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Abstract

The impact of Pt dispersion (denoted B) of Pt/Al,O3 catalysts on the turnover frequency (TOF) of the C®f@action and on the
elementary steps involved in the catalytic reaction is studied using transient experiments with either a mass or a FTIR spectrometer as
detector. Similar to literature data, it is observed that TOF decreases with an incréas€ha aim of the present study is to correlate this
observation with the modifications of the surface elementary steps of two kinetic models, M1 and M2, developed previduslyofér
The elementary steps considered are (1) adsorption of CO as a linear CO species (denoted by L and involved in models M1 and M2) an
as a bridged CO species (denoted by B); (2) the oxidation ppf@he adsorbed CO species; and (3) the reduction by CO of the strongly
adsorbed oxygen species (denoted Ry49 involved in model M2. It is shown thad has no significant impact on the heat of adsorption of
the L CO species and on the mechanism of the reductiornsgf{Species by CO. For oxidation of the L CO species by iDis shown that
there is an induction period in the G@roduction forD > 0.60 not observed for a lower dispersion. This is explained by considering that
the rate of formation of the Pt sites, which adsorp dbiring oxidation, depends ab. These sites, which represent a small fraction of the
PO sites, are associated with the B CO species. It is shown thaetteohadsorption of the B CO species increases with an increase in
Itis suggested that it is the removal of the B CO species (by desorption and oxidation) that controls the induction duration.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction constants, activation energies, preexponential facfby2y,
6-8], and (c) comparing the experimental curves (coverage
In previous studie§1-5], a specific microkinetic ap-  of the adsorbed species and TOF during lighting-off tests
proach to the CO/@reaction on 2.9% Pt/AlD3 catalystwas  to the theoretical curves obtedd according to the plausi-
developed to interpret the evolution of the coverage of the ble kinetic model]3,5]. This microkinetic approach leads to
adsorbed species as well as the turnover frequency (TOF) ofnew insight into the CO/@reaction; in particular, one may
the reaction in the absence of mass transfers during lighting-consider the role of each adsorbed CO species (i.e., linear
off tests. The procedure consists mainly of (a) defining a and bridged) in the catalytic process. For instance, we have
plausible mechanism with elementary steps such as adsorpshown[1-5] that (a) the L CO species adsorbed of: $ttes
tion of reactants, bimolecular Langmuir-Hinshelwood steps, (the main adsorbed CO species) is oxidized intp®@ O,
and desorption of products; (b) studying experimentally each at room temperature; (b) L CO species can be considered as
elementary step to obtain the kinetic parameters of inter- he adsorbed intermediate of the C@/@action according
est (i.e., adsorption coefficients, heats of adsorption, rateq yg kinetic models, M1 and M2, differing by the nature of
the adsorbed oxygen intermediate; and (c) the experimental
" Corresponding author. Fax: (047) 244-8114. conditions (Pco/ Po, and reaction temperaturgg] fix the
E-mail address: daniel.bianchi@univ-lyon1.f(D. Bianchi). operative kinetic model (either M1 or M2).
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One of the interests of this procedure is to afford the following switches: He— x% CO/2% Ar/He (ta~ 2 min,
opportunity to study the impact of the catalyst preparation x = 1 or 2) - He (duration denotedy) — x% Oy/y%
(i.e., Pt dispersion and nature of the support) on the surfaceAr/He (100 cnf/min, x andy in the range 1-4). Isother-
elementary steps of the reaction and, in turn, on the TOF. mal reduction by CO of strongly adsorbed oxygen species

Zafiris and Gortg9] have proven that the COfQeaction

(denoted by Qg9 was studied according to the follow-

on Pt particles can be structure sensitive, determining theing switches: He—> x% Oy/y% Ar/He (ta=~ 2 min) — He
TOF for Pt particle diameters of 14 and 1.7 nm deposited (tq) — x% CO/y% Ar/He (100 cni/min, x andy in the

on ax-Al,03 (0001) single crystal: the higher the Pt disper-
sion, the lower the TOF, with a TQknn/TOF1 7 nm ratio
~ 10 atT ~ 602 K for Po,/Pco = 1. Considering a kinetic

range 1-4). Several successive isothermal cycles constituted
by oxidation of the adsorbed CO species/reduction of the
Osags species were denoted by O/R cycles. This analyti-

model based on (a) competitive chemisorption between thecal system was also used to perform lighting-off tests with
adsorbed CO species (not specified) and the oxygen intermex% CO/y% Ox/He mixtures providing the change in TOF
diate and (b) the assumption that the adsorbed CO speciegin s1) with reaction temperature. The same sample of cat-

predominatesdco ~ 1 andfo « 1), the difference in TOF
values is ascribed to the highleeat of adsorption of the ad-

alyst was used for several experiments and due to the pro-
gressive decrease i according to the number of the pre-

sorbed CO intermediate on the smaller particles. However, treatments, the Pt dispersion for each experiment performed
it has been shown that the Pt dispersion has no significantwith the quartz microreactor is given here.

impact on the heat of adsorption of the L CO spe¢iey

The second analytical system with a FTIR spectrometer

which can be considered the main adsorbed CO intermedi-as detector allowed us to perform similar experiments at

ate of the CO/@ reaction[1-5]. In the present study, it is
shown that the Pt dispersion modifies significantly the L-H
elementary step of kinetic model M1, while that of kinetic
model M2 is not significantly affected.

2. Experimental

2.1. Analytical proceduresfor the study of the elementary
steps

353 K studying the evolution of the adsorbed CO species.
The solids were compressed to form a digk=£ 1.8 cm,

m = 40-150 mg) which was placed in the sample holder of
a small-internal-volume stainless-steel IR cell (transmission
mode) described elsewhdtl]. This IR cell enabled in situ
treatments (293-900 K) of the solid, at atmospheric pres-
sure, with the gas flow rate in the range 150—2008 anin.

