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The potentiality of ceria/zirconia based catalysts in the simultaneous removal of particulate matter (soot) and NOx 
is investigated in this work, and compared with that of a model LNT Pt-K/Al2O3 sample. Ceria-zirconia (molar ratio 
75/25) catalysts doped with Pt, Au, Ru or Fe (2% by weight) and containing K (7% by weight) were prepared by a 
modified citrate method and characterized by X-ray diffraction, surface area and pore volume measurements. The 
behavior of the catalysts in the soot combustion and NOx removal was separately analyzed by means of 
temperature programmed oxidation (TPO), isothermal combustion and isothermal NOx adsorption experiments. 
The results showed that all the ceria/zirconia based cata-lysts are more active than Pt-K/Al2O3 in soot combustion; 
the Ru-containing system also showed NOx storage performances comparable to Pt-K/Al2O3. Accordingly the 
capability of the Ru-based catalyst to accomplish the removal of NOx in the absence and in the presence of soot was 
further investigated by reactivity experiments and FT-IR spectroscopy to analyze both the gas phase and the catalyst 
surface species. The data indicate that the Ru-based system is able to simultaneously remove soot and adsorb NOx 
pointing out higher performances in the soot combustion as compared to the Pt-K/Al2O3 catalyst, and similar 
behavior in the NOx storage capacity. However the NOx reduction activity results lower than the traditional LNT Pt-
based catalyst. Conversely, when the Ru-based catalyst is mixed with the LNT sample (physical mixture) a NOx 
reduction efficiency similar to Pt-K/Al2O3 is found.
. Introduction

The main pollutants emitted by diesel engines are nitrogen
xides and particulate matter (i.e. soot) whose hazardous effects
n both environment and public health are widely recognized. For

the so-called diesel particulate filters (DPFs) [4] on which soot con-
tained in the exhausts is accumulated. For this reason, DPFs need to
be periodically regenerated in order to avoid pressure drops, which
potentially decrease the engine efficiency. Regeneration is usually
performed by increasing the filter temperature (active regener-
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his reason, during the last decades the development and applica-
ion of catalytic technologies for the control of polluting emissions
rom diesel vehicles have grown dramatically, forced by the appli-
ation of stringent legislative emissions standards such as Euro 6
r U.S. Tier 2.

Among the deNOx after treatment technologies, selective cat-
lytic reduction (SCR) of NOx with ammonia/urea [1] and NOx

torage reduction (NSR) technique, also quoted as lean NOx trap
LNT) [2,3], represent the most viable solutions. On the other hand,
he control of soot emissions is currently accomplished by the use of
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tion) so that the particulate is burnt by oxygen present in the
xhausts. This process requires an extra fuel consumption, thus
ncreasing fuel penalty; moreover, excessive heating can damage
lter itself and the other catalytic aftertreatment devices (e.g. SCR
nd LNT units). It is therefore mandatory to reduce the temperature
t which soot combustion is attained.

A possible solution consists in the coating of the DPF with
n oxidation catalyst [5] in order to promote soot combustion at
emperatures near the engine operating conditions (passive regen-
ration). However, one of the most critical aspects of catalytic filters
s represented by the poor reactivity at low temperature; besides,
hey are not able to remove NOx.

On this regard an integrated deNOx-deSoot after-treatment
echnique, known as DPNR (Diesel Particulate- NOx Reduction), has
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een developed by Toyota [6]. This system consists of both a new
atalytic filter and a new diesel combustion technology which has
he unique capacity to remove simultaneously both soot and NOx.
he new catalytic converter for DPNR is a porous ceramic wall-flow
lter coated with a LNT catalytic layer constituted by a high surface
rea support (e.g. �-alumina), by a noble metal (e.g. Pt and/or Rh)
nd by an alkaline or alkaline-earth metal oxide which presents a
igh NOx-storage capacity. Like LNTs, DPNR systems work under
yclic conditions, alternating long lean phases with short regener-
tion phases under rich condition: during the lean phase the NOx

roduced by the engine are oxidized and subsequently adsorbed on
he alkaline or alkaline-earth metal oxide component, while during
he rich phase the NOx stored species are then reduced to molecu-
ar nitrogen by CO, H2 and unburnt hydrocarbons. The particulate

atter removal takes place mainly under lean conditions by oxy-
en and NO2 formed upon NO oxidation over noble metals even if
oyota researchers proposed that active oxygen species, which are
ormed during NOx adsorption, can promote soot oxidation also
nder rich conditions as well.

In previous works of our group we have investigated the reactiv-
ty of model Pt-Ba/Al2O3 and Pt-K/Al2O3 DPNR catalysts in both the
Ox storage/reduction and soot oxidation. It was found that these

ystems are able to store NOx under lean conditions even in the
resence of soot while soot combustion is simultaneously occurring
7–10]. The effect of soot on the NOx storage and reduction activity
as also analyzed [10–14] pointing out that the presence of soot

oes not appreciably affect the reduction of the stored NOx, while
nhibits the NOx storage capacity. This was ascribed to the competi-
ion between soot and Ba/K sites for the reaction with NO2, i.e. soot
ffers another pathway for the utilization of NO2 rather than the
Ox storage process. Besides a complex interplay between soot and

he stored NOx was pointed out, suggesting the direct participation
f the surface NOx species in the soot oxidation [15]. Pt-K/Al2O3
ystem showed higher performances in the soot oxidation if com-
ared to Ba-based catalyst [8–10] likely due to the formation of
obile potassium surface compounds which favor the soot-catalyst

ontact and hence the reactivity.
To date, ceria-based oxides are considered among the most

romising materials for soot combustion [16–24]. This is ascribed
o the ability of ceria to change oxidation state (i.e. by Ce4+/Ce3+

edox cycle) under oxygen rich operation conditions which allows
acile oxygen uptake/release thus promoting the oxygen delivery
rom the lattice to the gas phase and hence to soot surface. More-
ver ceria-based materials are able to accelerate the oxidation of
O to NO2, which is a stronger soot oxidant than oxygen [25],

nvolving oxygen from the catalyst so promoting the soot oxidation.
oreover, the doping of ceria with proper cations, such as zirco-

ium, can further increase surface oxygen availability and thus soot
ombustion.

On this basis, the aim of this work is to investigate the potential-
ty of novel LNT ceria-zirconia catalysts doped with Pt, Au, Ru or Fe
nd containing K as NOx storage component for the simultaneous
emoval of NOx and soot. In particular we have initially analyzed
he behavior of all the catalysts in both the soot combustion and in
he NOx storage by means of temperature programmed oxidation
TPO) experiments and isothermal NOx adsorption experiments.
he reactivity of the most promising system (i.e. the Ru-containing
eria/zirconia sample) was further investigated in both the soot
ombustion and in the simultaneous removal of soot and NOx.

For this purpose, microreactor studies and FT-IR analyses were
sed as complementary techniques to gain further information on
oth NOx storage and reduction pathways. The behavior of a model

t-K/Al2O3 LNT catalyst and that of combined catalyst configura-
ions (i.e. a double-bed configuration with the LNT catalyst layer
laced upstream the Ru-containing catalyst and a physical mixture
of the two catalyst samples in one layer) was also considered for
comparison purposes.

2. Experimental

2.1. Catalysts preparation and characterization

K- and K/Me-doped (Me = Fe, Pt, Au, Ru) ceria-zirconia mixed
oxides with a Ce/Zr molar ratio 75/25 were prepared by a modified
citrate method [26,27]. A CeZr sample doped with 7% by weight
of potassium (thereafter denoted as CZK) and a series of CZKMe
(Me = Fe, Pt, Au, Ru) catalysts doped with 7% by weight of potassium
and 2% by weight of Me (thereafter denoted as CZKFe, CZKPt, CZKAu
and CZKRu, respectively) were prepared.

