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Abstract

This paper deals with catalytic NO oxidation into M@ver Pt/AbO3 in oxygen-rich exhaust. Based upon kinetic measurements performed
in a gradient free loop reactor and DRIFTS examinations, a mean field model is established to simulate catalytic data and calculate surfac
coverages. The kinetic model includes a network of 16 elementary reactions whereby NO oxidation is described by an Eley—Rideal-type
mechanism. A comparison of measured and simulated data shows that the experimental results of she&tDdéD are well described by
the model. Kinetic parameters for the elementary reactions were taken from the literature or determined from a fit of the model to experimenta
data. To reduce the number of free parameters, we estimated the activation energy of O desorption for zero coverage and the correspondi
linear constantro by numerically simulating the ©TPD pattern. For the kinetic model of NO oxidation, the preexponential factors for
NO, adsorption (68 ms~1m~—2) and NO oxidation (104 fs~1 m~2); the activation energies for NO desorption (114 kJn] NO»
desorption (72 kdmotl), NO oxidation (35 kmatl), and NG dissociation (51 kd moll); and the linear constant 3 (14 k mot™1) are
fitted. Furthermore, the calculated surface coverages provide evidence for the effect of E@n@E&b0 on the rate of NO oxidation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction in a large excess. Hence, new catalytic procedures were de-
veloped to convert NO undexidizing conditiong1]. Cur-

Diesel engines with direct fuel injection exhibit the high- rently, selective catalytic reduction (SCR) e}nd Nelorage
est efficiency for automotive applications. As a consequence,catalyst (NSC) are the most favored techniques for this ap-
the low fuel consumption of d&el vehicles leads to reduced plication. To reduce the emissions of soot, the use of diesel

emissions of the greenhouse gas carbon dioxide2JCO particulate filters (DPF) is taken into account. Such filter sys-

However, a serious constraint of diesel engines is the produc-18ms are already being applied in passenger cars and buses,

tion of the pollutants nitric oxide (NO) and soot. Three-way for instance, as part of CRT (Continuously Regenerating
catalyst (TWC) technology is not suitable for the removal Trap) systems. .

of NO from diesel exhausgil]. TWC systems have been The exhaugt af.ter-treatm'entprocedures.mentloned above
successfully applied to the simultaneous conversion of NO, '”C'“‘?'e the OXIdatIOI.’l ofNO |nt.o Ngover playnum asakey
hydrocarbons (HC), and carbon monoxide (CO) in gasoline reaction. In SCR, nitrogen oxides are continuously reduced

cars since the 1980s. In the exhaust gas of diesel engine?y ammonia over Tig-supported W@/V;0s catalysty2],

only insufficient NO conversion takes places, as the reduc- Whereby the NO reduction rate is substantially accelerated

. s 4 t mainly with ¢ in the presence of N©J[3]. Nitrogen dioxide is produced
ing agents HC and CO react mainly with oxygen presen here with the use of a Pt/AD3 pre-catalyst. The NQstor-

age catalysts contain platinum and basic adsorbents, such as
* Corresponding author. Fax: 0049-721-608-2816. Ba(OH)z/BaCQg Nitric oxide is Catalytically oxidized on
E-mail address: Kureti@ict.uni-karlsruhe.déS. Kureti). the Pt component, and then the formedN©®stored by the
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adsorbents. When the stomgapacity is reached, NSC is was established to be 2 wt%, whereas for DRIFTS analy-
regenerated by engine management, resulting in the conversis a catalyst with a Pt content of 10 wt% was also used.
sion of the chemisorbed nitrogen oxides into nitroffe+b]. The loading of platinum was confirmed by AAS (AAS 4100,
The CRT technique is based on mechanical filtration and Perkin—Elmer).

subsequent oxidation of the soot with the use obNQ. In

the first processing step the soot is separated by the DPF sys2.2. Catalyst characterization

tems, and in the second step the oxidation of the deposited

soot is initiated by NQ@ [8]. In this reaction, soot is mainly The catalyst that contaide2 wt% Pt was characterized
converted into C@, and NQ is reduced to NO. In CRT, by N2 physisorption, CO chemisorption, scanning electron
NOs- is also formed over a Pt/AD3 pre-catalyst. microscopy (SEM), and powder X-ray diffraction (PXRD).

