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Abstract

The kinetics of NO oxidation was performed over well-defined catalystSiP, and Pi+/CeZrQ, being chosen as model zero-valent and
oxidized platinum active sites, respectively. On both catalysts, the global rate equation was determined, leading to the partial orders in NO and
O,, and global rate constants. For both catalysts the orders in NO aace@ractional and positive. Based on these data, two sequences of
elementary steps are proposed. From the corresponding catalytic cycles, detailed kinetic rate laws were established leading to relevant kinetic
constants and activation energies. Transient simulations were performed using the global power rate law and the detailed rate equations on
both catalysts. A good fitting was observed up to 15% conversion®8iB4, between 420 K and 500 K, with the global rate equation. The
detailed kinetic data allowed a better fitting. For higher conversion the Arrhenius plots allowed us to conclude that diffusion limitations must
be considered. A good fitting was observed over RieZrG, between 420 K and 700 K, up to 25% conversion as expected with both global
and detailed equations. Thermodynamic limitations are observed, in this case, above 30% conversion.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction exhaust conditions. Itis therefore a bit surprising that kinetics
of NO oxidation has not been extensively studied in the past.
Automotive Diesel exhaust emission standards are moreThe attempt to model N@Traps by Olsson et al. has led
and more severe. In 2005, soot and N@oductions will them to study the reaction over Ptp8l; and Pt/Ba/A}O3
be limited to 25 mg km? and 250 mg km? respectively, ac-  [4,7,8] They have proposed a mean field model, based on
cording to Euro IV regulations, twice as low as for Euro lll elementary steps. Parts of their kinetic parameters have been
standardg1]. To meet those emission levels, car manufac- fitted to temperature programmed surface reaction (TPSR)
turers have to use specific after-treatment systems: Dieselresults, and the others fixed to literature val{@}s How-
Particulate Filters for soot, N@Trap and SCR for NQ[2]. ever, no global kinetic parameters have been given. Instead,
In these systems NChas a key role, as it can be used as a they have chosen an Eley—Rideal model in one of the pa-
strong oxidizer for de-soot proces48% and as an interme-  pers[8]. Olsson et al. used a Langmuir—Hinshelwood (LH)
diate for NQ. storage in NQ-Traps[4] or for NO, reduction model in their last paper on NO oxidati¢®], as did Burch
in SCRJ[5]. However, in Diesel exhaust gas, NO is the major and Watling[5]. However, no clear experimental evidence
part of NQ,, thus it needs to be oxidized to N(6]. The has been given for either of these two models. It is important
oxidation of NO is then a very important reaction in Diesel to remember that on a zero-valent Pt surface, NO dissociates
when two platinum sites are adjacéh®]. On PP, NO can
* Corresponding author. Tel.: +33 1 44 27 36 26; fax: +33 1 44 27 36 26. adsorb undissociatively on a unique free site if this free site
E-mail addressdjega@ccr.jussieu.fr (G. Bya-Mariadassou). is enclosed by occupied sitE)]. Ollson’s group results on
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Pt/Al,O3 have shown a decrease in Pt activity when the cata- HoPtCl (Alfa Aesar, purity 99.95%). After impregnation,
lyst was exposed to NO +£at 523 K[4]. This deactivation the catalysts were dried at 393 K for 12 h. Before runs, the
was attributed, according to XPS data, to the oxidation of CeZrQ, based catalysts were calcined at 773K, for 2h, in
Pt to PtO or PtQ, which are less active than reduced plat- synthetic air (80% M, 20% ). The silica based catalysts
inum for NO oxidation. A decrease in activity has been also were reduced in flowing hydrogen at 773K, for 2h, then
shown on Pt/Si@ by Xue et al.[11] and more recently by  flushed to He at room temperature (RT).

Despes 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. Despr

et al. have attributed the deactivation of Pt/5i© the for-
mation of platinum oxide on the surface. The authors have
also suggested an auto-inhibition of the NO oxidation reac-
tion by NO,. Moreover, NO oxidation has been considered
as structure sensitive on Pt/)s, the Pt activity decreas-
ing for increasing Pt dispersidd,13,14] The reaction has

2.2. Dispersion measurements

Platinum catalysts, before and after reaction, were charac-
terized by XRD, H—0O, 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 Ka radiation. High-resolution transmission electron mi-
also been found to be structure sensitive on P#Siile it croscopy (HR.TEM) was performed to determine the sizg of
platinum particles on silica and to check their dispersion.

seems strgcture Insensitive on '.DUZI[CM]' The explgnaﬂon HRTEM studies were performed on a JEOL-JEM 100 CXI|
has been linked to the deactivation of the catalyst, in the sense

X : ) apparatus associated with a top entry device and operating
f[hat small Pt particles more ea_sﬂy_form oxidds. Another . at 100kV. EDS analysis (STEM mode) was performed with
important feature of the NO oxidation is the thermodynamic the same apparatus using a LINK AN 10000 svstem. con-
equilibrium limitation, NQ decomposing to @and NO at pp 9 y '

. ; nected to a silicon-lithium diode detector, and multichannel
temperatures higher than 350, depending on the oxygen . .
. analyser. EDS analyses were obtained on large domains of
partial pressurg] and the presence of a catalyst.

