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Abstract

The kinetics of NO oxidation was performed over well-defined catalysts, Pt0/SiO2 and Ptx+/CeZrO2 being chosen as model zero-valent and
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xidized platinum active sites, respectively. On both catalysts, the global rate equation was determined, leading to the partial order
2, and global rate constants. For both catalysts the orders in NO and O2 are fractional and positive. Based on these data, two sequen
lementary steps are proposed. From the corresponding catalytic cycles, detailed kinetic rate laws were established leading to rel
onstants and activation energies. Transient simulations were performed using the global power rate law and the detailed rate e
oth catalysts. A good fitting was observed up to 15% conversion on Pt0/SiO2, between 420 K and 500 K, with the global rate equation.
etailed kinetic data allowed a better fitting. For higher conversion the Arrhenius plots allowed us to conclude that diffusion limitat
e considered. A good fitting was observed over Ptx+/CeZrO2, between 420 K and 700 K, up to 25% conversion as expected with both
nd detailed equations. Thermodynamic limitations are observed, in this case, above 30% conversion.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Automotive Diesel exhaust emission standards are more
nd more severe. In 2005, soot and NOx productions will
e limited to 25 mg km−1 and 250 mg km−1 respectively, ac-
ording to Euro IV regulations, twice as low as for Euro III
tandards[1]. To meet those emission levels, car manufac-
urers have to use specific after-treatment systems: Diesel
articulate Filters for soot, NOx-Trap and SCR for NOx [2].

n these systems NO2 has a key role, as it can be used as a
trong oxidizer for de-soot processes[3] and as an interme-
iate for NOx storage in NOx-Traps[4] or for NOx reduction

n SCR[5]. However, in Diesel exhaust gas, NO is the major
art of NOx, thus it needs to be oxidized to NO2 [6]. The
xidation of NO is then a very important reaction in Diesel
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exhaust conditions. It is therefore a bit surprising that kine
of NO oxidation has not been extensively studied in the
The attempt to model NOx-Traps by Olsson et al. has l
them to study the reaction over Pt/Al2O3 and Pt/Ba/Al2O3
[4,7,8]. They have proposed a mean field model, base
elementary steps. Parts of their kinetic parameters have
fitted to temperature programmed surface reaction (TP
results, and the others fixed to literature values[9]. How-
ever, no global kinetic parameters have been given. Ins
they have chosen an Eley–Rideal model in one of the
pers[8]. Olsson et al. used a Langmuir–Hinshelwood (L
model in their last paper on NO oxidation[9], as did Burch
and Watling[5]. However, no clear experimental eviden
has been given for either of these two models. It is impo
to remember that on a zero-valent Pt surface, NO dissoc
when two platinum sites are adjacent[19]. On Pt0, NO can
adsorb undissociatively on a unique free site if this free
is enclosed by occupied sites[10]. Ollson’s group results o

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Pt/Al2O3 have shown a decrease in Pt activity when the cata-
lyst was exposed to NO + O2 at 523 K[4]. This deactivation
was attributed, according to XPS data, to the oxidation of
Pt to PtO or PtO2, which are less active than reduced plat-
inum for NO oxidation. A decrease in activity has been also
shown on Pt/SiO2 by Xue et al.[11] and more recently by
Despr̀es et al.[12]. Xue et al. attributed this to the build-up
of some nitrogen and sulphur compounds on the active site
of the platinum catalyst, and by the sintering of this catalyst.
These authors have also observed a change in the TPR pro-
file between fresh and deactivated catalysts, which could be
linked to a change in the oxidation state of platinum. Desprès
et al. have attributed the deactivation of Pt/SiO2 to the for-
mation of platinum oxide on the surface. The authors have
also suggested an auto-inhibition of the NO oxidation reac-
tion by NO2. Moreover, NO oxidation has been considered
as structure sensitive on Pt/Al2O3, the Pt activity decreas-
ing for increasing Pt dispersion[4,13,14]. The reaction has
also been found to be structure sensitive on Pt/SiO2, while it
seems structure insensitive on Pt/ZrO2 [14]. The explanation
has been linked to the deactivation of the catalyst, in the sense
that small Pt particles more easily form oxides[4]. Another
important feature of the NO oxidation is the thermodynamic
equilibrium limitation, NO2 decomposing to O2 and NO at
temperatures higher than 350◦C, depending on the oxygen
p
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H2PtCl6 (Alfa Aesar, purity 99.95%). After impregnation,
the catalysts were dried at 393 K for 12 h. Before runs, the
CeZrO2 based catalysts were calcined at 773 K, for 2 h, in
synthetic air (80% N2, 20% O2). The silica based catalysts
were reduced in flowing hydrogen at 773 K, for 2 h, then
flushed to He at room temperature (RT).

