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Abstract

Transient experiments using mass and FTIR spectroscopy as detectors are performed at 300 K with a reducgdl20Qycitalyst
to study the reduction of strongly adsorbed oxygen species (denatgd @rmed by @ chemisorption using severa® CO/z% Ar/He
mixtures ( andz in the range 0.5-10). During the first seconds of the reaction C mass balances reveal that the CO consumption is mainly
due to the formation of a strongly adsorbed CO species identified as a linear CO species (denoted L) interacting wjfashedi®s (IR
band at 2084 cml). The evolution of the C® production rate with time on stream presents different profiles according to the reaction
temperature: decreasing exponentigiiat 273 K and peak profiles fdf, > 300 K. The CQ production afly < 273 K is in agreement with
a kinetic model considering two elementary steps: the adsorption of the L CO species without competitiogyydtbliowed by a L-H
elementary step (denoted S3bk4as+ L — COpags With a rate constankzp = v3pexp(—E3p/RT) and E3p = 65 kJ/mol atfpgags™ 1.
For Ty > 300 K, mass transfer processes contribute to the apparenpf@@uction rate. At higllosagevalues, they compete with the surface
reactions for 273 K< Ty < 360 K and finally dominate the CQproduction atly > 360 K. However, kinetic studies can be performed at
Ty > 300 K after a significant decreasefigsagsdue to the increase i3y E3p = 110 k¥mol atfpgads= 0.4. Several conclusions of the
present study are in very good agreement with the reductionsgi®pecies on Pt single crystals using a CO molecular beam under UHV
conditions.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction Step S2: Dissociative chemisorption of oxygen,

It is known that the linear CO species (denoted L CO) O2gas <> 20ads
is the main adsorbed CO species present on the surface oBtep S3: Oxidation of the L species,
Pt-containing solids during the CO#@eaction at low tem-
peratures [1-5]. To understand its involvement in the rate of L+ Oads— COzads
CO;, production we have studied each elementary step in- Step S4: Desorption of CO
volved in a plausible kinetic model such as Model M1:
COzads— COZgas

Step S1: Formation of the L species, i .
Step S1 has been previously studied by FTIR spec-

COgas< L troscopy determining (a) the coverage of the L CO species
under adsorption equilibrium [6-8] and (b) its heat of ad-
sorption at several coverages [6—8]. The kinetic parame-
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Oz/He mixtures [9,10]. It has been shown that the oxygen Oz/z% Ar/He (100 cni/min, z in the range 2—4) during
species involved in step S3 is weakly adsorbed (denotedr,. After a short (60 s) helium purge, the reactor is either
Owad9 and is formed without competition with the L CO  heated or cooled to the reaction temperafijréange 220—
species by the dissociation of,(,10]. Moreover, study- 600 K) and a new switch was performed: Hex% CO/z%
ing the oxidation of the L CO species by experiments in the Ar/He (100 cni/min, x in the range 0.5-4) during a time
transient regime with a mass spectrometer as a detector it hasvhile the gas composition at the outlet of the reactor was
been observed that a strongly adsorbed oxygen species (dedetermined with the mass spectrometer. The results were
noted Qaqdg is formed during the removal of L CO species mainly obtained after several cycles of reduction of tRg4©
by step S3 leading to a situation where L CO angyd@ species/oxidation of the L CO species (denotetDRy-
species can be simultaneously present on the Pt surface [10tles) repeating the following switches: He 2% O,/z%
without reaction. However, L CO andsgys may react to Ar/He — He — x% CO/z% Ar/He — He. Similar exper-
produce CQ during a TPSR (temperature-programmed sur- iments have been performed by several authors on various
face reaction) procedure according to a surface elementarynoble metal-supported catalysts [11-17]. However, the main
step (denoted S3a) with a rate significantly lower than that contribution of the present study in line with [10] is that
of step S3 under our experimental conditions [10]. More- the evolution of the gas molar fractions during the transient
over, @ chemisorption on a freshly reduced Pt surface only experiments is as follows: (a) exploited by C and O mass
forms Qsads Species (N0 Gads species) with a heat of ad-  balances as in an early study of Bennett et al. [18] and (b)
sorption higher than that of the L CO species at the same supported by kinetic models as previously performed for the
coverage: i.e., at full coverage of a freshly reduced Pt sur- oxidation of the L CO species [10] to determine the kinetic
face the heats of adsorption of{sand L CO are 175 and  parameters of the surface elementary steps.
110 k¥mol [10], respectively. In the present study the re- The evolution of the coverage of the Pt surface by the
duction by CO of the Quasspecies formed by adsorption of adsorbed CO species during the.@ reduction has been
Oz on areduced PAI,Os catalyst is studied by experiments  studied by FTIR spectroscopy as in [9] by using a small
in the transient regime in order to determine the kinetic pa- internal volume stainless-steel IR cell (transmission mode,
rameters of the L—H elementary step which controls the rate resolution 4 crm!) described elsewhere [6]. After adsorption
of the CQ production at high coverages of thedgsspecies  of O, at 300 K on a pellet (weight in the range 40-80 mg)
(denotedosads- of the reduced stabilized Pl,0s catalyst followed by a
short purge in He, the FTIR spectra of the adsorbed species
were recorded during the switch He 1% CO/He with a
2. Experimental 200 cn?/min flow rate.