In conclusion, the single reaction NO + 1/2 ©NO, has samples (150 nnx 200nm to 400 nmx 533 nm).
) . : e . : The percentage of metal exposed (Pt% ME) was deter-
not been investigated from the classical kinetic point of view,

. L L .’ mined by hydrogen—oxygen titration using a conventional

most papers determining kinetic parameters by fitting their : . . . -

; . pulsed technique (Micromeretics). An insensitive structure
experimental results with a NGTrap model. Moreover, no ! . .

N ) : : reaction (benzene hydrogenation) was also used for counting

global orders or global activation energies are available inthe oy ; X
? . P10 specied15]. Measurements were conducted in a con-
literature. Furthermore, let us note that the orders in respect

to reactants, in global rate equation, have the potential to Varyventlonal device described elsewhie, 17] Inatypical run,

onthe fullrange of conversion. A detailed rate equation based prior to benzene hydrogenation, catalysts were pretreated at

. 773 K in flowing hydrogen, then cooled to the reaction tem-
on a sequence of elementary steps can take into account the

evolution of orders, insofar as thermodynamics does not limit &?;?&féeﬁ?:?&eg'gg} sz gg‘:gi;ﬁf_\g};ﬁ It:g (toh) atéokrﬁs was
the conversion. The purpose of this study is to investigate the ' P

NO oxidation over two different Pt catalysts. The first one deduced from the tumover rate of benzene hydrogenation

is a reduced supported®Rin SiG, while the second one is [15]

an oxidised cationic supported*Pton CeQ (75%)-ZrQ

(25%), referred to as CeZgOn the text. The present work  2.3. Temperature programmed desorption of

first determines the global kinetics and then more detailed preadsorbed NO

rate laws, for the oxidation of NO over supported Bhd

Pt*+ catalysts. These kinetic data are then used to simulate Temperature programmed desorption (TPD) experiments

the NO/Q TPSR carried out at the laboratory. of NO were carried out in flowing He (0.05 L mif) with a
heating rate of 10 Kmint, up to 723K, after NO pretreat-
ment. Pt/CeZrQcatalysts were calcined at 773 K for 2 h, and

2. Experimental then cooled to room temperature. Pt/Si€atalysts were re-
ducedinH at 773 Kfor 2 hwith a heating rate of 10 K mim,
2.1. Catalyst synthesis the total flow rate being 0.20 L mirt. The samples were then

cooled to room temperature and hydrogen was switched to
The silica (Degussa, Aerosil 50) supported platinum helium. Finally, Pt/SiQ catalysts were heated in He at 573 K
(1.70 wt.% Pt) and the ceria-zirconia (25 wt.% GeRhodia) to remove the hydrogen adsorbed on Pt/S@mples. Before
supported platinum (0.35wt.% Pt) catalysts were prepared TPD, Pt/CeZrQ and Pt/SiQ catalysts were finally flushed
by the incipient wetness method with an aqueous solution with He before gas mixture adsorption (770 ppm NO in He
containing the appropriate amount of the platinum precursor as balance, 0.20 L mir}).
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2.4. Steady-state NO +eaction rate measurements catalyst exhibited a PME ranging from 19% to 21% depend-

ing on the titration process. Furthermore, 0 mol% of platinum
NO, He, @ and a calibration gas mixture were used in was exposed as zero-valent metal atoms on CgZaking

NO + O, reaction kinetic measurements. NO was supplied into account the absence of benzene hydrogenation on this

by Air Liquide as 1.5 vol.% NO and 98.5 vol.% He (<10 ppm material. In the case of Rhodium, and according to the titra-

other gases). The oxygen, used for catalyst pretreatments andion of Rh** by NO on a catalyst Rh(0.30 wt.%)/CeZiO

reaction kinetic measurements, was supplied by Alphagaz[18], the active sites consist of dispersed*RHons sur-

(UHP grade, <10 ppm other gases). Helium (UHP grade, Al- rounded by two oxygen vacancies of the reduced support and

phagaz) was used for dilution of the (NO +)dmixture to associated with Ge cations. In the case of Pt, itis considered

achieve lower NO and £concentrations. Steady-state (NO that the active sites onPt(0.35 wt.%)/CeZrQ also consist