2.2. Dispersion measurements

Platinum catalysts, before and after reaction, were charac-
terized by XRD, H2–O2 titration, and transmission electron
microscopy (TEM). Elemental analysis was performed by
the “Service Central d’Analyses du CNRS” in order to deter-
mine the platinum contents for both silica and ceria-zirconia
supported catalysts. Powder X-ray diffraction (XRD) was
carried out on a Siemens model D-500 diffractometer with
Cu K� radiation. High-resolution transmission electron mi-
croscopy (HRTEM) was performed to determine the size of
platinum particles on silica and to check their dispersion.
HRTEM studies were performed on a JEOL-JEM 100 CXII
apparatus associated with a top entry device and operating
at 100 kV. EDS analysis (STEM mode) was performed with
the same apparatus using a LINK AN 10000 system, con-
nected to a silicon-lithium diode detector, and multichannel
analyser. EDS analyses were obtained on large domains of
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artial pressure[6] and the presence of a catalyst.
In conclusion, the single reaction NO + 1/2 O2 = NO2 has

ot been investigated from the classical kinetic point of v
ost papers determining kinetic parameters by fitting

xperimental results with a NOx-Trap model. Moreover, n
lobal orders or global activation energies are available i

iterature. Furthermore, let us note that the orders in re
o reactants, in global rate equation, have the potential to
n the full range of conversion. A detailed rate equation b
n a sequence of elementary steps can take into accou
volution of orders, insofar as thermodynamics does not
he conversion. The purpose of this study is to investigat
O oxidation over two different Pt catalysts. The first

s a reduced supported Pt0 on SiO2, while the second one
n oxidised cationic supported Ptx+ on CeO2 (75%)–ZrO2
25%), referred to as CeZrO2 in the text. The present wo
rst determines the global kinetics and then more det
ate laws, for the oxidation of NO over supported Pt0 and
tx+ catalysts. These kinetic data are then used to sim

he NO/O2 TPSR carried out at the laboratory.

. Experimental

.1. Catalyst synthesis

The silica (Degussa, Aerosil 50) supported platin
1.70 wt.% Pt) and the ceria-zirconia (25 wt.% CeO2, Rhodia)
upported platinum (0.35 wt.% Pt) catalysts were prep
y the incipient wetness method with an aqueous sol
ontaining the appropriate amount of the platinum precu
amples (150 nm× 200 nm to 400 nm× 533 nm).
The percentage of metal exposed (Pt% ME) was d

ined by hydrogen–oxygen titration using a conventi
ulsed technique (Micromeretics). An insensitive struc
eaction (benzene hydrogenation) was also used for cou
t(0) species[15]. Measurements were conducted in a c
entional device described elsewhere[16,17]. In a typical run
rior to benzene hydrogenation, catalysts were pretrea
73 K in flowing hydrogen, then cooled to the reaction t
erature under helium, and finally submitted to the H2/C6H6
ixture. The number of exposed zero-valent Pt(0) atoms
educed from the turnover rate of benzene hydrogen

15].

.3. Temperature programmed desorption of
readsorbed NO

Temperature programmed desorption (TPD) experim
f NO were carried out in flowing He (0.05 L min−1) with a
eating rate of 10 K min−1, up to 723 K, after NO pretrea
ent. Pt/CeZrO2 catalysts were calcined at 773 K for 2 h, a

hen cooled to room temperature. Pt/SiO2 catalysts were re
uced in H2 at 773 K for 2 h with a heating rate of 10 K min−1,

he total flow rate being 0.20 L min−1. The samples were th
ooled to room temperature and hydrogen was switch
elium. Finally, Pt/SiO2 catalysts were heated in He at 57

o remove the hydrogen adsorbed on Pt/SiO2 samples. Befor
PD, Pt/CeZrO2 and Pt/SiO2 catalysts were finally flushe
ith He before gas mixture adsorption (770 ppm NO in
s balance, 0.20 L min−1).
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2.4. Steady-state NO + O2 reaction rate measurements

NO, He, O2 and a calibration gas mixture were used in
NO + O2 reaction kinetic measurements. NO was supplied
by Air Liquide as 1.5 vol.% NO and 98.5 vol.% He (<10 ppm
other gases). The oxygen, used for catalyst pretreatments and
reaction kinetic measurements, was supplied by Alphagaz
(UHP grade, <10 ppm other gases). Helium (UHP grade, Al-
phagaz) was used for dilution of the (NO + O2) mixture to
achieve lower NO and O2 concentrations. Steady-state (NO
+ O2) reaction rates were measured using a quartz microreac-
tor (inner diameter 8 mm) containing quartz wool supporting
the sample. The catalyst bed contained from 25 mg to 50 mg
samples. All experiments were carried out at atmospheric
pressure. The bed temperature was measured using a K-type
thermocouple affixed to the outer reactor surface. The tem-
perature was controlled using an electronic controller (Eu-
rotherm 2408). Gas mixture were produced with calibrated
electronic mass flow controllers (Brooks 5850TR). The reac-
tor outflow was analyzed using a set of specific detectors. A
Thermo Environmental Instruments 42CHL NOx Chemilu-
minescence analyzer allowed the simultaneous detection of
NO, NO2 and NOx (i.e. NO + NO2). An Ultramat 6 Siemens
IR analyzer was used to monitor N2O. The signals of dif-
ferent gases were monitored on-line by Virtual Bench–Lab
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catalyst exhibited a PME ranging from 19% to 21% depend-
ing on the titration process. Furthermore, 0 mol% of platinum
was exposed as zero-valent metal atoms on CeZrO2 taking
into account the absence of benzene hydrogenation on this
material. In the case of Rhodium, and according to the titra-
tion of Rhx+ by NO on a catalyst Rh(0.30 wt.%)/CeZrO2
[18], the active sites consist of dispersed Rhx+ ions sur-
rounded by two oxygen vacancies of the reduced support and
associated with Ce3+ cations. In the case of Pt, it is considered
that the active sites on Ptx+(0.35 wt.%)/CeZrO2 also consist
of 100% platinum dispersed as Ptx+ ions (no Pt0 active in
benzene hydrogenation).