The 2.9% PtAI,03 catalyst (in wt%, -Al 203, BET area
100 n?/g, incipient wetness method, aqueous solution of 3 Resultsand discussion
H,>PtCl, xH20) was the same as that used and character-

ized in previous studies [6-10]. After the reduction of the  The Q,ysspecies formed by £chemisorption on the re-

solid in a flow (100 crd/min) of pure B at 713 K according  qyced PtAI,O3 catalyst desorbs in helium &t > 820 K

to a procedure previously described [6-8,10], the Pt disper-ith an activation energy of desorption of 175/kibl at

sion of a fresh catalyst wa8 = 0.85 [6-8]. This dispersion g . 1 [10]. At T < 350 K, this species only can be

decreased to 0.5-0.6 after a stabilization pretreatmentin 1%removed from the Pt surface by reduction as studied be-

CO/He at 713 K [10] followed by @and then H treatment oy with CO-containing gas mixtures. A plausible two steps

of the solid. mechanism can be proposed for the reduction of thgO
The experiments in the transient regime with a mass spec-gpecies:

trometer as a detector have been run with an analytical sys- ~ gtep S1: Adsorption of CO in the presence @@

tem previously described [10]. Mainly, various valves al-

lowed us to perform switches between regulated gas flows COyas<> COads

(1 atm total pressure), which passed through the catalyst

(powder,W ~ 0.2—-0.4 g) contained in a quartz microreactor.

A small thermocouple (K typep = 0.25 mm) was inserted

in the catalyst powder. A quadrupole mass spectrometer per-

mitted the determination of the composition (molar frac-

tions) of the gas mixture at the outlet of the reactor during

a switch, after a calibration procedure. The reduction of the COads+ Osads— COzads

Osadsspecies by CO was studied according to the follow- with k3p and E3p the rate constant and the activation energy,

ing procedure: after the reduction of the stabilized catalyst respectively. The desorption of Ggsis fast [19] leading to

in pure B at 713 K the solid was cooled in He to 300 K a very low coverage in C&q4s To characterize this mecha-

and then @ was adsorbed performing the switch He2% nism the following points have been studied: (a) the structure

with k5 andkq the rate constants of adsorption and desorp-
tion, respectively.

Step S3b: Oxidation of the Lysspecies according to a
L—H step,
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of the CQygqs species and its heat of adsorption in the pres- same reaction is denoted S3b because for bighgsvalues
ence of Qags (b) the competitive chemisorption between the the reaction rate is strongly higher (S3a and S3b correspond
two adsorbed species, and (c) the valuessgfand E3p at to the same reaction at low and higbsagsvalues).
several Qagscoverage (denotetbsaqgs.

3.2. Mass spectroscopy study of the reduction of the Osags
3.1. FTIR study of the reduction of Osags species by CO

After adsorption of @ at 300 K on PtAl,O3 using 3.2.1. Isothermal reduction at 300 K and

a switch He— 2% O/He (fz = 3 min) followed by a temperature-programmed experiments
short helium purge, the Qusspecies are reduced duringthe  gjg 2A shows the evolution at 300 K of the composition
switch He— 1% CO/He (200 crd/min). Fig. 1 shows the ¢ the gas mixture at the outlet of the reactor during a switch
evolution of the FTIR spectra with the duratigrof the re- He — 2% O,/4% Ar/He on the freshly reduced F&l»O3
action. It can be pbserved that the IR baénd of a linear CO gjig. |t can be observed that the €ignal (curve b) is 0 dur-
species is immediately detected at 2084 ¢y ~ 4 s)and  jng several seconds due to the formation of thg(gspecies.
that its intensity strongly increases fr< 20 s. For longer ¢ ,yes a and b allow us to determine the amount of adsorbed
time on stream the intensity slightly increases while the IR oxygen QAO= 70 pmol Qg [10]. After a purge in He in-
band shifts to lower wavenumbers (2082t Small IR dicating the absence of reversible chemisorption (no weakly
bands (nqtshown) due to multibound CO species [8] are alsoadsorbed oxygen species) at 300 K [10], Part B in Fig. 2
detected in .the range 1950-1750 cirfor #r > 20 s. The gives the evolution of the molar fractions during a switch
same experiment performed on t.he. reducehRiOs solid He — 2% CO/4% Ar/He. There is no @ production in-
(without Qsagsspecies) Ieadsf to similar results: the 'IR.band dicating the absence of competition between CO agghO
((jo_letectei at 2h070 cnt [6,8]) INcreases for; 20 5. This '3,} in agreement with their respective heats of adsorption. The