Briefly, the various precursors (cerium(III) acetate hydrate
from Chempur, zirconium(IV) propoxide from Aldrich, potassium
acetate from Carlo Erba, Iron(III) citrate from Aldrich, tetraammine
platinum hydroxide from Heraeus, gold(III) hydroxide from Aldrich
and ruthenium acetate from Chempur) were separately dissolved
in an aqueous solution of citric acid monohydrate (Carlo Erba).
All the solutions were then mixed and neutralized with ammo-
nium hydroxide (Aldrich, 33% NH3). The resulting solution was
concentrated in rotavapor (Laborota 20 Control of Heidolph) and
further dried under vacuum conditions at 230 ◦C for 10 h to obtain
expanded meringue-like solids. The meringue thus obtained was
crushed and sieved to obtain a powder. The decomposition of the
organic part (i.e. citric acid) was performed in a fluidized bed system
[28] at 330 ◦C operating with a nitrogen/air flow. A final calcination
in air at 800 ◦C and then 900 ◦C for further 10 h was performed.

The obtained catalysts were characterized by X-ray powder
diffraction (XRD) with a Bruker D8 instrument using graphite
monochromated CuK� radiation; the diffraction patterns were col-
lected in the 2� range of 10–90◦ with a step of 0.05◦ and a counting
time of 12.5 s per step. BET Surface area and pore size distribu-
tion were measured by single point N2 adsorption–desorption at
−196 ◦C (Micromeritics TriStar 3000 Instrument).

For comparison purpose, an homemade Pt-K/Al2O3
(1/5.4/100 w/w) catalyst was also used. It was prepared by
incipient wetness impregnation of a commercial alumina sample
(Versal 250 from UOP) with aqueous solution of dinitro-diammine
platinum (Strem Chemicals, 5% w/w Pt in ammonium hydroxide)
and subsequently with a solution of potassium acetate (Aldrich).
The powder was dried at 80 ◦C and calcined in air at 500 ◦C for
5 h after each impregnation step. A detailed characterization of
the model Pt–K/Al2O3 catalyst is reported in previous works
[10,29,30]. The specific surface area and pore volume are 167 m2/g
and 0.9 cm3/g, respectively. The Pt dispersion, as determined by H2
chemisorption at 0 ◦C, is about 30%. XRD patterns of the calcined
sample show the characteristic peaks of microcrystalline �-Al2O3;
traces of monoclinic K2CO3 (JCPDS 16-820) and cubic K2O (JCPDS
23-493) phases were also recognized.

Printex U (Evonik-Degussa) was used as model soot, which is
widely used as a model substance for diesel particulate and whose
properties are well described in the literature [31,32].

2.2. Catalytic tests

All reactivity tests were performed in a micro flow-reactor appa-
ratus consisting of a quartz tube reactor (7 mm i.d.) connected to
a mass spectrometer (Omnistar 200, Pfeiffer Vacuum), a micro-GC
(Agilent 3000A) and an UV analyzer (Limas 11HW, ABB) for the on-

line analysis of the outlet gases (NO, NO2, N2, H2, O2, CO, CO2, N2O
and NH3). 59.4 mg of catalyst or 66 mg of the soot-catalyst mixture
(corresponding to 59.4 mg of catalyst and 6.6 mg of soot) were used
in each run. Catalyst-soot mixtures were prepared by gently mixing
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Table 1
Morphological properties of the ceria/zirconia catalysts: surface area, pore volume
and average pore diameter.

Catalytic systems As [m2/g] Vp [cm3/g] dp [nm]

CZK 7.25 0.035 19.3
CZKRu 9.02 0.032 14.2
CZKPt 8.45 0.034 16.2
CZKAu 3.53 0.012 13.5
CZKFe 3.35 0.016 19.6
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n a vial the catalyst powder with soot (9:1 by weight catalyst/soot
atio), thus realizing a loose contact. The total gas flow was always
et at 100 cm3/min (at 0 ◦C and 1 atm).

Catalytic tests were also performed using a physical mixture of
he two Pt-K/Al2O3 + CZKRu samples (obtained by gently mixing
he catalysts) and a double-bed configuration as well where the
ZKRu catalyst is placed downstream the Pt-K/Al2O3 sample, sepa-
ated by a quartz layer. In these cases 29.7 mg of each sample were
sed (total catalyst loading of 59.4 mg), while the total gas flow was
lways set at 100 cm3/min (at 0 ◦C and 1 atm) to maintain the same
ontact time of the individual samples.

The behavior of the catalysts in the soot combustion was
ddressed by means of temperature programmed oxidation (TPO)
xperiments and under isothermal conditions as well. In the case
f TPO experiments, the soot–catalyst mixture is heated from
oom temperature to 750 ◦C (heating rate 10 ◦C/min) with O2
3% v/v, corresponding to 30 mbar) in He or O2 (3% v/v) + NO
1000 ppm, corresponding to 1 mbar) + H2O (1% v/v, correspond-
ng to 10 mbar) + CO2 (0.1% v/v, corresponding to 1 mbar) in He. In
he case of isothermal reaction, the catalyst sample is heated at
50 ◦C in the same atmosphere for 4 h. Then a TPO experiment (up
o 750 ◦C) was carried out to quantify the residual amount of soot.

The NOx adsorption performances were investigated at 350 ◦C
y admitting to the reactor a rectangular step feed of NO
1000 ppm) + 3% O2 in He and in the presence of H2O (1% v/v) and
O2 (0.1% v/v).

Finally, the NOx storage and reduction activity was studied in
he absence and in the presence of soot by performing lean-rich
ycles at 300 ◦C (isothermal concentration step change exper-
ments, ICSC). For this purpose, rectangular step feeds of NO
1000 ppm) + 3% O2 (v/v) in He and of hydrogen (4000 ppm, cor-
esponding to 40 mbar) in He, separated by a He purge in between,
ere alternatively fed to the reactor in the presence of H2O (1% v/v)

nd CO2 (0.1% v/v).

.3. In situ FTIR study

Absorption/transmission IR spectra were run on a Perkin-
lmer FTIR System 2000 spectrophotometer equipped with a
g-Cd-Te cryo-detector, working in the range of wavenumbers
200–580 cm−1 at a resolution of 2 cm−1. For IR analysis powder
amples were compressed in self-supporting discs (10 mg cm−2)
nd placed in a commercial heated stainless steel cell (Aabspec)
llowing thermal treatments in situ under vacuum or controlled
tmosphere and the simultaneous registration of spectra at tem-
eratures up to 600 ◦C. The cell was equipped with single-crystal
Br windows. Experiments were carried out both on the single
atalysts (Pt-K/Al2O3 and CZKRu) and on the physical mixture
1/1 w/w).

Before the measurements, the samples were treated at 600 ◦C
n vacuum and dry oxygen in order to clean the surface from
dsorbed species. After this activation stage, the samples were
ooled down to the desired temperature (i.e. 250 and 300 ◦C) in oxy-
en and outgassed before the admission of the chosen atmosphere:
O (5 mbar), NO/O2 1:4 mixture (pNO = 5 mbar) or H2 (5 mbar).
he results obtained at 250 ◦C are very similar to those obtained
t 300 ◦C. However, at 300 ◦C the formation of broad electronic
bsorptions related to the semi-conducting properties of ceria, i.e.
he ability of losing oxygen with the formation of lattice defects,

akes the spectra noisy. For this reason, the spectra reported in
he figures are those run at 250 ◦C. The spectra recorded during

he interaction with a gas are reported as difference spectra in
he figures: the spectrum subtracted is always that recorded after
he activation treatment. In this way the bands related to surface
pecies formed upon gas interactions are clearly visible.
2θ [°]

Fig. 1. XRD patterns of CZK (A), CZKPt (B), CZKAu (C), CZKFe (D) and CZKRu (E).