The IR band intensity of the B CO species was very much
lower than that of the L CO species. This made us increase
the weight of the pellet in specific experiments for a better
characterization of the B CO species (under such conditions

The procedures were the same as those used in previoushe IR transmission was 0 at the position of the IR band of

studies[1-5]. Mainly, experiments in the transient regime

the L CO species).

(using either a FTIR or a mass spectrometer as a detector)

were performed to characterize the oxidation byoPpread-

2.2. Catalysts

sorbed CO species and the reduction by CO of preadsorbed

0Xygen species.

The catalysts used in the present studwt% Pt/Al,O3

The analytical system with the mass spectrometer was (y-Al,0z (Degussa), BET area 1007y, incipient wetness
composed of various valves to perform switches between method with agueous solutions 0$PitCls - x H2O (Aldrich),
regulated gas flows (1 atm total pressure, flow rate in the drying procedure: 12 h at room temperature and then for

range 100-600 cfimin) passing through the catalyst con-

24 h at 373 K, pretreatment: 12 h in air at 713 K) with=

tained in a quartz microreactor. A quadrupole mass spec-1.2 or 2.9, were the same than those used to study the im-
trometer permitted determination of the composition (molar pact of D on the heat of adsorption of the L CO spel€§.

fraction) of the gas mixture alé outlet of the reactor during

Considering the aim of the present study, the reduction pro-

a switch, after a calibration procedure. The temperature wascedures for the sample were modified as compared with our

recorded with a small K-type thermocoupi-£ 0.25 mm)
inserted in the catalyst sample (weight rarg®.2—-0.5 g
according to the Pt loading).hHE exploitation of the data

previous works to decreageprogressively. A fresh reduced
solid with the highest dispersioD(> 0.84) was obtained
according to the following procedure (P1) also used by Li

consisted of performing C and O mass balances for de-et al. [12]: He (300 K)— He (423 K, 10 Kmin) — H>
termining the evolution of the coverage of the Pt surface (423 K)— Hz (713K, 10 K/min) — Hz (713 K, 30 min)—

as well as the rates of different processes during the ex-He (713 K, 5 min}— He (300 K). The same sample of cata-
perimentg2,4]. For measurement of the Pt dispersion, the lyst was used for several experiments and it was reduced be-

amounts of either CO or£xhemisorbed at 300 K were ob-

fore each experiment according to the following procedure

tained after pretreatment of the solids (see below) using a(P2): He (300 K)» He (713 K, 10 K/min) — Hz (713 K,

He— 1% CO (or Q) /2% Ar/He switch as described |2].

10 min)— He (713 K, 10 min)}~» O (713 K, 10 min)—

Isothermal oxidation of the adsorbed CO species (denotedHe (713 K, 10 min)}~» Hz (713 K, 30 min)— He (713 K,

by 1.0.CQy9 at T < 353 K was studied according to the

5 min) — He (300 K). It has been observed that de-
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creased slightly after two successive P2 procedures (from(weight of the pelle= 140 mg). The impact of Pt depo-

0.88 to 0.73 after 10 P2 procedures with 1.2% Pi)).
The stabilized solids were obtained as follows (P3 proce-

sition on the amount of CO adrption on the support is
not known. However, it is reasonable to assume that a frac-

dure): after the P2 procedure, CO was adsorbed at 300 Ktion of the reversible CO adsorption on P#8k is due to

using the switch He> 2% CO/2% Ar/He followed by an
increase in the temperature (191din) to 713 K. Then, af-

ter a short helium purge, procedure P2 at 713 K was applied.

The stabilization pretreatment with CO, which was initially

the support. This means that the amount of reversible CO
chemisorption on the Pt particles can be roughly estimated
to be in the range 1-2 pmtg of catalyst according to the

metal loading and the reduction pretreatment of the catalyst.

imposed by the procedure for determination of the heat of On the stabilized 2.9% Pt/ADs solid it has been observed

adsorptior6,8], led toD < 0.65 for 1.2 and 2.9% Pt/ADs.
Then the following pretreatents according to P2 or P3 de-
creasedD very slowly (lower D value= 0.4). It must be
noted that (a)p cannot be measured during the FTIR study
and (b) the inertia of the IR cell increased the duration of the
heating and cooling stages @oifet pretreatment as compared

that the heat of adsorptiorf the B CO species (denoted
EByg) varies linearly with its coverage (denotégl): from
EB; = 45 kJmol to EBy = 94 kJ/mol (9 = 0.85 at 300 K
for Pco = 1 kPa). Assuming nonactivated CO chemisorp-
tion and solving numerically,-ddg /dr = kg0, to determine
the theoretical evolution ofg with the duration of the des-

with the quartz reactor. To correlate the FTIR observations orption, these EB values indicate thég decreases to a

to the change iD, it was considered that the decreas®in
(quantified with the quartzactor) according to the number

guasi-constant value of 0.25 at 300 K. Considering the
amount of reversible CO species, this indicates that the total

and nature (P1, P2, P3) of the reduction procedures was als@mount of Pt sites adsorbing the B CO species on a stabi-

valid for the catalyst pellet used with the IR cell reactor.