Icates that the presence o:f,astpemes 0€s not modtly Osagsspecies are only removed from the surface by reduction
strongly the net CO adsorption rate. The higher position of with CO. The CQ molar fraction (Fig. 2B, curve d) provides

the IR band of the L CO species in Fig. 1 (as compared to th : :
) ) e apparent C@production rate (um@lgcats)) during the
a Pt-reduced surface: 2070 cth) is due to the presence of isothermal reduction,

Osads[20,21]. The fact that the IR band is still detected at
2082 cnt! after long time on stream (while the gas-phase
analysis reveals a GQproduction as shown below) indicates

that a fraction of the Qasspecies remains on the surface. \yherer andw are the gas molar flow rate and the weight of
According to Fig. 1 the L CO species interacting with the catalyst, respectively. The integration of RGQthaxi-
Osads species, which dominates the CO adsorption, can be ,,m characterized by RC@R andim) for the duration of
considered as the adsorbed intermediate species involvedye jsothermal reduction provides the total amount of the

in step S3b. Note that in [10] studying the oxidation of L CO; production: QCOR = 40 umoyg. QCOZ is lower
CO species with g the reaction between L CO andi{3s

species (@gsadsorbed in parallel to the removal of the L , ,
CO species) has been denoted S3a. In the present study, the 8 A B C

RCO2; = (curved x % Q)
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2160 2()'50 2060 Fig. 2. Molar fractions during several switches at 300 K opiAP$O3:
Wavenumber (cm™) (a) argon, (b) @, (c) CO, and (d) CQ. (Part A) Adsorption of @ on the

freshly reduced solid using 2%@4% Ar/He. (Part B) Reduction of the
Fig. 1. FTIR spectra in the course of the reduction af& species on OsadsSpecies using 2% C@% Ar/He. (Part C) Oxidation of the L CO
Pt/Al>0O3 using 1% CQHe at 300 K: (a—d) 4, 8, 16 and 230 s. species using 2% £)4% Ar/He.



than QAO because RC@ztrongly decreases with time on
stream due to the decreasefpsags At 300 K after sev-
eral minutes of reduction a significant fraction of the,§
species is left on the Pt surface. This explains that the IR
band of the L CO species in Fig. 1 remains at a position
(2082 cntl) higher than that on a freshly reduced Pt sur-
face (2070 cm?). The Qagsspecies which are left on the
surface after; ~ 2 min can be removed by temperature-
programmed reduction (TPR) as shown below. Moreover,
during the first RO cycle a fraction of the C®produc-
tion is strongly adsorbed as carbonate by theOl sup-
port [10] imposing to perform exploitable C mass balances
after several RO cycles to saturate the support. The CO
consumption during the reduction using curves a and c in
Fig. 2B is higher than QCQ2because adsorbed CO species
are formed during the Qqsreduction (formation of the L
CO species). For instance, in Fig. 2B the CO signal is 0 dur-
ing the first seconds of the switch while the £@roduction
increases to a maximum &, = 18 s (from the appearance
of Ar). Li et al. [22] have made similar observations on a
Pt/SiO, catalyst: CQ is detected before CO. This delay be-
tween CO and C®is due to the fact that CO is involved in
both the CQ production and the CO adsorption to form the
L CO species (Fig. 1). After a helium purge the introduction
of 2% O,/4% Ar/He (Fig. 2C) leads to the oxidation of the

L CO species as previously studied [10]. At the opposite of
Fig. 2A there is no delay between the Ar angi@olar frac-
tions in Fig. 2C because the oxygen species involved in the L
CO oxidation is weakly adsorbed [10]. Fig. 2B and C show
similarly to previous results [10] that RCO2 is lower during
the oxidation step (Fig. 2C) than during the reduction step
for the same partial pressures of @d CO. This has been
observed in early studies by Cutlip and co-workers [23,24]

and the authors have shown that periodic switches between

CO and Q can lead to a higher GQproduction (time aver-
age) than at steady state.

Figs. 3A and B show the C{production (a) during a re-
duction at 300 K (QCORz= 43 pmolg) with 2% CO/4%
Ar/He after several RO cycles (saturation of the support
by CO) and (b) during a TPR between 300 ard370 K
(26 umo)g) with a flow of CO/Ar/He, respectively. The
CO;, production during the TPR corresponds to the overlap
of the reduction of QxdssSpecies remaining on the surface
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Fig. 3. Isothermal (Part A) and temperature-programmed (Part B) reduc-
tion of Ogagsspecies on PAlI,03: (a) Ar, (b) CO, and (c) C@ and (d)
temperature of the catalyst.
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Fig. 4. Evolutions of the gas molar fractions during the reduction at 300 K of
the Qyagsspecies on PAI>O3 using severak% CO/x% Ar/He mixtures
(flow rate 100 crd/min): (§) CO, (x4); (1) CO; (G) Ar with subscripts
1,2,3forx =2, 1, and 0.5, respectively.