As a consequence, the platinum was well dispersed on
CeZrO2, as confirmed by TEM and EDS, in which the Pt/Ce
ratios are constant and close to those expected theoretically.
In the case of Pt0/SiO2, the reduced metal was detected by
XRD. Furthermore TEM showed platinum particles well dis-
persed on SiO2, with an average particle size of 10 nm. In
conclusion, two different platinum-based catalysts were syn-
thesized, a supported zero-valent platinum catalyst, Pt0/SiO2,
and a supported Ptx+ catalyst: Ptx+/CeZrO2.

3.2. Adsorption and subsequent desorption of NO on
platinum catalysts
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NO oxidation transient experiments were modeled

he help of Microsoft Excel XP 2002 software using a p
onal computer on the basis of the kinetics (global and
ailed) described in this work.

. Results and discussion

.1. Reduced or oxidized platinum species on the
urface of catalysts

The purpose of this study deals with the oxidation of
ver platinum-based catalysts with various oxidation stat
latinum. The first one is a silica-supported platinum cata
nd the second a CeZrO2 supported platinum catalyst.

Table 1presents the platinum content and the percen
f metal exposed (PME) on both supported catalysts. Two

erent platinum loadings were used in order to synthes
atalyst containing only zero-valent platinum (Pt0/SiO2) and
second one with only platinum with a higher oxidation s

Ptx+/CeO2–ZrO2). The platinum contents were respectiv
.35 wt.% and 1.70 wt.% for CeZrO2 and SiO2. The Pt/SiO2

able 1
omposition and platinum percentage of metal exposed (Pt% ME) o
ynthesized catalysts

atalysts Pt (wt.%) H2–O2 Pt% ME benzene hydrogenation (

t/SiO2 1.70 21.3 19.5
t/CeZrO2 0.35 – 0
Adsorption of NO by flowing 1.5 vol.% NO in He, at roo
emperature, was carried out on platinum catalysts. Du
he adsorption on Pt0/SiO2, N2O formation was observe
Fig. 2a). This result is in agreement with the literature
urch et al.[10,19] have proposed that nitrogen monox
issociates on platinum reduced sites. At low temperat

hese authors have claimed that the most likely means
rogen atom removal involves the reaction between a nitr
onoxide molecule adsorbed on a single isolated free s∗,
nd an adjacent adsorbed nitrogen atom, to yield N2O [19]
Eq. (3)).

O(1) + 2∗ → ∗N(1) + ∗O; σ = 1 (1)

O(2)+∗ → ∗NO(2); σ = 1 (2)

NO(2) + ∗N(1) → N2O + 2∗; σ = 1 (3)

lobal equation:

NO = N2O + ∗O

Clearly, an oxygen atom is therefore left adsorbed on
urface during the dissociative adsorption of the first N(1)

olecule (Eq. (1)). Furthermore, these authors have cle
hown the competition, on reduced Pt0 patches of the cataly
urface, between nitrogen monoxide adsorption/dissoci
nd the coverage of the Pt0 sites by the dissociative adsorpt
f dioxygen.

On the contrary, on CeZrO2 based catalysts, there is
elease of N2O during NO adsorption at RT.

TPD profiles of NO preadsorbed at RT over CeZrO2 and
t/CeZrO2 are given inFig. 2b.
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Fig. 1. X-ray diffraction patterns of Pt0/SiO2 (∗: XRD lines of Pt0).

