation lead to segregation of Ru
and Pt metal phases. Therefore, the support nature
and its interactions with the metal particles seem to
be essential for accommodation of the active phase.

Information about interactions between metals and
support can be deduced from the dispersion of catalyst
metal particles (Table 1). In the case of monometal-
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Fig. 2. Conversion of NO (�), C3H6 (•), and O2 (O) as a
function of temperature in the presence of: a) ID, b)
AD, c) CAC, d) CID, e) CAD catalysts. Comparison
of NO conversion for A ID, H AD, � CAC, N CID, and
• CAD catalysts (f ).

lic catalysts, dispersion was not affected by the Ru
content. The dispersion of bimetallic catalysts ap-
peared to be a function of Ru-Pt interaction mag-
nitude and/or the metal content, especially of Ru
content. Similar dispersion of metal particles, around
30 %, was observed for CAC and CAD catalysts,
meanwhile, in the case of co-impregnated catalyst
higher Ru content led to lower metal dispersion of
about 18 %.

In general, moderate metal dispersion was ob-
served for all the catalysts prepared, presenting an
appreciable level of interaction between the metal par-
ticles and the support.

Catalyst Activity and Selectivity

The activity, conversion vs. temperature, curves of
NO, C3H6, and O2 for each catalyst are shown in
Fig. 2. Comparison of NO conversion vs. temperature
for the five evaluated catalysts is shown in Fig. 2f.

The highest NO conversion of about 80 % was
observed when using monometallic catalyst prepared
by impregnation. From bimetallic catalysts, that pre-
pared by impregnation-drying procedure showed the
highest NO conversion at given conditions. Moreover,
the catalysts of I series were the most active as the
maximum NO conversion was observed at the low-
est reaction temperatures, tmax, 50—100◦C lower than
the temperature, at which the maximum NO conver-
sion was reached in the presence of A series catalysts.

Further incerease of the reaction temperature resulted
in the decrease of NO conversion as the oxidation of
NO to NO2 is equilibrium-limited reaction. Equilib-
rium as a function of temperature was calculated from
tabulated data of specific heat capacity variation with
temperature, standard formation enthalpy, and stan-
dard formation free energy [29]. Obtained values were
adjusted to the equation

∆rG
o = −57.441 + 0.0758 T (4)

where the calculated value of ∆rG
o is given in kJ

mol−1.
When comparing the monometallic AD and ID cat-

alysts, their activity variation should be attributed to
the different preparation method and the final metal
loading. ID catalyst contained twice as much Ru as
AD catalyst. In the case of bimetallic catalysts, the
catalytic activity is related to the actual metal con-
tent and to the interaction between Ru and Pt atoms
of the catalysts. Activity of bimetallic catalysts de-
creases following the order CID > CAD > CAC, op-
posite to the interaction strength between the active
metals observed by TPR. Moreover, as active metal
loading of CAC and CAD catalysts is similar, the ac-
tivity difference should be attributed exclusively to
the magnitude of the metal-metal interaction incited
by the catalyst preparation procedure.

In Fig. 3 the concentration of nitrogen-containing
compounds, NO, NO2, N2O, N2, and NH3 in the
stream leaving the reactor is shown. Fig. 4 represents
the product distribution of C-containing compounds
and water vapour as measured in the reactor exhaust
gas for the studied catalysts range. N2, CO2, and H2O
content shown in Figs. 3 and 4 was calculated ac-
cording to eqns (1—3). Concentrations of investigated
species for the temperature at which 50 % propylene
conversion is reached, t50, and for the temperature
at which the maximum NO conversion was observed,
tmax, are summarized in Tables 2 and 3, respectively.

The principal product of NO oxidation in the pres-
ence of Ru-containing catalysts was nitrogen dioxide,
as shown in Fig. 3. On the other hand, the presence of
NH3 and N2O in the gas mixture leaving the reactor
was detected. According to results presented in Fig. 4,
the main products of propylene combustion were CO2

and H2O, even though a small amount of CO was de-
tected. There was no evidence of carbonaceous depots
formation on the catalyst surface after the reaction
was finished.

Curiously, NO production instead of consump-
tion was observed at lower reaction temperatures
(see Figs. 2 and 3) probably due to the reaction of
catalyst-activated N2 [30]. Moreover, at these con-
ditions the presence of oxidizing (O2) and reducing
(C3H6) species enables both oxidation of NO to give
NO2, as well as its reduction to N2O, N2, and even
NH3.
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Fig. 3. Concentration of nitrogen-containing spe-
cies (� NO, N N2, � NO2, and M NH3)
in the exhaust gas from the reactor in the
presence of: a) ID, b) AD, c) CAC, d)
CID, and e) CAD catalysts. Comparison
of N2O concentration for A ID, H AD, �
CAC, N CID, and • CAD catalysts (f ).