Despite the technical importance of the Pt-catalyzed N2 physisorption was carried out by with a Sorptomatic
NO/O, reaction under oxygen-riotonditions, very little is 1990 from Porotec. The sample was pretreated at €dor
available on the details of the mechanism or kinetic model- 12 h in vacuum (3< 10~* mbar) and cooled te-196°C,
ing of this reaction in the literature. Burch and co-workers and then the i isotherm was recorded. Based upon these
[9] have shown that NO oxidation can be described with an data, the BET surface area, total pore volume, and mean
Eley—Rideal-type mechanism. They assume the oxygen toBJH pore diameter were determined. For CO chemisorption
be the dominating species tme active Pt sites, whereas NO also performed on the Sorptomatic 1990, the sample was
reacts from the gas phase. This mechanism was confirmededuced in pure bat 300°C for 90 min and then evacu-
by Olsson et a[[10], Chatterjeg¢11], and Deutschmani2]. ated overnightin vacuum (1@ mbar). After the sample was
The latter author§l0-12] have studied the kinetics of NO  cooled to 40C, the CO adsorption isotherm was measured.
oxidation over Pt in detail and defined a complex network of The chemisorption of CO was carried out to evaluate both
the respective elementary reactions. the active Pt surface area and the dispersion of Pt. SEM pic-

The interaction between oxygen and active Pt surface un-tures (LEO Gemini) were taken to determine the size of the
der atmospheric pressure conditions was examined by Ols-Pt particles. PXRD analysis was conducted on a D501 from
son and co-workergl0] and by Zhdanov et a[13]. The Siemens with Ni filtered Cu-K radiation. A 2 step size
rates of adsorption and desorption of oxygen were definedwas employed with an integration time of 3 s. The sample
with an Arrhenius-type equatn, whereby a dissociative ad- was measured with a rotation frequency of 2 Hz.
sorption of Q is postulated. Furthermore, the activation en-
ergy for oxygen desorption was assumed to depend on the2.3. Kinetic studies
oxygen coveraggl4].

The aim of this work has been to study the mechanism  Kinetic studies were performed with a gradient free loop
and kinetics of catalytic NO oxidation over Pt in a realistic reactor with an external gas cycle. The catalyst (1 g) was
diesel model exhaust. Based on the experimental data, a kifixed in a quartz glass tube (i.d. 11 mm) by a glass frit.
netic mean field model, including all elementary reactions, The feed gas flowed downward and was a blend of pure
was established to simulate abttic results and calculate  components and synthetic air (Messer Griesheim). The lat-
surface coverages. ter was added at the reactor inlet to avoid NO oxidation in

the stainless-steel lines that were heated to°ThQAll of
the gases were fed from independent flow controllers (MKS

2. Experimental Instruments). Water was dosed to the gas stream with a lig-
uid flow controller from Bronkhorst. The temperature was
2.1. Catalyst preparation monitored by two K-type thermocouples located directly in

front of and behind the catalyst bed. The total volume flow

The catalyst used in this study was a P#®4 sys- was 400 crdmin~! with a recycle ratiap (¢ = Fioop/ Fout)
tem. We prepared the sample by coatipgAl,O3 balls of 80. The temperature was increased in steps 6{25om
(d = 0.61 mm, Sasol) with an aqueous solution of Ptg}{O 150to 500°C. The reactor effluents were analyzed after they
(ChemPur). For impregnation an incipient wetness method reached steady state. NN@vas monitored with a chemilu-
was used, that is, a defined volume of the solution was takenminescence detector (CLD El-ht, Eco Physics), an®N
such that it was completely absorbed. With this technique the CO, and CQ were measured by NDIR (Ultramat 5E from
load of platinum could be calculated in a simple way. The Siemens for MO; Binos 5 for CO and Binos 4b.1 for GO
coated alumina was dried at 20 for 24 h and subsequent- both from Leybold Heraeus). Oxygen was detected with
ly at 65°C for 2 h. After this, a gas mixture consisting of a magnetomechanic analyzator (Magnos 6G, Hartmann &
10 vol% H and 90 vol% N (1000 cn? min—1) was passed ~ Braun). To investigate the effect 0OCO, CQ, and HO
over the sample to reduce the Pt precursor. The catalyst wan the kinetics of the NO oxidation, several gas mixtures
heated at a rate of 1.7 K mif to 300°C and was held at  were usedTable ). Before the measurements were made,
this temperature for 30 min. The sample was conditioned at the catalyst was pretreated in nitrogen flow at 9%0Qo re-
500°C for 2 h in air. For kinetic studies and TPD the Ptload move possible impurities.
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Table 1 in a Np atmosphere after the same pretreatment as described

Composition of the feed gas used in the kinetic studies above. The DRIFTS data are only displayed in the region

Mixture NO co co, H,0 0, from 1200 to 1900 cm?, because at lower wavenumbers a
(ppm) (ppm) (vol%) (vol%) (vol%) relatively high noise was observed that was associated with

1 500 1.5,3.0, strong lattice vibrations. At higher frequencies no features

6.0,15 of species adsorbed on Pt were detected.

