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Abstract

We report experimental results for the oxidation of CO over supported J@Atatalysts operating in oxygen excess at atmospheric
pressure. To study the reaction kiles under transient conditions we have employed step changes optbenGentration by intermittently
switching off the Q supply at various temperatures ranging from 523 to 623 K. Detailed in situ FTIR and XANES data for CO coverage
and the chemical state of Pt, respectively, are presented together with the CO conversion, which in both cases was monitored by mas
spectrometry. A red-shift of the vibrational frequency of linearly bonded CO which correlates with a blue-shift of {hebirtding energy
indicates that the Pt catalyst initially is partially oxidised and gradually reduced wherpteamly is switched off. Control experiments
with a NO, oxidised Pt/ApO3 catalyst support these findings. A hysteresis in the catalytic activity due to the different rates whereby Pt is
oxidised and reduced as a function of gas-phase composition is observed. The activation energy for the Pt oxide reduction (decompositior
process is estimated to be about 5@rkdl. The results further emphasise that the conventional three-step Langmuir—Hinshelwood (LH)
scheme used to interpret CO oxidation on Pt surfaces must be complemented by a Pt oxidation and reduction mechanism during transie
conditions. Moreover, FTIR data suggest that during the extinction, the partially oxidised platinum surface is reduced by chemisorbed CO
which should be explicitly accounted for ineé modeling of the reaction mechanism.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction dustrial processes and the importance in pollution control
for stationary and mobile applicatiofi] motivates further
The oxidation of carbon monoxide over precious metals, studies of this reaction. Even thOUgh the literature on the
e.g., platinum, is probably one of the most studied catalytic subject is extensive, there is still a need to further clarify the
reactions, beginning already with the pioneering work by reaction mechanism, particularly under transient conditions,
Langmuir in 1922[1]. The role as a key step in many in- €.g., ignition and extinction.
It is well documented that under UHV conditions, the
CO oxidation on Pt proceeds via the conventional three-step
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(O2)gas = 20ads (2) production rate. The first observation of such oscillations
was reported by Hugo in 197Q2]. The nature of these os-
COads + Oads = (CO2)gas (3) cillations is not yet fully understood. It is, however, clear that
where the indices “gas” and “ads” refer to gas phase and ad-some slow process, i.e., slow in comparison with reactions
sorbed species, respectively. Here CO adsorbs associatively1)—(3), must accompany the LH reaction scheme above in
and starts to desorb rapidly above about 350 K, whife O order to periodically move the system between the two reac-
adsorbs dissociatively above about 1009 and desorbs  tion rate branches. On Pt(110) and Pt(100) the oscillations
associatively above 720 [6]. CO diffuses rapidly over the  apparent under vacuum conditions can be traced to a re-
surface and reacts with O to yield GQvhich immediately versible surface reconstruction, which exposes surfaces with
desorbs into the gas phase (£d®esorbs at 95 K7]). very different Q sticking probabilities wile on Pt(111), for
Based on the reaction scheifig—(3)one can predict, in ~ which no surface reconstruction exists, no oscillations are
agreement with experiments, two stable states for CO oxi- observed4]. However, under atmospheric conditions, o0s-
dation[4,8,9]. One state (branch) with a low reaction rate cillations may occur irrespectvof exposed platinum facet.
and one with high reaction rate. Physically this can be traced The incorporation of a Pt oxidation and reduction cycle as
to the different adsorption kinetics of CO ang;@O and suggested by Sales et fl13] is generally considered as the
0O, adsorb competitively, where CO adsorption is favored most likely mechanism to explain such oscillatigtid]. In
at low temperatures. This together with the ability for CO this model a less active (or non-active) surface oxide is pro-
molecules to form rather denselsorption layers, blocking  posed to form under oxygen-rich conditions, which eventu-
O adsorption, leads to loweaction rates when the GO» ally brings the system from the high to the low reaction-rate
ratio is too high. branch. The catalytic activitys restored when CO reacts
In the state with a low reaction rate, the Pt surface is pre- with oxidic oxygen and reducd back to its metallic state,
dominantly CO covered (the reaction is CO self-poisoned), which thus completes the cycle. There are a number of stud-
while in the state with a high reaction rate, it is almost ies which support this model and the existence of an oxide
exclusively covered with O species. The two reaction-rate phasg15,16] Usually, the oxide model incorporates the fol-
branches overlap giving rise to a bistable regime for which lowing processes,
the actua}l reactioln. rate (high or low) depend§ not .onIy ON O 4= Oy, (4)
the reaction conditions but also on the preceding history of
the systen{4,8,9] Moreover, the exact location and form  CQads+ Oox = (CO2)gas (5)
of the bistable regime are a function of reaction conditions. \here the index “ox” refers to an oxidised Pt site. It is, how-

For example, with increasing tearature and/or decreasing ever, not clear if the formation of § is governed solely by

CO/O; ratio, the tendency for CO self-poisoning relents and Eq. (4) or whether Q dissociation on the oxide phase (e.g.,
shrinks the bistable regime. Atemperature increase shifts theat vacancies) also occurs, viz.

CO adsorption—desorption equilibm towards desorption,
leaving a larger part of the active surface available fgr O (O2)gas = 2Cox. 6)
adsorption. Previous studies of CO oxidation over supported plat-
Often the transitions between the two (high and low) reac- inum catalysts at atmospheric pressures reported by our
tion rate branches are referred to as ignition and extinction, group[10,17] have shown that the conventional LH reac-
respectively. Strictly speakinthis is only the case when the  tion scheme can be used to successfully model the ignition
so-called Frank—Kamenetskii condition is not fulfilld], process, i.e., the transition from the low to the high reac-
i.e., when the ability of the Pt catalyst to dissipate heat is not tion rate branch as the G@Q ratio is decreased. Based on
sufficient to avoid a reactiomduced heating (temperature mean-field kinetic equatiormbined with suitable reactor
rise). These are thus not solely kinetic effects. In those casesequations, the gas-phase concentrations, gas-phase and cat-
when one can expect that the kiics alone governs the tran-  alyst temperatures, and surface coverages were possible to
sitions, e.g., where full conversion is not realised or under predict with simulations for both Pt/403 monolith samples
low partial pressures of reactants, or when the heat dissipa{17] and planar electron-beam lithography (EBL) fabricated
tion is effective, the “ignition” and “extinction” processes Pt/SiQ model catalystfl0]. However, using the same equa-
should more correctly be referred to as kinetic phase transi-tions to simulate the extinction process, that is the reversed
tions, with bifurcations connecting the two stable reaction- transition from the high to the low reaction-rate branch as the
rate branchef8]. In this study we have not determined the CO/O» ratio is increased, was not possible without chang-
conditions of the transitions in detail, since this is not im- ing the model parameters, e.g., the sticking probability for
portant for a qualitative interpretation of the data, and we do O, or introducing a significantly lower C@- O reaction
not distinguish between a kinetghase transition and igni-  rate [10,17]. Interpreting these findings, one should keep
tion/extinction, respectively. in mind the so-called material and structure gaps between
A special feature of the CO oxidation over Pt is the occur- single crystals under UHVanditions and supported cata-
rence of intrinsic kinetic rat@scillations, under otherwise lysts at atmospheric pressure. Although the (111) and (100)
constant reaction conditions, leading to an oscillatinggCO facets are the dominating surfaces for supported platinum
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particles under “working conditions18], there is still a Table 1
boundary between the Pt particle and the support, charac-Summary of experimental conditions for the IR (IR1-3) and XANES (X1-2)
teristic for such catalysts. High pressures give effects like measurements