3. Resultsand discussion
3.1. CO uptake and Pt dispersion

The Pt dispersion before each O/R experiment with the
quartz microreactor was measured using the switch-He
1% CO/2% Ar/He at 300 K and determining the amount
of adsorbed CO from the difference between the Ar and
CO molar fractiong2,10]. The accuracy of the experimen-
tal procedure isc 1 umol CQ/g of catalyst. The amount of
reversible CO chemisorption ascribed in part to the B CO
species on stabilized solid$0] is determined by studying
CO readsorption according tthe following switches: 1%
CO/2% Ar/He (duratiory,, total CO uptake}> He (1q) —

1% CO/2% Ar/He (reversible CO chemisorption). The to-
tal CO uptakes are 63 and 107 ppgbn the fresh 1.2 and
2.9% Pt/AbO3 catalysts, whereas the amounts of reversible
CO chemisorption arer 4 and~ 5 umol/g, respectively, for

tqg = 300s. The increase ig to 15 min does not significantly
change the reversible CO fraction. Similar experiments on
the stabilized 2.9% Pt/ADs indicated a total CO uptake
of 78 umoJ g (D = 0.54) with a reversible CO chemisorp-
tion of 4 umo)g [2]. Adsorption of 1% CQ2% Ar/He
(Pco=1 kPa) at 300 K on the pure 403 support leads

to reversible CO chemisorption e 3 umol/g, indicating

a surface concentration of I8 x 10 CO moleculegm?,

lized solid is< 6 pmol/g. This shows that the number of Pt
sites adsorbing the B CO species on a stabilized solid repre-
sents less than 8% of the total number of Pt sites quantified
by the total CO uptake. One may believe that this proportion
decreases with the increaselin FTIR studied6,8] and the
above calculations show that the adsorption of CO at 300 K
is due mainly to the L CO species on Pt particles. This per-
mits us to consider the ratio G® = 1 using the total CO
uptake (this leads to a slight overestimationfiue to the
reversible fraction on the support) to determine the disper-
sion as recently considered by Fanson efld]. Moreover,

it has been shown thatHand @ chemisorption at 300 K

on a stabilized 2.9% Pt/ADs catalyst give similaD values
[2,4]. This is also the situation for the other catalysts. For
instance, for the stabilized 1.2% P18z, the total hydro-
gen uptake, 46 umol Hy, is not significantly different from
the total CO uptake, 42 umyd. The average particle size
according toD is obtained byd(nm) ~ 1.1/D [16]. D is
measured after each reduction procedure using eitberO
CO chemisorption at 300 K witlthe quartz microreactor.
The evolution ofD for the 2.9% Pt/A}O3 catalyst during
the stabilization procedure has been studied in detail previ-
ously[17].

3.2. Impact of D on the TOF of the CO/O5 reaction
TOF has been measured on stabilized (P2 and P3 pro-

cedures) and fresh (P1) catalysts according to the follow-
ing procedure: (a)D is measured using the switch He

in good agreement with that measured by Mao and Vannice2% CO/2% Ar/He, (b) then three O/R cycles are per-

[13] on a comparable alumina support and for a similar CO
partial pressure (7.9 kPa): T x 10/ CO moleculegm?.
FTIR studied14] have evidenced a weakly adsorbed linear
CO species on Al" sites formed by dehydroxylation of the
Al>0O3 surface at high temperaturds3,14]and we have ob-

formed to study the impact oD on oxidation of the L
CO species by ©[2] and the reduction of Qgsspecies
by CO [4], and (c) after a short He purge, a 1% CO
1.75% Q/3% Ar/He mixture (excess £) is introduced
(flow rate= 200 cn¥/min, weight of catalyst 0.5 g) and

served (result not shown) the IR band of this CO species atthe reaction temperature is increased linearly (20niQ)

2202 cn1! on 1.2% Pt/AyO3 at 300 K for Pco > 5 kPa

while the molar fractions of CO, £ and CQ (denoted
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Fig. 1. Evolution of the molar fractions of the gas and of the TOF
during lighting-off tests with 1% CQ@L.75% GQ/3% Ar/He on 1.2%
Pt/Al;O3. (A) Molar fractions on a fresh catalysbD(= 0.88). (B) TOF for

(a) D =0.88 and (b)D = 0.59, and (c) CO conversion fdp = 0.59.

Xco, Xo,, Xco,) are measured at the outlet of the reac-
tor with the mass spectrometéig. 1A gives the evolution

of the molar fractions during the experiment using fresh
(D =0.88) 1.2% Pt/A}O3 catalyst until the total oxida-
tion of CO. Similarly to previous observatiofts], a strong
overshootin C@ production associated with strong @on-
sumption is detectedF{g. 1A) for CO conversions COC%
60% (COC%= [(Xco)in — (Xco)outl X 100/(Xco)in) due

to oxidative removal of the L CO specifs]. As compared
with [5], the CQ overshoot inFig. 1A is more discernible
due to the lower flow rate (600 cymin in [5]). Oxygen
and C mass balances during the lighting-off test indicate
that @ consumption before the overshoot (COC%60)

is due only to the CO gas oxidation (the TOF values from
the CO and CQ signals are equal) while during the over-
shoot it is due to (a) oxidation of G (b) oxidation of
the L CO species (the TOF from the @@ignal is higher
than that from the CO signal), and (c) the formation of the
OsagsSpecies. This @adsorption leads to a change from a
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increase inD to the modifications of the kinetic parameters
of the elementary steps involved in the two kinetic models,
M1 and M2, of the CO/@reaction.

3.3. Impact of D onthe FTIR spectra and the heat of
adsorption of the adsorbed CO species

The impact of D on the IR band of the L CO species
has been described previou$hd] and we summarize the
main results to facilitate the presentation. Whateberthe
IR band of the L CO species dominates the IR spectra.
At 300 K, the IR band depends oh: 2073, 2066, and
2054 cnt! for D = 0.44 (2.9% Pt/A$O3), 0.65 (1.2%
Pt/Al,03), and 0.75 (0.1% Pt/ADs), respectively[10].
These observations are similar to those of Fanson Et%l.
on platinum-supported silica: 2058, 2065, and 2076 tm
for D = 0.99 (0.05% Pt/SiQ), 0.90 (0.6% Pt/SiQ), and
0.60 (3% Pt/SiQ), respectivel\j15]. This shift is explained
[15] considering Blyholder's moddl8] for the bonding
of CO molecules to Pt surfaces. For small platinum parti-
cles (high platinum dispersion), the average number of Pt—Pt
bonds per Pt atom is smaller than in the larger particles (low
platinum dispersion) and adtier metal electron density is
available for backbonding into ther2 orbital of adsorbed
CO moleculeq15]. The strong IR band intensity of the L
CO species as compared with those of the multibound CO
species indicates that the L CO species remains a candidate
for the adsorbed intermediate of the CQ/f@action on the
three Pt catalysts. The impact 6f on the heat of adsorp-
tion of the L CO species, B, has been described jf0]
using an analytical procedure called adsorption equilibrium
infrared spectroscopy (AEIRp-8]. This method consists
mainly of following the evolution of the IR band of the L
CO species at a constant CO partial pressyevith ad-
sorption temperaturd, (range, 300-713 K). This allows
us to determine the evolution of the coverage of the L CO
speciesf, with Ty [6-8] in isobar condition. The curve
0L = f(Ty) providesEy_ considering either an adsorption
model or the Clausius Clapeyron equation (isosteric heat of