+ Oy) reaction rates were measured using a quartz microreac-of 100% platinum dispersed as*Ptions (no P? active in

tor (inner diameter 8 mm) containing quartz wool supporting benzene hydrogenation).

the sample. The catalyst bed contained from 25mgto 50mg As a consequence, the platinum was well dispersed on

samples. All experiments were carried out at atmospheric CeZrQ, as confirmed by TEM and EDS, in which the Pt/Ce

pressure. The bed temperature was measured using a K-typeatios are constant and close to those expected theoretically.

thermocouple affixed to the outer reactor surface. The tem-In the case of PSiO;, the reduced metal was detected by

perature was controlled using an electronic controller (Eu- XRD. Furthermore TEM showed platinum particles well dis-

rotherm 2408). Gas mixture were produced with calibrated persed on Sig with an average particle size of 10nm. In

electronic mass flow controllers (Brooks 5850TR). The reac- conclusion, two different platinum-based catalysts were syn-

tor outflow was analyzed using a set of specific detectors. A thesized, a supported zero-valent platinum cataly$SiD,,

Thermo Environmental Instruments 42CHL NGhemilu- and a supported Pt catalyst: Ptt/CeZrG.

minescence analyzer allowed the simultaneous detection of

NO, NG, and NQ. (i.e. NO + NG). An Ultramat 6 Siemens  3.2. Adsorption and subsequent desorption of NO on

IR analyzer was used to monitoro®. The signals of dif- platinum catalysts

ferent gases were monitored on-line by Virtual Bench—Lab

View computation programs. Adsorption of NO by flowing 1.5 vol.% NO in He, at room

NO oxidation transient experiments were modeled with temperature, was carried out on platinum catalysts. During

the help of Microsoft Excel XP 2002 software using a per- the adsorption on PtSiO, N,O formation was observed

sonal computer on the basis of the kinetics (global and de- (Fig. 2a). This result is in agreement with the literature and

tailed) described in this work. Burch et al.[10,19] have proposed that nitrogen monoxide
dissociates on platinum reduced sites. At low temperatures,
these authors have claimed that the most likely means of ni-

3. Results and discussion trogen atom removal involves the reaction between a nitrogen
monoxide molecule adsorbed on a single isolated free*site,
3.1. Reduced or oxidized platinum species on the and an adjacent adsorbed nitrogen atom, to yiel® N.9]
surface of catalysts (Ed. (3).
. . L NOM +2¢ — *ND +*0; o =1 1

The purpose of this study deals with the oxidation of NO te + “ (1)
over platinum-based catalysts with various oxidation states of NO@+* — *NO®; ¢ =1 2)
platinum. The first one is a silica-supported platinum catalyst,
and the second a CeZs@upported platinum catalyst. *NO®@ 4+ *N® 5 N,O+2% o=1 (3)

Table 1lpresents the platinum content and the percentage
of metal exposed (PME) on both supported catalysts. Two dif- Global equation:
ferent platinum _Ioadings were used in (_)rder to _synthesize a2NO = N,O + *O
catalyst containing only zero-valent platinum{i0,) and
a second one with only platinum with a higher oxidation state ~ Clearly, an oxygen atom is therefore left adsorbed on the
(PE+/CeQ—Zr0y). The platinum contents were respectively surface during the dissociative adsorption of the firstNO

0.35wt.% and 1.70 wt.% for CeZeCand SiGQ. The Pt/SiQ molecule Eq. (1). Furthermore, these authors have clearly
shown the competition, on reduced Patches of the catalyst

surface, between nitrogen monoxide adsorption/dissociation

Table 1 . . L .
Composition and platinum percentage of metal exposed (Pt% ME) of the and,the coverage of the'Rites by the dissociative adsorptlon
synthesized catalysts of dioxygen. .
Catalysts  Pt(wt%) O, Pt% ME benzene hydrogenation (%) On the contrary, on CleQoa;ed catalysts, there is no
v— 170 13 5 release of MO during NO adsorption at RT.