high surface coverages which in turn may lead to signifi- Experiment Gas composition Duration Process
cant adsorbate-adsorbdfé] or adsorbate-surface interac- IR1 1.0 vol% CO/5.0 vol% @Ar 20 min  Pre-treatment
tions. Nevertheless, it is natural to complement these studies 1.0vol% CO/5.0 vol% Q/Ar  60's

1.0 vol% CO/Ar 300s Reduction phase
1.0 vol% CO/5.0 vol% Q/Ar  240's Oxidation phase

1000 ppm CO/5.0 vol% &Ar 20 min  Pre-treatment
1000 ppm CO/5.0 vol% @Ar 60 s

and incorporate platinum oxidation and reduction explicitly,
i.e., reactiong4) and(5). Specifically, our aim in this paper
is to provide experimental support and mechanistic under- R2

standing of the oxide reduction during the extinction process 1000 ppm CO/Ar 300s  Reduction phase
described above. To this end we employ different in situ 1000 ppm CO/5.0 vol% @Ar 240's Oxidation phase
techniques, i.e., FTIR and XANES both in combination with |r3 1.0 vol% CO/1.0 vol% @/Ar  20min  Pre-treatment
on-line mass spectrometry, to monitor the surface coverage, 1.0 vol% CO/1.0 vol% Q/Ar  60's
chemical state and CO conversion of a P4@{ catalyst dur- 1.0 vol% CO/Ar 300s Reduction phase
ing CO oxidation. 1.0 vol% CO/1.0 vol% Q/Ar  240's Oxidation phase
X1 1.0 vol% CO/5.0 vol% @/He 10 min  Pre-treatment
1.0 vol% CO/5.0 vol% @/He 120's
. 1.0 vol% CO/He @ 280s Reduction phase
2. Experimental 1.0 vol% CO/5.0 vol% @/He 370s Oxidation phase
. X2 1.0 vol% CO/5.0 vol% @/He 10 min  Pre-treatment
2.1. Catalyst preparation 1.0 vol% CO/5.0 vol% @/He  60's
1.0 vol% CO/He 180 s Reduction phase
The catalyst support material;Al 203, was prepared by 1.0vol% CO/5.0vol% @/He  170s  Oxidation phase

calcining boehmite (Disperal, Sasol) in air at 873 K for 8 h. The IR1-3 experiments were repeated for 523, 548, 573, 598 and 623 K
The formed alumina phase was sieved and the 125 to 21mhile the X1 and X2 experiments correspond to 523 and 623 K, respec-
um fraction was used for furth@reparation. This fraction Vel

was dispersed in distilled water and the pH was adjusted

to 10.5 by ammonia addition (\4@H solution, Riedel-de  being exposed to different reactant gas compositions. Col-
Haén). An aqueous platinum hydroxide solution (tetraam- lection of five IR spectra per second keeping a wavenumber
mineplatinum(ll)hydroxide, Johnson Matthey) was added resolution of 1.2 cm'® was possible using a liquid nitro-
dropwise to the alumina slurry under continuous stirring to gen cooled MCT detector. The product stream was continu-
yield a platinum loading of 2.0 wt%. The slurry was then ously analysed, following the C@u(/e 28), Oy (m /e 32), Ar
kept under continuous stirring for 1 h, frozen with liquid (m/e 40), and CQ (m/e 44) signals, with a Balzers Quad-
nitrogen, freeze-dried, and finally calcined in air at 873 K star 422 mass spectrometer. Before each measurement, the
for 1.5 h. The chemisorbed amount of CO (Micrometrics, sample was pre-treated with a net-oxidising QQ/Ar mix-
ASAP2010C) at 300 K was 16.0 pmaglsample which cor-  ture for 20 min at the actual temperature to be studiedécf.
responds to a platinum dispersion of 22%, assuming 0.7 COble 1) and a reference spectrunas/collected. By using this
molecules chemisorbed per surface platinum g@0h. The routine, the appearance of IR bands from alumina-related

BET surface area was measured to be 157gn carbonates, probably acting as spectators (i.e., species notin-
volved in the catalytic cycle)n the spectra was minimised,
2.2. Insitu FTIR spectroscopy thus simplifying the result analysis. Moreover, the reference

spectrum will contain no IR bands for CO bonded to Pt,

The time resolved in situ FTIR spectroscopy experiments since the CO coverage is low due to the GQD reaction
were performed in diffuse reflectance mode with a Bio- (net-oxidising mixture). Thredifferent measurement series
Rad FTS6000 spectrometer equipped with a Harrick Praying of the reduction-oxidation processes of the Pi@d sample
Mantis DRIFT reaction cell. Gases were introduced with due to step changes of the @Oy ratio in the range of 523—
individual mass-flow controllers into two different streams 623 K were performed (ciTable J). In the first series (IR1),
which were connected to a four-port switching valve po- a 1.0 vol% CO/5.0 vol% @Ar (from here vol% is denoted
sitioned close to the reactor chamber in the DRIFT cell. with %) mixture was exposed for 60 s, followed by a switch
This configuration facilitates fast switching between the two to a 1.0% CO/Ar flow for 300 s (reduction phase) and then
gas streams, allowing one stream to enter the reactor whileswitching back to 1.0% CO/5.0%#0Ar for another 240 s
the other is ventilated or vice versa. In all experiments (oxidation phase). In the second (IR2) and third (IR3) exper-
high-purity gases were used {8 < 3, O; < 2, CH< 0.5, imental series, 1000 vol ppm (from here denoted with ppm)
CO < 0.5, and H < 0.1 mol ppm). The reactor was loaded CO and 1.0% @, respectively, were used under otherwise
with 57 mg of a powder mixture containing 50 wt% cata- the same conditions. A total gas flow of 150 mI(NTR)jn
lyst diluted in KBr. The sample was initially dried in situ  corresponding to a space velocity of 100,006 Wwas used
in a 150 mI(NTPYmin Ar flow at 400 K for 12 h before in all experiments. The pre-treatments and the subsequent
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. o . : a) 523K
reduction-oxidation experiments were performed in the or-
der of decreasing temperature attempting to minimise the 02
effects of nonstable carbonates in the IR analysis. Z0.15 2052
In addition to the CO oxidation experiments (IR1-3) de- G <
scribed above, CO adsorption (1% CO/Ar) control measure- T o1
ments were also performed on a reduced sample (treated Boos ,~2°67
with 4.0% H at 723 K for 10 min, 150 mI(NTP)min) at 523 o
and 623 K. Similarly, CO adsorption on a strongly oxidised AN

sample (treated with 250 ppm NGt 723 K for 10 min,
150 mI(NTPYmin [21]) at 523 and 573 K was also per-
formed.