CO partial pressure (denotéito) on RCOZ at 300 K has
been studied during consecutivg¢ ® cycles using several
y% CO/z% Ar/He mixtures. Fig. 4 gives the molar frac-
tions of CQ (curves a, &, ag), CO (curves b, by, b3), and

and the desorption of the carbonate species from the sup-Ar (curve @, ¢y, c3) for y =z =2, 1, and 0.5, respectively.

port:~ 6 umol CQ/g [10]. The total CQ production linked
to the Qagsspecies~ (43+ 20) = 63 umo)g is in rea-

sonable agreement with the amount of adsorbed oxygen:

QAO = 70 umo)g. The difference may indicate that there
is a reconstruction of the Pt surface during the previot®@ R
cycles that slightly decreases the amount gffgspecies.

3.2.2. Impact of the experimental conditions
on the isothermal reduction

This impact must be determined to fix the experimental
conditions allowing to determination of the kinetic parame-
ters of step S3b from the Gproduction. The effect of the

It can be observed that (a) the increaseP¢p increases
RCO2n and decreasesy without changing significantly
QCO2r and (b) the CO conversion is very high during sev-
eral seconds. Fig. 5 shows that the increasg ifx- 300 K)
using 100 crd/min of 1% CQY1% Ar/He leads to a modifi-
cation of the RCOR profile which evolves from a peak with

a well-defined maximum (Figs. 5a and 5b) to a peak with
a plateau at high temperatures (Fig. 5¢). Moreover, Q€02
increases with the increase T because according to the
TPR results (Fig. 3) more L4sspecies can be oxidized. We
have observed (results not shown) a similar apparent CO
production rate in the range 353-673 K, indicating clearly
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Fig. 5. CQ production during the reduction of&ysspecies on PAl,O3
for several experimental conditions: (a—c) 1003¢min of 1% CO/1% Fig. 6. Evolution of the rates of several processes during the isothermal
Ar/He at 305, 328, and 353 K, respectively; (d) 2003¢min of 1% reduction (300 K) of the Gygsspecies on PAI203 using 0.5% CQ0.5%
CO/1% Ar/He at 353 K; (e) 100 cRymin of 1.6% CQ'1% Ar/He at Ar/He: (a) rate of CO consumption (RCOC); (b) net CO adsorption rate
353 K. (RCO4q9:; (c) rate of CQ formation (RCO2); (d) net rate CO adsorption

before CQ production.

that there is a mass transfer limitation in agreement with

the conclusions of Li et al. [22] for similar experiments on species and CO adsorption) with the duration of the reduc-
Pt/SiO,. This is confirmed considering the impact of the tion is given by

other experimental conditions on the RGQO2 1 (#) pro- F

file. For instance, af" = 353 K the increase in the fow RCOC= (curvecsz — curvebg)W. 2

rate from 100 to 200 cAymin for Pco = 1000 Pa increases ) ) )
RCO2m by 2 (compare Figs. 5¢ and 5d). Similarly, the in- The total amount of CO consumption QCOC is obtained

crease inPco from 1000 to 1600 Pa at constant flow rate inteégrating RCOC. The evolution of the net apparent CO ad-
increases RCQ, by the same factor (compare Figs. 5¢ Sorption rate RCgyswith 7 is given by

and 5e) while the QCQRvalues are equal (58 pma). For

highfosagsvalues, the influence dfeo at 300K onthe C@ - Oads= RCOC—RCOZ. 3)
production (Fig. 4) comes from the competition between sur-
face reactions and mass transfer processe§; At350 K, The integration of RCgys provides QACO, the total
these processes control the £@oduction (CQ peak with amount of adsorbed CO during the isothermal reduction.
a plateau) while for 300 k 7y < 350 K they compete with  Fig. 6 shows the evolutions of RCOC, Rgf and RCO2

the surface reactions. For the evaluation of the kinetic para-curves a, b, and c, respectively, in the course of the reduc-
meters of step S3b the impact of the mass transfer processetion at 300 K with Pco = 500 Pa. It can be observed that
must be negligible by using experimental conditions leading in the first seconds of the reduction curves a and b are over-
to alow CO conversion{ 5%, differential microreactor). At lapped, indicating that the CO consumption is due to the CO
high6osadsvalues, this imposes the use of low reaction tem- adsorption (CO is adsorbed without a significant removal of
peratures Tr < 300 K) to decreasés and for 7y > 300 K the Qiagsspecies). This indicates that a strongly adsorbed
only the data in the final part of the transient (Figs. 4 and 5) CO species Pco =~ 0 during the first seconds) is formed
must be exploited. However, the experiment§at 300 K without any competition with the Qqsspecies in agreement
can be used to perform C mass balances to follow the evolu-with the strong increase in the IR band of the L CO species

tion of the Pt surface during the reaction. in Fig. 1. During the final part of the reduction & 20 s)
there is roughly an equality between Rg(curve b) and

3.3. Evolution of the Pt surface composition during the RCO2 (curve c) because strongly adsorbed CO species are

reduction of the Oggs species formed in parallel with the removal of thesg)s species.