2 500 500 6.0

3 500 6.0 6.0

4 500 6.0 6.0

5 500 500 6.0 6.0 6.0 3. Resultsand discussion

Based upon the Nisotherm, the BET surface of the
Mass transfer limitations were estimated by Mefdrs] Pt/Al,O3 catalyst was calculated to be 175 g, and total
and Weisz criteri¢15,16] the estimations indicated that nei-  pore volume was 0.70 chy~1. The mean BJH pore diame-
ther film diffusion nor pore diffusion affects the catalytic ter was determined to be 8.6 nm. The active Pt surface area
oxidation of NO or CO. The effect of pore diffusion is also (Aact) and the dispersion of F[ﬂ_7']_8] were deduced from
experimentally excluded. In these measurements differentthe CO adsorption isotherm with the use of Ed3.and (2)
particle sizes of the Pt/AD3 catalyst are used, whereby the The CO:Pt stoichiometryn) is assumed to be 0.[19],

realistic diesel model exhaust gas is fed. The results showwhereas the surface area per Pt sitg)(is taken as 8.07 A
that the same reaction rate for CO and NO oxidation is ob- [17]. Eq.(1) leads to an active Pt surface of 5.3 ggtl, and

tained for the different catalyst sizes. the dispersion of Pt is calculated to be 2.1% (&).
Temperature-programmed desorption (TPD) of Was

performed with the reactor system described above after the,, — VadsNanam 100, (1)

external gas loop was separated. The catalyst (5.0 g) was Vmmw

heated in a M flow at 700°C for 1 h, cooled to 350C, and Dor— aptM 100 o)

then treated with a gas mixture that consisted of 2 vol3 O Pt= amNa

and 98 vol% N. After saturation, the catalyst was flushed The denotations used in Eq4) and (2)are as followsVads

with N2, and then TPD was started, with nitrogen as a car- yolyme of chemisorbed CO7m, molar volume:Na, Avo-

rier gas (500 crimin—1). In TPD the sample was heated to gadro’s numbery:, mass of catalysty, weight percentage

700°C at a rate of 14 Kmin'. Here Q was analyzed by  of pt. The SEM micrograph shows that the mean size of the

CIMS (Airsense 500, V & F). Pt particles is about 200 nm. Furthermore, the PXRD data
The surface compounds formed from reaction of Pt with prove the existence of crystalline Pt, which is indicated by

NO, NG, CO, and CQ were studied by vibrational spec- the respective (111) and (200) reflexes.

troscopy. The analyses were performed on an ATl Matt-  The effect of the @ concentration on the kinetics of

son Galaxy 5020 FTIR spectrometer equipped with a MCT the NO oxidation over the Pt/ADs catalyst is displayed in

detector (Thermo Mattson) and DRIFTS optics (Graseby Fig. 1L The conversion of NO into N©rises in the whole

Specac). The stainless-stéRl cell contained a ZnSe win- temperature range if the concentration of @ increased

dow and was attached to a gas handling system. The spectrgom 1.5 to 6.0 vol%. However, a further increase in the O
were recorded in the range of 500 to 4000 ¢rwith an in-

strument resolution of 4 cri. Fifteen thousand scans were 5oq _Zoneentration / ppm
accumulated for a spectrum. & kemperature of the sample
was monitored with a K-type thermocouple placed ca. 3 mm
beneath the sample surface. Before the spectra were col-
lected, the catalyst was ground to powder in an agate mortar
for several minutes, charged in the sample holder, and then®® |
heated for 5 h at 500C in a nitrogen flow of 500 cfmin—1. 1
We exposed the catalyst to the reactive gases aC3y 200 4
passing a mixture (20 chmin—1) of 500 ppm NO in N or

500 ppm NQ in N2 through the cell. A dose of a mixture 1001 @
that consisted of 500 ppm CO, 2 vol% g@nd N> as bal- ? ¢ #
ance was also passed through the cell. We did not expose the 0 ¢6n—+n+#+n+"7n ¢+
catalyst to @ because respective bands are expected in the 150 200 250 500 350 400 450 500
spectral region of the strong lattice vibrations of the@d Temperature / °C

sypport. After 20 min of adsorption the cell was purged with Fig. 1. Effect of G on the concentration of NO((4) 1.5 vol% O,
nitrogen, and then the analysis was started. The unreacteqn) 3.0 vol% 0, (a) 6.0 vol% ) in the oxidation of NO over the PY
catalyst was taken as a reference for the spectra (presentegdi,0; catalyst. With 6.0 and 15 vol% £the same results are obtained. In
in Kubelka—Munk units). Background scans were conducted all the measurements gas mixture 1 was uJedle J.
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Fig. 2. Effect of CO (500 ppm) on the concentration of NO) @nd NQ
(M) in the oxidation of NO over the Pt/AD3 catalyst. In this measurement
gas mixture 2 was useddble 1.
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Fig. 3. Effect of B O (6.0 vol%) on the concentration of NOJf and NQ
(M) in the oxidation of NO over the Pt/AD3 catalyst. In this measurement
gas mixture 4 was useddble 1.