I . . .
PUCEZIQ  0.35 - 0 TPD profiles of NO preadsorbed at RT over CeZi&hd

Pt/CeZrQ are given inFig. 2b.
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On P?/SiOz, the NO release is not significant, which 2 LOOEF0S ; 11
means that there are few isolated free sites on silica-supported £ i 1
. c i 1
platinum (1.7 wt.%) catalyst. On the contrary, two NO des- 9 3.00E-06 - : i
orption peaks at 410K and 480K for*P¥CeZr(G, and s i ‘
480K and 570K for CeZr@ are shown. On Pt/CeZrQ, Sge—— i
the desorption peak at 410K is attributed to the desorp- z = {
tion of NO from either platinum or cerium cationic sites ;
(Pt* or Ce). Indeed, thermodynamic equilibrium indi- 1.00E-06 -
cates that N@ cannot decompose to NO at such a low
temperature. These*Pt catalytic centers allow the molec- 0.00E+00 BB
ular chemlsorptmn_ of two a_djacent NO molegules and the 300 350 400 450 500 550 600 650
N—-N bond formation, leading to N[20]. This general
(b) Temperature (K)

scheme was already proposed bye§j-Mariadassou et al.
on Rh““/CleOz for the CO_.aSSISted. (.:atalytlc redu?tlon of Fig. 2. (a) Adsorption, at room temperature, of 1.5 vol.% NO (0.05 Lhin
NO under three-way operating conditiof2d]. The shift of in He on PY/SiQ (50 mg); (b) temperature programmed desorption (TPD) in
the first desorption peak to lower temperatures (from 500 K He (0.05 L mirrt) with a heating rate of 10 K mirt on CeZrQ, PUCeZrQ.
(CezZrG) to 400K (PtT/CeZrQy)) clearly illustrates the ef-

fect of platinum in its cationic form when supported over

CeZrQ. catalysts, linked to a change in the oxidation state of platinum.
Moreover, Burch et a[19] proposed, on Pt-based catalysts,
3.3. Catalyst deactivation that the hydrocarbon reduces a patch of platinum atoms from

“Pt—0O" to platinum metal during a selective reduction of NO

No deactivation was observed in the steady-state NO ox-in Lean Burn conditions.
idation on Pt*/CeZrQ, probably due to the oxidation state Our PP/SiO, catalysts were characterized by TEM and
of platinum species. XRD after runs. The XRD results are presented-ig. 1

On the contrary, a slow deactivation compared to the The average particle size of platinum remains around 10 nm.
NO/O, reaction rate was observed on silica-supported plat- There is no sintering of platinum particles during the reac-
inum(0) catalyst. Indeed, the NO conversion decreased fromtion. The observed deactivation can then be attributed to a
50% to 26%. A steady-state conversion is only observed afterstrong Pt—oxygen interaction. This can lead to the formation
20 h of run. This deactivation has already been observed onof “Pt—O” species on the catalysts, as already observed in the
PL/SiO; catalystg11,12,22] Xue et al.[11] have also ob- literature on Pt-based cataly§tsl1,12,23,24]However, the
served a change in the TPR profile of fresh and deactivatedbulk Pt particles remained zero-valent platinum, as seen by
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Fig. 3. NO conversion on Pt/CeZp@Pt *) and P/SiQ (PP) (50 mg) dur-

ing a temperature programmed surface reaction (TPSR) experiment in the

following reaction conditions: 500 ppm NO, 9.6 vol.% @ He as balance
(total flow: 0.05 L mirr 1) with a heating rate of 10 K mint; calculated ther-
modynamic plot for the same NO#@nixture (—--—).
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Fig. 4. NG concentration vs. contact time for9r8io, with 50 mg of cat-
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concentrations (ranging from 3.25vol.% to 11.5vo0l.%). In

XRD (PP), Pt-O being an inhibited Pt species and represen- ach case, NO conversions lower than 15% were used, and

tative of a very strongly linked oxygen species.
3.4. Kinetic study of the NO + £xeaction

3.4.1. Temperature reaction window and
thermodynamic limitationgg. 3)

Let us note that both Pt (Pt/CeZrQ) and P? (Pt/SiQy)
present the same number of sites.

The thermodynamics of NO oxidation under 8 vol.% oxy-
genand 500 ppm NO is reportedrig. 3. The NO conversion
was calculated from Stull et al. dg&b]. Moreover, NO con-

versions observed during the temperature programmed sur,. _ kapp[NO]0'3°[Oz]0'44

face reaction are also reported for both'PtPt/CeZrQ) and

PP (P/SiQ). The temperature range for the kinetic study of

only data at low contact time were usdg < 0.02 s). Initial
rates are reported, for each operating conditiofable 2.

The same calculations, for NO oxidation over
Pt+/CeZrQ catalysts, are presentedTiable .

3.4.2.2. Orders in NO and £ The apparent orders in NO
and @ were calculated from Ln—Ln plots with the initial
rates fromrlable Z. The orders are 0.30 and 0.44 in NO and
O, respectively. The global activation energy was also calcu-
lated and found to be 57.7 kJ mdl(Table 3. The resulting
experimental global power rate is:

4)

the steady-state NO oxidation reaction was chosen to obtain

less than 15% NO conversion. Accordingrig. 3, a differ-
ence of 91 K was found between‘'PtCeZrQ, and P?/SiO,.