Pt surface covered mainly by L CO (denoted Pt—CO surface adsorption]6—8]. WhateverD, Ey varies linearly withg,

[5]), where model M1 is operative, to a Pt surface covered
mainly by Gsags(denoted Pt—O surfad®]), where model

(generalized Temkin's adgation model) and the values at
high and low coverages are not significantly different con-

M2 is operative. Similar experiments (not shown) have been sidering the experimental uncertainties: 12k 110 kJmol

performed after stabilization of the catalyst to study the im-
pact of D on TOF without observingignificant qualitative
differences as compared witfig. 1A. However, the TOF
depends orD. For instance, curves a and bkig. 1B give

the TOF as a function of the reaction temperature for the
fresh (D = 0.88, P1 procedure) and stabilizef) & 0.59,

P3 procedure) 1.2% Pt/AD3 catalyst, respectively, for low
CO conversionsKig. 1B, curve c, forD = 0.59). It is clear
that the TOF values are higher for the stabilized solid, in
agreement with the conclusions of Zafiris and Gd@ag
Similar observations are obtained for fresh and stabilized
2.9% Pt/AbO3 solid (results not shown). The objective of

and Elp ~ 210 kJmol at6. =1 and O, respectivel{10].
The AEIR procedure cannot be applied to fresh catalysts
(D > 0.85) because the sintering of Pt particles during the
heating stage in CO/He also contributes to changes in the IR
band of the L CO species. The Elaalue clearly shows that
the L CO species can desorb neither in helium nor during its
oxidation by @ whateverD for T < 353 K.

Similarly to the L CO species, the position of the IR
band of the B CO species depends@nHowever, it shifts
to higher wavenumbers with an increaselin 1848 cnr?!
on the fresh 1.2% Pt/AD3 catalyst (result not shown),
1839 cn1! after two P2 procedures (lower dispersion, in-

the present study is to correlate the decrease in TOF with theset toFig. 2), as compared with 1835 crh on the stabi-
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Fig. 3. Determination of the heat of adsorption of the B CO species on 1.2%

Fig. 2. Evolution of the coverage of the adsorbed CO species at 300 K on PVAI203 for different D values atPco = 1 kPa.ll and @: experimental

1.2% Pt/AbO3 during desorption in helium and oxidation with 2%/Ble. coverage of‘ the B CO‘speC|es for high and Idwalues; (c, d) theoretlca!

(a) 6g during desorption on a fresh solid (P1 procedure); 4)during curves obtained by using the AEIR procedure. (See text for more details.)

desorption { < 110 s) and then oxidation on a fresh solid (P1 procedure);

(C‘_g)f_B' O3rc, a”dl?(lj-' f?if‘lé’lec“\:j?'yr during d;ff;fﬁ’ltionﬁ 1b10;l) ag‘; then  pco =10 and 1 kPa, respectivel$] (see alsdFig. 3). The

oxigation on a solia wi OW dispersion ollowet (0] roce-

dures). Inset: FTIR spectra after apdsorptio(n of 1% CO/Heyat 300K gn 1.2% AEIR method cannot be apply to measurgegB)n fresh

PUAI,O3 with high dispersion. 1.2% Pt/AbOs catalyst due to the change in catalyst sur-

face during the heating in CO. However, after a moderate

i 0 i decrease itD (P1 followed by two P2 procedures) the AEIR

lized 2.9/] Pt/AO3 [8]. Thg evolution oY (6 andbzrc . procedure has been applied wiffto = 1 kPa providing

are obtalneql after deconv@lun of the IR spectrg as previ- g _ £(T) which is compared with that obtained on the sta-

ously described8]) according to several experimental pa- yjji;eq solid (P3) Fig. 3). The theoretical curves ¢ and d in

rameters reveals that B decreases with a decreaselin Fig. 3 are obtained from the generalized Temkin equation

Fig. 2, curve a, shows the evolution 6§ on the fresh 1.2% [6-8] using EB = 92 k¥mol and EB = 57 k¥mol and

Pt/Al,O3 catalyst with the duration of desorption at 300 K: EBo = 91 k}/mol and EB = 46 kJ/mol (same values as on

0 decreases from 1 te 0.78 after 900 s. This curve can e stapilized 2.9% Pt/ADs [8]), respectively. The EBval-

be compared with the theoretical curve obtained consider-,e5 confirm clearly that E increases with an increase in

ing that (a) CO readsorption is negligible (this assumption ,, (roughly for D > 0.6).

is erroneous whe#lg decreases rapidly becauBeo is not

negligible) leading to the differential expressiedds/dr = 3.4. Impact of D on the reduction by CO of strongly

kqos, and (b) the activation energy of desorption, 8D adsorbed oxygen species

increases linearly ith the decrease ifig with the rate con-

stant of desorption given by = 10'3exp(—[EDo — (EDp — The reduction by CO of strongly adsorbed oxygen species

ED1)6B1/RT]). The theoretical curvés = f(7q) isobtained  (denoted by @49 formed by the dissociative {adsorption

by solving numerically the differential equation, and reason- on the reduced stabilized 2.9% Ptk catalyst 0 < 0.6)

able agreement witkig. 2 curve a is obtained for EP= has been studied in detail previoufdj. The heat of adsorp-