concentration to 15 vol% does not result in a higher yield of
NO,. Concentrations of @exceeding 15 vol% are not estab-
lished because of a relatively high blank of N@ssociated
with NO oxidation in the gas phase. With 500 ppm CO in the
feed, the NO/@ reaction is inhibited below 35TC (Fig. 2).
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Fig. 4. Concentration of NCO_{) and NG (M) in the oxidation of NO over
the Pt/AbO3 catalyst in the realistic diesel exhaust. In this measurement
gas mixture 5 was useddble ).
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Fig. 5. O, TPD data of the Pt/AlO3 catalyst. The saturation with,Qvas
carried out at 350C.

the formation of NO, a potential product on thermodynamic
grounds, is not observed.

The profile of @ TPD is presented iRig. 5. The pattern
exhibits a maximum at about 48T (55 ppm) and a shoul-
der at ca. 590C (30 ppm). The first TPD peak is assigned
to the oxygen desorption from defect sites (e.g., steps), and
the latter one is associated with oxygen bonded to Pt terrace

In this measurement no oscillations of the concentration of sjtes[10,37]

the product CQare observed as the molar ratio of CO tp O
is very small, amounting to 0.008. From the literature it is
known that the oscillatory region starts from a CQ@/@tio
of about 0.01520,21]

In presence of 6.0 vol% COthe rate of NQ forma-

tion does not change (not depicted). As compared with CO,

a weaker decrease in NO conversion is observed whéh H
(6.0 vol%) is suppliedKig. 3). With dosing of the realistic

diesel model exhaust that contains all of the gas compo-

Preliminary DRIFTS investigations show qualitatively
the same spectra for the catalysts that exhibit 2 and 10 wt%
Pt. As the latter sample provides a better signal-to-noise
ratio, this catalyst is employed in the following IR exami-
nations. The DRIFT spectrum recorded after NO exposure
exhibits a very prominent band at 1714 thand two less
intense bands located at 1764 and 1787 £(fig. 6). These
features are associated wittethtretching vibration of NO,
which is linearly coordinated by its N atom to Pt parti-

nents, a stronger decrease in NO oxidation rate is obtainedcles of different sizef22—-25] The weak peaks observed at

than in the case where only CO is feHid. 4). In all of
the kinetic measurements the outlet concentration of NO

wavenumbers between 1200 and 1650 ¢rare referred to
nitrite and nitrato species originating from the reaction with

is always found to be 500 ppm. Hence, we conclude that the Al,Os support26]. The exposure to nitric oxide is also
no NO, reduction takes place in these studies. Furthermore, carried out at 175 and 20C to examine the adsorption of
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Fig. 6. DRIFT spectrum of the Pt/AD3 catalyst (10 wt% Pt) exposed to

NO at 30°C.

Kubelka-Munk

Wavenumber / cm’’'

Fig. 8. DRIFT spectrum of the Pt/AD3 catalyst (10 wt% Pt) exposed to

CO and CQ at 30°C.

elementary reactions is defined. In E(®)—(8), an asterisk
oo () labels a free Pt site and the respective reaction rate.
Reactionq3)—(8) represent the adsorption/desorption equi-
librium of each component, whdye dissociative adsorption
i of Oz is included according to methods described in the lit-
eraturg10,13]
r1
Og(g) + 2% S 20, 3)
2
r3
NO(g) + * S NOx, 4)
ra
1900 1850 1800 1750 1700 1650 NOy(q) + * g NO,* 5)
Wavenumber / cm”™ @ re ’
Fig. 7. DRIFT spectrum of the Pt/AD3 catalyst (10 wt% Pt) exposed to COg) + * g COx (6)
NO at 175°C (bottom) and 200C (top). @ rg ’
r9
NO on Pt. From the DRIFT spectrum recorded at 1¢5 ~ CO2@ ** :Ocoz*’ 7
(Fig. 7) it is obvious that the same type of NO species is
produced on the Pt surface as in the case of adsorption perH,Og) + * = HQO*, (8)
formed at 30C. However, at 200C respective bands are 112
no longer observed in the spectrum. We therefore conclude
. L NO( O NO 9
that the existence of NO bonded to Pt sites is rather un- 9 + * 2% ©)
likely above 200C. Furthermore, for N@ adsorption the
same qualitative results are obtained as for NO exposureCOx +O*—>C02* (10)