Table 2. Catalyst Activity and Measured Product Distribution in Oxidation of NO (1000 vol. ppm) in the Presence of C3H6 (1000
vol. ppm), O2 (4.5 vol. %), and N2 (Balance) at t50

ci/ vol. ppm ϕ/vol. %
Catalyst t50/◦C

NO N2O NO2 NH3 C3H6 CO O2

ID 288 864 45 135 8 500 10 4.21
AD 325 890 22 102 16 500 9 4.19

CAC 332 909 23 76 13 500 13 4.23
CAD 332 910 29 90 17 500 21 4.22
CID 313 840 42 130 15 500 22 4.20

Table 3. Catalyst Activity and Measured Product Distribution in Oxidation of NO (1000 vol. ppm) in the Presence of C3H6 (1000
vol. ppm), O2 (4.5 vol. %), and N2 (Balance) at tmax

ci/ vol. ppm ϕ/vol. %
Catalyst tmax/◦C

NO N2O NO2 NH3 C3H6 CO O2

ID 350 200 80 600 6 1 2 3.94
AD 450 590 72 440 6 2 2 3.94

CAC 450 680 65 385 4 1 1 3.95
CAD 452 511 76 539 10 1 4 3.96
CID 400 355 79 520 6 1 6 3.92

In order to reveal the role of nitrogen in this reac-
tion, He instead of N2 was used as an inert carrier.
During this experiment, the most active, ID, cata-
lyst was heated to a desired temperature ranging from
150◦C to 500◦C using N2 as the carrier gas. Then, af-
ter stabilization, the conversion data were taken and
N2 was replaced with He using the same mass flow
controller. The new conversion data for He as car-
rier gas were taken after stabilization. This procedure

was repeated for the following pre-set temperature
value. Reactants conversion and product composition
variation with temperature for nitrogen and carbon-
containing species, measured in the presence of He as
carrier gas, are presented in Fig. 5.

Comparing Figs. 5a and 2a one can conclude that
the presence of an inert gas, He, has positive influ-
ence on NO as well as propylene conversion at tem-
peratures below 350◦C. Different result was observed
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Fig. 4. Concentration of carbon-containing
compounds (• C3H6 and @ CO2) and
H2O (H) in the exhaust gas from the
reactor in the presence of: a) ID, b)
AD, c) CAC, d) CID, e) CAD cata-
lysts. Comparison of CO concentration
for A ID, H AD, � CAC, N CID, and
• CAD catalysts (f ).

Fig. 5. Conversion of NO (�) over ID catalyst in the presence
of C3H6 (•) and O2 (O) with He as a carrier gas (a);
the product distribution of nitrogen-containing species
(� NO, ◦ N2O, N N2, � NO2, and M NH3) (b); and
the product distribution of carbon-containing species
(• C3H6, A CO, and O CO2) and H2O (H) (c).

for oxygen consumption. Up to the temperature at
which propylene starts burning, in the presence of He,
the O2 conversion never reached 2 %. On the other
hand, when nitrogen as the carrier gas was used, the
oxygen conversion about 5 % was observed; in spite
of being propylene consumption lower (Fig. 4a). At
higher temperatures, the conversion curves measured
for both carrier gases were similar.

Relatively complex is the product distribution ob-
tained at temperatures below 275◦C in the presence
of He and N2. According to the results depicted in
Figs. 5b and 5c, NO acted as an oxidizer giving rise
to products of total propylene combustion, being re-
duced itself primarily to ammonia and N2. When ni-
trogen was used as a carrier gas (Fig. 3a), calculated
amount of N2 was negative suggesting that nitrogen
was consumed. Moreover, the amount of NO2 formed
at these conditions in the presence of N2 was twice the
NO2 content observed when He as the carrier gas was
used (Figs. 3a and 5b, respectively).

Therefore, one may speculate that the relative
abundance of the various nitrogen-containing species
is ruled by a complex chemical and adsorption equilib-
rium. Preliminary experiment with a simplified reac-
tion mixture, initially not containing NO, was carried
out at the same conditions. In the gas stream leaving
the reactor, the measured NO content never exceeded
5 vol. ppm, a value very close to the detector accuracy
limit.

The catalyst oxidation capacity towards NO and
propylene was found directly related to the ruthenium
content, as represented by the t50 value in Table 2. ID
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was the most active catalyst, giving the highest NO2

and N2O yield whilst the lowest CO and NH3 amount
was formed. Its bimetallic analogue, CID, exhibited
similar oxidation ability, but the presence of unalloyed
Pt resulted in the highest CO amount produced com-
paring to all studied catalysts. Similar tendency was
observed in the case of co-adsorbed catalysts. Again
the Ru-Pt interaction reduces the oxidative potential
of ruthenium, giving lower NO2 yield.

In general, at a temperature corresponding to the
maximum of NO conversion, tmax, complete C3H6 con-
version occurred (see Table 3). The maximum of CO
concentration, not exceeding 25 vol. ppm, was ob-
served for all catalysts at about 300◦C, roughly co-
inciding with the 50 % propylene conversion (see Ta-
bles 2 and 3). On the other hand, CO formation de-
pended on the presence of platinum, as the CO concen-
tration observed when bimetallic catalysts were used
exceeded the values measured for the corresponding
monometallic catalysts. Furthermore, when catalysts
containing both active metals were used, the ability to
form CO was proportional to the metal-metal interac-
tion strength. Therefore, the higher was the segrega-
tion of ruthenium and platinum phases, the higher was
the quantity of carbon monoxide formed.
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SYMBOLS

c concentration vol. ppm
D dispersion %
T temperature K
t temperature ◦C
t50 temperature at which the C3H6 conversion

reaches 50 % ◦C
tmax temperature at which the maximum NO

conversion is reached ◦C
∆rG

o standard reaction Gibbs energy kJ mol−1

Vc cumulative chemisorbed volume of
hydrogen µmol g−1

X conversion %
ϕ volume fraction vol. %
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