3. Results and discussion

3.1. Catalysts characterization

The surface area (S), pore volume (V) and average pore diameter
dp (4 V/S) of the investigated catalytic systems are listed in Table 1.
For all the samples, the values of surface area and pore volume
are lower than 10 m2 g−1 and 0.04 cm3/g, respectively. The pore
diameter is in the range 13–20 nm.

The X-ray diffraction patterns are shown in Fig. 1. All the samples
present the characteristic peaks of a Ce0.75Zr0.25O2 solid solu-
tion phase with a cubic fluorite structure of Fm3m symmetry, as
expected for this Ce/Zr ratio [20,33]. In line with literature [20],
for all the samples, an average crystallite size (D) near 15–20 nm
was determined for the ceria/zirconia solid solution, by using the
Scherrer equation:

D = K�
� cos �

where � is the X-ray wavelength (1.541 Å), K the particle shape fac-
tor (taken as 0.9), � the width at half maximum and � the diffraction
angle of the considered peak.

No potassium crystalline phases were detected, thus suggesting
that the deposited alkaline metal oxide phases are highly dispersed
or mainly amorphous. Moreover the possible formation of K/Ce

solid solutions cannot be completely ruled out even if the ionic sub-
stitution in the ceria lattice by potassium is unlikely due to the high
dimension of potassium ion [34]. Diffraction peaks belonging to
platinum and gold were also detected for CZKPt and CZKAu, respec-
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ig. 2. Results of TPO experiments in He + O2 (3% v/v) in presence of H2O (1%
/v) + CO2 (0.1% v/v).

ively. The average crystallite size, determined using the Scherrer
quation, is 45 nm for both Pt and Au. SEM analyses were further
erformed over CZKPt and CZKAu samples which showed the pres-
nce of Pt and Au aggregates up to 200–300 nm.

The absence of peaks related to iron and ruthenium phases in
he XRD profile of CZKFe and CZKRu may indicate the formation
f Ce/Fe and Ce/Ru solid solutions, respectively [35–40]. Of note
he possible incorporation of iron or ruthenium in the ceria fluorite
attice (i.e. the substitution of Ce ions with smaller Fe or Ru ions)
ould result in the contraction of the cell volume and explain the
eak shifts, to higher 2� angles, observed for both CZKFe and CZKRu
amples [35,37,41,42]. This contraction was evident from the unit
ell parameters obtained from Rietveld refinement: 5.355 Å for the
ZK sample vs 5.324 Å and 5.288 Å for CZKFe and CZKRu, respec-
ively, which confirm the possible incorporation of Fe and Ru in the
uorite lattice.

Finally, inductively coupled plasma (ICP) analysis was per-
ormed for the CZKRu sample which showed K and Ru contents near
he theoretical loading in spite of the severe calcination conditions
ere adopted (i.e. final calcination in air at 900 ◦C for 10 h).

.2. Soot oxidation activity in the presence of oxygen

The performances in the soot combustion of the Ceria/Zirconia-
ased catalysts were investigated by TPO experiments. The
btained results are shown in Fig. 2 in terms of COx (CO2 + CO) evo-

ution and compared with those obtained in the case of pure soot
nd Pt-K/Al2O3 catalyst. The O2 consumption profiles (not shown)
re always symmetrical to those of COx. In all cases, a high selec-
ivity to CO2 is observed except for the un-catalyzed soot oxidation
n which a significant CO formation was found (resulting in a CO2
electivity near 60%).

The temperature onset Ton (the temperature at which the COx

ormation exceeds 300 ppm) for the un-catalyzed soot oxidation is
lose to 480 ◦C, whereas the peak maximum is observed at 680 ◦C.
n the case of Pt-K/Al2O3-soot system, the onset of soot oxidation
s observed at 415 ◦C, i.e. 65 ◦C below that of the un-catalyzed soot.
fter ignition, soot combustion proceeds rapidly: the peak maxi-
um is observed near 560 ◦C, i.e. about 120 ◦C below that of the

n-catalyzed soot. CO2 selectivity near 99% is measured in this

ase. According to several literature reports [43–47] the observed
ncrease in soot oxidation activity over K-containing catalysts can
e attributed to the formation of low melting point compounds
hich can improve the surface mobility of the active species thus
favoring the soot–catalyst contact, that has been claimed as a key
factor in the oxidation of soot [48,49]. The role of platinum was
ascribed to a synergistic effect occurring between K and Pt [46,50]
in which platinum is claimed to enhance the mobility of active
species formed over the alkaline component thus improving the
soot oxidation activity.

Fig. 2 shows that in the presence of the Ceria/Zirconia-based cat-
alysts the combustion of soot is significantly enhanced. In all cases
both the ignition temperature and the peak temperature for soot
oxidation considerably decrease as compared to the bare soot and
to the Pt-K/Al2O3 system as well. In fact, even for the undoped CZK
sample the onset temperature for soot oxidation is near 330 ◦C, i.e.
about 150 ◦C below that of bare soot. CO2 selectivity near 95% is
measured in this case. The beneficial effect of ceria-based materi-
als on soot combustion is well known in the literature [21,22,24],
and is ascribed to the redox activity of ceria and in particular to
its ability to deliver oxygen from the lattice to the gas phase and
hence to the carbon surface. Moreover, it is well established that
addition of zirconia to ceria improves soot combustion activity by
increasing its oxygen storage capacity, redox properties and in par-
ticular the thermal stability [19,20,33,51,52]. A promoting effect of
potassium is also expected, where the alkaline metal likely favors
the chemisorption of molecular oxygen [53].

Over the metal-doped CZK samples (CZKMe samples with
Me = Ru, Pt, Au, Fe) a further significant increase in the reactivity
is observed with respect to pure CZK. In all cases the onset tem-
perature is monitored at temperatures lower than 300 ◦C, i.e. ca.
200 ◦C below that of the un-catalyzed soot system. The perfor-
mances of the various catalysts are compared in Table 2 in terms
of Ton (ignition temperature, i.e. the temperature at which the
COx concentration exceeds 300 ppm), Tmax (the temperatures cor-
responding to the maximum in the TPO profile), T10 and T50 (i.e.
the temperatures required to reach 10 and 50% soot conversion,
respectively), CO2 selectivity. Slightly better results, in terms of all
the considered parameters, were obtained for the Ru-containing
catalyst: in particular the ignition temperature is observed near
270 ◦C, i.e. about 210 ◦C below that of bare soot. This also leads
to a decrease in the maximum peak temperature (Tmax = 391 ◦C)
and in the temperatures corresponding to 10 and 50% soot conver-
sion (T10 and T50 = 351 ◦C and 409 ◦C, respectively). The presence
of Ru also increases the CO2 selectivity: a value higher than 99%
was measured in this case, which is similar to that obtained over
the Pt-K/Al2O3 system. Of note, a few CZKMe samples show high-
temperature peaks (or shoulders) in the TPO profiles (e.g. CZKRu,
CZKFe). These effects are likely ascribed to partial dishomogeneity
in soot/catalyst contact.

The results observed over metal-doped CZ catalysts are in line
with several literature reports which indicate that doping ceria
with proper cations (i.e. Fe [33,36,38,54], Ru [40,55,56], Pt [57,58]
and Au [59]) positively affects soot oxidation performances, likely
enhancing the red-ox properties and the oxygen storage/release
capacity (i.e. the oxygen species mobility) of the catalytic materials.