(not depicted). The absence of N@dsorbed on Pt sites is "6

also in agreement with the literature and is associated with Reactions(9) and (10) show the reversible oxidation of
its fast desorption at ambient temperat[2€]. After expo- NO and CO, respectively. The formation obNnd NO
sure to the CO/C@mixture, an intense band is observed at is neglected in the reaction meirk, since neither species
2092 cnt ! with a shoulder at 2050 cni (Fig. 8). These fea-  is formed in the kinetic experiments. For oxidation of NO
tures are attributed to the stretching vibration of CO speciesthe Eley—Rideal-type mechanism is postulated (B)), in-
linearly bonded to different Pt sit§®4,28,29] Furthermore, cluding the reaction of dissociatively adsorbed oxygen with
a weak signal is found at 1849 crth which is interpreted as ~ gas-phase NO. This mechanism is supported by the litera-
v(CO) vibration of CO molecules bridging two Pt sites. The ture [9] and by our kinetic and spectroscopic studies. The
bands located at lower wavenumbers are associated with carkinetic results indicate first an increase and then a constancy
bonato surface complex§2g]. in the NO oxidation rate with increasingz@oncentration,

To describe the mechanism of the NO oxidation in the re- and in DRIFTS no further bands associated with NO ad-
alistic model exhaust, a network of 6 surface species and 16sorbed on Pt are observed above 200For CO oxidation,



M. Crocoll et al. / Journal of Catalysis 229 (2005) 480-489 485

a Langmuir-Hinshelwood-type mechanism is implemented, ., — Amexp(_M)@wZ@*_ (26)
as reported by Ertl and co-workgB9]. Furthermore, it must RT

be noted that in our mean field model the different types For the modeling of the NO/©reaction and the calculation

of active Pt sites (e.g., terraces and steps) are supposed tef the surface coverage, some kinetic parameters are deter-
be equivalent. For every forward and backward reaction an mined from literature sources and some are calculated in

Arrhenius-based rate expression is defined (Ef) to (26), order to reduce the number of free parameters in the esti-
where A; is the preexponential factoE; is the activation  mation procedure. The numeric simulation is based upon a
energy,E; (0) is the activation energy at zero coverageis combination of the mass balance of each gas phas¢ZE)).

the gas-phase concentration of species is the respective  and adsorbed species (H88)), leading to a system of six
coverage, and, is the number of free Pt sites. Because of algebraic and six nonlinear differential equations. The re-
repulsion of adsorbed species, a linear decrease in activatiorspective surface coverages depending on the temperature are
energy with increasing oxygen coverage is assumed for thethen calculated with Matlab tool ods15s. The free parame-
desorption of O, NO, and N£XEgs.(12), (14), (16) [10, ters, that is, activation energies and preexponential factors,
12]. For this purpose the constanis introduced. A similar ~ are estimated with a nonlinear regression method (Matlab
relationship is used for desorption and oxidation of {30, tool Isqcurvefit)
where activation energy decreases with the growth of CO

N.
coverage (Eqg18) and (25). However, oxygenis knownto . . J
inhibit the dissociation of CO(Eq. (26)), and hence it must ¥ i — Veiout+ Aact) _vijrij = 0. (27)
be taken into account that the activation energy increases . J
when oxygen coverage gro . J
Y9 ge growre] Aactrcatﬁ = Aath VijFij. (28)
Eq dt -
rn=A1 EXD(—ﬁ>Coz(g)9* , (12) J
The preexponential factor for the adsorption of NQ, OO,
ro= Ay exp(— E2(0)(1— 0!290))92 (12) COy, and HO is calculated with Eq(29), and the corre-
RT o sponding sticking coefficient for zero coveragéyis taken
E3 from the literaturd12,31-33] I"pt denotes the Pt site den-
r3=As EXD(—E>CNO(Q)9*, (13) sity and is simply calculated from CO chemisorption data,
that is,apt, n, and the CO monolayer volume. In E@9)
ra= A4 exp(— E4(0) — 0‘490)9NO’ (14) we neglect the temperature dependence by using an average
RT temperature of 325C
Es
=4 exp(_ﬁ>cN°2<g) e W = (znlz\\;/?g)lxzamr pis”. (29)
re = AeeXD(—M)QNOZ, (16) Furthermore, we neglect the activation energy for the ad-
RT sorption of all of the gaseous specidg, = E3 = Es5 =
E7 E7= Eg = E11 =0 kJmol%, which is in good correspon-
=T EXD(—ﬁ>cco(g) e 17 dence with the literaturd 2,33—-35] The preexponential fac-
Es(0) — agfco tor of O, desorption 4») is taken from the literaturid 3,34]
rg = Asg exp(—i)e , (18) For NO desorption the preexponential factdi) and cor-
RT rection factor of the activation energw4) are assumed
r9=A98XD(—ﬁ>Ccoz(g)9*, (19) to be 13% s71 [12,34,35]and 10 kJ mot! [12], respec-
RT tively. Moreover, the preexponential factor of N@esorp-
E1o tion (Ag = 10*3 s~1) andwg (0.075) are from other authors
rio= AlOeXp<——>9COz’ (20) [10,12,36] The preexponential factor of NOdecomposi-