130 k¥mol and EQ = 80 kJmol (result not shown). For  tion of this oxygen species, 175 kol at 6o, ~ 1 [2],

nonactivated adsorption, tteszalues (which are slightly  shows that at 300 K it is removed from the surface only

overestimated due to the readsorption process) correspongy reduction with CJ4] (no oxygen desorption). After ad-

to those of the heats of adsorption and they show thabEB  sorption of Q on the Pt catalyst, the IR band of the L CO

is significantly higher on a highly dispersed Pt catalyst than species, during introduction of 1% CO/He, increases simi-

on a stabilized soli@8]. This is confirmed considering the larly to that observed on a clean Pt surfgdg However,

impact of Pco on the intensity of the IR band of the B CO it is detected at a higher position, 2084 thas compared

species. After adsorption equilibrium at 300 K on the fresh with that on a clean Pt surface, 2075 th{4]. This indi-

(P1 procedure) 1.2% Pt/AD3 catalyst usingPco = 10 kPa, cates that adsorption of the L CO species is not affected sig-

it is observed that the switch 10% CO/He 1% CO/He nificantly by the presence of &ysspecies (no competitive

does not change the IR band intensity on the B CO specieschemisorption), in agreement with observations on single

(the PP sites adsorbing the B CO species are saturated forcrystalg19,20] The reduction of Qugsby CO at7; = 300 K

Pco = 1 kPa). At the opposite, on a stabilized solid (P3 on stabilized 2.9% Pt/AD3 catalyst (0 = 0.45) according

procedure), the same modification Bfo decreases the IR to the procedure He> 1% O;/2% Ar/He (formation of the

band intensity, indicating tha is equal to 1 and 0.85 for  Osaq9 — He — 2% CO/4% Ar/He () is characterized by a
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Fig. 4. Molar fraction of the gas dimg reduction and oxidation at 300 K
and TPR of the adsorbed species using 1%/ 2% Ar/He and 2% Q/2%
Ar/He on a fresh 1.2% Pt/AD3 (D = 0.88). (A) Reduction of the Qs
species; (B) Oxidation of the adsorbed CO species; (C) TPR of the remain-
ing Ogagsspecies.

strong CQ peak detected a few seconds after the switch, be-
fore the appearance of CO in the gas phase[&deqg. 2)).

The C and O mass balances indicate that (a) the CO con-

sumption is due to the CO adsorption and thgddreduction
[4] and (b) some Qqgsspecies remain on the Pt surface due
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high temperatures in excess {3] (after the ignition process
associated with the oxidative removal of L CO species and
with Pt—-CO— Pt-0 transformation) is not significantly af-
fected byD (structure-insensitive reaction).

3.5. Impact of D on the oxidation by O, of the adsorbed
CO species

After a short helium purgesig. 4B shows the evolution of
the molar fractions during oxidation at 300 K of the adsorbed
CO species formed during the reduction stalgig.(4A) of
the fresh solidFig. 4B differs strongly from our previous
observationg2] for D < 0.5: there is very little CQ pro-
duction for D = 0.88 without any discernible peak, while
for lower D values (seéigs. 3-5in [2]) a strong CQ peak
is observed on the introduction obOAfter a He purge, the
1% CO/2% Ar/He mixture is introduced to perform a TPR
(Fig. 4C) of the Qagsspecies remaining aftéfig. 4A. The
reductionis revealed by the CO consumption associated with
CO, production atT < 500 K. Fig. 4C leads to the conclu-
sion that some §q4sspecies remain on the Pt surface after
the isothermal reduction, as observedfok 0.6 (see Fig. 9
in[2]). At T > 500 K, other reactions such as CO dispropor-
tionation and reaction with the OH groups of the support also
contribute to the CO consumptioRig. 4B reveals that ox-

to the decrease in the rate of reduction with the decrease inidation of the adsorbed CO sgies formed in the course of

oxygen coveragpl]. The sharp C@peak corresponds to a
high rate for the reduction of Qq4sby CO and mass transfers
compete with the surface reactionZat~ 300 K while they
dominate the titration at higher temperatufés The mea-
surement of the rate constant of oxidatiordgt,,;= 1 can
be performed only by decreasifiy: To = 223 K[4].

Fig. 4A shows the evolution of the molar fractions dur-
ing the reduction of Qs species formed on fresh 1.2%
Pt/Al,O3 (D = 0.88, oxygen chemisorption) by adsorption
of Oz (Pt—0 surface). After 60 s of helium purge, the intro-
duction of CO Fig. 4A) leads to a strong C&peak without
any @ desorption, showing that there is no competitive ad-
sorption between Qdsand L CO species, similar to the
observations at loweP values[4]. The delays between Ar,
COg, and CO signals come from the fact that CO is strongly

the reduction stage on a highly dispersed P4l catalyst
differs significantly from that on the same solid with a lower
dispersion. This oxidation reaction has been studied in more
detail after adsorption of CO on reduced solids with different
Pt dispersions.