Note that during the L CO oxidation [10], the situation is
After several RO cycles, C mass balances during the clearly different because and Ar molar fractions increase
isothermal reduction (300 K) of 4s(Fig. 4) accordingto  simultaneously (see also Fig. 2) due to the formation of the
a procedure similar to that used in [10] allow determination Oyags Species. It has been verified that there is no signifi-
of the apparent rates of several processes at the Pt surfacecant CO adsorption at 300 K on the 83 support alone
For instance, RCQfor 0.5% CQ'0.5% Ar/He is given by treated at 713 K as the fAl,03 catalyst and saturated by
expression (1) using curve & Fig. 4. The evolution ofthe  CO; at 300 K (/-Al203 adsorbs significantly CO only af-
total CO consumption rate RCOC (reduction of the,§ ter a treatment at 1073 K [25]). Curve d in Fig. 6 gives
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RCO,4s~RCO2; showing that CO is adsorbed in the first
seconds of the switch He- CO/Ar /He without removal of

Osads This is in agreement with the observations on Pt single 127
crystals that indicate that preadsorbed CO inhibits the dis- 7107,
sociative chemisorption of oxygen whereas a preadsorbeds gl

oxygen layer only slightly affects the sticking probability
for CO [26,27]. Xu et al. [27] have shown that 0.55 ML of

CO can be adsorbed at saturation on a clean Pt(111) surfacé§
while this amount only decreases to 0.4 ML on the surface E

saturated with @qs(0.25 ML). The QCOZ2 values for the
reduction of QagsWith Pco = 1 kPa indicate thabosads

(=)}

3
g
&
4
2
0 L I I L I I 1
0 60 120 180 240 0 20 40 60 80
Time (s) Time (s)

decreases to steady-state values of 0.6 and 0.4 at 300 and

353 K, respectively. These remainingdasfractions are due
to the decrease ikgp associated with the decreaséissags

3.4. Determination of the kinetic parameters of step S3b

According to step S3b, the rates of disappearance of the

Osads Species and of the COproduction expressed as a
turnover number (3%) are given by

_ dQOs,ads
dr

= kapfosadélL - 4)

Fig. 7. Determination of the activation ener@gy, of the L—H step S3b on
Pt/Al,O3. (Part A) CQ production at low temperatures with 100%;‘min

of 10% CQO/4% Ar/He: (a) 235 K, (b) 220 K, and (c) 213 K. (Part B)
In(6psadg = f (¢r) at several temperatures: (a—d) 213, 220, 321, and 353 K.

Bosad{?) is given by
'RCO2, dr
_ fOQTr’ (6)

Curvesaand b in Fig. 7B givesWbsagy = f () for Ty, =
213 and 223 K, respectively. They correspond to straight

Oosadét) =1 where 0< 1 < .

Considering (a) steps S1 and S3b and (b) the absence ofines for limited duration of the reaction due to the de-

competition between CQysand Qags the evolution of the
coverage of the L CO specief | is given by

P Ry R
dt = Ra d CO
= kaPco(1—0L) — kdfL — k3pPosadélL - %)

whereR5 and Ry are the rates of adsorption and desorption
of the L CO species, respectively. Assuming thais con-
stant during the reduction of thesQsspecies, expression
(4) leads to IMposads= —k3pdLt, showing thaksp can be ob-
tained from the slope of the experimental curvedgnds—

f () at constantT;. Expression (5) permits to specify the
experimental conditions leading to a constantalue dur-

crease inkap with the decrease ifiosags The slopes for a
decrease iMpsagsfrom 1 to 0.94 lead tdksp at fosads™ 1
which provides the activation energ¥isp ~ 65 kJ/mol at
Hosads™ 1 assuming a preexponential factor of46~1 for

a L-H elementary step. Simple calculations assuntigg
constant withfpsags show that at 300 K the coverage of
the Qiagsspecies must decrease to 0 in contradiction with
the experimental observations. This is due to the strong in-
crease inEsp with the decrease iflpsagsas confirmed by
the following experiments. Af; > 300 K, to prevent the
impact of mass transfer processgéssagsmust be decreased
by reduction with CO to obtain lovitz, values. From ex-
periments similar to those in Fig. 4, the RGO&alues after

ing the reaction. This expression can be simplified assuminga long reaction duration (CO conversien10%) allow us
that the heat of adsorption of L CO species is high enough to using expression (6) to obtain curves ¢ and d in Fig. 7B

considetkq 0. < k3pfosagdL (this assumption is experimen-
tally justified below). During the first seconds of the switch
He — x% CO/y% Ar/He and whatever the reaction tem-
peratureR;is very high and @, /dr > 0. The duration under
CO/Ar/He to obtain @ /dr = 0 depends on (a) thie, Pco
values and (b) the mass transfer process&sat300 K. To
prevent these impacts and to maintgirconstant during the

which give Infpsags= f(¢) at Tr= 321 and 353 K fofosads
values of 0.47 and 0.39, respectively. The slopes provide
kap and thenE3zp: E3p~ 108 kI¥mol at fosags~ 0.47 and
E3p~ 110 k¥ymol at fpsags~ 0.39. The comparison with
E3p ~ 65 kJmol atfpsags™ 1 clearly shows thaEsy, in-
creases with the decreaséipsags This justifies the formal-
ism S3a and S3b used in [10] and in the present study to

reaction the following experimental conditions must be used denote the surface reaction between L CO aggh{3pecies:

at high6psags @ high CO partial pressure (to favor the CO
adsorption) and a loW; value (to decreasRco,). Fig. 7A
gives the evolution of the COproduction withz for three
temperatures 273 K using 100 crfymin of 10% CQ'2%