2000 2100 2000 1900 1800
Wavenumber [cm-1]

2.3. Insitu XANES

Dispersive Pt  -edge XANES measurements were per- b) 573K
formed in transmission ode at beamline ID24 at ESRF 0.2
in Grenoble, France, on pressed pellets of 100 mg of the
Pt/Al,03 sample and 50 mg BN. The PjjLedge energy was
defined as the position of the inflection point of the white
line step and is given in absolute binding energy. The pellets
were mounted in an in situ temperature controlled flow re-
actor cell, to which a reactant gas mixture, obtained via sep-
arate mass-flow controllers, was introduced. The total flow
was 100 mI(NTP)min corresponding to a space velocity
of about 70,000 hl. The product stream was continuously
analysed with a Balzers Prisma mass spectrometer follow-
ing them/e 28, 32, 40 and 44 signals. The beamline uses a
Si [111] polychromator crystal, operating in Bragg mode,
for selection of the desired range of X-ray wavelengths,
and a 1152 1242 pixel CCD solid-state detector for spec-
tral analysis. Harmonic rejection was achieved through the
use of two additional mirrors in the beamline, and the esti-
mated energy resolution wasE /E ~ 1.2—-15 x 10~4. The
data analysis was performed using the program Delia in the
XAID toolbox of the XOP 2.0 software packaf2?].

The energy scale of the CCD detector was calibrated be-
fore and after each measurement series using a Pt metal foil
(Puratronics, 99.99% purity) and fitting the measured data
points to those of a Pt foil spectrum taken from the data-
base DABAX in the XOP 2.0 package. The average energy 7
and current in the storage ring during the entire series of 0 5000 2100 2000 1900 1800
measurements were 6 GeV and 180 mA, respectively. The Wavenumber [cm-1]
XANES spectra were recorded in situ during CO oxidation

in 1.0% CO/5.0% @/He at 523 and 623 K, analogous to the Fig. 1. Evolution of different IR bands in the intervall 1750—2‘250‘ér_for_

. a 2.0% Pt/ApO3 catalyst exposed to 1.0 vol% CO in Ar while switching
FTIR experiments (Cﬂ—able ]) the O, concentration from 5.0 to 0.0 vol% at= 60 s (reduction phase) and
then back to 5.0 vol% at= 360 s (oxidation phase) at (a) 523, (b) 573, and
(c) 623 K.

3. Results

(the CO vibrational stretching region) at 523, 573 and 623 K
3.1. Insitu FTIR spectroscopy during step changes of the;@oncentration (cfTable ).
The reduction phase is initiated by turning off the O
The results from the first series of IR experiments (IR1) supply atz = 60 s. During this phase three main IR bands
with 1.0% CO and 5.0% @are presented ifrig. 1 The evolve. The strong band around 2050 ¢hand the weak
figure shows the three-dimensional representations of theband around 1825 cnt correspond to linear bonded CO
evolution of the IR bands in the interval 1750-2250¢m  (7°) and bridge-bonded CO3{°) on platinum, respec-



426

Table 2
Summary of thele(izno band shifts, obtained during the reduction of a 2%

Pt/Al,O3 catalyst, and fitted positions for thiﬁ:no(Pl‘”) band at 523-
623 K

Temperature (K) 550 (em™1) BEOPET) (cm™1)
523 2067— 2052 2066
548 2066— 2050 2063
573 2062~ 2048 2063
598 2062— 2046 2061
623 2058— 2044 2054

tively [23—28] The double band centered around 2144 &m
corresponds to gaseous Cﬁ&@) [29]. Into each experiment
the 75O band appears with an initial time lag, relative the
gas switch, which will be discussed in detail below. Dur-
ing the reduction phase, a shift of about 15 ¢ntoward

lower wavenumbers (i.e., red-shift) can be observed for the

f)"Cno band at all temperatures, see alable 2 Moreover,
the p50
ture is increased. In contrast to the red-shiﬁ'ﬁﬁfJ occur-

ring during the reduction phase at constant temperature, this
simply reflects the effect of decreased repulsive CO-CO ad-
sorbate interactions with decreasing CO coverage (the CO

saturation coverage is lower at higher temperatjg&30]
During the same period, a continuous increase ofiﬁ%
and G2 band intensities towards stationary levels occurs.
No wavenumber shifts for thie5.° can be observed. The fact
that theﬁga% band appears simply tells us that the relative
gas-phase concentration of Carieases, since the reaction
rate, i.e., stef3), diminishes and the consumption of CO
ceases.

In order to compare the results obtained in the IR1 ex-

periments with comparable experiments for substantially re-
duced and oxidised catalysts, CO adsorption (1% CO/Ar)

was performed on pHand NG pretreated catalysts, respec-
tively, at different temperatures (a reduced Pifdd cata-

lyst in pure Ar flow was used as IR reference in these ex-

periments). The CO adsorption on a-Feduced sample at
523 and 623 K resulted in a 5 crh shift of the 7;° to-

band shifts to lower wavenumbers as the tempera-
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v=2082 cm-1
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Fig. 2. Evolution of different IR bands in the interval 1750—-2250¢m
during the switch from 0.0 to 1.0 vol% CO in Ar at= 60 s for a 2.0%
Pt/Al,O3 catalyst pretreated with 250 vol ppm M@t 723 K for 10 min at

(a) 523 and (b) 573 K. The inserts show the intensity at the wavenumbers
2082 @;O(PPT)) and 2112 cmt (BEOPEY)).

lin
and 723 K, respectivel}33]). However, the situation may be
very different for supported Pt particles. It has been shown
for Pt/Al,O3 catalysts, with similar Pt loading and disper-
sion as ours, that Pt(I1)O is probably the more stable oxide
form [34]. We will therefore refer to this band as CO on

wards higher wavenumbers, i.e., blue-shift (not shown). This Pt(I1)O or 5-O(P£+) in agreement with previous IR studies

blue-shift is due to repulsive CO-CO interactions in agree-

ment with previous reportf26,30] In contrast, the same
CO adsorption procedure on a MoOxidised sample showed
three different IR absorption bands besidesitfi§, as can

be seen inFig. 2 Note that theig2 has been subtracted

in this figure. The band positioned around 2240 ¢énis
due to —NCO surface speci¢’3?]. Furthermore, the band
at 2110 cm! has previously been assigned to CO ad-
sorbed on platinum(Il)oxidgR3,24,26,27]while the band at

