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Abstract

The present study concerns the characterization, by experiments in the transient regime, at atmospheric pressure, with either a Fourie
transform infrared or a mass spectrometer as a detector, of the elementary steps involved in the isothermal ofigdtaeathan 360 K
of the superficial species formed by adsorption of CO on reducedJ@4datalysts: linear, bridged, and threefold coordinated CO species.
The coverages of the adsorbed species and the rate of thepfo@uction are determined during successive adsorption, desorption, and
oxidation reactions for different durations. The evolution of the rate of the @©@duction with the duration of the oxidation, RC@R2(
presents a variety of profiles, depending on the Pt dispersion of the catalysts. For Pt dispersions higher than 0.6, an induction period is
observed and the RCQ2(profile is characterized by a peak with a maximum definedpbrnd RCOZQ,. The greater the Pt dispersion
is, the longerm is and the lower RCQR is. For Pt dispersions lower than 0.6, the RCQfofile is similar to a decreasing exponential,
and its highest value is observed at time O of the oxidation. The induction period observed for Pt dispersions higher than 0.6 allows us to
characterize the Langmuir—Hinshelwood steps between the adsorbed CO and oxygen species by studying the impaatsRAO0Z,
of different experimental parameters such as the Pt dispersion, the oxidation temperature, the oxygen partial pressure, and the duration of :
desorption stage before oxidation. A kinetic model based on the oxidation of the L CO species by a weakly adsorbed oxygen species formed
on the PY sites liberated by the removal of the bridged CO species provides a set of mathematical expressions that provide a reasonable
explanation of the impacts of the various experimental parameters and RCOZ,. As a consequence, this kinetic model reveals how the
Pt dispersion affects the elementary step and the turnover frequency of the @akfion. A comparison of the present study with similar
literature data on a single Pt crystal shows that the differences in the experimental conditions, material and pressure gaps, may lead to &
situation in which the Langmuir—Hinshelwood steps that are studied are not the same.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction such as DFT calculations and experimental procedures, ei-
ther on well-defined single crystal surfaces or on conven-

The aim of the microkinetic approadh] to a gas/solid tional metal-supported catalysts. In previous stugies],

catalytic reaction is to correlate the kinetic parameters of the this last approach has been developed for the G@é@action

surface elementary steps (adsorption, desorption, Langmuir-Cn PUAROs catalysts, taking particular account of the pres-

Hinshelwood steps) involved in a plausible mechanism of ﬁnce of different adsc;rbe? FO species on the surface (i.e.,
the reaction with the turnover frequency (TOF). Different inear, bridged, and threefold coordinated CO species, de-

methods can be used to characterize the elementary ste oted L, B, an_d SFC, respective_lW,B_]. It _has been shown
N 'z y step that the evolution of the TOF during lighting-off tests can be

reasonably interpreted by considering that the L CO species
" Corresponding author. (which is the main adsorbed CO species on B@A) is
E-mail address: daniel.bianchi@univ-lyon1.f{D. Bianchi). the intermediate of the reactigd,6]. In addition to the
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academic interest of the microkinetic approach, there is a The goals of the present article are (a) to study how IP is
practical perspective: it is conceivable that a correlation can dependent on several experimental parameters (in line with
be made between the modifications of the kinetic parame-[12-14) and (b) to interpret the observations with a ki-
ters of each elementary step, and therefore of the TOF, andnetic model. To our knowledge this kinetic model has not
the catalyst preparation (i.e., dispersion, support), as imag-been used previously for metal-supported catalysts. How-
ined by Boudart in the foreword dfl]. From this point of ~ ever, Bonzel and Ky15] have performed a similar study
view, we have studied the impact of Pt dispersion on the el- (experiments and kinetic model) on Pt(110), and a compar-

ementary steps involved in the CQ/@action on Pt/AIO3
[9,10]. Zafaris and Gort¢11] have observed that the TOF
of the CO/Q reaction is dependent on the size (14 and
1.7 nm) of the Pt particles deposited orwaAl,03(0001)
crystal: the larger the diameter is, the higher the TOF is.
We have observed that this is also true on PiAl cata-
lysts of different Pt dispersions (range 0.88—014)]. This is
related to the modification of particular elementary steps in-
volved in the kinetic models developed to interpret the TOF
[4,6,10] For instance, it has been shoyi0] that the in-

crease inD: (a) decreases the rate constant of oxidation of

the adsorbed CO species at low temperatures (particularlyP"

the L CO species) and (b) increases the heat of adsorptio
of the B CO species (denoted Bat a coveragég). In

ison of the respective conclusions is presented to reveal the
impact of the material and pressure gaps on the observations
linked to the isothermal oxidation of adsorbed CO species.

2. Experimental
2.1. Catalysts

The catalysts used in the present studwt% Pt/AlLOs,
where y = 1.2 or 2.9, were the same as those used in
evious studieg9,10] [y-Al,O3 (Degussa), BET area
100 n?/g; incipient wetness method with aqueous solu-

n
tions of H,PtCls - H2O (Aldrich); drying procedure: 12 h at

contrast, the heat of adsorption of the L CO species (denotedroom temperature and then for 24 h at 373 K; pretreatment:

ELy, ) and the reduction of strongly adsorbed oxygen species

(denoted @,49 by CO[8] do not depend strongly ab [10].

At high Pt dispersionsp = 0.6), during the isothermal
oxidation by @ of the adsorbed CO species, the evolution o
the rate of CQ production with time on stream[RCO2()]
is characterized by an induction period (denoted[1®]. It
is observed that RC£J) increases slowly for several sec-

f

onds before a sharp increase followed by a progressive de

crease, leading to the detection of a peak characterized b
tm and RCOZ,. For D < 0.6 there is no IP; a decreasing ex-
ponential profile is observed for RCQ2(3,10]. Moreover,
the amount of C@ formed during the isothermal oxidation
indicates clearly that the peak of RC@Rfs related to the
oxidation of the L CO specigd0]. Several authorfl2—-14]

12 hin air at 713 K]. Considering the aims of the present
study, we modified the sample reduction procedy€)

as compared with our previous worfa-8] to decreaseD
progressively. A fresh reduced solid with the highest dis-
persion (O > 0.84) was obtained according to the following
procedure (P1), which was also used by Li et[al]: He
(300 K) - He (423 K, 10 K/min) — Hj (423 K) — H>
(713 K, 10 K/min) — Hz (713 K, 30 min)— He (713 K,

5 min) — He (300 K). The same sample of catalyst was
Yused for several experiments, and it was reduced before each
experiment according to the following procedure (P2): He
(300K)— He (723 K, 10 Kmin) — Hz (713 K, 10 min)}—

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

10 min) — H»2 (713 K, 30 min)— He (713 K, 5 min)—

He (300 K). It has been observed thatdecreased slightly

have observed the presence of an IP during the isothermalger two successive P2 procedures (from 0.88 to 0.73 af-
oxidation of adsorbed CO species on noble metal catalysts.ior ten P2 procedures with 1.2% P$8k). The stabilized

They have shown that the duration of IP (measuregys
dependent on: (a) the oxidation temperatiigeand (b) the
duration of the desorptiory in an inert gas before the ox-
idation. The microkinetic approach to the CQ/@action
developed previouslj2—8] has shown that the TOF is corre-
lated at low temperatures with the rate of oxidation of the L
CO species according to an L-H step (denoted S8 Qyads

solids were obtained as follows (P3 procedure): after the
P2 procedure, CO was adsorbed at 300 K with the switch
He — 2% CO/2% Ar/He, followed by an increase in the
temperature (10 Kmin) to 713 K. Then after a short helium
purge, procedure P2 was applied at 713 K. The stabilization
pretreatment with CO, which was initially imposed by the
procedure for determination of the heat of adsorpfiag],

[2,3]) involving a weakly adsorbed oxygen species (denoted |ed to D < 0.65 for 1.2 and 2.9% Pt/ADs. Then the subse-
Owads formed only in the presence of adsorbed CO species quent pretreatments, tailored for P2 or P3, decre@sedry

on the Pt surface (there is nay&s species during the ad-
sorption of Q on a freshly reduced Pt/AD3 catalyst; only
Osagsspecies are formef]). This leads to the conclusion
that the study of the experimental parameters (sudh asd
Po,) that control IP, during the isothermal oxidation of the

slowly (lower D value= 0.4).