As a consequence, for the kinetic study, 15% NO conversion No (ppm)
was taken into account, corresponding to 490K and 581 K

for PP/Si0, and Ptt/CeZrQ, respectively.

3.4.2. Kinetics of TPSR NO oxidation orPF&iO,
3.4.2.1. Initial rate determinationAccording to the TPSR

data, the temperature of NO oxidation reaction was chosen

at 500K in order to work at low NO conversion. After the

initial deactivation, a quasi-steady state of the reaction was

observed.
The initial rateryo (molL~1s™1) was calculated from
Fig. 4at a constant @concentration (7.7 vol.%), and various

NO concentrations (ranging from 300 ppmto 1000 ppm). The

initial rate ro, (molL~1s™1) was also calculated fixing the
NO concentration (equal to 500 ppm) and using variogs O

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

Q (vol.%) Initial Rate 16 (molI-1s™1)
(a) PP/SiO,
300 7 102
500 7 111
700 7 136
1000 A 142
500 385 811
500 960 119
500 1150 128
(b) Pt*/CeZrg,
300 77 598
500 7 855
1000 7 1260
500 385 606
500 620 774
500 923 894
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Table 3

Kinetic parameters associated to the-NQp rate equatiom = kg exp(—Ea/RT)Pno® Poz'S over zero-valent and oxidized platinum species

Catalysts Catalytic site T(K) o B Ea (kJ mot 1) TORE (104s7h)
Pt/SiQ PP 490 0.30 0.44 57.7 0.03
Pt/CeZrQ P+ 581 0.62 0.47 34.6 0.08
Pt/CezZrQ pt+ 490 0.01

a Calculated with[] = 9 x 10~ 7 mol Pt.

3.4.2.3. Sequence of elementary steps and detailed rate Two sets of values are given leading the same net equa-

equation. The net reaction is 2NO + £= 2NO, and the
global power rate equatiot(. (4) is:

r = kapNO]*[02]° ®)

With experimentallyx = 0.30 and8 = 0.44.
In the literature, only Despgs 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@re fractional and posi-

tive (Table 3. Consequently, a sequence of elementary steps

and a detailed rate equation can be proposed.
According to Dga-Mariadassou and Boud§tb], the

symbols for elementary steps in a sequence are as follows
(—) far equilibrium stepe, stoichiometric number according

to the net reaction; (=), net equation.
Two catalytic routes can be considered o¥Si0,. The
first one involves an Eley—Rideal elementary stéq.((10)

tion, but following either a LH stepo( ) or an ER one
(0ER).

In this sequencé,stands for a Ptfree site;*O; is defined
as a molecular adsorbed oxygen on an inisalatedfree
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 t@gr). The detailed rate equation for this
sequence is established following the method described by
Djéga-Mariadassou and Boud§itb]. First, the application

of the quasi—stationary state approximation (QSSA), consid-

eringEgs. (6) and (1Q)eads tcEqg. (12)

PP rs _r1 _ ks[NOJ[O*] *
<ﬁ> =n o ko]

12
o5 01 2 (12)

and the second one, a Langmuir-Hinshelwood elementaryThen, the balance on the density of sites is considered:

step Eg. (9). Taking into account the strong concentration

of oxygen atoms adsorbed on the surfa@@)( step 1Eq. (6)
and step Eq. (7)mean that:

Step 1Eq. (6} there is only one isolated free site accessible
to form*O,. This last species is the point stage of dioxygen

adsorption.
Step 2Eq. (7} afree site is now adjacent®;,. This second

[L] =[] +[0]+ -

*O being the most abundant reaction intermediate (MARI),
FromEgs. (12) and (13)

(13)

free site leads to the complete dissociation of preadsorbedFinally, the rate becomes:

dioxygen and the formation of an atomic adsorbed oxygen

(*O).

Oz@yt™ — "0z, ki, om=1 oer=1 (6)
*Op+* — 20, ko, on=1 ogr=1 )
NOg+" — *NO, k3; oH=2 o0er=0 8)
*NO+*0 — NOz(g) + 2*, ks, oLH =2,

oer=0 9)
NO(g)+ *O — NOzg+*, ks; oy =0,

OER = 2 (10)

2NQ(g) + Oz = 2NOyg); het equation (11)

e ok 2k1[O2]
111 = 11+ 101 =1 (1+ 20d) (14)
B « _  Kkiks[NOJ[O2]
(g6;) = M0 = g gl as)

For 0 <a < 1 and a domain wheng is almost constant, one
can write[15]:

« X
X'= (16)
Then fromEq. (15) with K's = ks/2:
r(P/Si0z) _ k1[O2]k5[NO]
[L] kg[NO] [1 4 (ka/k5)([O2]/[NO]) ]
_ kg[NOJ[41[O2]/ ks[NO]]
" 1+k1/kL[O2]/[NO]
, k1[O2] T
= kz[NO
o) o

= [ke[NOJI " “k1%[02]*
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= [ka“k'5~*][02]“NOJ** No, g0 ( 2

— kexplO2]"INOJ" 17) J >
NO
In which, 1 — « = 8- Mathematicallyx + 8 = 1. Experi-

mentally, we found-pysio,) = kexp[NO]%3[0,]%44 which 02" +1*
leads tox + B = 0.8, due to the standard deviation on the
order calculations.

Let us note thaEq. (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 20
LH stepexists in the sequence of elementary steps. In that
case, only steps 1E(. (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, ifks is higher tharks, stes 3 + 4 Egs. (8) and (9) 0,(2)
are equivalent to step 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.

O*+ 1*

L]
3.4.3. Kinetics of transient NO oxidation on | ] @ o @

Ptt/CeZrQ, (;)
&

The kinetics of (NO + Q) reaction over oxidized platinum [ @ 0]
species has never been reported up to now by other groups
The same methodology already used fé¥/®i0, was used
with Pt+/CeZrQy. /‘ NO(g)
3.4.3.1. Netreaction and overall rate equatiofor NO con- NO,(g) @ o] NO,(g)
version lower than 15%, initial rates of,Gand NO con- (b)

sumptions were determinedable D). The initial raterno
(mol L1 S_l) was calculated at a constans Ebncentration, FigJ.r 5. Catalytic cycles for NO oxidation on (a) %8iO, and (b)
corresponding to 7.7 vol.%, and using various NO concen- PET/CezICy.

trations (from to 300 ppm to 1000 ppm). Similarly, the initial
ratero, (molL~*s™!) was calculated at constant NO con-
centration (500 ppm) and using various €oncentrations
(corresponding to 3.25vol.% to 11.5vol.%). The global par-

steps is as follows:

OPt*0 + Oyg) — OPtTO, ki; o=1; O: vacancy

tial orders in NO and @ respectivelyxr andg in Eq. (5) are (29)
reported inTable 3 The global rate equation was found as
follows:
+ + . _

F(PYCezI0y) = kapp(Pt/CleQ)[NO]O'62[OZ]O‘47 (18) OPt7"O+ NOQO(g) — OPtTO(NO), kz; o=1 (20)

The global activation energygble 3 was found equalto ~ OPtTO(NO) — NOz¢) + 0Pt O, k3; o=1  (21)

4.65kJ mot?,

34.65kJmo OPt0 + NOg) — NO(g) + OPET0, ks o = 1(22)
3.4.4% Sequence of elementary steps and detailed rate 2NQ(g) + O2(g) = 2NOy(g); net equation (23)
equation

The following sequence considers a platinum cation, sta- This sequence is presented as a close sequerfeig.ifb.
bilized at the surface of the ceria-zirconia support and sur- The same methodology was used to establish the detailed
rounded by two oxygen vacancies. A unique complex ac- rate equation.
tive site, as already considered with other metals such as Pt
rhodium[16,19,21,22] is necessary for the reaction to turn r( ) _r_n (24)
over. CeZr o2 o1

The unique site is denotdd Pt as for a complex P
in homogeneous catalyq®l]. The sequence of elementary r (CleOz

) — ko[OPtTO][NO] = kq[OPEFO][02] (25)
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“OPt*+O(NO)” represents two oxygen anions and NO as concentrations of NO. By plotting fliersus 1/[Q] at con-
ligands in the coordinative sphere of the platinum cation. stant[NO] a linear regression was obtained. The values of the
“0Pt+0O” corresponds to one oxygen vacancy and one oxy- slope and the ordinate axis intercept allowed us to calculate
gen anion in the complex active site (the first oxygen anion kno andko, over both supported Pand Pt* catalysts.

has been consumed by reaction with the first NO molecule, The same methodology, applied in a range of temperature
see step 3 in the previous sequence). from 465K to 480K on P¥SiO, and from 565K to 590 K

If we consider that the MARI is “OPtO” due the high on Pt*t/CeZrQ, led to the determination of the two cor-

affinity of ceria for oxygen, the balance on the density of sites responding activation energies and pre-exponential factors

becomes: (Table 4 and b). The activation energies for the NO insertion
and @ adsorption steps are 80.9 kJ mband 32.8 kJ molt
[L] = [OPtO] + [OPt ] (26) respectively, for BYSiO, (Table 4), and 31.3kJ mof and
Egs. (25) and (26)pad to the detailed rate: 55.1 kJ_mofrl for Pt"f/CleQ respective!y'(able b). The _
two activation energies for the two considered steps are dif-
r( Pt ) _ _k1k2[NOJ[Oo] L] 27) ferent. In the literature Ollson et 8,9] have found a similar
CezZr k1[O2] + k2[NO] activation energy, on PtI,03 catalysts, and for PtSiO,,

for the O adsorption step (30.4 kJ mdl). However, they
have proposed an activation energy for the NO insertion
or adsorption close to those calculated on ®EeZrQ
(27.5kImot1).