Finally, in the case of the CZKRu sample, preliminary tests were
performed to check the stability of this sample. For this purpose the
catalyst was subjected to a few repeated TPO soot oxidation cycles
with He + 3% O2 up to 700 ◦C. The results (herein not reported for
brevity) indicated a quite stable and reproducible behavior.

3.3. NOx storage activity

The capability of the Ceria/Zirconia-based catalysts to adsorb
NOx was investigated at 350 ◦C. The results obtained in the case of

a rectangular step feed of NO in the presence of oxygen (3% v/v), H2O
(1% v/v) and CO2 (0.1% v/v) are shown in Fig. 3, whereas the amounts
of stored NOx and the NO2/NO ratio measured at saturation are
reported in Table 2. The outlet NOx (NO + NO2) concentration curves



Table 2
Soot oxidation activity data (Ton, Tmax, T10 T50 and CO2 selectivity) obtained from TPO experiments in oxygen (O2 3% v/v + He). Stored NOX up to steady state and NO2/NO
molar ratio at NO shutoff upon NOX adsporption at 350 ◦C (NO 1000 ppm, O2 3% v/v, H2O 1% v/v, CO2 0.1% v/v + He).

Catalytic systems Ton [◦C] T10 [◦C] T50 [◦C] Tmax [◦C] CO2 sel. [%] Stored NOX @ 350 ◦C [mol/gcat] NO2/NO @ 350 ◦C

Pt-K/Al2O3 415 497 558 562 99.9 5.53E−04 0.58
CZK 330 445 527 505 95.3 4.80E−05 0.016
CZKRu 270 351 409 391 99.8 7.75E−04 0.85
CZKPt 270 364 430 427 98.5 9.31E−05 0.048
CZKAu 285 375 437 435 93.9 5.15E−05 0.020
CZKFe 270 360 427 423 95.4 5.52E−05 0.013
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◦

O and 3% O2 in presence of H2O (1% v/v) and CO2 (0.1% v/v) + He).

re displayed as a function of time, along with that of the NO inlet
oncentration (dotted lines). For comparison purpose, the same
xperiments were also performed over the model Pt–K/Al2O3 sam-
le.

In the case of CZKRu and Pt–K/Al2O3 samples, upon NO addition
t t = 0s, the NOx outlet concentration presents a dead time indicat-
ng that NOx fed to the reactor are entirely stored on the catalyst
urface. Then the NOx concentrations increase with time approach-
ng the asymptotic concentrations corresponding to the NO inlet
oncentration (i.e. 1000 ppm), until catalyst saturation. Adsorbed
Ox of 7.75 × 10−4 and 5.53 × 10−4 mol NOx/gcat were estimated up

o catalyst saturation over CZKRu and Pt–K/Al2O3 samples, respec-
ively (Table 2). These amounts are in line with those reported in
iterature for very active LNT catalytic systems [29,30].

Of note, during the storage phase, both NO and NO2 are detected
t the reactor outlet (not shown in the figure), NO2 formation
eing ascribed to the occurrence of the oxidation of NO by O2. In
articular, the samples exhibiting the higher NOx storage capac-

ty also show the higher NO to NO2 oxidation capability (NO2/NO
olar ratio of 0.85 and 0.58 for the CZKRu and Pt–K/Al2O3 samples,

espectively).
A completely different picture is evident for all the other cat-

lytic systems (i.e. CZK, CZKAu, CZKPt and CZKFe) which are not
ble to accomplish any relevant NOx uptake. Indeed, upon the NO
tep addition no delay is observed in the NOx outlet concentrations
hich closely resemble that of the inlet one. As a matter of fact,

ery low amounts of stored NOx have been estimated (see Table 2).
oreover insignificant formation of NO2 was observed in these

ases (see the very low values of the NO2/NO molar ratio, Table 2),
ointing out a minor NO oxidation efficiency. In this respect, the

igh NO oxidation capability of the CZKRu sample is worth to note,
uch greater than the analogous Pt-containing sample (i.e. the

ZKPt sample, NO2/NO = 0.048). This might be related to the very
performed over Pt-K/Al2O3 and CZKRu systems in 1000 ppm NO + 3% O2 in presence
of H2O/CO2 + He (solid lines) and in 3% O2 in presence of H2O/CO2 + He (dashed lines).

different metal dispersion of the two samples, with Pt forming large
clusters on the CZK surface (see above).

3.4. Soot oxidation activity of CZKRu in the presence of oxygen
and NO

The soot oxidation activity was further investigated in the pres-
ence of oxygen and NO for the CZKRu catalyst, i.e. on the sample
that showed the best catalytic performances in terms of soot oxi-
dation and NOx storage capacity. The Pt-K/Al2O3 sample was also
considered for comparison purpose.

Fig. 4A shows the results obtained in the TPO experiments car-
ried out with NO (1000 ppm)/O2 (3%, v/v) mixture in the presence
of H2O (1% v/v) + CO2 (0.1% v/v) (solid lines). The results obtained in
the case of the NO-free feed are also shown for comparison purpose
(dashed lines).

As apparent from the figure, in the case of the uncatalyzed soot
the presence of NO in the feed gas does not affect soot oxidation.
Conversely, significant changes in the TPO profiles are observed in
the case of Pt-K/Al2O3 catalyst, for which the beneficial effect of NO

on soot combustion is evident. As a matter of fact a shift of ca. 110 C
towards lower temperatures is observed for the peak temperature.
At variance, in the case of the CZKRu sample the peak temperature
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Fig. 5. FT-IR spectra of Pt-K/Al2O3 (A), CZKRu (B) and mechanical mixture (C) upon
s not greatly affected but soot oxidation is completed ca. 100 ◦C
elow that observed in the NO-free environment.

The effect of NO on soot oxidation was investigated under
sothermal conditions as well (at 350 ◦C) and results are displayed
n Fig. 4B in terms of soot conversion vs. time-on-stream in the pres-
nce of oxygen only (dashed lines) and of O2/NO mixture (solid
ines). In the presence of oxygen only the soot conversion over
t-K/Al2O3 approaches 30% after 3 h. A much higher activity is
pparent in the case of the CZKRu sample; in fact soot conversion
pproaches 80% after 1 h and then it keeps constant.

The presence of NO has a significant impact on soot oxidation,
specially for the Pt-K/Al2O3 sample, where the soot conversion
pproaches 90% after 4 h (it was near 30% in the absence of NO).
n the case of the CZKRu catalyst the effect of NO is less evident,
n line with TPO experiments, and results in an increase of the
mounts of soot combusted after 1 h. The positive effect of NO on
oot combustion over Pt-containing catalysts is well known in the
iterature [60–63], and has been associated to the oxidation of NO
nto NO2. The so-formed NO2, which is a stronger oxidant than oxy-
en [25], promotes the low temperature soot oxidation according
o the following overall reaction:

NO2 + C → CO2 + 2NO (1)

Notably, NO formed in reaction (1), can be re-oxidized into NO2
recycling of NO to NO2) thus enhancing the efficiency of soot
ombustion. In addition to the above described NO recycle more
ecently it has been suggested that both Pt promotes soot oxidation
lso by a so-called cooperative reaction involving NO2 and O2, i.e.
y enhancing O2 chemisorption with the formation of oxygenated
arbon complex which then react with NO2, thus leading to an
ncreased carbon combustion [64]. Finally, according to previous

orks [12,15], the possible participation of surface stored NOx in
oot combustion via a direct surface reaction cannot be excluded.