[23,24,26,27]Fig. 2a shows that for 523 K thgSO(P£t)
band intensity passes through a maximum-at204 s while
the intensity of thesSO(PP) increases continuously dur-
ing the CO adsorption. However, at 573 K (Efg. 2b) both
bands pass through (different) maximum intensities. This oc-
curs att = 110 s for thes;O(P#*) band and at = 340 s for
5SO(PP+). As can be seen iRig. 2 the 5EO(PEY) is red-
shifted from 2112 to 2108 crt at 523 K and from 2112

to 2100 cnt® at 573 K during the CO adsorption. For the

2082 cnmt! has been considered as CO adsorbed on partially D"Cno(Pt‘”) band a red-shift can only be observed at 573 K

oxidised platinum ¢;°(Pt+)) [26]. From these studies it is
not evident that the band at 2110 thoriginates from CO
on a platinum oxide with the stoichiometry Pt(I1)O, it could
also be related to CO on Pt(IV¥Qince this is the thermally
more stable oxide (Pt(11)O and Pt(IV¥@ecompose at 598

starting at 2082 shifting to 2075 ch.

In both the IR1 and the IR2-3 (not shown) experiments
and the CO control experiment at 573 K on a Néxidised
catalyst, a shift of5s° band is observed. As will be dis-
cussed in more detail below, this red-shift cannot be ac-
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counted for by CO-CO lateral interactions or impurities
such as HO [30]. Instead it is natural to assign the red-shift
to the presence of two bands: one band at higher wavenum-
ber, which is weaker and disappears during the reduction
phase, associated with CO adsorption on partially oxidised
Pt, v CO(pP+), and another (more intense) band which is the
conventional linearlyponded CO on matlic Pt, v v“n O(PO) or

Ui CO(Pt) to conform to the conventional nomenclature, that
grows during the reduction phase. To facilitate the analy-
sis of these bands thg-°C bands were deconvoluted. The
deconvolution procedure was performed using a non-linear,
least-square fitting routine to Gaussian peaks wherein first
the contribution from gas-phase CO was subtracted followed
by subtraction of the spectrum for the reduced catalyst and
one Gaussian. Due to the strong asymmetry oﬁ;ﬂj%(Plo)

band, the average of the 10 spectra recorded during the re-

duction phase at = 598-600 s was used to represent CO
on the reduced catalyst. TheaGssian then represents lin-
ear bonded CO on partially oxidised Pt, which we denote
7-O(PPT). Both the height and the width of the Gaussian
band were free to vary in all spectra while the band position
was allowed only to vary between the different experiments
(at 523-623 K). The fitted positions 6f°(P¥*) are sum-
marised inTable 2

The mass spectrometry datrecorded simultaneously
with the FTIR data, are presented filg. 3. The top pan-
els show the time evolution of the/e 28, 32 and 44 signals
while the bottom panels show the integrateff and v:°
bands for the temperatures 523, 573 and 623 K. The vertical
(thin) lines represent different characteristic periods which
will be explained below. In the following, the experiment at
523 K will be described carefully, while for the remaining
temperatures only the main differences from this experiment
will be pointed out in detail. IrFig. 3a it is seen that the
reduction phase is initiated by turning off the Gupply at
t = 60 s for a 300-s period. The Bwitch is clearly seen as
a decreased intensity of the/e 32 signal. The decrease of
them/e 44 signal together with the increase of thée 28
signal indicates an extinction of the CO oxidation reaction.
Them/e 28, 32 and 44 signals reach new stationary levels
in about 70 s after turning off the Gupply. During the re-
duction phase a continuous increase ofitfg(Pt) andiS°

band intensities is seen. Both bands increase rather quickly

for the first 60 s and then somewhat more slowly during the
remaining 240 s. Contrary to this, the intensitW@O(Pt‘H)
increases rapidly reachingw@aximumvalue atr = 90 s, and
then decays and disappears for the next 270 $.-A860 s,
the @ supply is turned on again (oxidation phase) which can
be seen as an increase of thge 32 signal. The onset of the
CO oxidation is indicated by the decrease ofth& 28 sig-
nal and the increase of the/e 44 signal. The figure shows
that theulmo(Pt) andv bands decrease and disappear im-
mediately after the @swnch. No further changes are seen
for the remaining time of the experiment.

In Fig. 3 it is clearly seen thathe IR band intensity
versus time depends on the temperature. After turning off

a) 523K
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Fig. 3. Measured MS ion currents:fe 28, 32, and 44) for the product
stream (top panels) and |ntegrated IR band intensities (bottom panels) for
~(:O(Pt) U O(Pt) anduIIn O(Pt+) for a 2.0% Pt/ApO3 catalyst exposed

to 1 0 vol% CO in Ar while switching the ©concentration from 5.0 to
0.0vol% atr = 60 s (reduction phase) and then back to 5.0 vol%-a860 s
(oxidation phase) at (a) 523, (b) 573, and (c) 623 K. The vertical (thin) lines
represent the time lags for reduction and OX|dat|q§’cl and rl ) and the

reduction time ¢"€).

the & supply att = 60 s (reduction phase), thg(Pt),
v“no(Pt‘er) andu bands start to increase. The initial slope
for the vy, CO(pt) andv intensities increases with increas-
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Table 3 where 1.0% @ was used instead of 5.0%, leads to shorter
Summary of time constants for tfft#:no band intensity for the reduction Tlg?gd compared to the IR1 series. Contrary to both the IR1

red re : : OX [o)'¢ 0, . . . . .
(/g and"*%) and the oxidation3% and %) of a 2% PYApO3 catalyst and the IR2 series, no trend of mcreasu&j with increas-

at 523-623 K

ing temperature is observed for the IR3 series. Inste&,
Temperature (K) T'[“egd © ) Tiag () ) is about 8 s at all temperatures between 548 and 6q23 K (an
523 5 188 12 & oscillating reaction rate was observed in the high reactive
g;‘g ;Z 1233: ; (cg state at 523 K and data for this experiment are therefore
598 28 55 8 ® not considered), which is of the same order as the typical
623 30 25 7 or response time for changing gas composition in the reactor

cell. This is probably explained by that even in the high re-
active state the reaction proceeds close to the criticagl@O
ratio at which the transition between the high and low the
Yeaction occurs rate branch. Turning off the €upply, the
critical CO/Oz ratio is reached and paed very rapidly at