2.2. Analytical procedures for the study of the elementary
steps

adsorbed CO species, appears to be a way to obtain more The two analytical systems used in the present study were
insight into the parameters that control this L-H elementary the same as those described in detail in previous studies
step S3 and therefore the TOF of the CQ@f@action. [2-10]. Mainly, they allowed us to perform experiments in
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the transient regime, in which we studied either the molar tion during isothermal oxidation of the adsorbed CO species,
fractions of the gas with a mass spectrometer or the adsorbedRCO2¢), with the use of a quartz microreactor. A mass
CO species with a FTIR spectrometer. In the first analyti- spectrometer provides the molar fractiakig(z), of each

cal system, various valves allowed us to perform switches gas g at the outlet of the reactor, as a function of time on
between regulated gas flows (1 atm total pressure, flow stream in Q. The rate of CQ production is obtained by
rate in the range 100-600 éfmin), which passed through RCO2¢) = Xco,(t) (F/W) (in mol/(gs)), whereF is the

the catalyst, which was contained in a quartz microreactor. total molar flow rate and¥ is the weight of catalyst (the fig-

A quadrupole mass spectrometer permitted the determina-ures in the present paper describe the evolutiaXigsf)). To

tion of the composition (molar fractions) of the gas mixture determine whether the RCQ2¢orresponds to the RCQJ(

at the outlet of the reactor during a switch, after a calibra- corresponds to the chemical reaction at the surface of the cat-
tion procedure. The temperature was recorded with a smallalyst, the measurements must be free of the contributions of
K-type thermocouple® = 0.25 mm) inserted in the cat-  various physical processes (i.e., lag and diffusion processes).
alyst sample (weight= 0.2 g). This system was used t0 Several criteria in the literature make it possible to design
determine the rate of GOproduction during the isother-  experiments that eliminate these physical processes. For in-
mal oxidation of the adsorbed CO speciesTgt< 360 K, stance, we designed the present experiments (as well as
with the use of the following switches (100 éfmin): He those in previous studies) according to the six criteria of
(reduced solid)> 1% CO/2% Ar/He (CO adsorption, du-  pemmin and Gorte (Gy [16], allowing us to evaluate the
ration 7o) — He (desorption, duration) — x% Op/y% contribution of several processes to the desorption rate dur-
Ar/He (isothermal oxidation, duratior) (x, y < 4). The i1 temperature-programmed desorption in a flow of inert
duration of the desorptiord) varied from 0 to 20 min, a5 Ty of these criteria evaluate the contribution of read-
whereas that of oxidationd) was a function of the IP. Dur- s vion during TPD, whereas the other criteria concern the
ing the oxidation stage, strongly adsorbed oxygen species, e contribution of lag and diffusion processes. In a pre-
Osags were formed in parallel to the removal of the L CO vious study{17] we provided all of the experimental parame-

tsp(émes bt)r/1 ?g(ldatlorﬁ?}].thThf”Qaqs spec_ltesh Wi;e re/dt;/ced ters (i.e., reactor geometry, particle sizes) needed to calculate
0 CO, with the use of the following switches:% Oa/y% those criteria for the 2.9% Pt/4D; catalyst (see Table 1

0, 0, i
ArfHe — He (purge).—> 1% CO/2/oAr/He (redu_ct|on of Fhe in [17]). For the present weight of catalyst, = 0.2 g, all
Osagsspecies, duration)t The reduction stage is associated o . .
; X ) S . of the criteria were either lower or very close to the limits
with the adsorption of CJ5]; successive isothermal oxi- .
: X o uggested by the authdds], for instance for a bed concen-
dation/reduction of the adsorbed species is denoted as O/ . : .
: ration gradient the value is 0.18 (suggested 1) and for a
cycles[S]. Because of the strong impact of on the ob- particle concentration gradient the value is 0.07 (suggested
rvations,D is m r r£xhemisorptior{1 . . ' X
servations D is measured by CO orgxhemisorptior(10] < 0.05). This supports the assumption that the experimental

after each reduction procedure (P1, P2, or P3) with the use : .
of the following switches: 1% CO (or £¥2% Ar/He (dura- rate of CQ production corresponds to that of the chemical

: t the surface of the catalyst. Moreover, according
tion t,, total CO (or Q) uptake)— He (tg) — 1% CO (or process a ) ’

02)/2% Ar/He (amount of reversible chemisorption). The Fo the_method of Rieck and BeflL8], the number of CSTR
second analytical system, with a FTIR spectrometer as a de- N Series needed to model the bed of catalyst can be de-
tector[2,7,9], allowed us to perform similar experiments in termlned-[17]. For the present .experlmental conditions this
which we studied the evolution of the IR bands of the ad- Number is 1.1 at 300 K (1.8 ifL7] for W = 0.3 g), and

sorbed CO species. The solids were compressed to form 4his value decreases slightly with the increasd'inOther
disk (@ = 1.8 cm, m = 40-100 mg), which was placed in criteria can be used to design experiments free of physical

the sample holder of a stainless-steel IR cell with a small in- Processeglo]. For instance, if we consider Table 1[tr],
ternal volume (transmission mode). This IR cell enabled us the absence of internal diffusion can be justified by eval-
to carry outin situ treatments (293-900 K) of the solid, at uation of the Thiele modulusp [19], with the use of an
atmospheric pressure, with a gas flow rate in the range of€effective diffusion coefficient of & 10~3 cm?/s and assum-
150-2000 cri/min. It must be noted thab was not mea- NG an oxygen conversion of 50% at the maximum of the
sured during the FTIR studfl0]. To correlate the FTIR ~ COz peak for a 1% ©@/1% Ar/He mixture (the experimen-
observations with the change i, it was assumed that the  tal Oz conversions are lower); theh = 0.867, leading to an
decrease itD (quantified with the quartz reactor), according effectiveness factog > 0.95[19]. The above criteria make
to the number and the nature (P1, P2, P3) of the reductionit possible to design experiments free of the contributions of

procedures, was also valid for the catalyst pellet. various physical processes to the rate of the @@duction
under pseudo-stationary conditions. However, during the ini-

2.3. Measurement of the rate of CO, production during tial stage of the transient (i.e., at the introduction @} Ghe

isothermal oxidation diffusion processes cannot be prevented because the rate of

adsorption of a gas is too high (i.e., the effectiveness factor
The main part of the experimental data of the present is very low). In the present study thco, () values during
study concerns the evolution of the rate of £@roduc- the first secondsJ 20 s) of the transient are not considered.
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Fig. 1. Molar fractions of the gas at the outlet of the micro reactor dur-
ing the oxidation at 300 K using 2% 2% Ar/He of the adsorbed CO
species on a freshi( = 0.73) and stabilized ) = 0.54 and D = 0.48)
2.9% Pt/AbO3 (1g = 80 s): (a) CQ and (b) @ for D = 0.73; (c) CO

for D =0.54; (d) CG and (e) Q for D = 0.48.