On Pt0/SiO2, the NO release is not significant, which
means that there are few isolated free sites on silica-supported
platinum (1.7 wt.%) catalyst. On the contrary, two NO des-
orption peaks at 410 K and 480 K for Ptx+/CeZrO2, and
480 K and 570 K for CeZrO2, are shown. On Ptx+/CeZrO2,
the desorption peak at 410 K is attributed to the desorp-
tion of NO from either platinum or cerium cationic sites
(Ptx+ or Cex+). Indeed, thermodynamic equilibrium indi-
cates that NO2 cannot decompose to NO at such a low
temperature. These Ptx+ catalytic centers allow the molec-
ular chemisorption of two adjacent NO molecules and the
N N bond formation, leading to N2 [20]. This general
scheme was already proposed by Djéga-Mariadassou et al.
on Rhx+/CeZrO2 for the CO-assisted catalytic reduction of
NO under three-way operating conditions[21]. The shift of
the first desorption peak to lower temperatures (from 500 K
(CeZrO2) to 400 K (Ptx+/CeZrO2)) clearly illustrates the ef-
fect of platinum in its cationic form when supported over
CeZrO2.

3.3. Catalyst deactivation

No deactivation was observed in the steady-state NO ox-
idation on Ptx+/CeZrO2, probably due to the oxidation state
of platinum species.

the
N plat-
i from
5 after
2 d on
P -
s ated

Fig. 2. (a) Adsorption, at room temperature, of 1.5 vol.% NO (0.05 L min−1)
in He on Pt/SiO2 (50 mg); (b) temperature programmed desorption (TPD) in
He (0.05 L min−1) with a heating rate of 10 K min−1 on CeZrO2, Pt/CeZrO2.

catalysts, linked to a change in the oxidation state of platinum.
Moreover, Burch et al.[19] proposed, on Pt-based catalysts,
that the hydrocarbon reduces a patch of platinum atoms from
“Pt–O” to platinum metal during a selective reduction of NO
in Lean Burn conditions.

Our Pt0/SiO2 catalysts were characterized by TEM and
XRD after runs. The XRD results are presented inFig. 1.
The average particle size of platinum remains around 10 nm.
There is no sintering of platinum particles during the reac-
tion. The observed deactivation can then be attributed to a
strong Pt–oxygen interaction. This can lead to the formation
of “Pt–O” species on the catalysts, as already observed in the
literature on Pt-based catalysts[4,11,12,23,24]. However, the
bulk Pt particles remained zero-valent platinum, as seen by
On the contrary, a slow deactivation compared to
O/O2 reaction rate was observed on silica-supported

num(0) catalyst. Indeed, the NO conversion decreased
0% to 26%. A steady-state conversion is only observed
0 h of run. This deactivation has already been observe
t0/SiO2 catalysts[11,12,22]. Xue et al.[11] have also ob
erved a change in the TPR profile of fresh and deactiv
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Fig. 3. NO conversion on Pt/CeZrO2 (Ptx+) and Pt/SiO2 (Pt0) (50 mg) dur-
ing a temperature programmed surface reaction (TPSR) experiment in the
following reaction conditions: 500 ppm NO, 9.6 vol.% O2 in He as balance
(total flow: 0.05 L min−1) with a heating rate of 10 K min−1; calculated ther-
modynamic plot for the same NO/O2 mixture (— - - —).

XRD (Pt0), Pt–O being an inhibited Pt species and represen-
tative of a very strongly linked oxygen species.

3.4. Kinetic study of the NO + O2 reaction

3.4.1. Temperature reaction window and
thermodynamic limitations (Fig. 3)

Let us note that both Ptx+ (Pt/CeZrO2) and Pt0 (Pt/SiO2)
present the same number of sites.

The thermodynamics of NO oxidation under 8 vol.% oxy-
gen and 500 ppm NO is reported inFig. 3. The NO conversion
was calculated from Stull et al. data[25]. Moreover, NO con-
versions observed during the temperature programmed sur-
face reaction are also reported for both Ptx+ (Pt/CeZrO2) and
Pt0 (Pt/SiO2). The temperature range for the kinetic study of
the steady-state NO oxidation reaction was chosen to obtain
less than 15% NO conversion. According toFig. 3, a differ-
ence of 91 K was found between Ptx+/CeZrO2 and Pt0/SiO2.
As a consequence, for the kinetic study, 15% NO conversion
was taken into account, corresponding to 490 K and 581 K
for Pt0/SiO2 and Ptx+/CeZrO2 respectively.

3.4.2. Kinetics of TPSR NO oxidation on Pt0/SiO2
3.4.2.1. Initial rate determination.According to the TPSR
data, the temperature of NO oxidation reaction was chosen
a he
i was
o

F us
N The
i e
N s O

Fig. 4. NO2 concentration vs. contact time for Pt0/SiO2 with 50 mg of cat-
alyst, 7.7% O2, (�) 1000 ppm NO, (�) 700 ppm NO, (�) 500 ppm NO, (�)
300 ppm NO.

concentrations (ranging from 3.25 vol.% to 11.5 vol.%). In
each case, NO conversions lower than 15% were used, and
only data at low contact time were used (tc < 0.02 s). Initial
rates are reported, for each operating condition, inTable 2a.

The same calculations, for NO oxidation over
Ptx+/CeZrO2 catalysts, are presented inTable 2b.