£ tion (A14), that is, the backward reaction of NO oxidation, is
r1= A11eXp<——11>CH o6, (21) supposed to be $8s7! [10,12] The kinetic parameters of
RT ) 27@7" ; 61 1
CO desorptionAg (106 s71), Eg(0) (146 kJ mot 1), andag

A E12 P 29 (33 kImot1), are taken completely from Zerkle et §81].
2= A128XQ =5 JPH:0. (22) For the activation energy of CO oxidatiofi{s), values in
_ the range of 100 kJmot are reported in literaturgl 2,30,
E13(0) — @130 o
ri3= A1zex - CNO, o, (23) 31,37] In our kinetic model we have used the value deter-
mined by Deutschmann (108 kJ mé), with «15 amounting
E 1 - 1 S
r14=A14exp<—i1>9Noz, (24) to 33 kJmot+, and A1s is 1Ff s [12]. The activation
RT energy of the C@ decomposition £1¢) is from Campbell

E15(0) — e1509co et al., who calculated the value as 155 kJmqB0,37] The
r15= A15 exp(— —  RrT )90090’ (25) further kinetic parameters of this reactiong (45 kJ mot™?)
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Coverage

and A1 (1013 s71), are also taken from Deutschmafdr2]. 0.8
The preexponential factors of the desorption of2q@10)
and HO (A1o) are shown to be in the range of st o6
[12,31], and the corresponding activation energies are found |
to be 27 E10) and 40 kI mot?! (E1y), respectively. 1
To obtain independent kinetic parameters for the adsorp-g 4 -
tion and desorption of oxygen (E)), we numerically sim-
ulated the spectrum of OTPD (Fig. 5. The interaction of
oxygen with the active Pt sites is expected to be a dominating0.2 -
process in the NO/@reaction. The simulation is performed
in the same way as NO oxidation, whereby the mass bal-
ance of the gas phase and adsorbed oxygen (B3.and
(31)) results in a system of one algebraic (E8R)) and one
nonlinear differential equation (E¢33)).

0 T T T T T T
350 400 450 500 550 600 650 700

Temperature / °C

Fig. 9. Calculated surface coverage of oxygen inT®D of the Pt/AbO3

V€0yg.in — V€0yg.0ut — Aacts + 2Aacr2 =0, (30)  catayst.

Aact['cata;;i;D = 2Aact1 — 2Aact2, (31)

oy, = ‘Aact Ao exp(— E2(0)§;a20o) )95 7 (32) 70 Concentration / ppm
V + AaciA1€Xp(— L) (1 — 60)2 oo |

Aactrcatﬂ% = 2AactA1 exp(— %)Coz@ (1-60) 50

Ay exp(— E2(0)(1 — a260) )95. 40 - \
RT
(33) 30
In the estimation procedure the parametéis £, and 20 - \
Ao are kept fixed, and'2(0) andw; are fitted. The fit leads to

an activation energy for the Qlesorption of 200 kJ mof, Ly
wherebya; is determined to be 0.10Tgble 9. These re- 0 : , : , . ;
sults are consistent with data found in the literatuge(0) 350 400 450 500 550 600 650 700
obtained from experiments on a Pt(111) single crystal sur-
face[38] and polycrystalline P[34] is reported to be 213
and 200 kJ mot?, respectively. Furthermore, Olsson et al. Fig. 10. Comparison of measuree-{ and fitted @ TPD data (—) of the
[10,34]have reported a value of 0.1 fes. The calculated O PUAI20s catalyst.

coverage depending on temperature is displayefign 9.

The coverage is relatively high at the beginning of TPD

(0.75) but decreases continuously with increasing temper- 5, Concentration / ppm

Temperature / °C

ature. At 700C only 1% of the active Pt site is covered | o

with oxygen.Fig. 10 proves that the TPD curve is reason- 400 O a
ably well fitted by the kinetic data implemented in the O | - =
adsorption/desorption model. As a result of the mean field o = o

model, the TPD pattern is approximated by one peak only. 300 7 D/\.\.\.\ »

The kinetic parameters used for the modeling of the NO
oxidation are summarized ifable 2 In the estimation pro-
cedure these parameters are kept fixed, whereas the pre
exponential factors for the NDadsorption 4s) and NO 100 1
oxidation (A13); the activation energies for NO desorption
(E4(0)), NO2 desorption £6(0)), NO oxidation F13(0)), 0 .
and NQ dissociation £14); and the linear constant 3 are 1% 200 250 300 350 400 450 500
fitted. The modeled results, including the respective 95% Temperature / °C
confidence Interva!’ are also presentedrable 2 Fig. 11 Fig. 11. Comparison of measured and fitted concentration of Nipr{(ea-
shows the comparison of the measured and simulated conyyreq, () fitted) and NG (W) measured, (—) fitted) in NO oxidation over
centrations of NO and N© It is evident that the Simu-  the PvALO; catalyst in the diesel model exhaust. In this measurement gas
lated results correspond well with the experimental data, andmixture 5 was usedT@ble J.