. . . all temperatures and hence the differ are here exper-
temperature. ThéCO(PP+) band intensity reaches a maxi- P qﬁf P

mum similar to th:l:t previously described but the maximum imentally indistinguishable. In contrast’®? decreases with
jncreasing temperature for both the IR2 and the IR3 series

is passed more rapidly the higher the temperature and alsd"c" ; X
drops more rapidly with increasing temperature. At 623 K sm:jllar to the IR1 series. Compared to the IR1 experiments,
€ \ red ; i L
decomposition of unstable carbonates leads to negative band IS 9enerally longer for the IR2 experiments while it is
intensities (since the reaction mixture was used as IR refer-Shorter for the IR3 experiments. Considerirftf, the IR2

ence) at low wavenumbers, which also aﬁectsﬂﬁ@ band experiments resembles the IR1 experiments exhibiting no
as can be seen Fig. . trend with changing temperawurSimilarly to the arguments

As already noted, thél%o band appears with an initial above, thi; may be explained by the fgct that the critical
time lag relative the gas switch. This is referred to as the re- CO/Oz ratio is reached and passeery rapidly whenthe ©
duction time lag fl;egd)' As can be noted iffig. 1and clearly ~ concentration is changed stepwise from 0.0 to 5.0%, making

- . N . the differentr2X experimentally indistinguishable. Again the
red _ lag

in Fig. 3andTabIreed3. Tlag 'NCTEASES W'th Increasing temper IR3 experiments exhibit somewhat different characteristics,

ature. At 523 Krj, 'is about 5 s, while about 30 s at 623 K. \yhich we attribute to a different gas mixing ratio and dif-

al

Note that under the prevailing conditions, the time lag be- ferent location of a critical C@O; ratio. Contrary to the IR1
tween the four-port switching valve and the reactor cell is series both the IR2 and the 3 series show a slightly increasing
about 2 s. Moreover, considering the reactor chamber as an,ox yith increasing temperatur&his can again be related to
ideal continuously stirred tank reactor, the average residencegjferent gas mixing ratio and different location of the crit-
time is about 5 s and the time to reach a 90% response isica| CO/0, ratio but also to CO disproportionation during
about 10 s. Furthermore, as described above, a red shift ofy,o periods with high CO coverag@l]. This is, however,
the 7, band could be observed for all temperatures during of minor importance since it is the initial CO adsorption that
the reduction phase. This period with shiftiﬁ]ﬁo is referred will be discussed here. It should also be noted that
to as the reduction timer(®% and is defined as the length in the CO adsorption control experiments on Nexidised
of the period between the first appearance ofiiffe band  samples are 2 and 4 s at 523 and 573 K, respectively, which
and when this band reaches a stationary wavenumber. As iSsimply is the time lag for introducing new gas to the reactor
evident fromFig. 3andTable 3 r"®d decreases with increas-  cell.
ing temperature, from about 188 s at 523 K to about 25 s at
623 K (IR1). Atr = 360 s the @ supply, 5.0%, is turnedon 3.2, |n situ XANES
again (oxidation phase). All IR bands vanish abruptly with a
short time lag, which here is referred to as the oxidation time Figs. 4a and 4khow a few selected PiL XANES spec-
lag (rj3¢) and defined in analogy With;egd_ No clear trend {5 (normalised absorbance versus photon energy) obtained
in the 7oy with increasing temperature can be observed, seeduring the reduction phase at 523 and 623 K, respectively.
Table 3 The time then for thézlﬁf’ to completely vanish is  As can be seen the white-line intensity, at about 11580 eV,
referred to as the oxidation time®¥). Ther® is about0.5s s generally higher at the lower temperature. The white-line
for all temperatures in the IR1 series. intensity then decreases as a function of time on stream, in-

Analogous to the IR1 series, thgegd increases with in-  dicating a reduction of the oxidation state for Pt. Moreover, a
creasing temperature for the IR2 experiments. In this caseshift of the curves toward higher photon energies is observed
rlgegd is about 40 s longer, varying from 42 s at 523 K to for the same period. This shift is used as a measure of the Pt
68 s at 623 K, which is due to the generally lower Ly binding energy (see also Experimental) below.
ratio, where 1000 ppm CO was used instead of 1.0% CO  The results from the XANES experiments during the re-
(IR1). Accordingly, the high C@Os ratio in the IR3 series,  duction and subsequent oxidation phases performed at 523

ing temperature, while fop;°(Pt*) the slope is more or

less constant at all temperatures. Furthermore, the band
for B;O(Pt) andiS° increase monotonically toward station-

ary values which are reachewore rapidly he higher the
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Fig. 4. Pt Ly XANES spectra for a Pt/AlO3 catalyst exposed to 1.0 vol%
CO in Ar while switching the @ concentration from 5.0 to 0.0 vol% (re-
duction phase) at (a)= 184 s at 523 K and (k)= 80 s at 623 K.

and 623 K are shown iRigs. 5 and 6respectively. The top
panels display the measured/e signals while the bottom
panels show the change in R Lbinding energy ABE) as
a function of time for the Pt/AlO3 sample.

In Fig. 5, the reduction phase is initiated by turning off
the @ supply att = 120 s. This can be recognized in the
intensity of them /e 32 signal, dropping fast for about 15 s
and then decaying more slowlThe intensity of then /e
28 signal increases rapidly to a new stationary level while
the intensity of then/e 44 signal decreases, first quickly
and then more slowly for the next 280 s, during this reduc-

tion phase. For the same period the binding energy increases
monotonically to a new stationary level, about 0.6 eV above

the initial binding energy of 11573.2 eV. Thged, the time
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Fig. 5. Measured MS ion currentsnfe 28, 32, 44) for the product
stream (top panel) and change in the Rj Lbinding energy ABE)
from 11572.2 eV (bottom panel) for a 2.0%P%8&l3 catalyst exposed to
1.0 vol% CO in Ar while switching the © concentration from 5.0 to
0.0 vol% atr = 120 s (reduction phase) and then back to 5.0 vol% at
t =400 s at 523 K.
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Fig. 6. Measured MS ion currentsnfe 28, 32, 44) for the product
stream (top panel) and change in the Rt binding energy ABE) from

between the gas switch and the first observagble variation of 11 5735 ev (bottom panel) for a 2.0% P#$Al; catalyst exposed to

the ABE, is less than 25 s and thé®9, here defined as the
time between the first observable changa&E and the sta-
tionary ABE, is about 200 s. The oxidation phase is initiated
by switching back to 5.0% &atr = 370 s. An overshoot in

them /e 32 signal before it stabilises at a higher level is seen.

1.0 vol% CO in Ar while switching the © concentration from 5.0 to
0.0vol% atr = 60 s (reduction phase) and then back to 5.0 vol%-al90 s
at 623 K.