Ar /He mixture. It has been verified that féy < 273 K, the
experimental parameters suchs > 5 kPa and flow rates
(higher than 100 cRymin) have no impact on the rate of
the CQ production at the opposite of Figs. 4 and 5. From a
curve RCOZ2 = f(r) at a constant; value, the evolution of

S3a and S3b correspond to the same L-H step at low and
high 6psagsvalues, respectively.

3.5. Characterizations of the L CO species formed in the
presence of Ogagds

This L CO species with an IR band at 2084 th
(2070 cnt® on freshly reduced Pt surface) has been char-
acterized (a) by determining its amount on gg&g@saturated
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Fig. 8. Evolution of the molar fractions of the gases during several transient Fig. 9. Evolution of the molar fractions of the gases during a TPD after
experiments after adsorption ob@t 300 K on PtAl;03: (a) CO, (b) Ar, reduction of the @,gsspecies at 323 K: (a) Ar, (b) CO, (c) Gand (d) b
(c) Oz, and (d) CQ and (e) temperature. (A) Introduction of ¢@r/He at and (e) temperature. (Part A) Isothermal reduction gf49 (Part B) TPD

223 K; (B) isothermal desorption in helium followed by a TPD up to 300 K; in helium.
(C) introduction of Q/Ar/He at 300 K; (D) TPO.

0.55 ML of CO can be adsorbed at saturation on a clean
Pt surface and (b) by comparing its heat of adsorption to the Pt(111) surface while this amount only decreases to 0.4 ML
L CO species formed on a O-free Pt surfaceTA+ 223 K, on the surface saturated with,Qs(0.25 ML).
the rate of step S3b is very low and the saturation of the  Fig. 8B shows that the L CO species preferentially reacts
surface by the L CO species can be obtained without the with Ogagsto form CG; (it does not desorb as CO). This jus-
significant removal of the Qqgsspecies. This allows us to de- tifies the approximatioky 6, < k3pfosaddL and indicates
termine the highest amount of CO which can be adsorbed ona high heat of adsorption for the L CO speciegjat= 1.
a surface precovered bys§dsaccording to the following ex-  These conclusions are also true for lowekadsvalues as
periment: after the adsorption ofgsat 300 K on PtAl,03 shown in Fig. 9. After adsorption of £at 300 K, the re-
using a switch He» 1% Op/He, the solid is cooled in he-  duction of the Qagsspecies is performed at 323 K with 2%
lium to 223 K. Then a switch He> 10% CO/Ar/He (flow CO/3% Ar/He (Fig. 9A) (to decrease significantsadd
rate 100 crd/min) is performed during= 20 s (Fig. 8A) to then after a purge in helium the temperature is increased
rapidly saturate the surface without the removal of a large up to 680 K (Fig. 9B, TPSR/TPD). It can be observed in
amount of Qagsspecies (small C®peak of 0.5 umglg in Fig. 9B that forT < ~500 K only CQ is detected due to
Fig. 8A). An accurate C mass balance to evaluate QACO step S3b. Atl' > 500 K, CO and C@ are detected due to
cannot be performed with the data in Fig. 8A due to the several processes. The gfroduction can be due to (a) the
large CO molar fraction. A reversible CO chemisorption is CO disproportionation on the Pt particles and (b) the decom-
detected in Fig. 8B during the switch @8r/He — He, position/desorption of the formiate and carbonate species
15 umol of CQ/g, also observed on a sample of pure®@d formed on the AJO3 support [32]. The CO production can
support. This adsorption explains that the CO molar fraction be due to (a) the CO desorption from Pt particles and (b)
in Fig. 8A is < 0.1 before the He switch. After the total CO  the desorption/decomposition of formiate species on the sup-
desorption from the support, the temperature is increased inport (the H production (curve d) comes from the formiate
helium up to 300 K (Fig. 8B, TPSR betweerdgand L CO species [32]). Fig. 9 clearly shows that the L CO species
species) leading to a Gpeak with a maximum at 267 K:  coadsorbed with Qgsat fosads< 1 preferentially reacts to
12 pmo)g. There is no CO desorption during the TPSR jus- form CG, justifying the assumptiottq 6, < k3pfosadéL -
tifying the approximationkq 6. < k3nfosadéL. At 300 K, a The L CO species only desorbs from the surface at high tem-
1% Op/2% Ar/He mixture is introduced to oxidize [10] the  peratures after the total removal of thes@species. It seems
remaining L CO species (Fig. 8C), Q@& 36 pmo)g, and that the heat of adsorption of the L CO species is not strongly
then the temperature is increased (Fig. 8D) in the presencemodified by the presence ofsgsspecies.
of Oz (TPO) leading to a C®peak, 39 umolg. A fraction
of this last amount is probably due to the desorption 06CO 3.6. Comparison of the present results with UHV studies on
from the support~ 6 umol/g [10]. The total CQ produc- Pt single crystals
tion in Fig. 8 gives the amount of CO coadsorbed with the
Osagsspecies at 223 K: QAC® 80 umo)g. This indicates This comparison reveals that the observations during the
clearly that on a Pt surface saturated witkygaspecies, the  reduction of the @ygsby CO either on single crystals using
amount of L CO species at full coverage is as high as that a molecular beam [19,26,27,29] or on the present Pt-sup-
on a freshly reduced Pt surface. This conclusion is in good ported particles are very similar. For instance, for 308 K
agreement with that of Xu et al. [27] who have shown that T; > 400 K, Zaera et al. [29] observe on Pt(111) saturated
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with Osads(denoted O—Pt(111)) that the rate of the gto- atfosads™ 1 and 0.39, respectively. Wartnaby et al. [31] us-
duction rapidly increases when the CO beam is turned on,ing single crystal calorimetry mention a dramatic decrease
before the removal of large amount offsspecies. They in the reduction rate with failing oxygen coverage for re-
conclude in agreement with [26] that the reaction between duction of O—Pt(110) by CO pulses. In line with the view
Osagsand CO proceeds according to a L—H elementary step of Campbell et al. [26], the increase iz, can be quan-
via a CO species adsorbed without competition with the titatively linked, according to a classical potential energy
OsadsSpecies. Moreover, Zaera et al. [29] observe in agree- diagram for the catalytic mechanism, to the increase in the
ment with Campbell et al. [26] that CO can be adsorbed at heats of adsorption of thesgysspecies with the decrease in
T < 300 K on O-Pt(111)4p = 0.25 ML) (a) without sig- the coverage.