200 -

T T T T T T T T T
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Table 2
Kinetic parameters of the NO oxidation over the PB4 catalyst
Reaction Parameter Value 95% confidence Reference Units
interval
Adsorption
Og(g) + 2% — 20x Aq 11 $9=0.07[10,44] (m3s~1m=2)
Eq 0 [10,33] (kImor1)
NO(g) + * — NO As 138 $9=0.85[10] (m3s~1m=2)
Ej3 0 [10,33] (kImor1)
NOg(g) + * — NOox As 68 +31 This work (Ms1im2)
Es 0 [10,33] (kImor1)
COg) + * — COx A7 141 50 =0.84[28] (m3s~1m=2)
E7 0 [10,33] (kImor1)
COy(g) + % — COpx Ag 0.67 59 =0.005[10,27] (m3s~1m=2)
Eg 0 [10,33] (kImor1)
H2O(g) + * — H20% A11 157 $9=0.75[10,27] (m3s~1m=2)
E11 0 [10,33] (kJmol1)
Desorption
20k — Oy(g) + 2« Ay 2 x 1010 [9,11] (mols 1 m=2)
E5(0) 200 +1 This work[45] (kImot1)
ar 0.10 +0.08 This work[45] =)
NOx — NOg) + * Ay 2 x 101! [9,31] (mols~1m~2)
E4(0) 114 +0.5 This work[45] (kJmol1)
o 10 [10] (kImot1)
NOg# — NOp(g) + * Ag 2x 108 [8,10,32] (mols~1m~2)
Eg(0) 72 +2 This work[41] (kImot1)
ag 0.075 [8] )
COx — CO(g) + * Ag 2 x 101! [27] (mols~1m~2)
Eg(0) 146 [27] (kJmol1)
ag 33 [27] (kImor1)
COg% — COy(g) + * A1 2x 108 [10] (mols~1m~2)
E1o 27 [10] (kImot1)
HpO% — Hp0(g) + * A1 2x 108 [10] (mols~1m~2)
E1p 40 [10] (kImot1)
Surface reactions
NO(g) + O — NOpx A1z 104 +68 This work[45] (m3s~1m=2)
E13(0) 35 +2 This work[45] (kImot1)
13 14 +3 This work
NO2# — NO(g) + O A1a 2x10° [8,9] (molsIm—2)
E14 51 +1 This work (kImot1)
COx 4 Ox — COpx + A1s 4% 10% [10] (mols~1m~2)
E15(0) 108 [10,26,33] (kImot1)
a15 33 [10] (kJmol1)
COy + % — COx + Ox A1 2x 108 [10] (mols~1m~2)
E16(0) 155 [26,33] (kImol 1)
16 45 [10] (kJmol1)
hence we conclude that our kinetic model (E@.to (15) crystals. Grote and co-workers report tiat0) is found to

describes satisfactorily NO oxidation over a Pt catalyst in be 105 kJmot?! for a Pt(111) surface and 151 kJ mélfor
diesel model exhaust. The maximum difference between a Pt(100) surfacg85], whereas Morris et al. report a value of
simulated and experimental results is about 10%. 114 kI mot for a Pt(111) surfacf89]. Furthermore, Serri

In the estimation procedure the preexponential factor of et al. have reported an activation energy for desorption of
the NG, adsorption fi5) is determined to be 6851 m—2. NO from Pt steps of 142 kJmot [40]. A similar result
For comparison,As is also calculated according to ki- (145 kJmot?l) has been determined by Altmann for poly-
netic gas theory (Eq29)), leading to an average value of crystalline Pt{41]. These results agree well with our fitted

118 mPs I m=2, which is somewhat higher than the fitted value (114 kJ mot?).

result. In this work we estimate a value of 72 kJ méfor the ac-
The activation energy for NO desorptio4(0)) has tivation energy of the N@desorptionEg(0). Bartram et al.
been investigated by several groups that used platinum singlg42] have foundEg(0) to be 80 kJ mot! for a Pt(111) sur-
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Fig. 12. Calculated surface coveraafehe components of the diesel model
exhaust present in NO oxidation over the Py®} catalyst. In the mea-
surement gas mixture 5 was usdaifle 1).

face, and in presence of oxygen it is lowered to 46 kJthol
Wickham et al[43] studied the N@ desorption energy on
polycrystalline Pt and report to a result ranging from 59 to
75 kJ mott. From this comparison we deduce that our value
is in good agreement with the @edivailable in the literature.