3. Resultsand discussion

On highly dispersed Pt/AD3 catalysts P 2 0.6), it has
been showr{10], in agreement with data in the literature
[12—-14] that the rate of C@production, RCO2{), during
isothermal {o < 353 K) oxidation by Q@ of the adsorbed

CO species is characterized by an IP leading to the observa-

tion of a peak (characterized by and RCOZ,) after several

seconds of oxidation. The duration of the IP is convention-

ally measured by, [10,12—-14] Moreover, the adsorption of
CO on Pt/AbO3 leads mainly to the formation of the L CO
species £ 92% of the amount of adsorbed CO fbr< 0.5

[10]), and RCO2() is dominated by the oxidation of this
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Fig. 2. Evolution of the coverages of the adsorbed CO species at 300 K
on 1.2% Pt/AyO3 with D ~ 0.7 during desorption in helium and oxida-
tion with 2% Oy/He. (a) L CO species, (b) 3FC CO species, and (c) B CO
species.

Ar/He (adsorption of L, B, and 3FC species) He (tq =

80 s)— 2% Ox/2% Ar/He (). Fig. 1shows that at the high-
est dispersion, RCO2\is characterized by an IP; clearly,
the higherD is, the longery, is and the lower RCQR is.

At the lowest dispersion the Gpeak is observed at the in-
troduction of @, as studied previousli2,3]. This impact

of D on the IP has not been considered previo(isB-14]

In Fig. 1, the amount of C@produced during the RCOZ(
peak is compatible only with the oxidation of the L CO
species.

Fig. 2 compares the evolution of the coverage of the ad-
sorbed CO species (derived from their specific IR bands
[8,10]) at 300 K on 1.2% Pt/AlO3 after the following pre-
treatment: two successive P2 procedures (estimatedlue

~ 0.7-0.75), with the switches 1% CO/He He (tg) — 2%
O2/He (to) (see more details ifL0]). It can be observed in
Fig. 2a that the isothermal desorption in helium has no im-

adsorbed species, particularly during the detection of the pact on the IR band of the L CO species (high heat of adsorp-

RCO2¢) peak[10]. The intent of the present study is to de-

tion of the L CO specief7/—9]), whereas those of the 3FC

scribe the impacts of different experimental parameters on IPand B CO species decrease to pseudo-stationary values af-
and to interpret observations made with a kinetic model. The ter~2 min (Figs. 2 and c). The introduction of £XFig. 2

focus of this study is the assumption that the L CO species strongly increases the rate of disappearance of the B and 3FC
is involved in the L-H elementary step that controls the TOF CO species, whereas the decrease in the L CO species dur-

during the CO/Q reaction at low temperatures.

3.1. Impacts of the experimental parameters on the
oxidation of the adsorbed CO species

3.1.1. Impact of D
This parameter has been studied in more detajlL0j;

ing the oxidation is delayed by 40 s. The results ifrig. 2
show that the first part of the IP Ifig. 1 must be correlated
with the removal of the B or/and 3FC CO species, whereas
the RCQ(¢) peak is mainly due to the L CO species.

3.1.2. Impact of the oxidation temperature
Fig. 3 shows the impact of o on the IP for the 2.9%

we summarize the main observations to facilitate the presen-Pt/Al,O3 catalyst atD = 0.73, with 2% Q/2% Ar/He af-

tation. Fig. 1 compares the molar fractions of G@nd &

ter ry = 80 s and for the first O/R cycle. It can be observed

at the outlet of the reactor during the oxidation at 300 K on that the higherTo is, the shortery, is. This has been ob-

2.9% Pt/AbO;3 for three D values (0 = 0.73, 0.54, 0.48)
with the following switches: pretreatment 1% CO/2%

served by several authof$2—14] on Pt and Pd catalysts.
Zhou and Gularj13], from their study of Pd/AlO3, have de-
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Fig. 3. Molar fractions of the gas at the outlet of the micro reactor during the
oxidation at three temperatures using 2%2% Ar/He of the adsorbed CO
species on 2.9% Pt/AD3 with D = 0.73 (g = 80 s): (a) CQ and (b) @

Fig. 4. Molar fractions of CQ at the outlet of the micro reactor during
the oxidation atfp = 324 K using 2% @/2% Ar/He of the adsorbed CO
species on a 1.2% Pt/40D3 with D = 0.63 (ry = 80 s) as a function of the
number of successive O/R cycles: (a)-(e) cycle numbers 1, 2, 3 4, and 8,

for To = 298 K; (c) CQ and (d) @ for To = 324 K; () CQ and (f) O respectively.
for To =351 K. : : i : : : :

: . : . 1
cided that this proves that the IP is not linked to mass transfer a,b,c, d:x 100
processes (in agreement with the design of the present exper e, £ x50
iments). Moreover, they have shown thatihp) = f(1/To) 0.8l |

is a straight line and the positive slope is used (without a ki- q
netic model) to determine an apparent activation energy of .S 5
90 k¥mol for the chemical process associated with the IP & 0.6
[13]. It can be observed ifig. 3 that there is an oxygen

consumption associated with G@roduction and that CO E
is not due to desorption (i.e., carbonates). Moreover, the rate 2 0.4l
of the oxygen consumption is twice that of the £@ro- ="
duction, indicating that the removal of the L CO species is
associated with the adsorption of strongly adsorbed oxygen (2|
species, G4gs Which is in line with previous workg2,3].

i b
3.1.3. Impact of the number of isothermal O/R cycles Ol TN s A A
Fig. 4 shows the evolution of RCOZ(at To = 324 K 0 200 300 600 800
on 1.2% PtYA}O3 (D = 0.63) with the number of O/R Time (s)

cycles. After oxidation of the adsorbed CO species, the Fio 5. Molar fractions of Co at the outlet of the mi or during th

H : . 1g. 5. Molar fractions o a e outieto € MICro reactor aurin e
fo”c.)wmg switches were performed. 2% 2% Ar/H.e oxgi]dation at three temperat?res using 2% 2% Ar/He of the adsorbedgCO
(0XIdatI0n)—> He (80 S)_> 1% CO/2% Ar/He (reductlon species on 2.9 % Pt/AD3 with D = 0.74 (tg = 80 s) for the two first O/R
0f Osadsby CO)— He (g = 80 s)— 2% O,/2% Ar/He (0x- cycles: (a) and (b) first and second cycle o5 = 298 K; (c) and (d) first
idation). This constitutes an O/R cycle, and the experiments and second cycle fofg = 323 K; (e) and (f) first and second cycle for
can be repeated (without any pretreatment at 713 K) for the 7o =353 K.
study of the impact of several O/R cycles on the IP. It can be
observed irFig. 4thatzy, increases for three successive O/R adsorbed species/Pt surface system. For instance, it has been

cycles, and then the observations are reproduckilg. 5 shown[5] that (a) strongly adsorbed oxygen speciesd®
shows similar observations for 2.9% P8k (D = 0.73) are formed on the Pt sites liberated by the removal of the L
comparing the first and second O/R cycles at thfgeval- CO species during their oxidation (s€ig. 3) and (b) a frac-

ues. ForTp < 324 K, it is clear that the first O/R cycle tion of these @ygsSpecies remain on the surface after the
increases as inFig. 4, whereas at 353 K, the number reduction stage (the activation energy of reduction increases
of O/R cycles has no impact. The increaserjnwith the with the decrease in the coverage of thgddspecieqd5])
number of O/R cycles indicates that the reactivity of the Pt and may modify the reactivity of the surface. Moreover, it
surface changes because of irreversible modifications of thehas been observed that during the first O/R cycle a small
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Fig. 6. Molar fractions of the gas at the outlet of the micro reactor during Time (S)

the oxidation at 324 K using 2% 2% Ar/He of the adsorbed CO species
on 1.2% Pt/ApO3 with D = 0.63 after three O/R as a function of the des-
orption durationzy: (a) to (d) CQ for rq=0's, 80 s, 6 min and 15 min
respectively; (e) and (f) ©for ry = 80 s and 15 min, respectively.