In the case of 623 KFig. 6, the reduction phase starts

The intensity of then /e 28 signal drops and is somewhat un- when the Q supply is turned off at = 60 s (the intensity of
stable before it levels out on a stationary level. This is simply the m/e 32 signal drops) which is seen as a decrease and
due to the fact that the gas switching was performed by the a corresponding increase of the/e 44 andm/e 28 sig-

use of the MFC. A rapid increase of the/e 44 signalto a  nals, respectively. The binding energy (withf less than
new level is seen during this phase. The binding energy de-25 s) increases with about 0.3 eV from the initial value of
creases rather quickly with 0.4 eV. Tlagé islessthan30s  11,573.5eV and reaches a stationary level within about 50 s.
and ther®* is less than 50 s. The oxidation phase is initiated by turning on thg stipply
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again (increasing intensity of the/e 32 signal) as seen as not decrease as the temperature is increased, which proba-
a drop in them /e 28 signal, which is somewhat unstable bly would have been the case if water were present on the
before it levels a stationary intensity. During this period a surface (a shift of the water adsorption—desorption equilib-
rapid increase of the:/e 44 signal to a new level is seen. ria toward desorption). Hence, the red-shift ofﬂff;? band

The binding energy decreases by 0.3 eV rather quickly (with observed in our measurements needs another explanation
antgg less than 20 s) and reaches the initial level in less than which motivated us above to resolve the obserifgd band

15s. into two different bands, viziSO(PP) and5;°(Pt+). The
red-shift is thus attributed to an initial CO adsorption on an
oxide phase of Pt. Since the wavenumber for this band is po-
sitioned between the-C(PP) and thei;°(P£+) bands we
attribute this band to CO linearly bonded td Pt The oc-

This study shows that FTIR spectroscopy can be used tocurrence of an intensity maximum for thig:>(Pt+) band
follow the change in oxidation state of a supported platinum in Fig. 3is thus due to CO first being adsorbed on these
catalyst in situ by measuring the vibrational frequency of Sites (increasing intensity) before the reduction starts and the
adsorbed CO. Here CO is used as a probe molecule while ithumber of Pt' sites decreases (decreagintensity). As the
simultaneously acts as a reducing agent. In this section, weoXidised Pt sites are being reduced, the number of available
consider the FTIR data in detail and make comparisons with sites for CO adsorption on metallic Pt increases, leading to
corresponding in situ XANES data to validate the FTIR in- & continuously increasing intensity of tig°(Pt) andig°
terpretations. Based on the experimental data we are able tdands. The XANES experiments also indicate a similar re-
deduce a mechanistic interpretation of the reduction processduction process. The change in binding energy, which is

4. Discussion

of the Pt/AbOs catalyst. Finally, we make some reflections
on the influence of diffusion limitations (both external and
internal) on the reaction rate for the FTIR experiments.

In all CO oxidation experiments in this study, the reaction
initially proceeds in the high reactive state with the corre-

small, about 0.5 eV, occurs on the same time scale a?ﬁﬂe
band changes, i.ez™. Since the XANES signal is averaged
over the entire illuminated catalyst tablet volume, includ-
ing bulk Pt atoms in Pt clusters and Pt atoms coordinated
with the support material, it may be difficult to deduce ab-

sponding low CO coverage as evidenced by the FTIR datasolute shifts from XANES relevant for the surface Pt atoms

presented irFigs. 1 and 3At r = 60 s, the Q supply is
turned off (reduction phase commences) and thep@s-
sure in the reactor chamber g&ato decline. It is evident

that the CO coverage gradually builds up after an initial time that the red-shift ofj,
which depends on temperature. It is also evident dised Pt, we may explain the observed trends'® and

lag (ziss)
that the?-C band is red shifted about 15 crhin all ex-
periments performed at 523-623 K (€fig. 1) during the

initial CO adsorption. As will be further discussed below the

involved in the catalytic cycle. However, XANES has pre-
viously been shown to be useful for correlating structure to
catalytic activity also for supported cataly$sy,38] Given

O s associated with (partially) oxi-

red
Tjag &S follows.

If "¢djs associated with CO being successively adsorbed
on sites coordinated with Pt as the oxide is reduced by

rlgegd and its temperature dependence may be interpreted acCO, thenz"®? is a measure of the rate of step (5). This is

cording to the conventionalH. reaction scheme, i.e., steps

an activated process, which u#s in the observed decrease

(1)—(3). In contrast, the gradual increase of the CO coverageof ™9 as the temperature is ireased. Assuming that the

and the red-shift of thg;° band cannot be explained with

reduction rate is inversely proportional to th&9 an Ar-

the LH reaction scheme. The latter is in fact opposite to the rhenius plot of Ii1/"% versus 1T gives an estimate of
expected scenario for metallic Pt where instead a small blue-the activation energyE(ged) for the reduction procesBig. 7

shift of about 5 cm® is anticipated when CO starts to adsorb
and the coverage incread@$,30] This blue-shiftis mainly

displays the Arrhenius plot based on FTIR data from the
IR1 series together with the corresponding XANES data.

due to increasing repulsive CO-CO adsorbate interactionsThe XANES experiments should give the same result for the
and has been observed to be enhanced at high CO pressurEged, although it may be located at a different level on the

when CO is forced to occupy alsmfavorable Pt sites, i.e.,
not the energetically favorable on-top si{&9,35] Experi-

mentally, repulsive CO—CO adsorbate interactions can alsov

ordinate. According to this procedure the apparEﬁf‘ is
54.9 k¥mol. Note, however, that we measure the decay of

CO(PP+) species, i.e., the number ofPtsites, which not

be seen as a decrease in the heat of adsorption as the surfacecessarily is proportional to the oxide decomposition rate,

coverage increasd86]. Furthermore in our experiments,

which in principle is the sum of step (4) (backward) and (5).

possible interactions with coadsorbates such as water, whichit is known that platinum oxides are thermodynamically un-

is known to red-shift the/;° band[30], can be ruled out

stable at the highest temperature in this study. These oxides

due to careful drying of the sample before measuring and decompose between 623 and 723 K (depending on the ox-
the use of high-purity gases. A negligible influence of water ide stoichiometry)33]. Considering for example step (4),

is further emphasised by the fact that we study rather highi.e., that a thermal decomposition of the oxide should be
temperatures and that the magnitude of the red-shift doesconsidered at the highest temperatures, we may omit these
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' ' ' ' ' ' ' tion induced by the shift of the CO adsorption—desorption