In the case of the CZKRu sample the effect of the presence of NO
s less evident, due to the intrinsic high reactivity of the Me-doped
ZK catalysts in soot combustion for the reasons discussed above.
s a matter of facts, over the CZKRu sample, NO promotes soot
xidation at high temperatures (see TPO experiments) where the
ccurrence of the oxidation/recycling of NO to NO2 is expected to
avor soot combustion [22,58,65]. Moreover, the presence of ruthe-
ium has been reported to increase the formation of surface oxygen
omplexes thus favoring the carbon-NO2 O2 oxidation [64,66,67].

.5. Simultaneous removal of NOx and soot

.5.1. CZKRu and Pt–K/Al2O3 catalysts
The capability of CZKRu catalyst to accomplish the simultaneous

emoval of NOx and soot was investigated alternating rectangular
tep feed of NO under lean condition (excess of oxygen) with rect-
ngular step feed of H2 under rich condition (absence of oxygen)
eparated by an He purge in between (ICSC experiments). For com-
arison purpose, the same experiments were performed over the
odel LNT Pt-K/Al2O3 system.

Preliminarily, in situ FTIR experiments were performed to gain
nformation on the nature of the stored NOx species, as detailed
elow.

.5.1.1. Nature of stored NOx species. Fig. 5 shows the FT-IR spectra
btained upon admission of NO at 250 ◦C over Pt-K/Al2O3 (section
) and CZKRu (section B) at increasing contact times.

For both samples the formation of nitrites is observed. In par-
icular, for Pt-K/Al2O3 catalyst (Fig. 5A), bands related to chelating

itrites at 1310 and 1237 cm−1 (�sym.(NO) and �asym.(NO), respec-
ively) and to linear nitrites at 1472 and 1075 cm−1 (�(N O) and
(N O), respectively) are observed [68]. For CZKRu sample (Fig. 5B),
asym.(NO) band related to chelating nitrites appears at 1244 cm−1
NO admission (5 mbar) after 30 s. (a), 1 min (b), 2 min (c), 3 min (d), 4 min (e) and
5 min (f) of contact.

and, upon increasing the exposure time, it increases in intensity
faster than that of Pt-K/Al2O3 sample, reaching, after 5 min of
contact, an intensity seven times higher than that observed for Pt-
K/Al2O3. The presence of negative peaks at about 1420, 1348, 1125
and 1097 cm−1 is related to carbonate species that are present on
the surface and are eliminated by nitrite substitution. This makes
the �sym.(NO) band of chelating nitrites and any bands related to
linear nitrites not evident, with the appearance of a false peak at
1375 cm−1. Finally, CZKRu shows the presence of a broad band
centered at about 1747 cm−1 that is assigned to ruthenium mono-
nitrosyls [65,69].

Fig. 6 shows the FT-IR spectra of Pt-K/Al2O3 (section A) and
CZKRu (section B) obtained upon NO/O2 admission at 250 ◦C at
increasing contact times. As already reported in our previous works
[30,68], at low exposure times mainly nitrites, of both chelating
and linear type, are formed at the catalyst surface of Pt-K/Al2O3
(Fig. 6A), along with small amounts of ionic nitrates (�asym.(NO3)
and �sym.(NO3) modes at 1385 and 1040 cm−1, respectively) and
bidentate nitrates (�(N O) mode at 1513 cm−1, �asym.(NO2) and
�sym.(NO2) modes at 1317 and 1020–1000 cm−1, respectively).
Upon increasing the exposure time, the band at 1237 cm−1 related
to chelating nitrites increases and then, after 3 min of contact,

decreases due to the nitrite oxidation into nitrates. Simultaneously,
the bands characteristic of ionic and bidentate nitrates develop, so
that after long exposure times (30 min) mainly nitrates are present
at the catalyst surface. As discussed in a previous work [68] all the
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the NO concentration at the reactor outlet in the presence of soot
dmission of NO/O2 (1/4) mixture (pNO = 5 mbar) after 30 s. (a), 1 min (b), 3 min (c),
0 min (d), 20 min (e) and 30 min (f) of contact.

Ox adsorbed species are related to the K phase which completely
overs alumina.

Upon admission of the NO/O2 mixture on CZKRu system
Fig. 6B), the initial formation of nitrites (1244 cm−1) and nitrates
1370 cm−1) is observed as well. However, in this case nitrites are
uickly transformed into nitrates, being the maximum intensity of
itrite band reached after 30 s and completely eroded within 2 min,
ith the nitrate band predominant already after 30 s. Moreover,

itrate band becomes very intense and reaches saturation after
nly 3 min: the shape and the frequency of this band remember
hat of surface ionic nitrates on Pt-K/Al2O3 sample. However, tak-
ng into account the very low surface area of CZKRu sample and
he higher amount of stored NOx with respect to Pt-K/Al2O3 cat-
lyst, as evidenced by catalytic tests (see below), it is reasonable
hat for CZKRu sample bulk nitrates are formed. This result is also
onfirmed by the absence of the band related to �sym.(NO3) mode
hat for completely symmetric bulk nitrates is IR silent. It is worth
f note that this behavior is totally different with respect to that
eported in literature for NOx adsorption on Ce-Zr catalysts, point-
ng out the effect of Ru and K on Ce/Zr adsorption properties. In
articular, Azambre et al. [70] studied NO/O2 adsorption at 350 ◦C
n a series of CexZr1-xO2 mixed oxides by DRIFTS, showing the for-
ation of a variety of bands related to surface bidentate nitrites
nd bidentate nitrates on all the samples. Very similar results were
btained by Haneda et al. [71] on Ce-Zr mixed oxides upon NO/O2
dmission at 200 ◦C.
Finally, as in the case of pure NO, Ru mono-nitrosyl band is
observed. However, differently from the case of pure NO, in the
presence of NO/O2 mixture more than one component is visible: at
low contact times a band at 1765 cm−1 is predominant, on increas-
ing the contact time a component at 1845 cm−1 becomes well
visible and another one at 1800 cm−1 becomes the more intense. On
the basis of literature data [69], the component at 1765 cm−1 can
be ascribed to NO adsorbed on Ru0 and the components at higher
wavenumbers can be assigned to partially oxidized Ru formed dur-
ing the storage.

The results so far discussed point out, for the storage on CZKRu
sample, the relevance of the “nitrite route” [29,72], which implies
the stepwise oxidation of NO leading to the formation of nitrite ad-
species as intermediate in the nitrate formation. At variance, in all
cases the nitrate formation also proceeds through NO oxidation to
NO2, followed by NO2 uptake as nitrate (“nitrate route”) via a dis-
proportion reaction, in agreement with gas phase analysis showing
the NO2 formation (see below).

3.5.1.2. NOx storage. The results obtained in the case of a rectangu-
lar step feed of NO (1000 ppm) in the presence of O2 (3%, v/v), CO2
(0.1%, v/v) and H2O (1%, v/v) carried out at 300 ◦C on the Pt-K/Al2O3
catalyst in the absence and in the presence of soot are shown in
Fig. 7A and B, respectively.

In the case of the soot-free system (Fig. 7A), upon NO step addi-
tion (at t = 0 s) the NO breakthrough is observed after ca. 200 s,
which indicates an initial complete NOx uptake. Also the evolu-
tion of NO2, due to the occurrence of the oxidation of NO by O2
over Pt sites, is seen starting from 250 s. Then the outlet concentra-
tions of both NO and NO2 increase with time and eventually reach
a steady state level, indicating the saturation of the catalyst surface
with NOx. The amounts of NOx stored at the end of the NO dose
(steady-state) are near 6.2 × 10−4 mol/gcat, as apparent from Fig. 8
(trace a, dotted line) which shows the amounts of NOx stored as a
function of time-on-stream.