Fig. 7. Molar fractions of the gas at the outlet of the micro reactor during
the oxidation at 323 K of the adsorbed CO species on 1.2% J¥AWwith

D = 0.63 (g = 80 s) as a function of the oxygen partial pressure: (a) CO
and (b) @ for PO, = 2 kPa; (c) CQ and (d) @ for Po, = 4 kPa.

number of P sites are irreversibly transformed |nt02PI[2, served that the higheo, is, the shortery is and the higher

10] (only a reduction stage at high temperatures eliminates RCO2, i : ;
. : s. We have shown previously that in the absence of
+
the PE* sites). HoweverFig. 4 shows that the RCOZ( an IP (D < 0.5), the rate of oxidation of the L CO depends

profile is reproducible after three O/R cycles/at= 324 K, 1/2 -
indicating that the surface modifications are over. It must be on Fo, [2,3]. The results irFig. 7show that forD > 0.6 and

L= : in the presence of an IP, RCO2@lso depends oRo, (the
noted inFig. 4 that if the number of O/R cycles affectg, . . . -2
it does no?have a strong impact on Rc;.gxzig. 5 Shows exact relationship between RC@pand Po, is provided by

that the impact of the number of O/R cycles disappears for the kinetic model).
To = 353 K; this means that thesgysspecies involved in the
surface modifications are removed by the reduction stage.
The study of the following experimental parameters is per-
formed after at least two O/R cycles.

3.2. Qualitative interpretation of the induction period

Regardless of the value @, the adsorption of CO leads
mainly to the formation of the L CO speci¢8,10], and
. . the amounts of C®produced during the RCOQ(peaks in
3'1'4' :.mpac" Ogépe d‘:rr]a“or? dOft.the'SOtherma‘ Figs. 1, 3-7are compatible only with the oxidation of this
esorption (4) before the oxidation . adsorbed species. The L-H elementary step (denoted S3: L
_ T_he impact oftq on 1, (after three O/R cy_cles_) is shown CO+ Owads— COsads[2—4]) linked to the oxidation of the
in Fig. 6for 1.2% PYApQs (D = 0.63). The situationg = 0 L CO species has been studied previouslyifoe 0.5 [2—4]
I 0, 0, 0, 0, !
correqunds to the SW'.tCh 1% CO/2% ArfHe 2% /2% and it has been shown that a weakly adsorbed oxygen species
Ar/He without any helium purge. It can be observed that formed without competition with the L CO speciessis

the Ipngertd is, the shorteer, is. This has been Ob_sef"ed involved[2—-4]in the reaction. The rate of CGormation by
previously by several authof§42-14] and the qualitative the oxidation of the L CO species is given [3y-4]
explanation for this is that either some particular Pt sites

are qreated because o_f the desorptlpn of an adsor_bed CChCOZL(t) _ —do = k300, e 1)
specieq12,14] or there is a restructuring/reconstruction of dt

the CQqdPt system to a more favorable state (without any whered, and#éo,,, are, respectively, the coverages of the
significant CO desorptiof13]. Moreover,Fig. 6 shows that L and Quags Species on different Pt sites akgl is the rate

if 7q affectstm significantly, it does not have a strong impact constant of step S@-4]. It has been shown that the heat

on RCOZ%,. of adsorption of the L CO species, EL.is not significantly
modified byD [9]. The EL value 110 kJmol indicates that
3.1.5. Impact of the oxygen partial pressure the L CO species cannot desorlifak 353 K, in agreement
Fig. 7 compares the RCO2(profiles at 323 K on 1.2%  with Fig. 2 This leads to the conclusion that it is not a mod-
Pt/Al,O3 (D = 0.63) for two O partial pressuresPo, = ification of 6. by the increase iD that explains the IP. The

2 kPa and 4 kPa (after three O/R cycles). It can be ob- impact of D on RCO2f) must conceritz and/orfg, 4. FOr
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D < 0.5 it has been showj2] thatks remains constantfora  CO species, the formation of new sites adsorbing £leads

large variation 0B . This leads us to consider the possibility, to a progressive increase in RC@2during the initial stage

as suggested by several authfda-14] thatthe IPisdueto  of the isothermal oxidation and (b) the exhaustion of the L
the increase in the number of’Riites adsorbing the oxygen  CO species on the surface decreases RQ2ading to the
species (these sites are denoted sl in the present paper). labservation of a peak for RCQ2(characterized by, and

the literaturg12—14] this increase is mainly ascribed to the RCOZy,. This qualitative interpretation of IP is insufficient
desorption of an adsorbed CO species. We have suggesteih the view of the microkinetic approach and inexact for
[4,6] that the s1 sites are formed by the removal of the B CO specific experimental conditions. For instance, in a previous
species (on particular Pt sites denote%i)l’b’ecause the EB work [20] on the isothermal hydrogenation into ¢Hf ad-
values (lower than E}. [8,10]) are compatible with a des-  sorbed carbonaceous species, it has been shown that the in-
orption at 300 K. Howevelfig. 2 shows that the 3FC CO  crease in the number of sites adsorbing hydrogen must con-
species also desorbs slightly at low temperatures, and it carform to a particular criterion for the observation of a peak in
also be involved in the formation of thd sites. Neverthe-  the rate of the Chlproduction. The kinetic model developed
less, in the present paper, to simplify the presentation of the below, to interpret the IP during the isothermal oxidation of
kinetic model, we assign the IP process to the removal of the the adsorbed CO species, leads to a similar conclusion.

B CO species. The number of sites for the adsorption of

Owads is dependent on (a) the total amount og Rites ad- 3.3. Kinetic model of the oxidation of adsorbed CO species
sorbing the B CO species (denoted g\ 8% of the totall on Pt/Al;O3 at low temperatures

number of Pt sites) and (b) the amount of those sites free of
B CO species at time of the oxidation. At timer = 0 of

the oxidation, the number ofl sites is determined by the
desorption of the B CO species during the helium purge ac-
cording to (a) the activation energy of desorption of the B
CO species (which increases with the decreasgif®] and

with the increase ith [10]) and (b) the duratiory of the des-
orption stage. For instance, it is expected that for a figed ~ Bads— CO+x 51,
the number ofs1 sites at time O of the oxidation is higher
for a low than for a high dispersion because of a decrease in
the activation energy of desorption of the B CO species with
the decrease iD. During the oxidation and according to
the views of[12—-14] it can be assumed that the desorption
of the B CO species continues to create thesites. How-

3.3.1. Surface elementary steps

According to the qualitative interpretation, the plausible
elementary steps involved in the IP of the isothermal oxida-
tion of the adsorbed CO species are as follows:

Step Sa. Desorption of the B CO species and the forma-
tion of s1:

where the rate constant kgg; activation energy of desorp-
tion Eqg equal to the heat of adsorption of the B CO species
(nonactivated chemisorption).