2k i equilibrium.
As discussed above we cannot unambiguously resolve
Fit to IR data (E, = 45 kJ/mol) CO bonded to the oxide between 2100 and 2130%in
/ the IR1-3 experimentsHg. 1). This is either due to the
3r (0) ] overlapping gas phase CO bands, or a low coverage (due

to weak bonding to such O sites). However, the fact that
7-O(PE+) bands around 2110 cmh indeed can be observed
. for the same catalyst preoxidised with N@strongly oxi-
dised) shows that such species exist under our experimental
conditions. Therefore, we conclude that the weaker IR ab-
i sorption in thei-O(PE+) region in the IR1-3 experiments
is due to CO adsorbed on Pt oxide which only exists in low
amounts. Moreover, since we found an IR band positioned
between 2054 and 2066 cth(cf. Table 9, depending on
temperature, which we associated vm‘”vﬁ)(Pt‘”), we con-
. | | . | . . clude that the surface is instead partially oxidised. We also
14 15 16 17 18 1920x10° note that our results are consistent with a reaction scheme
1 whereby CO adsorbs and binds (weakly) on the stoichio-
T [1K] metric oxides (PtO or Pt§) and reacts with these O atoms,

Fig. 7. Arrhenius plot of IR and XANES data for the reduction process of pOSSIb|y creating vacancies apeg for the reaction scheme

a 29%Pt/ALO3 catalyst exposed to 1.0 vol% CO while switching the 0 (1)—(5)above.
concentration from 5.0 to 0.0 vol%. The fit is based on the IR datawiththe ~ The combined FTIR and XANES results above provide

highest temperature of 623 K excluded. a consistent picture of the extinction process on supported
Pt catalysts and explicitly highlight the influence of Pt oxide
on the catalytic activity. It is clearly shown that the transi-
tion from an O to a CO covered surface, the “extinction”
process, occurs on a much longer time scale than the reverse
transition from a CO to an O covered surface, the “igni-
tion” process. This hysteresis is in sharp contrast to what
the conventional LH reaction model predicts, where instead
. the two transitions occur equally fast (of course at differ-
time to .evaguat.e t.he -reactor chamber from(€f. Table 3 . ent CQ/Os ratios). We can attribute this hysteresis as being
or by diffusion limitations (see below). The CO adsorptlon. due to Pt oxide, which builds up in the high reactive state
C(,)erI measurements' performe.d.on' the reduged and oxl'(oxygen rich surface), and changes the adsorption kinetics.
dised catalyst, respectivelgll exhibit similar lag times fF’f Our FTIR data obtained during the extinction process show
all temperatures (of .the order of 5 S aftgr the gas switch). the existence of CO adsorption sites coordinated with par-
Moreover, the reaction chamber is drained of @imost oy oxidised Pt. It should be noted that CO adsorption sites
equally fast for ‘,"‘” tempergtures (theg(doncentranon IS . coordinated with more strongly oxidised Pt have only been
about the same in all experiments since the CO CONVersion,pqeyed for N@-treated catalysts. In agreement with previ-
ISre|(?W: about 15-20%). In a simple picture an increase of s s dies, the results presented here thus suggest that a Pt
Tlag With temperature can be interpreted as a shift of the CO qyiqation and reduction mechanism, i.e., steps (4) and (5),
adsorptlon—.desorptlon equilibrium, Whlch of course favors ¢pquid accompany the conventional LH reaction scheme in
CO adsorption at low tempetae and is the same result as  orger to describe the CO oxidation over Py@} catalysts
anticipated from the CO”V?”t'OnC""Cl) LH modeIaHowever, aC- ynder transient conditions. Fueimore, the results indicate
cording to the interpretation ofii,” above, 7' is related  that during the extinction the partially oxidised surface is
to adsorption of CO on Pt sites prior to reduction com-  reduced by chemisorbed CO, which should be explicitly ac-
mences. The latter can enhance the variationgpf If the counted for in the modelling of the reaction mechanism,
rate of CO desorption is of the same order or faster than aand should not be approximated with an Eley—Rideal step
slow CO+ Oo reaction step (in the conventional LH scheme  (COgas+ Oox — (CO2)gas)-

the CO+ Oags reaction rate is much faster than the rate of ~ We close this discussion with some reflections on pos-
CO desorption)10,40] the CO coverage can build up faster sible diffusion limitations affecting the reaction rate in our
at lower temperature on the oxide surface than on the metal-FTIR experiments. It is well known that diffusion limita-
lic Pt surface. In the opposite case, if the @@y is faster tions may falsify the interpretations of kinetics, especially
than the COt+ OagsLH step Eq.(3) [41], then the variation  in transient analysis which always includes such phenom-

in q;egd is anticipated to be reducempared to the varia- ena. Since the reactor cell with the catalyst can be regarded

XANES data/

-5} IR data

In (1/reduction time) [1/s]
A

data points and arrive at a value of the activation energy of
45.1 k¥mol, which is close to the previously reported value
of 44 kJ/mol [39].

The variation ofq;egd in Table 3is also consistent with a Pt
oxidation and reduction mechanism. First, we note that the
magnitude and variation afaegd cannot be explained by the
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as a small packed-bed reactath porous alumina particles, transition from a CO to an O covered surface. This can be
both external (film transport) and internal (pore transport) explained by neither external or internal diffusion limita-
diffusion processes must be considered. We start by investi-tions. In the conventional LH model both transitions occur
gating the situation for the higreactive state during station-  equally rapid as the critical C@; ratio is reached. (ii) The
ary conditionsy < 1 min, for the IR1 series. The influence transition from an O to a CO covered surface is clearly tem-
of external diffusion on the reaction rate can easily be es- perature dependent, the reduction tim&¢) decreases with
timated by calculating the concentration difference of CO increasing temperature, wdhi is not anticipated by the con-

over the gas film £ACco) and compare this value with the ventional LH model. (ii) The?licno band is red-shifted during
concentration of CO in the gas bulk, as outlineddippen- the reduction period, which cannot be explained by reported
dix A. As can be seem\Cco is in the order of 104 mol/m? trends for CO adsorption vs coverage on a metallic surface.

which is negligible compared to the bulk gas concentration (iv) The XANES data show that Pt reduction occurs on the
of about 0.2 mgim3. This implies the absence of external same time scale as th?,%]o frequency shifts {"%) during

diffusion limitations. The influence of internal diffusion on the extinction process, which suggests an intimate coupling
the reaction rate can then lestimated by calculating the between the activity and the oxidation state of platinum.