The results and conclusions for oxidation of L CO species
on 2.9% Pt/A}O3 catalyst with low dispersion§ < 0.5)
[1,2] can be summarized as follows. The IR observations
during the switches 1% CO/He- He (60s)— x% Oy/He
(durationrso, x < 50)[1] show that the L CO species is ox-
idized atto = 0 s and that the increase i, increases the
rate of oxidation. In agreement with these observations, CO
production (quartz reactor) during the 1.0.64[2] is char-
acterized by a C®peak atr, = 0 s without any significant
CO desorption (no competig adsorption between oxygen

adsorbed as a linear CO species on Pt—O before reduction ofind L CO species). The impact 6f on 1.0.CQgsmust be

the Qagsspecieg4]. The comparison between the €f@ro-
duction inFig. 4A for D = 0.88 and that in previous works
for 0.4 < D < 0.55 shows that Pt dispersion has no signif-
icant impact on reduction of thesgjsspecies. This agrees
with the fact that similar C@ production profiles have

studied considering that (a) whateveithe IR band of the L
CO species dominates the IR spectra (the @@duction is

mainly linked to the oxidation of this CO species); (D)

affects the IR band position of the L CO spec[&§,15]
without a significant modification of its heat of adsorption

been observed in several studies on various platinum- and(L CO cannot desorb significantly &t < 353 K); and (c)D
palladium-containing solids (supported catalysts and single affects the position of the IR band of the B CO species and
crystals) with different dispersions such as 0.12% P#SiO modifies its heat of adsorption (the high@iis, the higher is

(D = 0.47)[21], 2% PYALO; (D = 0.85)[22], 1% PUSIQ
(D = 0.22)[12], 1% Pd/SiQ (D = 0.15)[12], Pd(110)23],

the heat of adsorption).

and Pt(111)19,20] This leads to the conclusions that (a) the 3.5.1. COgqgs for D > 0.6: experiments with the mass

L-H elementary step Qq4s+ L — CO, (denoted S3§6]) of
model M2 is not significantly modified by Pt dispersion, and
(b) the kinetic model M2 of the CO/£xeaction operative at |

spectrometer as a detector

Fig. 5 compares the evolution of the G@nd & mo-
ar fractions at the outlet of the quartz reactor during the
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Fig. 6. CQ production of the gas during oxidation at 323 K using 2% O
Fig. 5. Molar fractions of the gas during oxidation at 300 K using 296 O 2% Ar/He of the adsorbed CO species on 1.2% P4l catalyst with dif-
2% Ar/He of the adsorbed CO species on frebh= 0.73) and stabilized ferent Pt dispersions: (&) = 0.88, (b) D = 0.58, (c) D = 0.52. Curve d:
(D =0.54 and 0.48) 2.9% Pt/AD3. 5 = COy and h = Oo withi =1, 2, Ar.
3for D=0.73, 0.54, and 0.48, respectively.

species). The amount of G@roduced during the induction
1.0.COygsat 300 K on 2.9% Pt/AlO3 for three dispersion  period of curve @ is 4 umo)g, corresponding to a small
values,D = 0.73, 0.54, and 0.48 (experiments performed fraction (& 4%) of the total CO uptake.
with the same sample of catalyst: weight 0.5 g), according  The 1.0.CQgqs performed with the 1.2% Pt/AD3 cat-
to the switches He> 1% CO/2% Ar/He (not shown)> He alyst leads to the same qualitative observations. However,
(80 s)— 2% O/2% Ar/He (o). For D = 0.73, the rate for D = 0.88, the CQ peak at 300 K is very small (i.e.,
of CO, production, RCQ (curve a), is characterized by  Fig. 4B) and T, has been increased to 323 K to reveal the
a progressive increase foy < 30 s followed by a pseudo- impact of D on 1.0.CQyqs Fig. 6 illustrates CQ produc-
stationary value fore 30 s< 7o < 150 s, and then RGO tion for threeD values (0.88, 0.58, and 0.52 for curves a, b,
increases forr 150 s< 1, < 205 s before a progressive and c, respectively) using a 2% @% Ar/He mixture after
decrease. This leads to a discernible;Gf@ak with a max-  two previous O/R cycles. It can be observed that the higher
imum atzme = 205 s. Curve b shows that this peak is as- D is, the longer is the induction period, confirming that the
sociated with @ consumption: this eliminated the idea that increase inD significantly decreases the rate of 1.0 .£©in
the CQ peak is due to the desorption of adsorbed speciesparticular the L CO species. This is in line with (a) the lower
(i.e., carbonate species on the,@k support). Curvesa TOF values for the higher dispersiofig. 1) and (b) the in-
and a (identical to those observed [2]) give the evolu- terpretation of the TOF at low reaction temperaty&$s]
tion of RCG, for two lower dispersions = 0.54 and 0.48, considering the kinetic model M1 which involves oxidation
respectively. It can be observed that RO®detected a few  of L CO species according to the elementary L-H step S3
seconds after introduction of&nd increases sharply, lead- [1,2,5] L CO + Owags— CO,. FTIR observations lead to
ing to a CQ peak atrme = 20 s. Curve b in Fig. 5 shows more insight into the modifications of the kinetic parameters
that CQ production is associated with Gconsumption, of step S3.
leading to a small negative peak (a smaller amount of cat-
alyst or a lower Pt dispersid@] suppresses the detection of 3.5.2. 1.0.COygs for D > 0.6: experiments with the FTIR
this negative @ peak and the oxygen signal increases pro- spectrometer as a detector
gressively) Fig. 5demonstrates clearly that significantly Fig. 7A gives the FTIR spectra observed at 300 K on
affects the rate of C@®production from the adsorbed CO 1.2% Pt/AbO3 (P1 followed by two P2 procedures) during
species. Several authdik9,24-26]have observed a RGO  CO (a) adsorption, (b) desorption, and (c) oxidation accord-
profile similar to curve al irFig. 5 during 1.0.CQgs On ing to the switches 1% CO/He- He — 2% O,/He. Curves
metal-supported catalysts. The duration of oxidation before c, d, and e irFig. 2give the evolution ofg, 63rc, andd. dur-
the CQ peak is called thénduction period and its duration ing the experiments ikig. 7. After adsorption of CO the IR
(the induction time) is denoted by, [26]. For D = 0.73 band of the L CO specie&ig. 7A, spectrum a) is observed
and 0.48, the amounts of G@roduced inFig. 5are~ 20 at 2062 cm! (as compared with 2066 cm on the stabi-
and~ 38 umo)g, respectively, as compared with the total lized solid[10]), associated with the IR band of the multi-
amounts of adsorbed CO, 107 and 71 prgotespectively; bound CO species below 1900 thi.e., a B CO species at
this confirms clearly that the higheb is, the lower is the 1839 cnt! and a 3FC CO species at 1800thj8, and ref-
reactivity of the surface for 1.0.C§s (mainly the L CO erences thereinThe desorption in helium does not modify
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Fig. 7. FTIR spectra of adsorbed CO species at 300 K on 1.2%J4@/Al
(pretreated according to P1 followed by two P2 procedures). Part A: (a) 1%
CO/He; (b) after 110 s in helium; (c—f): after 30, 70, 220, and 600 s in 2%
O,/He, respectively. Part B: (a) in Heefore adsorption, (b) in 1% CO/He,

(c, d) after 40 and 600 s infQrespectively.