nificant CQ production due to the low rate of the L—H step, Experiments in Figs. 8 and 9 support the approximation:
(b) with an initial sticking coefficient for CO~ 0.8) and a R4 < Rcoz used in expression (5). This indicates that the
CO saturation coverage¥(0.4 ML) similar to those on the  heat of adsorption of the L CO specid%{ remains high in
clean Pt(111) surface. This is in very good agreement with the presence of §gs(the Ey values can not be determined
our observations in Fig. 8 which shows that large amounts as in [6—8] due to the preferential reaction of L CO with
of CO (=~ 80 umo)g) can be adsorbed in the presence of Osagg. However, this conclusion is in line with Wartnaby
Osadsspecies. This absence of competition agrees with theet al. [31] who have measured by single crystal calorime-
conclusions of Szabo et al. [28] who have shown on Pt(111) try the excess energy (9 kaol) removed by the desorbing
that CO can be adsorbed on top sites at the middle of theCO, molecules during the reduction of O-Pt(110) by CO
triangle formed by oxygen atoms. The absence of G- (as compared to 52 kol for the CQ produced during
duction atT < 300 K on O-Pt(111) [29] indicates that the the oxidation of preadsorbed L CO species k.0 he au-
adsorbed CO and O species are slightly less reactive than orthors indicate that the lower values during the reduction of

the present PAI>O3 solid (COy is detected al’ = 223 K OsadsSpecies are due to the formation of strongly adsorbed
in Fig. 7). This difference is probably due to the higher reac- CO species [31] with a heat of adsorption of 155rkal
tivity of the step/defect sites (mainly present ol Ab03) in the coverage range 0.5-0.9. Recent density functional

as compared to the terrace sites of the Pt(111) surface [29]theory calculations [33] confirm that the heat of adsorption
Moreover, Xu et al. [27] using RAIRS show that the large of CO on top sitesfco = 0.25 ML) of an oxygen saturated
amount of CO on O—Pt(111) gives an IR band at 2107tm  Pt(111) surfacefp = 0.25 ML) is very close (170 kdmol)
ascribed to a L CO species on terrace sites interacting withto that on a clean Pt(111) surface (177kdl) at the same
Osadsspecies (IR band at 2103 crhon a clean Pt(111) sur-  CO coverage. It must be noted that this last value is in very
face). This agrees very well with the IR band at 2084 ¢m  good agreement with that determined on the present reduced
in Fig. 1 as compared to 2070 cthon a freshly reduced  Pt/Al,Os catalyst atd = 0.25 using FTIR spectroscopy:
Pt/Al,O3 catalyst [6-8]. 183 k¥mol [6-8].