Step Sa is the single elementary step during the helium
purge before oxidation. The stoichiometric coefficienis
introduced to take into account the fact that we do not know

ever,Fig. 2 shows clearly that the rate of disappearance of o nymber of Btsites adsorbing the B CO species that must
the B CO species increases with the introduction gf This be liberated to create ond site for the formation of Qads
indicates that either there is a competitive chemisorption be- X <1).

tween the oxygen and the B CO species or that an oxidation gten 52, The adsorption/desorption equilibrium (because

of the B CO'sp.e.cies contributes'to their removal. The ab- ¢ 1he large @ excess) of Qags ON thes1 sites (notation
sence of a significant molar fraction of CO at the outlet of ¢4 in[2—4]):

the reactor at the introduction of,Qloes not support the
competitive adsorption, whereas a fraction of theoQtb- O2(gas) < 20wads

duction during the initial part of the IP can be associated with \yhere adsorption coefficienk o, = kao,/kdo,; kao, and

the oxidation of the B CO species. This allows us to assume kdo, are, respectively, the rate constants of adsorption and
that the IP is mainly linked to the increase in the number of gesorption of the @ags Species, with a heat of adsorption
s1 sites by oxidation of the B CO species. This oxidation Eo, = Eo,d — Eo,a (Eo,a and Eo,q are, respectively, the
has () a limited impact on the amount of £froduction  activation energies of adsorption and desorption).

(B CO species represent less that 8% of the total amount step Sh. The L-H step for the oxidation of the B CO
of adsorbed CO) and (b) a strong impact on the increase ingpecies and the formation of sites:

the number ofs1 sites. In summary, as compared with the

literature data that evoke only a desorption process for the B + Owads— CO2 + x 51,

formation of thes1 sites, we believe that this process is due where the rate constantg, and activation energy iBo, .

to (a) the desorption of the B CO species during the helium  Step S3. The L-H step for the oxidation of the L CO
purge before the oxidation and (b) mainly the oxidation of species (this L-H step has been previously studiedXet

the B CO species in the presence of @he qualitative ex- 0.5 [2-4)):

planation of the IP, taking into consideration the increase in

the number of1 sites during oxidation, is as follow42— L + Owads— COz + P{,

14]: (a) at high coverage of the Pt surface by the adsorbedwhere the rate constanttg and activation energy ig3.
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The amount of CQ produced in the peaks irigs. 1, 3—
7 come mainly from step S3 (the L CO species is the main
adsorbed species), whereas step Sb contributes $op@©O
duction during the induction period. The Fites in step S3
adsorb @ to form strongly adsorbed &ysSpecies in par-
allel to the removal of the L CO specieBi¢. 3 and[2,3]).
However, the Qygsspecies do not contribute significantly to
the oxidation of the L CO species (see Fig. 12) because
they have a low reactivity at low coveragés.

3.3.2. Mathematical formalism linked to the induction
period

S Derrouiche, D. Bianchi / Journal of Catalysis 230 (2005) 359-374

in term of coverages (mean-field approximation), RCOPL(

is given by expressiofl). The pre-exponential factor of the
rate constant of an L-H step such as Sb and S3 used in the
classical kinetic model is #8 to 10'* s~ [21-23] and in

the present study it is considered equat Ty h ~ 1013 s71,
wherek andh are Boltzmann’s and Planck’s constants, re-
spectively. The formalism of expressi¢l) is not adapted to
take into account the increase in the numbes bfites ac-
cording to steps Sa and Sb. It is more informative to use the
superficial concentrations of the different sites and adsorbed
species: molecules (or sites) per unit surface are&)(ofn

Pt surface. For instance, express{ah can be modified as

From the elementary steps Sa, S2, Sb, and S3 a set ofollows (with the notation of steps Sa, S2, Sb, and S3):

differential equations can be formulated and then solved
numerically to determine the evolutions of the surface con-
centrations of L, Bs1, and of the rate of C®production,

with the use of acceptable values of the different kinetic pa-

—dL(?) L(t) —dL(z)
_— = —_— —_— = L
NT, dr 3(s) NT, O0yads = dr k3(s)L ()00, a4s

3)

here (a) NT represents the highest surface concentration

ran;eters FO obtalln the best agreement bﬁtwee_n tlheolreyca L CO species (this species dominates the CO adsorption
an eﬁp(te):lmﬁnta f(””.es- Howey(;ar, amat ematlcsl so_utlc?_n and roughly NT ~ 10 to 10> moleculegcn?, assuming a
is available that takes into consideration reasonable simpli- b 4tomic radius of B9 x 10-1°m [21]); (b) L(7) is the sur-

fying assumptions linked to the experimental observations. face concentration of the L CO species after a duratioh

This provides mathematical expressions that clearly quan-
tify the impact of the main kinetic parameters on IP. The
following simplifications are adopted:

(a) The experimental rate of GOproduction, RCO2{
(Figs. 1, 3-7, is the sum of the rate of oxidation of the

L CO species (denoted RCO2)) from step S3 and of
the B CO species (denoted RCO2B(from step Sbh.
Considering that the L CO species dominates the CO
adsorption £92% of the amount of adsorbed CO), it is
assumed that the RCQ2(peak inFigs. 1, 3-7is due
only to RCO2L¢), whereas RCO2BJ contributes to
RCO2f¢) during the initial stage of the IP. This leads
us to assume that the kinetic model of the experimental
RCO2() peaks inFigs. 1, 3—14s linked to RCO2L{).

The Quagsspecies are formed on thi sites liberated by
the removal of the B CO species either by step Sa during
the helium purge before oxidation or by steps Sa and Sb
during the oxidation. However, considerifgg. 2 it is

(b)

the oxidation: at time = O (after a desorption duratiag),

L(0) = NT. because the L CO species is strongly adsorbed;
(c) the notatiorkss indicates that the unit of the rate con-
stant is s1. The coverage of the Rqs Species at time of

the oxidation is

ads — %ﬁ:w ’ (4)

where (a) QQagd?) is the surface concentration of.gds
species after an oxidation durationand (b) Si; is the
highest number of1 sites that can be available for the ad-
sorption of the Qags species. This number is linked by the
factorx to NTg, the total number of Pt sites adsorbing the B
CO species (Ng ~ 0.08 (NT. + NTg) for D ~ 0.5 [10]).

The ratio between the amount of B and L CO species de-
creases slightly with the increaselin For instance, on 2.9%
Pt/Al,O3 the ratio of the IR band intensities B CO/ L CO
increases from 0.124 to 0.132 after the P1 procedure and
six P3+ P2 procedures, respectively. This is line with the

0

assumed that step Sa is negligible as compared with stegstudy of Sarkany and Gonzal¢24], who have observed

Sb during oxidation.