A similar detailed kinetic equation was reported on
Rh*+(0.29 wt.%)/CeZr@ for the CO + Q steady-state ki-
netic study[26].

3.4.5. Compariion of (NO + §) reaction kinetics over 3.4.6. Simulation of the transient NO oxidation over
P{/Si0, and Pt /CeZrQ;, catalysts . PL/Si0, and Pt +/CeZr0y catalysts

The tgvo_catalytlc erdes are reported Fig. Sa and A perfect correlation is observed for both case8 (Pt *)
b for Pt/SiO; and Pt"/CeZrQ, catalysts respectively. pepyeen the “detailed rate equation” simulated data and the

Both catalysts present fractional and positive apparent or- gy herimental data up to 15% conversion, domain where the
ders in NO and @. Kinetics leads to similar detailed rate global kinetics was studied.

equations, The kinetic parameters used in the simulation were op-
ko,kno [NO][O2] timized (values of the activation energies and the pre-
"= o 10 kne INO [L] (28) exponential factor) to fit the experimental plot. The optimized
02[ 2] + NO[ ] . .
values correspond to a maximum standard deviation of 5%,
However, the orders in respect to NO angld@de different. as it can be seen ifable 4 and b.

In the detailed rate equationggs. (15) and (27)ko2
stands for the rate constant of the adsorption of molecular3.4.6.1. Simulation with global rate equatioriEhe simula-
oxygen on active sites, arigjo stands for the rate constant tions of transient experiments over both catalysts are reported
of either the NO insertion on the active site'(PZrCeQ,) in Fig. 6a and b. The plots denoted 2 kig. 6a and b show
or the NQjs reaction with the adsorbed oxygen on theresults using the experimental global rate equations corre-
(P/Si0y). Considering the linear transfornEq. (29) of sponding tdEgs. (4) and (18for PP/SiO, and Pt/CeZrQ,
Eq. (28) respectively. For conversions lower than 15% corresponding
1 1 1 to a domain controlled by kinetics, the calculated NO conver-
- = + (29) sion versus temperature, and the experimental one (denoted
r - kno[NOJIL]  ko,[O2][L] 1 inFig. 6a and b) fit very well for both catalysts. For higher
kinetic measurements were performed with a fixed concen- conversions, the global rate law expressions simulated with
tration of NO and various concentrations of @ described  Egs. (4) and (18)pr both catalysts, respectively, are no longer
therein, and also with a fixed concentration ofahd various  valid.

Table 4
Kinetic parameters associated to the NQ-detailed rate equation
Catalysts Catalytic site A Ex (kJmol 1) Acor Ea cor (kJmol 1)
Zero-valent species (a)
Pt/SiQ PP O, adsorption 5.8k 10* 33.9 5.81x 10* 32.8
NO insertion 2.27x 1012 85.2 2.50x 102 80.9
Oxidized platinum species (b)
Pt/CeZrQ Pt O, adsorption 6.45¢ 10° 58.0 6.45x 10° 55.1
NO insertion 1.48¢ 10° 29.5 1.48x 10° 313

Experimental and corrected pre-exponential factd)safd activation energyeg) of the oxygen adsorption and NO insertion of the reduced and the oxidized
platinum sequence.
a Optimized values estimated considering a maximum standard deviation of 5% used for simulation.
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Fig. 6. Experimental (denoted 1) and simulated (denoted 2 and 3) tempera-
ture transient NO—@data (3 K mirr, 300-1000 ppm NO, 3.25-11.5vol.%

O, inHe) over: (a) FYSiO,, (b) Pt+/CeZrQ,, 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 equatiorihe simu-
lations were also performed using the detailed rate equation
Egs. (15) and (27jor PO/SiO, and Ptt/CeZrQ, respec-
tively; they are denoted 3 iRig. 6a and b. It must be noted

135

-7.00

y =-3056.2x - 2.0674
R’=0.9776

-7.50 4
-8.00 -
-8.50
-9.00 4

-9.50 4

In (r (mol.L™.s™))