3.4.2.2. Orders in NO and O2. The apparent orders in NO
and O2 were calculated from Ln–Ln plots with the initial
rates fromTable 2a. The orders are 0.30 and 0.44 in NO and
O2 respectively. The global activation energy was also calcu-
lated and found to be 57.7 kJ mol−1 (Table 3). The resulting
experimental global power rate is:

r = kapp[NO]0.30[O2]0.44 (4)

Table 2
Initial rates (mol l−1 s−1) calculated for different operating conditions

NO (ppm) O2 (vol.%) Initial Rate 104 (mol l−1 s−1)

(a) Pt0/SiO2

300 7.7 1.02
500 7.7 1.11
700 7.7 1.36

1000 7.7 1.42
500 3.85 8.11

(

t 500 K in order to work at low NO conversion. After t
nitial deactivation, a quasi-steady state of the reaction
bserved.

The initial raterNO (mol L−1 s−1) was calculated from
ig. 4at a constant O2 concentration (7.7 vol.%), and vario
O concentrations (ranging from 300 ppm to 1000 ppm).

nitial rate rO2 (mol L−1 s−1) was also calculated fixing th
O concentration (equal to 500 ppm) and using variou2
500 9.60 1.19
500 11.50 1.28

b) Ptx+/CeZrO2

300 7.7 5.98
500 7.7 8.55

1000 7.7 12.60
500 3.85 6.06
500 6.20 7.74
500 9.23 8.94
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Table 3
Kinetic parameters associated to the NOO2 rate equationr = k0 exp(−Ea/RT)PNO

αPO2
β over zero-valent and oxidized platinum species

Catalysts Catalytic site T (K) α β Ea (kJ mol−1) TORa (10−4 s−1)

Pt/SiO2 Pt0 490 0.30 0.44 57.7 0.03
Pt/CeZrO2 Ptx+ 581 0.62 0.47 34.6 0.08
Pt/CeZrO2 Ptx+ 490 0.01

a Calculated with [L] = 9 × 10−7 mol Pt.

3.4.2.3. Sequence of elementary steps and detailed rate
equation. The net reaction is 2NO + O2 = 2NO2 and the
global power rate equation (Eq. (4)) is:

r = kapp[NO]α[O2]β (5)

With experimentallyα = 0.30 andβ = 0.44.
In the literature, only Desprès et al.[12] proposed a se-

quence of elementary steps of the studied reaction. From
global rate equations, we found that, on both catalysts, the
mathematical orders in NO and O2 are fractional and posi-
tive (Table 3). Consequently, a sequence of elementary steps
and a detailed rate equation can be proposed.

According to Dj́ega-Mariadassou and Boudart[15], the
symbols for elementary steps in a sequence are as follows:
(→) far equilibrium step;σ, stoichiometric number according
to the net reaction; (=), net equation.

Two catalytic routes can be considered on Pt0/SiO2. The
first one involves an Eley–Rideal elementary step (Eq. (10))
and the second one, a Langmuir–Hinshelwood elementary
step (Eq. (9)). Taking into account the strong concentration
of oxygen atoms adsorbed on the surface (∗O), step 1Eq. (6)
and step 2Eq. (7)mean that:

Step 1Eq. (6): there is only one isolated free site accessible
to form∗O2. This last species is the point stage of dioxygen

d
rbed
gen

O

∗

N

2 )

Two sets ofσ values are given leading the same net equa-
tion, but following either a LH step (σLH) or an ER one
(σER).

In this sequence,∗ stands for a Pt0 free site,∗O2 is defined
as a molecular adsorbed oxygen on an initialisolatedfree
active site.∗O is an atomic oxygen adsorbed on an active site.
∗NO stands for a nitrogen monoxide adsorbed on an initial
isolatedactive site. If all elementary steps are far equilibrium,
there is no LH mechanism [15, pp. 92–101].

So let us consider first an ER step for the reaction (route
corresponding toσER). The detailed rate equation for this
sequence is established following the method described by
Djéga-Mariadassou and Boudart[15]. First, the application
of the quasi–stationary state approximation (QSSA), consid-
eringEqs. (6) and (10), leads toEq. (12):

r

(
Pt0

SiO2

)
= r5

σ5
= r1

σ1
= k5[NO][O∗]

2
= k1[O2][∗] (12)

Then, the balance on the density of sites is considered:

[L] = [∗] + [∗O] + · · · (13)

∗O being the most abundant reaction intermediate (MARI),
FromEqs. (12) and (13):

[L] = [∗] + [O∗] = [∗]

(
1 + 2k1[O2]

)
(14)

F

r

F e
c

X

T

adsorption.
Step 2Eq. (7): a free site is now adjacent to∗O2. This secon
free site leads to the complete dissociation of preadso
dioxygen and the formation of an atomic adsorbed oxy
(∗O).