Step S2 is considered at the adsorption equilibrium on
the availables 1 sites. The amount of (3gsspecies (i.e.,
surface concentration) increases during the oxidation
because of the increase in the numbes bfsites (step
Sb), whereas the coverage of those stigg, ., remains
constant. Considering the Langmuir’'s model for weakly
adsorbed dissociative species, the coverage of {g0
species i§2—4]

00005 ~ v K0, Po,-

From assumption (a), the kinetic model of RCOAL(
must allow one to explain the RCQ2peak inFigs. 1, 3-7
From the classical formalism of the rate of a L-H elementary

(€)

()

that the ratio of the IR band intensities of the B CO/ L CO
species increases from 0.19 to 0.23 on a 6% BR@Alcat-
alyst, whereas the Pt dispersion decreases from 0.57 (ratio
CO/Pt=0.7) to 0.12 (ratio C@Pt= 0.52). The authors
conclude that the percentage of B CO species is larger at
a lower dispersiori24]. Similarly, Vannice et al[25] have
shown that the ratio CO (L and B CO specie){Pts mea-
sured by hydrogen chemisorption) increases slightly with a
decrease in particle size (see Table £2i5)]), indicating that

the L CO species is favored at high dispersions. The fact
that high Pt dispersions decrease the proportion of B CO
species is probably linked to the modification of the struc-
ture of the particles. For instance, Hayden et[26] have
shown by IRAS that the adsorption of CO leads to the for-
mation of L and the B CO species on Pt(111), whereas there
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is no B CO species on a stepped surface. Finally, it is rea- of the oxidation:
sonable to assume that the ratio B LGCO decreases with
aincrease irD, and we assume that roughly NTs approx-
imately < 0.1 NT_ in siteg'cn? of Pt surface, regardless of
the value ofD. The substitution of4) in (3) leads to

—dL(2) QOWads?)
dr Siu

where the unit of the pre-exponential factokgfon the right
side of (5) is cn?/(sites s), with a value roughly equal to
~ (kT/h)/(0.1 x 10%) = 10~ cm?/(molecule s1), which

is a value similar to that estimated for Pt(111) at low cover- NoS1(0) 1
age of the reactan{23]. In (5), QOwadd{t) = S1() 00,4 Sl(t) = (N — 10 )[ S10) ]
where S1f) is the number ofi1 sites effectively free for 0= SU0) /L 55357 + eXp(—kog NotOyaas!)
the activation of @, because of the removal of the B CO (13a)
species. Considering weakly adsorbed oxygen species, exConsidering St0) = (Ng — xB(0)) from (8) and Ng =

S10) =x(NTg —B(0)) or No=xNTg
(considering relatioi8)). (12)

B(0) is the amount B CO species at the end of the desorption.
(5) Expressiong7) and(8) give
dS1(r)
SU#)(No — Skr))
which after integration (at= 0, S1(0)) provides Si)

=k3gL (1) = k3L (1)QQyads(?).

= kOg 00,5059 » (12)

pression(2) indicates thabto, ., < 1 and QQags K S1(#),

regardless of. Finally, expressiorf5) gives the rate of the

CO, production (moleculegcn? s)) from the oxidation of
L CO species (step S3)

—dL(?)

RCO2L(r) = o

= k3L (1)00,,,4S1(2). (6)

Similarly, according to step Sb, the rates of disappearance of

the B CO species during the oxidation (rate of ggPoduc-

xNTg (11), then(13a)gives

NTg(NTg —B(0
Sm)=<x B<B£) ()))

exXpkos Nobo,aqd)
x NTg_B(0) :

RCO2L() presents a peak for d(RCOR@L)/dt = 0. Ex-
pression(6) shows that this corresponds to

(13b)

tion: RCO2B¢)) and of the appearance of thé sites are

given by S1(r) d'(‘f) L) d‘zlt(” —0. (14)
dS(]j(tt) = 7_050) =RCO2B(t) = kogB()60,,,4.51(t). (7) Expression(14) can be modified with the use of expres-
X

. _ . sions(6) and(12), and the amount of S1 sites at the maxi-
where Bf) is the surface concentration of B CO species at mum of RCO2L() (after a durationy, of the oxidation) is

time ¢ of the oxidation. The left side of expressi¢n) al- given by

lows one to determine the relationship between:Baad

B(r) during the oxidation: Si(ty) = kog No _ (15)
kOB + k3

Skt) +xB(1) = SLO) + xB(0) = No, (8) Expressiong13a)and(15) providesm

where S1(0) and B(0) are the surface concentrationsl of 1 N L

and B CO species at time 0 of the oxidation: their values are ¢, = (7> In[( 0o _ 1> &}, (16)

fixed by the desorption stage before the oxidation according kog NotOwaas S10) k

to 7g and Egg. During this helium purge only step Sa is op-
erative, and it leads to an expression similaf&p (with ¢/
denoting the time on stream in helium)

The substitution irf{16) of No, S1(0), andg, 4 from ex-
pressiong8), (11), and(2), respectively, leads to

o= (o) " (v 50 0]

™™ \ kogxNTs, /Ko, Po, NTg —B(0)) k3 |’
The B(’ = 0) value is provided by the adsorption equi- 17)

librium of the B CO species at 300 K fdico = 1 kPa[10]: A positive 7, value requires that

~ 1 and~ 0.85 on highly (0 = 0.6) and on lowly O < 0.6)
dispersed Pt catalysts due to the decrease in \Eih the ( B(0) > kos 1 o B(O) > NTeks
NTg —B(0) /) k3 ~ ~ kog + k3

decrease inD [10]. The IP is linked toD > 0.6, giving

B(1"=0) = NTg and S1{’ = 0) = 0 and, finally, after a du- The advantage of expressi(i) as compared with a nu-

rations” = 74 of the desorption, merical solution of the differential equations is to reveal the
main impacts of the experimental and kinetic parameters on

the IP: seven parameters control the timeat the maxi-

mum of the RCO2() peak inFigs. 1, 3—7The evolution of

the amount of L CO species during oxidation is obtained by

S1(t"y + xB(t) =S1(t' =0) + xB(+' =0). 9)

(18)

Sltg) = x(NTg — B(t)). (10)

Expression(10) provides the relationship between the
various sites involved in the activation ofgjsat timetr =0
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integration of(6) after the substitution of S4) by expres- 3.4.1. On the observation of an induction period

sion(13b) Expression(18) indicates that a peak can be detected for
B(0)\ k3/kog NTw — B(O RCO2L{) only if B(0) (the number of B CO species at

L(t) = L(O)/<<Q> [1_,_ < B — B( )) time r = 0 of the oxidation) is higher than a particular value
NTs B(0) (like (20), expressior(18) is a criterion for the observation

ka/kog of a peak). For instance, assumikg, ~ k3, B(0) must be
X eXKkOBXNTBOO\Nadst)} ) (19) higher than NE/2: if the number of B CO species is lower
than this value, then RCO2i)(is similar to a decreasing ex-
where L(0) is the surface concentration of the L CO species ponential (a true decreasing exponential profile is obtained
at time O of the oxidation. Note that (a) L(&NT. because  for B(0) ~ 0 [2—4]). Clearly, the presence of an IP is depen-
the L CO species does not desorb during the helium purgegent on the B(0) value that is determined by the desorption
(high heat of adsorption) and (b) the coverage of the L CO of the B CO species before oxidation according to (a) the
species igL (1) = L(t)/L(0). The substitution of L) (ex- Egg values (equal to ER, the heat of adsorption) that are
pression(19)) and S1{) (expression(13b)) in (6) provides  dependent oD [10] and (b) the durationy of the desorp-
RCO2L() (unit: molecules of Cg/(cn¥ s)): tion. For instance, ifEgg is low (D < 0.5), then the B CO
species significantly desorbs during a sher80 s) helium
RCO2L(r) = k3L (0)00,a¥ (NTe — B(0)) purge and B(0) is very low; the criteriqi8) for the obser-