295

parison of curves b and c iRig. 2 clearly reveals that the
higher D is, the lower is the rate of oxidation of the B CO
species, whereas comparison of curves a (desorption in he-
lium) and b indicates that theate of disappearance of the
B CO species increases in the presence pfdOe to oxi-
dation of the B CO species. Three IR bands at 1649, 1444,
and 1229 cm? (Fig. 7B) increase with the duration of oxi-
dation. They indicate the adsorption of a fraction of the,CO
formed by 1.0.CQqsas carbonate species on the®@4 sup-
port. This shows that it is difficult to perform accurate C and
O mass balances during the first O/R cycle with the quartz
reactor.

The results inFigs. 4—7lead to the conclusion that the
higher D is, the lower are the rates of oxidation of the L
and B CO species. We have shown that whatever thg@z0
ratio, the kinetic model M1, involving oxidation of L CO
species, fixes the TOF of the catalytic reaction at low tem-
peratures for stabilized solid®(< 0.55). It is reasonable to
assume that the lower the rate of oxidation of the adsorbed
CO intermediate, the lower the TOF. This is the qualitative
explanation of the impact @b on TOF (ig. 1). In turn, the
interpretation of the presence or the absence of an induc-

the IR band of the L CO species (spectra a and b), whereagion period during I.0.C@yson highly (D = 0.6) and lowly
the IR band of the B CO species decreases progressively agD < 0.6) dispersed solids, respectively, may allow explana-

shown inFig. 2, curve c, forr < 110 s. Introduction of @
does not significantly change the intensity and position of
the IR band of the L CO (spectrumig. 7), whereas those
of the B and 3FC species decreanore rapidly than during
desorption (curves ¢ and Big. 2, forr > 110 s), associated
with a shift to higher wavenumbers for the B CO species
(from 1839 to 1850 cm?) (Fig. 7A). A progressive decrease
in the IR band of L CO in the presence of @-ig. 7A, spec-

tra d—f) is observed after a delay ®f40 s (curve eFig. 2
from introduction of G. This shows that similar to the ob-
servations forD < 0.6 [1,2], the L CO species is oxidized
on a highly dispersed Pt catalyst and it is the kinetic para-

tion of how D modifies the TOF. A qualitative explanation
of the induction period can be gvided by considering lit-
erature datg21-28] However, it must be noted that the
first conclusion of the present study is that there exists a
clear relationship between the value Bfand the absence
or presence of an induction period in g@roduction dur-

ing 1.0.CQys Other experimental parameters, suchlas
determine the duration of the induction peri@d—26] and
they are studied in more detail in a separate article. To our
knowledge this impact oD on the induction period has not
been considered previously.

meters of the L-H elementary steps that are modified. The 3.6. Interpretation of the induction period according to

decrease in the IR band at 2062 chieads to better detec-
tion of a shoulder at 2080 cni (Fig. 7) also observed on the
2.9% Pt/AbOg3 catalyst withD < 0.5 (see[1, Figs. 1-3].
Similarly to a stabilized 2.9% Pt/AD3 catalyst, a shoulder
develops at~ 2110-2120 cm? during 1.0.CQgs (Fig. 7,

literature data

The presence of an induction period during I.O4g&bas
been observed on Pt- as well as on Pd-supported catalysts
[21-28] On reduced 1% Pt/Sicatalyst, Li et al[12] ob-

spectra d—f). It is due to a linear CO species adsorbed onserve an induction period aof, = 109 s at7, = 353 K that

PF+ sites (IR band at 2120 cnd [1]). This indicates that
a small fraction of the Btsites are oxidized into Pt dur-

decreased with an increase®p (tmn = 4 s atTp = 468 K).
They suggest that the dissociative adsorption pféuired

ing 1.0.CQyys However, this adsorbed CO species does not to initiate the reaction is strongly inhibited at low tem-

contribute to CQ formation during Q titration[1]. The de-
crease irg. during the oxidation proces$ig. 2, curve e)

is delayed from those dfg and6sgc. This shows that C®
production during the induction period ffigs. 5 and @s
due initially to oxidation of the B and 3FC CO species,
while oxidation of the L CO species contributes to the fi-
nal part of the induction and to the GQeak Figs. 5 and
Curve b inFig. 2shows the evolution dfg according to 1%
CO/He— He (110 s}~ 2% Oy/He on the 1.2% Pt/AlO3

catalyst with the highest dispersion (P1 procedure). Com-

peratures by the adsorbed CO species. On 8% P@AI
catalyst, Zhou and Gulaf6] observed that the duration
of the induction period is an exponential function Bf:
In(tm) = f(1/Ty) is a straight line with a positive slope. The
authorg26] used the slope to determine an activation energy
of 90 kJ/mol for the process involved in the induction. They
consider that this value eliminates the involvement of mass
transfers in the induction procef26]. On 9.1% Pt/A}O3
catalyst, Dwyer and Bennef24] observed that the induc-
tion period at 393 K decreases from 35 to 5 s with an in-
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crease in the flow rate of a 2%@Ar mixture from 9.5 to leads to the conclusion that it is not a modificationdpf
114 cn?/min, respectively. This is interpret§2id] as the de- by the increase iD that explains the induction period. The
pendence of the net desorption rate of adsorbed CO speciesgmpact of D on the rate of oxidation must concerfior/and