Upon NO admission, CO2 evolution is also observed. In fact
the CO2 concentration profile shows an initial peak from the
background level of 1000 ppm. The increase in the CO2 outlet con-
centration is due to the decomposition of surface carbonates upon
NOx uptake [7,10,12] in line with the stoichiometry of the following
reaction:

K2CO3 + 2NO + 3/2O2 → 2KNO3 + CO2(2)

At t = 2100 s the NO inlet concentration is switched off; after the
switch a small tail is observed in the NO concentration profile, due
to the desorption of weakly adsorbed NOx species.

The results obtained in the case of the Pt-K/Al2O3 catalyst mixed
with soot are shown in Fig. 7B. Also in the presence of soot, the
NOx outlet concentration shows a dead time and then increases
approaching the asymptotic values corresponding to the NO inlet
concentration. However in this case the NOx breakthrough is lower
than in the absence of soot (100 s vs. 200 s). Moreover, as appar-
ent from Fig. 8 (trace A, solid line), the amounts of adsorbed NOx

at the end of the adsorption are near 5.5 × 10−4 mol/gcat, i.e. a
lower value if compared to that measured in the absence of soot
(6.2 × 10−4 mol/gcat). This indicates a negative effect of soot on the
NOx storage capacity which could ascribed to the decrease of the
NO2 gas phase concentration [73,74,10–13]. In fact, K and soot are
expected to compete for reaction with NO2 leading to the observed
decrease in the NOx storage properties, being NO2 involved in the
soot combustion instead of nitrates formation. As a matter of fact,
2
is significantly lower than that observed in the absence of soot
(compare Fig. 7B and A) indicating the participation of NO2 in the
combustion of soot. As a result, in the presence of soot the NO2/NO
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ig. 7. Adsorption phase performed at 300 ◦C over Pt-K/Al2O3 (A and B) and CZKRu
% O2 in presence of H2O (1% v/v) and CO2 (0.1% v/v) + He.

olar ratio is lower than that measured in the case of the soot-free
atalyst (0.18 vs. 0.34).

Also in the presence of soot, upon NO admission CO2 evolu-
ion is observed, due to the decomposition of surface carbonates
pon nitrates formation. However, at variance with the soot-free
ample, after the initial peak the CO2 concentration does not reach
ts background level but remains higher by 100 ppm indicating the
ccurrence of soot combustion. Notably, soot oxidation occurs only
fter NO addition to the reactor, since in the presence of oxygen
lone no significant CO2 formation is observed. Hence soot com-
ustion can be ascribed mainly to NO2 formed upon NO oxidation
ver Pt sites. Also, the participation of the stored NOx in soot com-
ustion via a direct surface reaction between the stored nitrates
nd soot cannot be excluded [12,15].

The same experiments were performed over CZKRu and CZKRu-
oot mixture and the results are shown in Fig. 7C and D,
espectively.

For the soot-free CZKRu system (Fig. 7C), upon NO admission to
he reactor (at t = 0 s) NO is immediately observed at the reactor out-
et whereas the NO2 outlet concentration trace exhibits a dead time
f ca. 1000s. Notably, after breakthrough, the NOx concentration

ncreases very slowly with time indicating the large storage capac-
ty of the CZKRu system. As a matter of fact, the overall amounts
f NOx that have been stored onto the catalyst surface are near
.3 × 10−3 mol/gcat (Fig. 8, trace b, dotted line), that is much higher
ith respect to the model Pt–K/Al2O3 catalyst (compare traces b

nd a). Moreover the NO2 concentration measured at the reactor
utlet at steady-state is higher than over the Pt/K sample (350 ppm

s. 250 ppm) pointing out the high NO to NO2 oxidation capacity of
ZKRu.

When the NOx storage is carried out over the CZKRu-soot mix-
ure (Fig. 7D), a slower NOx uptake is observed with respect to the
(dotted lines: a–c) and presence (solid lines: A–C) of soot.

pure CeZrKRu, as pointed out by the faster increase of the NOx out-
let concentration with time (compare Fig. 7D and C). Besides, also in
this case the NO2 concentration measured at steady state is lower
than in the absence of soot due to the participation of NO2 in the
soot oxidation (see above). In spite of the slower rate of NOx uptake,
similar amounts of stored NOx have been measured up to the end

−3 −3
of the adsorption (1.2 × 10 mol/gcat vs. 1.3 × 10 mol/gcat), as
pointed out by curves B and b of Fig. 8. Inspection of the same
curves also shows that the presence of soot leads to an appreciable
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ig. 9. Reduction phase performed at 300 ◦C over Pt-K/Al2O3 (A) and CZKRu (B) in th

ecrease of the rate of NOx adsorption, but it seems to affect in a
ower extent the overall NOx storage capacity of CZKRu.

Moreover, a significant production of CO2 is detected at the reac-
or outlet in this case (see Fig. 7D), already upon O2 addition. Then
pon NO addition (at t = 0) the CO2 production is further increased.
esides, the formation of low amounts of CO (i.e. ca. 20 ppm) is also
bserved. This confirms, in line with the TPO results, the higher soot
ombustion activity of CZKRu if compared to Pt-K/Al2O3.

.5.1.3. NOx reduction. After NOx adsorption and helium purge, the
eduction of the stored NOx was carried out at the same tempera-
ure of adsorption (i.e. 300 ◦C) by admission of hydrogen. The results
re shown in Fig. 9A and B for the Pt–K/Al2O3 and CZKRu catalysts,
espectively. Only the data obtained in the presence of soot are
hown.

In the case of the Pt–K/Al2O3-soot mixture (Fig. 9A), upon the
ddition of H2 (at t = 0 s), the H2 outlet concentration profile shows
dead time while N2 is immediately produced. Then the N2 con-

entration keeps constant for ca. 250 s and then decreases, in
orrespondence to H2 breakthrough. Upon H2 admission, a CO2
ptake is also observed due to its re-adsorption onto the K sites
nce NOx have been reduced, in line the stoichiometry of the overall
ollowing reaction:

KNO3 + 5H2 + CO2 → K2CO3 + N2 + 5H2O (3)

The reaction is very fast and is limited by the concentration of
2. Of, note, the NOx reduction is highly selective towards N2 since
o formation of byproducts like NO, ammonia or N2O is observed.
t the end of the reduction phase, the nitrates that have been stored
uring the previous lean phase have been fully removed from the
atalytic surface, as confirmed by the N-balance performed at the
nd of the cycle (the amount of stored NOx equal that of the N-
ontaining species formed during the reduction phase).

A very different picture is evident in the case of the CZKRu-soot
ixture (Fig. 9B). H2 is only partially consumed an the evolution

f N2, NH3 and NO is observed. H2 is not immediately consumed
pon admission to the reactor but an induction time is seen leading
o the appearance of a minimum in the H2 concentration, with a
orresponding evolution of N2 and NH3.

These results indicate that over CZKRu sample the reduction of

he stored NOx is very slow if compared to the model Pt–K/Al2O3
atalyst. As a matter of fact the catalyst is not fully regenerated at
he end of the reduction phase, as confirmed from the N-balance.

oreover the formation of NO and NH3 leads to a poor N2 selec-
Fig. 10. Fig. 11 − FT-IR spectra of Pt-K/Al2O3 (A), CZKRu (B) and mechanical mixture
(C) upon admission of H2 (5 mbar) after (a) 30 s (b), 1 min (c), 5 min (d), 10 min (e)
and 20 min (f). Spectrum a: after NO/O2 storage and outgassing at 250 ◦C.
tivity, near 45%. Of note, in the case of CZKRu sample, as opposite
to what observed in the case of Pt-K/Al2O3, the amount of H2 con-
sumed during the rich phase is higher than that expected on the
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ig. 11. Pt-K/Al2O3/CZKRu physical mixture: storage phase (T = 300 ◦C; 1000 ppm N
resence (B) of soot; reduction phase (T = 300 ◦C; 4000 ppm H2 in presence of H2O (

asis of formation of the reduction products. This overconsumption
f hydrogen is due to the reduction of the CZ support.