The kinetic parameters for step S3b are also in good
agreement with those determined for the L—H step on Pt 3.7. Comparison of the present results to literature data on
single crystals. For instance, expressions (4) and (5) con-supported metal catalysts
sider that the adsorbed species are well intermixed during the
reaction (mean field approximation [30]) and that the reduc-  Transient experiments involving switches between CO
tion reaction is not controlled by the island formation. Zaera and @ on Pt-containing catalysts have been reviewed by
et al. [29] conclude similarly that their results disagree with Bennett [11]. For the reduction ofgsby CO the exper-
the idea that the surface reaction takes place preferentially aiments (either step functions or pulses) indicate thap CO
the boundaries of oxygen islands. The increasg4gpwith is formed immediately (no induction period) [22,34-37].
the decreasépsagsis also in agreement with single crystal There is an agreement to consider that thgggand CQgs
studies. On O-Pt(111) fdf; in the range 300-340 K, itis  are adsorbed without competition [34—37]. However, the
observed [29] that RCQ2decreases with the duratignof results are usually interpreted considering a weakly ad-
the reaction to a very low value while a significant amount sorbed CO precursor (G4 either using a modified E-R
of Osagsspecies remains on the surface. However, a TPSRmechanism (denoted MER in [34]) or involving a reac-
experiment leads to a GQproduction (similarly to Figs. 3,  tion at the boundaries of CO and O islands on the Pt sur-
8B, and 9B) due to the reaction of the remaining,§ggand face [35,37]. However, Dwyer and Bennett [34] consider
the coadsorbed L CO species (the lowefisthe higher is that in parallel to the C® production via CQaqgs there
the CQ production during the TPSR) [29]. Zaera et al. [29] is a classical L-H reaction betweensfgsand a strongly
consider that this is due to an increase in the activation en-adsorbed CO species formed on the sites created by the
ergy of the elementary L-H step with the decreaséggys removal of Qags The MER mechanism predominates dur-
and Campbell et al. [26] have determined that this activa- ing the first seconds of the transient and as the reaction
tion energy increases from 47 to 10Q'kibol at high and low proceeds the L-H step becomes the predominating reac-
fosadsvalues, respectively. These values are similar to thosetion mechanism [34]. It must be noted that the authors
of E3p determined in the present study: 65 and 11nkdl mainly perform experiments & > 300 K when the rate
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of the CQ production forfpsags~ 1 (Figs. 4 and 5) can
be controlled by a competition between the surface re-

11

QCO2, CO, formed during the isothermal reduction of
Osads

action rates and the mass transfer processes. The impadQCOC total amount of CO consumed during the isother-

of the CO partial pressure (Fig. 4) can be wrongly inter-
preted as the contribution of a Ggls species. Hoebink et
al. [35] have shown, in line with an early study [36], that
a kinetic model considering a reaction at the boundaries
of O islands via a C{gs precursor can represent reason-
ably the RCQ = f(#) profile during the transient regime.
However, the authors note that this is obtained consider-
ing a CO sticking coefficiens, = 3 x 107° that is far
below the reported values on single crystals: i.e., 0.6—0.8
on O-Pt(111) [27,29]. The impact of the mass transfer
processes during the transient regime of thggg¥eduction

has been noted in an early study by Li et al. [22] who indi-
cate (without kinetic modeling) that the G@roduction rate

of on PYSiO; at 7y > 300 K is limited in the initial stage

of the switch He— x% CO/He by the constant flux of CO
into the reactor in good agreement with the present observa
tions.

4. Conclusions

The following conclusions are derived from the present
study on the reduction of strongly adsorbed oxygen species
(Osagg by CO on a 2.9% Rl ;O3 catalyst: (a) @Qagsspecies
can be reduced &t > 210 K in the presence af% CO/He
mixtures according to a L—H elementary step (step S3b,
with a rate constantsp = vapexp(—E3p/RT)) involving a
strongly adsorbed linear CO species interacting withq®
(b) the L CO species is formed without competition with
Osags (€) at Ty > 300 K, the CQ production rate is in-
fluenced by mass transfer processes for lfigégsvalues,
imposing to usel; < 273 K to evaluatekz, and E3p at
fosads= 1; (d) E3p increases with the decrease Gpsads
from 65 to 110 kJmol atfpsags= 1 and 0.39, respectively;
(e) the amount of L CO species fébsadgs= 1 is similar
to that on a freshly reduced Pt surface, and (f) the present
experimental results are in good agreement with UHV ob-
servations on Pt single crystals. In a forthcoming paper and
in complement to a previous study on the @ reaction in
excess CO [38], it is shown that the kinetic parameters de-
termined in the present study and in previous works [9,10]
allow us to explain the change in the coverage of the Pt parti-
cle surface and in the TOF during light-off tests in the range
300-740 K using several 1% Q@% O,/He with x in the
range 0.125-50.

5. Nomenclature
5.1. Amountsinvolved in the Oggs reduction

QAO total amount of adsorbed O species at 300 K on a

freshly reduced solid

mal oxidation
QACO, total amount of adsorbed CO species during the
isothermal reduction

5.2. Rates of processes involved in the reduction of the
Osads SpeCieS

RCO2; rate of the CQ production during the isothermal
reduction

RCOC rate of total CO consumption

RCQ,gs netrate of CO adsorption

Ra, Ry theoretical CO adsorption and desorption rates, re-
spectively

Rco, theoretical rate of C@production.
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