X explkog *NTBOO, 40 ) vation of an IP cannot be obeyed (the profile of RCQX
B(0)\3/kog +1 NTg — B(0) similar to a decreasing exponential). This is the situation for
N 1 — Q5 the present 2.9% Pt/AD3 catalyst withD < 0.5 [2,3], be-
NTg B(0)

ko/kop 41 cause EB =45 and EB = 94 kJmol [8]. For D > 0.6, it
B has been shown that EBncreases significantly and there-
exXp(kogxNTg6 . 20 ;
x expkos N Te Owadsl)] ) (20) fore the amount of B CO species decreases more slowly
The value of the rate at the maximum of the peak with ¢4. This makes it possible to obtain a B(0) value that

RCO2L,., is obtained by the introduction expression conforms to the criteriorf18), leading to the detection of a
(16)) inL?ZO)' y T (exp peak for RCO2(). Note that the criterioil8)is also depen-

dent onkz andko,, which can be affected by experimental
factors such a® or the number of O/R cycles. Moreover,
if NTg decreases (i.e., high Pt dispersions penalize the B
L ks/kog +1 CO specieq24,25)), thenty increases (expressioi?)),
% <73) m ) (21) whereas RCO2k decreases (expressi@pl)). This factor
kog + k3 comes into play, in addition to the increaseRp, with the
The kinetic model deve]oped for the oxidation of the L increase inD. This is the situation observed f@r > 0.84:

CO species can be applied for the oxidation of the B CO @ peak for RCO2{ is not detected after 10 min of isother-
species, provided mal oxidation at 300 K10].

NTg k3/kog
RCO2Ly, = ko, L(0)xNTg|( —=
Lin = kog L (0)x B<B(O)>

RCO2B(¢) = _dB®) = kog B(1)SL(1)60, g 3.4.2. Impact of the O partial pressure
dr Expression (17) shows that when all of the other para-

from the elementary step Sbh (S1(t) is given by expressionsmeters are unchanged (i.e., BiTwhich is dependent oD
(13a)or (13b)). The expressions for B and RCO2B() are and B(0) for the same duration of desorptig} tm is pro-
obtained from(19) and(20), respectively, after the replace- portional to ¥,/Po,, as observed experimentally fig. 7;
ment ofkz by kog and L{) by B(¢). Note that forD < 0.5, the ratiorm (Po, =2 kPa/1m (Po, = 4 kPa = 1.48, which
the helium purge decreasesto a low value due to the low is consistent with the expected theoretical vald2. Sim-
Eq4p values, and S1(0) is very high (31does not change ilarly, expression (21) shows that RCO2 is propor-
very significantly during the oxidation). This allows us to tional to /P—()z, as observed irFig. 7, RCO2Ly (Po, =

use expressio(l) for the study of the L-H steps 3-4]. 4 kPayRCO2Ly, (Po, = 2 kPg = 1.398, which is consis-
tent with the theoretical valu¢’2. Note that the impact of

3.4. Exploration of the kinetic model with consideration of Po, clearly confirms the fact that it is step Sb and not step Sa

the experimental data on the IP that controls the formation of thel sites during oxidation.

In other words, step Sa creates #tiesites during the purge
Considering that the contribution of the B CO species to in helium before the oxidation, and it is step Sb that increases
the CQ production is negligible at the maximum of the the number of1 sites during the oxidation.
peak, RCO2() ~ RCO2L(), expressiong18), (17), and
(21)allow us to quantify and interpret the impacts of the var- 3.4.3. Impact of the oxidation temperature
ious experimental parameters gnand RCO%, in Figs. 1, Zhou and Gulari have shown without a kinetic model
3-7. (their theoretical support is that of Bonzel and K&]) that
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In [tm (in §)]

3.6

28 32

24 ”
[1/ To (in K)] x 10

Fig. 8. Evolution of Irirm) as a function on AT on Pt/ALO3 catalysts: (a)
0, 1.2% Pt/AbO3 (D = 0.78); (b) O, 2.9% Pt/AbO3 (D = 0.73); () +,
from the data of Li et alf14].

In(tm) = f(1/To) is a straight line with a positive slope for
the isothermal oxidation of adsorbed CO on Pd@y. Ex-
pression(17) shows that

Eog — Eo,/2 n
R7,

Intm = CL (22)

In expression(22), C1 can be considered to be constant
because the variation of the logarithmic tern{i@) with To
is limited in particular for similako, andks values. Expres-
sion(22) shows that the slope of(m,) = f(1/To) provides
Eog — (Eo,/2). Curves a and b ifrig. 8 show that straight
lines are effectively observed for the 1.2 and 2.9% Bi7Al
catalysts (for the data iRig. 5for 2.9% Pt/AbOs3) with sim-
ilar slopes, providingEo, — (Eo,/2) = 44 kJ/mol. Curve c
in Fig. 8is obtained from the data of Li et dlL4] (see Ta-
ble 1 in[14]) for a 1% Pt/ApbO3 catalyst: the slope provides
Eog — (Eo,/2) = 40 kJmol, a value in very good agree-
ment with the present study, considering the differences in
the experimental procedures, showing thay, — (Eo,/2)
is the same on the three Pt catalysts, whereas for palladium
Zhou and Gulari found a value of 90 kol [13]. Moreover,
the fact that the slopes of () = f(1/To) are positive
(Fig. 8) indicates thatEo, > Eo,/2. The activation energy
of oxidation of adsorbed CO species on various Pt surfaces
is in the range of 65—-90 kinol [15,21,27-31] The posi-
tive slope inFig. 8requires thato, < 100 k¥mol, a value
significantly lower that that measured after adsorption pf O
at 300 K on a Pt surface, that is, 175/kibl at full cover-
age on the present 2.9% Pt8l3 catalys{5] (this value can
be compared with that at low coverage on a Pt(110) surface,
332 kJmol [32]). The low Eg, value linked to the positive
slopes inFig. 8is consistent with the view that the adsorbed
oxygen species involved in the CO/@eaction at low tem-
peratureg4,6] is weakly adsorbed (because of the presence
of the adsorbed CO species).
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Fig. 9. Molar fractions of CQ at the outlet of the micro reactor during
the oxidation at 300 K of the adsorbed CO species on 2.9% j@AWwith

D = 0.48: (a)tq = 2 min of desorption in helium with 2% 2% Ar/He;
(b) without desorptionry = 0 using 2% Q/2% Ar/He), and (c) without
desorptiorrg = 0 using 0.1% CO/2% &2% Ar/He.

3.4.4. Impact of the desorption duration rg

Expression(17) shows that the sign of(dy,)/d(B(0)) is
positive: the increase in B(0) increasgs This means that
for a given EB, value (this parameter is dependent D
the shorter the desorption duration is, the higher B(0) is
and the longer, is, as observed ifrig. 6 and in agree-
ment with the observations of Zhou and GulgkB]. On
2.9% Pt/AbO3 for D < 0.5, we have not detected an induc-
tion period[3] because for low EB values, a short helium
purge g < 120 s) decreases B(0) markedly and the criterion
(18) is not obeyed. This situation is observed, for instance
(Fig. 9a), on 2.9% Pt/AlO3 for D = 0.48 with 2% Q/2%
Ar/He afterry = 120 s. Note that irFig. 9a, the initial in-
crease in RCOZ2] is related in part to the increase Ry,
during the switch (mixing curve). For the same dispersion,
Fig. 9 shows that a short induction period is observed for
tq = 0 corresponding to the switch 1% CO/1% ArfHe2%
02/2% Ar/He. This is due to the fact that B(0) is high in
the absence of the desorption stage:Ifor 0.48,6g ~ 0.85
at the adsorption equilibrium witlfco = 1 kPa[8,10], and
the criterion(18) is now obeyed. MoreoveFig. % clearly
reveals a first C@peak that is probably due to the oxida-
tion of the B CO species. This interpretation is supported
by the amount of C@produced in this first peak after the
deconvolution with the main Cpeak,~ 4 umol/g, which
is compatible with the amount of B CO species on the Pt
surface. Forg = 0, a large fraction of the B CO species is
oxidized during the 1% CO/1% Ar/He> 2% /2% Ar/He
switch, justifying the approximation that step Sa is negligi-
ble compared with step Sb in the presence of oxygen.