on the residual CO partial pressure in the IR cell reactor (in- 0o, 4

fluence of the design of the IR cell). This means that the  Datain the literature strongly supportthe view that the in-
desorption of CO species allowing the adsorption efi© ductionis linked to the desorption of an adsorbed CO species
considered to be in a pseudosadption equilibrium during  [23,24] in particular considering the interpretation of the
the induction period. The above interpretations of the induc- impact of the gas flow ratf24]: effect on the net desorp-
tion period point out the role of desorption of an adsorbed tion rate. This is valid only if it is assumed that the heat of
COags species in the induction period. On Pd#@®k, Zhou adsorption of the desorbing CO species is (a) not very low
and Gulari[26] provided another interpretation considering (i.e.,> 70 kJymol; otherwise it must desorb in a few seconds
the impact of an argon purge before oxidation on the at 300 K) and (b) not very high (i.es 110 kJmol; oth-
value. They observed that, strongly decreased from 110 erwise the species does not desorb at 300 K). For instance,
to 25 s for 0 and 15 min of desorption in argon, respectively, considering a rate of desorption/af= 10'3exp(— Eq/RT),
without a significant impact on the amount of €@rmed simple calculations show that at 300 K the coverége 0
during the oxidation. The authors suggfs] that the Ar after a desorption duratioa 1 s for Eq = 70 kmol (¢ =0
purge is associated with a restructuring of the adsorbed COafter 40 s of desorption for 80 khol), wherea® = 1 af-
species in a more compact and energetically favorable stateter 10 min for Eq = 110 k¥mol (¢ = 0.97 after 10 min
and/or a reconstruction of the catalyst surface. However, an-for Eq = 100 k¥mol). The above range dfy values (70—
other interpretation could be that the argon purge allows the 90 kJ/mol) (a) does not correspond to that of the L CO
desorption of an adsorbed CO species presentin a very smalbpecies ¢ 110 k¥mol) and (b) agrees with that of the B
amount on the metal surface and different from the one that CO species<£ 90 kJmol [8] and < 130 k¥mol according
dominates C@ production. The removal of this adsorbed to the coverage folD < 0.6 and D ~ 0.88, respectively).

CO species creates the sites that activage(i@., Quads Finally, the view that the induction period comes from the

species in our interpretatidf,2]) for oxidation of the main ~ desorption of the B CO speciésin agreement with (a) the

adsorbed CO species. literature data (in previous studi§23,24] on Pt-containing
solids, the nature of the adsorbed CO species was not con-

3.7. Qualitative interpretation of the impact of D on sidered) and (b) our first suggestifin2] that it is the sites

oxidation of the L CO species liberated by the removal of éhB CO species that activate
the QuagsSpecies.

WhateverD, CO, production due to 1.0.CQsis asso- This interpretation suggests that the longer induction pe-

ciated mainly with oxidation of the L CO species, which is riod on highly dispersed Pt particles is due to the fact that
the most important adsorbed CO species (B and 3FC COEByg at high coverages increases widrand that for a given
species contribute to less than 8% of the total CO uptake). duration of helium purge there are more free sites at low dis-
For the stabilized 2.9% Pt/AD3 catalyst 0 < 0.5), we persion than at high dispersion. This leads to a larger amount
have showr1,2] that in the presence of Othe rate of dis-  0f OwadsSpecies at the beginning of the oxidation for lower
appearance of the L CO species is due only to its oxidation. D values. Howeveifig. 2 (curves ¢ and d) shows that the
The Ely value at high coverage indicates that there is no introduction of Q increases the rate ofsappearance of the
desorption while there is no competitive adsorption with O B and 3FC CO before the decreasedin(curve e). Zhou
The oxidation rate of the L CO species depends erp&- and Gulari have observed a similar situation for .00

tial pressurd1,2], indicating that the oxygen intermediate on Pd/ARO3 [26]. However, it is the L CO species that

is weakly adsorbed on some free Pt sites of the surface. Itdecreases faster than the B CO species of26ld This sup-

has been suggest¢t,2] that these sites are those liberated ports the view that C@production during the initial stage

by the desorption of B CO species. This species, which hasof the induction period is due to oxidation of the B and 3FC
a low heat of adsorption at high coverages fox 0.5 [8], CO species (progressive decrease in their coverages), while
desorbs during the helium purge before the isothermal oxi- oxidation of the L CO species contributes to the final part
dation. According to these viesythe rate of disappearance 0f the induction and to the C{peak. This indicates that the

of the L CO species (controlled by the elementary L-H step 0xidation of the B and possibly of the 3FC CO species con-

(S3), L CO+ Owads— COzagy is given by[1,2,5] tributes to the formation of Pt sites that activatg & the
Owads Species involved in step S3. In summary, it must be
_% = k30100, e (1) considered that the impact @ on the duration of the in-
dr duction period is linked mainly to the rate of formation of
wherefg, . i the coverage of the fdqs Species ands is the specific Pt sites activatingagys This rate depends on

the rate constant of step S3. FTIR results have shid®h two reactions: the desorption and the oxidation of the B (and
that (a) Elg. is not modified byD, and (b) the EL indicates possibly of the 3FC species). The point of interest is that
that the L CO species cannot desorbTak 353 K. This the removal of B and 3FC species (by desorption and oxi-
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dation) creates these specifi® Bites, while the removal of  this induction period (in addition to the Pt dispersion) offers

L CO species (by oxidation, step S3) allows the adsorption a way of characterization. This is described in a separate ar-

of strongly adsorbed oxygen speciegthat are notreac-  ticle.

tive (se€[1, Fig. 7]) at low coverages with the remaining L

CO species. In a separate article, a kinetic model is devel-

oped to interpret quantitatively the duration of the induction Acknowledgments
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