2(g)+∗ → ∗O2, k1; σLH = 1, σER = 1 (6)

O2+∗ → 2∗O, k2; σLH = 1, σER = 1 (7)

O(g)+∗ → ∗NO, k3; σLH = 2, σER = 0 (8)

∗NO + ∗O → NO2(g) + 2∗, k4; σLH = 2,

σER = 0 (9)

NO(g)+ ∗O → NO2(g)+∗, k5; σLH = 0,

σER = 2 (10)

NO(g) + O2 = 2NO2(g); net equation (11
k5[NO]

inally, the rate becomes:
(

Pt0

SiO2

)
= k1[O2][∗] = k1k5[NO][O2]

2k1[O2] + k5[NO]
[L] (15)

or 0 <α < 1 and a domain whereX is almost constant, on
an write[15]:

α = X

1 + X
(16)

hen fromEq. (15), with k′
5 = k5/2:

r(Pt0/SiO2)

[L]
= k1[O2]k′

5[NO]

k′
5[NO]

[
1 + (k1/k′

5)([O2]/[NO])
]

= k′
5[NO][k1[O2]/k′

5[NO]]

1 + k1/k′
5[O2]/[NO]

= k′
5[NO]

[
k1[O2]

k′
5[NO]

]α

= [k′
5[NO]]1−α

k1
α[O2]α
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= [k1
αk′1−α

5 ][O2]α[NO]1−α

= kexp[O2]α[NO]β (17)

In which, 1− α = β· Mathematically,α + β = 1. Experi-
mentally, we foundr(Pt/SiO2) = kexp[NO]0.30[O2]0.44 which
leads toα + β ∼= 0.8, due to the standard deviation on the
order calculations.

Let us note thatEq. (17)looks like but is not a general-
ized Langmuir–Hinshelwood equation as there is no equi-
librium constant[15]. However, we cannot exclude that a
LH stepexists in the sequence of elementary steps. In that
case, only steps 1 (Eq. (6)) to 4 (Eq. (9)) in the proposed
sequence have to be considered. Let us note that if the ad-
sorbed NO (∗NO in step 4 (Eq. (9))) is rapidly consumed,
that is, if k4 is higher thank3, steps 3 + 4 (Eqs. (8) and (9))
are equivalent to step 5 (Eq. (10)). So kinetic study does
not able us to distinguish between a mechanism considering
only an ER sequence elementary step or a LH elementary
step.

3.4.3. Kinetics of transient NO oxidation on
Ptx+/CeZrO2

The kinetics of (NO + O2) reaction over oxidized platinum
species has never been reported up to now by other groups.
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Fig. 5. Catalytic cycles for NO oxidation on (a) Pt0/SiO2 and (b)
Ptx+/CeZrO2.

steps is as follows:

�Ptx+� + O2(g) → OPtx+O, k1; σ = 1; � : vacancy

(19)

OPtx+O + NO(g) → OPtx+O(NO), k2; σ = 1 (20)

OPtx+O(NO) → NO2(g) + �Ptx+O, k3; σ = 1 (21)

�Ptx+O + NO(g) → NO2(g) + �Ptx+�, k4; σ = 1(22)

2NO(g) + O2(g) = 2NO2(g); net equation (23)

This sequence is presented as a close sequence inFig. 5b.
The same methodology was used to establish the detailed
rate equation.

r

(
Pt

CeZrO2

)
= r2

σ2
= r1

σ1
(24)

r

(
Pt

CeZrO2

)
= k2[OPtx+O][NO] = k1[�Ptx+�][O2] (25)
he same methodology already used for Pt/SiO2 was used
ith Ptx+/CeZrO2.

.4.3.1. Net reaction and overall rate equation.For NO con-
ersion lower than 15%, initial rates of O2 and NO con
umptions were determined (Table 2b). The initial raterNO
mol L−1 s−1) was calculated at a constant O2 concentration
orresponding to 7.7 vol.%, and using various NO con
rations (from to 300 ppm to 1000 ppm). Similarly, the ini
aterO2 (mol L−1 s−1) was calculated at constant NO co
entration (500 ppm) and using various O2 concentration
corresponding to 3.25 vol.% to 11.5 vol.%). The global
ial orders in NO and O2, respectivelyα andβ in Eq. (5), are
eported inTable 3. The global rate equation was found
ollows:

(Pt/CeZrO2) = kapp,(Pt/CeZrO2)[NO]0.62[O2]0.47 (18)

The global activation energy (Table 3) was found equal t
4.65 kJ mol−1.

.4.4. Sequence of elementary steps and detailed rate
quation

The following sequence considers a platinum cation,
ilized at the surface of the ceria-zirconia support and
ounded by two oxygen vacancies. A unique complex
ive site, as already considered with other metals suc
hodium[16,19,21,22], is necessary for the reaction to tu
ver.

The unique site is denoted� Ptx+� as for a comple
n homogeneous catalysis[21]. The sequence of elementa
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“OPtx+O(NO)” represents two oxygen anions and NO as
ligands in the coordinative sphere of the platinum cation.
“�Ptx+O” corresponds to one oxygen vacancy and one oxy-
gen anion in the complex active site (the first oxygen anion
has been consumed by reaction with the first NO molecule,
see step 3 in the previous sequence).