For the forward reaction of the NO oxidation, Olsson and
co-workers[10] have estimated an activation enerdy, {)
of 41 kIJmot?, and for the backward reaction the activa-
tion energy E14) is 142 kIJmot!. Deutschmaniil2] has
presented results that differ significantly from those pub-
lished by Olsson. He has determinéds and E14 to be
98 and 99 kJmol!, respectively. Our modeled result for
E13(0) (35 kImot 1) agrees well with Olsson’s, whereas
E14 (51 kJmot ) corresponds to the data estimated by
Deutschmann. The fitted linear constang was found to
be 14 kdmot?. For comparison, Deutschmann’s simulation
leads to a value of 45 kJ nmol.

Furthermore, the preexponential factor for NO oxida-
tion (A13), which we have estimated to be 104 g1 m—2,
differs clearly from the values given by Olsson (3.36 m
s 1m~2) and Deutschmann (0.38%a 1 m~2).
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Fig. 13. Comparison of thermodynamie-§ and measuredl{) concentra-
tion of NO, in NO oxidation over the Pt/AlO3 catalyst. In this measure-
ment the diesel model exhaust was used (mixtuiable J).

affect the NO oxidation rate. The reason for this observation
is the extremely low C@coverage & 10-8%) indicated by

the surface calculation. This result is also supported by the
DRIFTS data, which show no bands of g@dsorbed to Pt
(Fig. 8). In contrast to C@, CO leads to a clear decrease in
the oxidation rate, especially at temperatures below°250
(Fig. 2. In this temperature range CO surface species com-
pete strongly with oxygen, resulting in reduced O coverage
and deceleration of the NO oxidation, respectively. The high
carbon monoxide coverage is principally confirmed by the
DRIFTS resultsFig. 8), which indicate a very intense band
of CO coordinated with Pt. A much lower inhibition of the
NO/O;, reaction is caused by watdf¥i. 3), as the HO cov-
erage is about four magnitudes smaller than for CO.

The NQ concentration recordeid diesel model gas is
compared with the thermodynamic concentratibig( 13
calculated with HSC Chemistry Software from Outokumpu
Research. The formation ofsNand NO is neglected, as
these species are not observed in the measurentégt<l).

The experimental data show that thermodynamicgN@n-
centrations are obtained above 375 At lower tempera-

The result of the calculation of the surface coverages in tures the oxidation of NO is kinetically limited.

the realistic model exhaust is presentedrig. 12 The data

show that the Pt surface is dominated by CO and O speciesin

the whole temperature range. Up to P& CO is the most

4. Conclusion

prominent surface species, and at higher temperatures CO

coverage decreases continuously. At 50@nly 0.1% of the

The simulations show that the experimental data for cat-

Pt sites is covered by CO. In contrast, the amount of the O alytic NO oxidation over Pt/AlO3 are well fitted by our

surface species increases with rising temperature. AEC85 postulated reaction network. The network consists of eight
oxygen becomes the dominant surface species, and abovsurface reactions, including forward and backward reactions.
300°C 99% of the Pt sites are covered by O. The cover- In addition to reversible adsorption of all of the components
age of NO amounts initially to 7% and decreases drastically present in the feed, the NO/O and CO/O surface reaction is
with temperature. In contrast to this, N@nd HO adsorb implemented in the model. DRIFTS and kinetic experiments
to the Pt surface only to a small extent. For Nibe cover- indicate an Eley—Rideal-type mechanism for NO oxidation
age ranges from 10 to 1078, whereas for HO it is about involving dissociative adsorption of Qand reaction of NO
107°. Furthermore, C@shows values smaller than 19 from gas phase. To reduce the number of free kinetic para-
The calculation of the surface coverages provides evi- meters in the fitting procedur&,(0) anda; are determined
dence for the effect of CO, GQand KO on the rate of NO by numerical simulation of @ TPD. For description of the
oxidation. The kinetic experiments show that £dbes not NO oxidation,As, A13, £4(0), Es(0), E13(0), E14, anda13
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are estimated, and other kinetic data are taken from the liter-[21] V.P. Zzhdanov, B. Kasemo, Surf. Sci. Rep. 20 (1994) 111.

ature. Furthermore, the calated surface coverages confirm
the rather low activity of the Pt/AD3 catalyst in the pres-
ence of CO and ED.
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