The results obtained upon the reduction of the adsorbed NOx

pecies in the absence of soot (here not reported for brevity) are
ery similar to those obtained in the presence of soot indicating
hat the presence of soot does not significantly affect the reduction
f the stored NOx [10,12].

The reduction of stored nitrates was also studied by FTIR exper-
ments by admitting hydrogen at 250 ◦C on the catalyst samples
reviously saturated with NOx.

In the case of Pt-K/Al2O3 catalyst (Fig. 10A) the major part of
urface nitrates is readily removed upon H2 admission and the con-
umption of nitrates is almost completed already after 1 min, in
greement with catalytic tests. It is worth to note that no reduction
ntermediates are detected by FTIR spectroscopy.

On the contrary, in the case of the CZKRu sample (Fig. 10B) the
eduction of stored nitrates proceeds slower upon H2 admission
nd the formation of reduction intermediates such as nitrites (band
t 1244 cm−1) is observed. Of note, even after 20 min, the nitrites
ormed during the reduction are still present at the catalyst sur-
ace, in agreement with catalytic tests, which showed that the N

ass balance does not close after a storage-reduction cycle (Fig. 9B).
t the end of the reduction an intense negative peak at about
360 cm−1 related to bulk carbonates removed by nitrate storage is
vident. Moreover, also the Ru carbonyl species are removed during
he reduction.

.5.2. Pt–K/Al2O3 – CZKRu physical mixture and double bed

The results reported so far pointed out that the CeZrKRu sample

as a very high NOx storage capacity and soot oxidation capability
f compared to Pt-K/Al2O3 but is rather inefficient in the reduction
f the stored NOx. Based on these findings, to investigate possible
3% O2 in presence of H2O (1% v/v) and CO2 (0.1% v/v) + He) in the absence (A) and
) and CO2 (0.1% v/v) + He) in the absence (C) and presence (D) of soot.

synergisms between the two catalyst samples, the reactivity of a
physical mixture (loose contact) of the Pt–K/Al2O3 and CZKRu cat-
alysts and of a double-bed of the same Pt-K/Al2O3 + CZKRu samples
(separated by an inert layer in between) was further considered.

The results obtained over the Pt–K/Al2O3/CZKRu physical mix-
ture during the NOx adsorption in the absence of soot are shown in
Fig. 11A. Upon NO addition (at t = 0 s) an initial complete uptake
of NO is observed, which indicates the high storage capacity of
this system. Then the NOx concentration gradually increases with
time approaching the asymptotic value corresponding to the NO
inlet concentration, near catalyst saturation. The overall amount
of NOx that have been stored onto the catalyst surface is near
9.5 × 10−4 mol/gcat (Fig. 8, trace c, dotted line) which is somehow
intermediate between those of single Pt–K/Al2O3 and CZKRu sam-
ples (compare traces c, b and a of Fig. 8) and in line with the catalyst
ratio of the physical mixture. Of note the physical mixture also
shows a higher NO oxidizing capacity if compared to the single
samples, as pointed out by the higher NO2/NO ratio at steady state
(i.e. 1.14 vs 0.53 and 0.34 for CZKRu and Pt–K/Al2O3, respectively).

FTIR experiments were performed also on the physical mixture
to gain information on the nature of the stored NOx species. Fig. 5C
shows the FT-IR spectra obtained upon admission of NO at 250 ◦C
at increasing contact times. Also in this case �asym.(NO) band of
chelating nitrites appears at 1244 cm−1 that, as for CZKRu sample,
increases faster than that of Pt-K/Al2O3, reaching a final intensity
that is intermediate to those observed for the two pure samples. In
this case, the corresponding �sym.(NO) is well visible at 1310 cm−1.
Finally, the physical mixture, as the CZKRu sample, shows the pres-
ence of a broad band centered at about 1800 cm−1 that is assigned

to ruthenium mono-nitrosyls.

The FTIR spectra of the physical mixture recorded upon interac-
tion with NO/O2 (Fig. 6C) show features that are the sum of those
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ig. 12. Double-bed configuration (Pt-K/Al2O3/CZKRu): storage phase (T = 300 ◦C;
eduction phase (4000 ppm H2 in presence of H2O (1% v/v) and CO2 (0.1% v/v) + H
00 ◦C to 500 ◦C) (B).

bserved in the case of single Pt–K/Al2O3 and CZKRu samples. At
ow exposure times nitrites are formed which evolve to nitrates
aster than in the case of Pt-K/Al2O3 catalyst, but slower than in
he case of CZKRu sample. Accordingly only the bands of nitrates
re present after 30 min, near catalyst saturation. As for the pure
e/Zr sample the main contribution of bulk nitrates and formation
f mono-nitrosyl species on Ru0 and Ru�+ sites is apparent. Minor
ormation of nitrates on the K phase of the Pt-K/Al2O3 particles is
lso monitored by the weak bands at 1500 and 1040 cm−1. In the
ange 1650–1550 cm−1 a singular feature appears that is related to
he overlap between combination of nitrate modes and the nega-
ive peak caused by the substitution of carbonates on Pt-K/Al2O3.
s a matter of fact, the negative peak at about 1560 cm−1 related to
arbonates present on the surface and removed by nitrites/nitrates
dsorption on Pt-K/Al2O3 catalyst is well visible also in Figs. 5 A, C
nd 6 A.

For comparison purpose the NOx adsorption (in the absence of
oot) was also carried out over the double-bed Pt-K/Al2O3 + CZKRu
onfiguration and the results are shown in Fig. 12A. In this case,
he overall amount of NOx that have been stored onto the catalyst
urface is near 8 × 10−4 mol/gcat, very similar to that of the phys-
cal mixture. Moreover a NO2/NO ratio near 0.43 was calculated
t steady state which is somehow intermediate between those of
ingle Pt–K/Al2O3 and CZKRu samples.

Finally, in the case of the physical mixture, the NOx storage activ-
ty was further investigated in the presence of soot and results
re shown in Fig. 11B. Upon NO addition (at t = 0 s) no delay was
bserved in the evolution of NOx which however increase very
lowly with time. This points out the high storage capacity of
his system, even in the presence of soot. As a matter of fact,
.0 × 10−3 mol/gcat of NOx have been adsorbed up to catalyst sat-
ration, (Fig. 8, trace C, solid line), indicating the negligible effect
f soot on the overall NOx storage capacity of the catalytic system
compare traces C and c).

In terms of soot oxidation activity, a very high CO2 evolution is
bserved during the lean phase. In particular a synergistic effect is
pparent in the case of the physical mixture with respect to the indi-

idual catalysts in that an higher production of CO2 (near 600 ppm
nd 700 ppm before and after of NO admission, respectively) is
bserved, which outperforms that observed over both Pt–K/Al2O3
nd CZKRu single samples. Moreover a negligible production of CO
ppm NO and 3% O2 in presence of H2O (1% v/v) and CO2 (0.1% v/v) + He) (A) and
hermal reduction @ T = 300 ◦C and subsequent temperature surface reaction from

is monitored (i.e. <5 ppm), resulting in a CO2 selectivity higher than
that of the single CZKRu single sample.