If we consider that the MARI is “OPtx+O” due the high
affinity of ceria for oxygen, the balance on the density of sites
becomes:

[L] = [OPtx+O] + [�Ptx+�] (26)

Eqs. (25) and (26)lead to the detailed rate:

r

(
Pt

CeZrO2

)
= k1k2[NO][O2]

k1[O2] + k2[NO]
[L] (27)

A similar detailed kinetic equation was reported on
Rhx+(0.29 wt.%)/CeZrO2 for the CO + O2 steady-state ki-
netic study[26].

3.4.5. Comparison of (NO + O2) reaction kinetics over
Pt0/SiO2 and Ptx+/CeZrO2 catalysts

The two catalytic cycles are reported inFig. 5a and
b for Pt0/SiO2 and Ptx+/CeZrO2 catalysts respectively.
Both catalysts present fractional and positive apparent or-
ders in NO and O2. Kinetics leads to similar detailed rate
e
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viation

concentrations of NO. By plotting 1/r versus 1/[O2] at con-
stant [NO] a linear regression was obtained. The values of the
slope and the ordinate axis intercept allowed us to calculate
kNO andkO2 over both supported Pt0 and Ptx+ catalysts.

The same methodology, applied in a range of temperature
from 465 K to 480 K on Pt0/SiO2 and from 565 K to 590 K
on Ptx+/CeZrO2, led to the determination of the two cor-
responding activation energies and pre-exponential factors
(Table 4a and b). The activation energies for the NO insertion
and O2 adsorption steps are 80.9 kJ mol−1 and 32.8 kJ mol−1

respectively, for Pt0/SiO2 (Table 4a), and 31.3 kJ mol−1 and
55.1 kJ mol−1 for Ptx+/CeZrO2 respectively (Table 4b). The
two activation energies for the two considered steps are dif-
ferent. In the literature Ollson et al.[8,9] have found a similar
activation energy, on Pt0/Al2O3 catalysts, and for Pt0/SiO2,
for the O2 adsorption step (30.4 kJ mol−1). However, they
have proposed an activation energy for the NO insertion
or adsorption close to those calculated on Ptx+/CeZrO2
(27.5 kJ mol−1).

3.4.6. Simulation of the transient NO oxidation over
Pt0/SiO2 and Ptx+/CeZrO2 catalysts

A perfect correlation is observed for both cases (Pt0, Ptx+)
between the “detailed rate equation” simulated data and the
experimental data up to 15% conversion, domain where the
global kinetics was studied.

op-
t pre-
e zed
v 5%,
a
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t orted
i
t orre-
s
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t ver-
s noted
1 er
c with
E ger
v

quations,

= kO2kNO [NO] [O2]

kO2 [O2] + kNO [NO]
[L] (28)

owever, the orders in respect to NO and O2 are different.
In the detailed rate equations,Eqs. (15) and (27), kO2

tands for the rate constant of the adsorption of mole
xygen on active sites, andkNO stands for the rate consta
f either the NO insertion on the active site (Ptx+/ZrCeO2)
r the NOgas reaction with the adsorbed oxygen
Pt0/SiO2). Considering the linear transform (Eq. (29)) of
q. (28),

1

r
= 1

kNO[NO][L]
+ 1

kO2[O2][L]
(29)

inetic measurements were performed with a fixed con
ration of NO and various concentrations of O2 as describe
herein, and also with a fixed concentration of O2 and various

able 4
inetic parameters associated to the NO–O2 detailed rate equation

atalysts Catalytic site

ero-valent species (a)
t/SiO2 Pt0 O2 adsorption

NO insertion
xidized platinum species (b)
t/CeZrO2 Ptx+ O2 adsorption

NO insertion

xperimental and corrected pre-exponential factors (A) and activation ene
latinum sequence.

a Optimized values estimated considering a maximum standard de
Ea (kJ mol−1) A cora Ea cora (kJ mol−1)

104 33.9 5.81× 104 32.8
1012 85.2 2.50× 1012 80.9

106 58.0 6.45× 106 55.1
106 29.5 1.48× 106 31.3

of the oxygen adsorption and NO insertion of the reduced and the ox

of 5% used for simulation.

The kinetic parameters used in the simulation were
imized (values of the activation energies and the
xponential factor) to fit the experimental plot. The optimi
alues correspond to a maximum standard deviation of
s it can be seen inTable 4a and b.