-10.00 -

y =-6778.9x + 5.4564

-10.50 - R?=0.9912

-11.00
1.50E-03

T

1.80E-03 2.10E-03 2.40E-03
1T (K7)

Fig. 7. Arrhenius plot for th&,pp0btained from the regression forPP3iOy,
using the NQ conversion.

mains were foundKig. 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 te Eg/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 reportedTable 3 In fact,
the reaction temperature is 91 K lower foPfSO, to obtain
15% conversion. The TOR calculated for PACeZrQp, at
490K, is lower than those obtained foPEiO,. The values
obtained for PYSiO, (0.03 s°1) are in the same order of mag-
nitude then those calculated by Xue ef{a#] (0.01s 1) ona
similar catalyst Pt (2 wt.%)/Si© Nevertheless, no TOR data
were reported in the literature for thi€P$iO,. Only alumina
or zirconia supported platinum catalysts were reported with

STOR ranging from 0.0053" to 0.03 s [14].

that the correlation between experimental and simulated data,  conclusion

is better than that performed from the global rate equation.

3.4.7. Simulation limitations

For Pt+/CeZr(, 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 + £transient reaction
on PP/SiO,, 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 + @-
action in a large domain of conversion on Pt/gi@vo do-

Steady-state kinetics of NO +X®eaction was performed
over supported platinum catalysts in two different oxidation
states: Ptfor Pt/SiQ, catalyst and Pt for Pt/CeZrQ cata-
lyst.

The PP/SIO, catalyst exhibits a PME around 20%. On
the contrary, 0 mol% of platinum was exposed as zero-valent
metal atoms on CeZrfAccording to the literaturg 9], with
the titration of Pt by NO, we can consider that the active
sites are 100% exposed‘Ptions on Pt/CeZrQ.

The global rate equations were determined at 500 K and
591 K for PP/SiO, and PtT/CeZrQ, respectively. On both
catalysts, the apparent orders in NO anda@re found frac-
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tional and positiverpysio,) = kapp(Pysioy) [NO]>3[02]%44
andrpycezro) = kapp(pt/(;ezyoz)[NO]0'62[02]0'47. Detailed

R. Marques et al. / Journal of Molecular Catalysis A: Chemical 221 (2004) 127-136

[3] G. Mul, W. Zhu, F. Kapteijn, J.A. Moulijn, Appl. Catal. B (1998)
17.
[4] L. Olsson, E. Fridell, J. Catal. 210 (2002) 340.

rate equations were established from sequences ofelementary[5] R. Burch, T.C. Watling, Stud. Surf. Sci. Catal. 116 (1998) 199.
steps. For both catalysts, a similar rate expression was found: [6] W.A. Majewski, J.L. Ambs, K. Bickel, SAE Technical Paper Series

r = (ko,kno[NO][O2]/ ko,[O2] + kno[NO][ L]. From this
equation the corresponding rate constakyg(ko,) and ac-

tivation energies of elementary steps were calculated. Finally,
simulations were performed using global and detailed rate

SAE 950374, 1995.

[7] L. Olsson, E. Fridell, M. Skoglundh, B. Andersson, Catal. Today
(2002) 73.

[8] L. Olsson, B. Westerberg, H. Persson, E. Fridell, M. Skoglundh, B.
Andersson, J. Phys. Chem. B 103 (1999) 10433.

expressions. On both catalysts, it was shown that global rate [9] L. Olsson, H. Persson, E. Fridell, M. Skoglundh, B. Andersson, J.

equations allowed for a satisfying fit of the transient NO +

Phys. Chem. B 105 (2001) 6895.

O, reaction up to 15% conversion, the range of experimental [10] R. Burch, J.P. Breen, F.C. Meunier, Appl. Catal. B 39 (2002) 283.

runs. For higher conversion, a strong deviation occurs over
P0/SiO, between simulated and experimental data, suggest-;)
ing that the global rate equation is no longer valid. The sim-

[11] E. Xue, K. Seshan, J.G. Van Ommen, J.R.H. Ross, Appl. Catal. B
2 (1993) 183.

J. Despes, M. Elsener, M. Koebel, O. Kcher, B. Schnyder, A.
Wokaun, Appl. Catal. B 50 (2004) 73.

ulations based on detailed rate equations allowed for a betteff13] J.H. Lee, H. Harold, Kung, Catal. Lett. 51 (1998) 1.

fit of experimental. However, for conversion higher than 15%
the same deviation was observed mainly ov&f$6,. On
Pt+/CeZrQ, the limits of kinetics are clearly due to thermo-
dynamic limitations. On the contrary, on°/iO,, internal
diffusion was predominant.
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