After NOx adsorption and helium purge, the reduction of the
stored NOx was carried out at the same temperature of adsorp-
tion (300 ◦C). The results obtained over the physical mixture in the
absence of soot are presented in Fig. 11C. Upon hydrogen addition
(at t = 0s) a very sharp H2 peak is observed and then H2 is completely
consumed. The immediate formation of N2 is observed with very
low amounts of NO and NH3. Indeed over the physical mixture the
reduction is very fast, almost complete and also highly selective
towards N2 (i.e. N2 selectivity near 84%), showing a behavior that
is similar to that observed over Pt–K/Al2O3.

The reduction of stored nitrates over the physical mixture
was also investigated by FTIR experiments by admitting hydro-
gen at 250 ◦C on the catalyst mixture previously saturated with
NOx (Fig. 10C). Like the pure CZKRu sample (Fig. 10B), the forma-
tion of nitrites is observed during the reduction. These nitrites are
formed on the CZKRu particles as evidenced by the band position
(1244 cm−1) and by the fact that the formation of nitrites is not
observed during the reduction with the single Pt-K/Al2O3 catalyst
(Fig. 10A). The consumption of stored nitrates is faster than that
observed over the single CZKRu sample and after 20 min no nitrites
and nitrates remain on the surface, in agreement with catalytic
tests. Also in this case Ru nitrosyls are reduced by hydrogen.

The results obtained over the double-bed Pt-K/Al2O3 + CZKRu
catalysts are shown in Fig. 12B. The immediate formation of N2 is
observed, along with lower amounts of NO and NH3. However, as
opposed to the physical mixture, the reduction of the stored NOx is
not complete under isothermal conditions. In fact more than 50% of
the stored NOx are reduced only upon heating the catalyst at higher
temperatures (see Fig. 12B). This provokes the decomposition of the
stored NOx to NO and the subsequent reduction of the evolved NO
over Ru sites. Notably, the production of small amounts of CO is also
evident at high temperatures, due to the occurrence of the Reverse
Water Gas Shift (RWGS) reaction:

CO2 + H2 → CO + H2O (4)
The reduction of the stored NOx over the physical mixture has
also been carried in the presence of soot (Fig. 11D). Upon the addi-
tion of H2 (at t = 0 s), the H2 outlet concentration profile shows a
dead time during which it is completely consumed. The evolution
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t first of N2 and then of NH3 is observed. No formation of other
roducts (e.g. NO) was detected in appreciable amounts, resulting

n a N2 selectivity near 86%.
The reactivity of the physical mixture in the reduction of the

tored NOx is worthnoticing, and points out a synergistic effect
etween the Pt-K/Al2O3 and the CZKRu samples leading to the com-
lete reduction of the stored NOx. In fact both catalytic activity data
nd FTIR experiments prove that the NOx species stored on both the
t-K/Al2O3 and the CZKRu samples are effectively reduced by H2, at
ariance with that observed in the case of the pure CZKRu catalyst
nd of the catalyst double bed where NOx species remain adsorbed
t the end of the reducing treatment. This points out that in the
hysical mixture the NOx species stored on the CZKRu particles are
educed by H2 thanks to the presence of the Pt-K/Al2O3 sample.

In previous studies on the reactivity of Pt/Al2O3 and Ba/Al2O3
hysical mixtures [75] we have shown that nitrates stored over
a/Al2O3 cannot be reduced in spite of the presence of Pt/Al2O3,
t variance with that observed in the present study. According to
umar et al., over Pt-Ba/Al2O3 catalysts the NOx reduction occurs
ia the transport of the stored NOx from the BaO phase to the Pt/BaO
nterface, pointing out the occurrence of spillover processes from
a sites to Pt involving the stored NOx species [76]. Accordingly the
ata obtained over the Pt/Al2O3–Ba/Al2O3 physical mixture indi-
ate that the NOx spillover process is not occurring among different
atalyst granules. On these basis, NOx spillover processes can be
ardly invoked to explain the effective reduction of the NOx stored
ver CZKRu in the Pt-K/Al2O3–CZKRu physical mixture. At variance,
n inter-particle hydrogen spillover can be suggested, where H2
ctivated over the Pt-K/Al2O3 granules spills onto the CZKRu par-
icles leading to the effective reduction of the Ru sites and hence
f the stored NOx species. In other words, it is suggested that the
resence of Pt-K/Al2O3 favors the reduction of the active Ru sites

n CZKRu via inter-particles H2 spillover phenomena. Along similar
ines, Nabaho et al. have invoked inter-particle hydrogen spillover
henomena to explain the catalytic effect of Pt on the reduction
f supported Co3O4 in a Pt/Al2O3 + Co/Al2O3 mixture [77]. In fact
hese authors demonstrated that Pt improves the reducibility of
he Co3O4 phase despite the physical separation of Pt from Co. The
esults obtained in the case of the double-bed configuration, where
t-K/Al2O3 and CZKRu particles are separated by an inert layer, are

n line with the occurrence of inter-particle hydrogen spillover phe-
omena when the Pt-K/Al2O3 and CZKRu particles are in contact. In

act in the case of the double bed configuration H-adatoms formed
nto the Pt-K/Al2O3 particles cannot spill over CZKRu particles and
his eventually prevents the full reduction of the stored NOx at the
dsorption temperature.

. Conclusions

In this work we have investigated the catalytic behavior of
eria/zirconia (CZ) based catalysts, doped with Pt, Au, Ru or Fe
nd containg K, in both soot oxidation and removal of NOx and
he results were compared with that of a model Pt-K/Al2O3 LNT
atalyst.

It was found that all the CZ formulations promote soot oxidation
n the presence of oxygen at temperatures below 300 ◦C. In partic-
lar the CZKRu sample showed a soot ignition temperature which

s 150 ◦C below that of Pt-K/Al2O3.
Moreover, the analysis of NOx storage activity carried out at

50 ◦C revealed that, among the investigated CZ systems, only the
u-containing catalysts (CZKRu) is able to store NOx showing a stor-

ge capacity even greater than that of the reference Pt–K/Al2O3 LNT
atalyst.

Basing on these findings, the capability of the CZKRu catalyst to
ccomplish the removal of NOx in the absence and in the presence
of soot was further investigated. It was found that the Ru-based
sample is by far more active than Pt-K/Al2O3 in the both soot com-
bustion and NOx storage capacity. In particular soot has a negligible
effect on the amounts of stored NOx, while for model Pt-containing
catalysts a detrimental effect of soot was observed.

In situ FTIR experiments were also performed to gain informa-
tion on the nature of the stored NOx species. On both CZKrRu and
Pt-K/Al2O3 the initial formation of nitrites was observed which
evolve fast to nitrates, particularly in the case of Ru-containing sam-
ple. Of note, for CZKRu the contribution of bulk nitrates, instead of
only surface ionic nitrates for Pt-K/Al2O3, and formation of mono-
nitrosyl species on Ru were observed, which is line with the high
NOx storage activity observed for the Ru-catalyst. However, the
CZKRu sample showed a poor reactivity in the reduction of the
stored NOx by H2, possibly because the reductant is not readily
activated by Ru. However a significant improvement of the NOx

reduction efficiency was attained when CZKRu is mixed with the
Pt-K/Al2O3 LNT sample (physical mixture). In line with literature
proposals, it was suggested that in this case ruthenium is reduced
by H-adatoms formed onto the Pt-K/Al2O3 particles and spilled over
the CZKRu particles.

In conclusion, the results point out that a physical mixture of
Pt-K/Al2O3–CZKRu catalytic systems ensures high catalytic perfor-
mances in both the deSoot and deNOx activity. Bearing also in mind
that ruthenium is much cheaper than platinum, this makes mixed
LNT/CeZr catalytic systems potential candidates for the simultane-
ous removal of NOx and soot from diesel exhausts.
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