.4.6.1. Simulation with global rate equations.The simula
ions of transient experiments over both catalysts are rep
n Fig. 6a and b. The plots denoted 2 inFig. 6a and b show
he results using the experimental global rate equations c
ponding toEqs. (4) and (18)for Pt0/SiO2 and Ptx+/CeZrO2
espectively. For conversions lower than 15% correspon
o a domain controlled by kinetics, the calculated NO con
ion versus temperature, and the experimental one (de
in Fig. 6a and b) fit very well for both catalysts. For high

onversions, the global rate law expressions simulated
qs. (4) and (18)for both catalysts, respectively, are no lon
alid.
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Fig. 6. Experimental (denoted 1) and simulated (denoted 2 and 3) tempera-
ture transient NO–O2 data (3 K min−1, 300–1000 ppm NO, 3.25–11.5 vol.%
O2 in He) over: (a) Pt0/SiO2, (b) Ptx+/CeZrO2, using for (2) the global power
rate and for (3) a detailed rate kinetic equation, (4) Thermodynamic data.

3.4.6.2. Simulation with detailed rate equations.The simu-
lations were also performed using the detailed rate equations
Eqs. (15) and (27)for Pt0/SiO2 and Ptx+/CeZrO2 respec-
tively; they are denoted 3 inFig. 6a and b. It must be noted
that the correlation between experimental and simulated data
is better than that performed from the global rate equation.

3.4.7. Simulation limitations
For Ptx+/CeZrO2 catalysts, both global and detailed rate

equation simulations fit well up to 25% of conversion, which
is the maximum allowed by thermodynamics as reported in
Fig. 3. On the contrary, for the NO + O2 transient reaction
on Pt0/SiO2, it seems that the thermodynamics is not a limit.
For this catalyst, only a very good correlation between ex-
perimental and simulated data is obtained for a conversion
lower than 20%.

Considering the Arrhenius plot of transient NO + O2 re-
action in a large domain of conversion on Pt/SiO2, two do-

Fig. 7. Arrhenius plot for thekappobtained from the regression for Pt0/SiO2,
using the NO2 conversion.

mains were found (Fig. 7). The first one, at low conversion
(low temperature) corresponds to a domain controlled by the
kinetics; the activation energy found is nearly the same as
given inTable 3. The second one, at a higher conversion, is
controlled by diffusion. Indeed, the Arrhenius plot gives a
slope corresponding to−Ea/2RT which is significant of an
internal diffusion[15]. Then, the limits of kinetic approach
could be due to diffusion problems.

3.4.8. Catalytic activity
The turnover rates are also reported inTable 3. In fact,

the reaction temperature is 91 K lower for Pt0/SiO2 to obtain
15% conversion. The TOR calculated for Ptx+/CeZrO2, at
490 K, is lower than those obtained for Pt0/SiO2. The values
obtained for Pt0/SiO2 (0.03 s−1) are in the same order of mag-
nitude then those calculated by Xue et al.[14] (0.01 s−1) on a
similar catalyst Pt (2 wt.%)/SiO2. Nevertheless, no TOR data
were reported in the literature for this Pt0/SiO2. Only alumina
or zirconia supported platinum catalysts were reported with
TOR ranging from 0.005 s−1 to 0.03 s−1 [14].

4. Conclusion

Steady-state kinetics of NO + O2 reaction was performed
o tion
s
l

On
t alent
m
t ive
s

and
5 h
c -
ver supported platinum catalysts in two different oxida
tates: Pt0 for Pt/SiO2 catalyst and Ptx+ for Pt/CeZrO2 cata-
yst.

The Pt0/SiO2 catalyst exhibits a PME around 20%.
he contrary, 0 mol% of platinum was exposed as zero-v
etal atoms on CeZrO2. According to the literature[19], with

he titration of Ptx+ by NO, we can consider that the act
ites are 100% exposed Ptx+ ions on Pt/CeZrO2.

The global rate equations were determined at 500 K
91 K for Pt0/SiO2 and Ptx+/CeZrO2, respectively. On bot
atalysts, the apparent orders in NO and O2 were found frac
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tional and positive:r(Pt/SiO2) = kapp,(Pt/SiO2)[NO]0.30[O2]0.44

andr(Pt/CeZrO2) = kapp,(Pt/CeZrO2)[NO]0.62[O2]0.47. Detailed
rate equations were established from sequences of elementary
steps. For both catalysts, a similar rate expression was found:
r = (kO2kNO[NO][O2]/kO2[O2] + kNO[NO])[L]. From this
equation the corresponding rate constants (kNO, kO2) and ac-
tivation energies of elementary steps were calculated. Finally,
simulations were performed using global and detailed rate
expressions. On both catalysts, it was shown that global rate
equations allowed for a satisfying fit of the transient NO +
O2 reaction up to 15% conversion, the range of experimental
runs. For higher conversion, a strong deviation occurs over
Pt0/SiO2 between simulated and experimental data, suggest-
ing that the global rate equation is no longer valid. The sim-
ulations based on detailed rate equations allowed for a better
fit of experimental. However, for conversion higher than 15%
the same deviation was observed mainly over Pt0/SiO2. On
Ptx+/CeZrO2, the limits of kinetics are clearly due to thermo-
dynamic limitations. On the contrary, on Pt0/SiO2, internal
diffusion was predominant.
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