Weisz modulus and use the Weisz—Prater criterionApt. (v) The temperature dependent decay of the FTIR band as-
pendix B. As can be seen this method predicts no internal sociated with PtQ (D"%O(Pt‘”)) yields an activation energy
diffusion limitations. Furthermore, as outlined Appen- for Pt oxide reduction (decomposition) of about 5Q kbl

dix C, the impingement rate is about 6 orders of magnitude in good agreement with previous reports for Pt oxide decom-
higher than the observed reaction rate. This is in sharp con-position, and finally, (vi) FTIR data suggest that during the
trast to the conventional LH model for which the reaction extinction the partially oxidised platinum surface is reduced
rate on the high reaction rate branch is much faster than theby chemisorbed CO which should be explicitly accounted
impingement rate. This suggests again that the surface is oxfor in the modeling of the reaction mechanism.

idised where the low CO coverage is due to weak binding

on platinum oxides. Finally, some words need to be said

about diffusion limitations diing transient conditions (the ~Acknowledgments

O2 switches). In the transient regime, diffusion limitations

will be present for some periods and thereby influence the ~ This work has been performed within the Competence
kinetics to some extent. In our case, at some point after theCentre for Catalysis, which is hosted by Chalmers Univer-
oxygen supply has been turned off, CO starts to adsorb onsity of Technology and financially supported by the Swedish
the platinum sites. The time to saturate the adsorption sites,Energy Agency and the member companies: AB Volvo,
i.e., active sites, in the catalyst with CO depends on e.g., Johnson Matthey-CSD, Saab Automobile Powertrain AB,
the internal diffusion (transport rate) and the number of sites Perstorp AB, AVL-MTC AB, Akzo Nobel Catalysts BV and
(CO accumulation). The time constant for accumulation of 1 the Swedish Space Agency. The authors thank the European
ML CO (extinction) is roughly a couple of seconds (&p- Synchrotron Radiation FacilitfESRF) in Grenoble, France,
pendix D) while a somewhat shorter time constant is antici- for granting the XANES beam time. Dr. Sakura Pascarelli
pated for the ignition. Hence, the observed changes of, e.g.at beamline 1D24 is gratefullyhanked for her assistance
the CO coverage, during the extinction origins from kinetic With the XANES experiments. Prof. Vladimir P. Zhdanov
(structural) effects of the caalt, rather than mass transport IS thanked for valuable discussions.

since the former has been observed to occur for minutes.

Appendix A. Influence of external diffusion limitations

5. Conclusions The influence of external diffusion limitations on the re-

action rate can be estimated byaahting the concentration
difference of CO over the gas filn\(Cco). First we note
that the observed reaction rate approximately is

We have presented experimental results for the oxidation
of CO over Pt/AyO3 catalysts. In particular, we have inves-
tigated the extinction process$ the reaction over a catalyst
operating in an @rich reaction mixture at atmospheric pres- Fobs= q@ { (A1)
sure. Detailed data for the initial reduction process by CO RT W
of a partially oxidised Pt surface are presented, including where g is the volumetric flow rate at room temperature
the CO coverage and Pt oxidation state. The results, which(2.5 x 1078 m3/s), pco is the partial pressure of CO
are at variance with the conventional three-step LH reaction (10° Pa), R is the molar gas constant (8.31(cholK), T
scheme, show that a Pt oxidation and reduction mechanismis temperature (300 K)X is the CO conversion (R), and
must be invoked in the LH reaction scheme to accurately de- W is the amount of catalyst (8 10-° kg). Substituting the
scribe the extinction process. Specifically, this is supported given values one obtaingys= 6.7 x 102 mol/(s kg.,y).
by the following findings: (i) The transition from an O to For a packed-bed reactor (with spherical catalyst pellets)
a CO covered surface occurs much slower than the reversaunder steady-state conditionketreaction rate is coupled to
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the film transport by

r = SmkcACCO, (AZ)

where Sm = 6/dppp is the external surface area of the pel-
let per mass of pellet and, and p, are the pellet diameter
and density, respectivelie = ShDag /dp is then the mass-
transfer coefficient where Sh is the Sherwood number and
Dag the binary gas diffusivity. Solving foA Cco gives

(A.3)

Substitutingrops for » and assuming a reasonable low value
for the Sherwood number (Sh 1.5) will produce an esti-
mate of the largest concentration gradient. Uslpg: 150
1078 m?, pp = 1.5 x 10% kg/m?, Dpg = 6.1 x 107> m?/s
one arrives al Cco = 4.2 x 1074 mol/m? which is negli-
gible compared to the concentration in the gas bﬁ% =
pco/(RT) =0.19 mol/m® at T = 623 K.

Appendix B. Influence of internal diffusion
limitations—Weisz—Prater method

The influence of internal diffusion limitations in a porous
catalyst can be estimated by calculating the Weisz modulus,

rvrg

C(S_joDef‘f '

wherery is the reaction rate per volume of catalyst,is

the pellet radiusC2 is the CO concentration at the sur-
face of the pellet, andes is the effective diffusivity. The
Weisz—Prater criterion can thée used; i.e., for an isother-
mal spherical catalyst pellet and a first-order reactionr; 1
implies a particle free from internal concentration gradients.
This corresponds to a high efficiency factpez 0.95.

Since the external diffusion limitations are negligible (cf.
Appendix A), the concentration at the surface of a catalyst
particle is well approximated with the concentration in the
gas bulk, hence,

(B.1)

- 2
_ ot;spcatrp 7 (B.2)

CCODeff
whererops= 6.7 x 10~3 mol/(sKgqy, pp = 1.5x 10°kg/m?,
mp=75x 107 m?, €8, = 0.19 moy/m?, and Deit =
3.8x 107" m?/s gives® ~ 0.77 < 1, indicating the absence
of internal diffusion limitations.

Appendix C. Impingement rate versusreaction rate

Due to the absence of diffusion limitations it is easy to
calculate the CO impingement rate according to

N,
F — _YAdsPCO ’

(C.1)
2 MRT

433

where Ny is the Avogadro constant (6.03210°° 1/mol),

asis the area of a Pt site (810722 m?), M is the CO mole-

cular weight (28x 10~3 kg/mol). With pco = 10° Pa and

T =623 K one obtaing = 1.6 x 10° moleculeg(site 3.
The observed reaction rate per site is

pco X
=q——, Cc.2
TObS= I RT s (€2
wherens is the number of sites which is given by
ns= W[Pt loading[Pt dispersioiy Mpt, (C.3)

whereMpy is the Pt molecular weight (0.195 kanol). With

Pt loading= 0.02, Pt dispersioa= 0.22 the reaction rate is
robs= 0.3 moleculeg(site s), and the ratio between the im-
pingement rate and the reaction rate is

F 16x10°

~5x 10°.
03 x

(C.4)

robs

Appendix D. Internal diffusion limitationsin the
transient regime

In order to estimate the influence of diffusion limitations
during the extinction process both reaction and diffusion
should be considered. This is, however, not straightforward
and instead one can perform a (rough) estimation of the time
constant for adsorbing 1 ML of CO on the active sites, in
analogy with the shrinking-core model (strong CO adsorp-
tion is assumed), viz.

rgpcat[Pt loading[Pt dispersioh
T = .
DeftMpiC2q

(D.1)

This givest = 2.6 s. This is an underestimation since most
probably 1 ML (at least) of oxygen has to be reacted away
during the extinction. On the other hand there is already
some CO present in the porous support since the conversion
was only 0.2 (no diffusion limitations). Somewhat shorter
response time is anticipatddr the ignition process since
this occurs for oxygen excess conditions (oxygen is already
available in the alumina particle).
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