3.4.5. Theimpact of the number of O/R cycles
It has been observed that increases with the number of
O/R cycles Figs. 4 and % This can be linked to the £qs
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(%)

, , . , , . ical curves similar to curves b—e due to the opposite impacts

of some parameters. However, the activation energies of ox-

idation and the heat of adsorption of ©annot be sharply

different (factor< 1.2) from those used ifigs. 1®—e. In

particular, the simulation indicates that the value&gfand

Eog must be similar (with a difference of a few kJ/mol).

Note thatEo, — Eo,/2 = 48 kJ/mol is consistent with the

value determined frorkig. 8 In Fig. 6, it is observed that

the decrease iy increasesy without a strong modification

of RCOZy. This situation can be simulated by an increase

in B(0) to 0.999 NE (i.e., for ry = 0) without changing

the other parameters, as showrkig. 10; the RCOZ2, val-

ues are similar in curves d and f, whereas thevalues are

different. The simulations ifrig. 10 show the difficulties

‘ 0 that are encountered for a numerical solution for the set of

120 differential equations from steps Sa, S2, Sb, and S3 based

Time (s) on the best agreement between theoretical and experimental
curves; the large number of kinetic parameters and their pos-

Fig. 10. Simulation of the rate of the G@roduction and of the coverage  gjp|e dependence on the coverage of the Pt surface may lead

of the L CO species during the isothermal oxidation at 324 K on 1.2% ; : : ;
) ) vari . -
PUAILO3 (D — 0.73) with Po, = 2 kPa (see the text for more details): (2 to various sets of kinetic parameters. The merit of the math

RCO2¢) from the experimental data; (b) and (c¢) RCO2Lgnd RCO2B(t) e_matical eXpreSSion@J)_(Zl).iS that they_ show how the
from expression (20); (d) theoretical RC@R(= RCO2L () + RCO2B(t)); different parameters affect simple experimental data such
(e)6L(r) from expressiorf19), and (f) RCO2() with a higher B(0) value. astm and RCO3,.
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species formed in the course of the oxidation in parallel with 3.5. Contribution of the kinetic model to the microkinetic

the removal of the adsorbed CO species. It has been showrapproach to the CO/O, reaction

[5] that a fraction of these Qysspecies are not reduced to

CO, during the reduction stage in CO &t< 323 K. Ac- The kinetic model of the oxidation of the adsorbed CO
cording to expressioifl7), the increase iny, due to the species on Pt/ADz supports the view that the Psites
Osads Species remaining on the surface can be linked to a allowing the formation of the @uds Species are those ad-
decrease in Ng (i.e., poisoning, reconstruction of the Pt sur- sorbing the B CO species (and/or the 3FC CO species). One

face) and/or an increase ki . of the key points of this interpretation is that the highyEL
values (i.e., EkL = 110 k¥mol) do not allow the desorption

3.4.6. Smulation of the RCO2L(¢), RCO2B(r), RCO2(¢), of the L CO species df < 380 K, in contrast to the B CO

and 6, (1) species that have low BB values (EB = 45 kJmol and

Expressiong19) and (20) and the similar expressions EB; =57 kJ/mol for D < 0.6 andD 2, 0.6, respectively). It
for the B CO species make it possible to compare theoret- is well known that a increase ifco decreases the rate of the
ical and experimental curves for RC@RE RCO2L() + CO/Q; reaction at low temperatures, ard kinetic order is
RCO2B¢) andé, (r). Fig. 10a gives the experimental curve observed for the CO reactafitl,21,22,33] This impact of
for RCO2¢) at 324 K during isothermal oxidation with 2%  Pco can be explained by the fact that the BElues make it
02/2% Ar/He on 1.2% Pt/AIO3 with a dispersiorD = 0.65 possible to maintaifis > 0.85 at 300 K forPco = 1 kPa, re-
aftertq = 80 s. For the theoretical curve$o, is provided by gardless of the value d? (with 65 ~ 1 for D > 0.85)[10].
the statistical thermodynamic for localized adsorbed speciesin the presence of CO, these higvalues limit the number
[4 and references cited thereifjecause of the large num-  of s1 sites available for the adsorption of thg.{as species
ber of kinetic parameters affecting the theoretical curves, (note that the low heat of adsorption of£sprevents a des-
the values used in the simulation must be considered semi-orption of the B CO by a competitive chemisorption). This

guantitative. Curves b, ¢, d, and ehig. 10give RCO2L¢), impact of Pco is well revealed by a study of the evolution
RCO2B¢), RCO2¢) = RCO2L(¢) + RCO2B¢), and L¢), of RCO2() during the isothermal oxidation of the adsorbed
respectively, for the following values: (af = 324 K, CO species in the presence of a small amount of.Gr

Po, = 2kPa, L(0) = NT|_ = 0.9 x 10** moleculegcn?, and instanceFig. % gives RCO2() at 300 K on 2.9% Pt/Ai03
NTg = 0.7 x 10" sitegcn? because of the experimental for D = 0.48 with the switch 1% CO/1% Ar/He> 0.1%
condition; (b) Ez = 70 k/mol and Eo;, = 66 kJ/mol ([15, CO/2% Q/2% Ar/He. The comparison withkig. % (switch:
21,27-31]Jand previous studig®,3]); (c) Eo, = 36 kJ/mol 1% CO/1% Ar/He— 2% O,/2% Ar/He) clearly shows that
(estimated valuep2,3]) and B(0)= 0.98 NTgz andx = 1/4 the small CO partial pressure suppresses thg @#ak. Note
(arbitrary, to obtain theoretical curves similar to the experi- that RCO2() increases progressivelfif. 9c) to a roughly
mental curves). Several other sets of values provide theoret-constant value (rate of the COJ@eaction); this probably
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corresponds to a change in the adsorption equilibrium cov- considered a determining factor because of the largex®

eragedg associated with the decrease Pap from 1 kPa
to 0.1 kPa. Only an increase ifp may decreaség sig-

cess[15] (this is similar to our assumption thatgysis at
the adsorption equilibrium). Finally, these various assump-

nificantly (g decreases because of (a) the modification of tions lead to the situation that the Pt sites available for the

adsorption equilibrium and (b) the oxidation reaction ac-
cording to step Sb). A decrease dg increases Q@hds
favoring the oxidation of the L CO species and the TOF of
the CO/Q. This leads to the conclusion that the lower TOF
values at high Pt dispersiofid,11]come from the increase
in EBgg with D: the higher EB; is, the lower the number
of s1 sites is (adsorbing the,Q4sspecies) and the lower the
TOF is. It must be noted that the impactRfo on RCQy(¢)

(Fig. 9c) underscores the importance of the design of the ex-
periments linked to the study of IP; for a large dead volume ?Oags +60C0u4s ™ 1.

of the reactor, the decrease Rgo according to the mixing

curve can be very progressive, leading to long induction pe-

oxygen adsorption are due to the desorption and the oxida-
tion of COyys The authors apply the mean-field formalism,
considering a competitive chemisorption on the same Pt sites
that leads t¢g15]

Ov + 00,4+ OcOugs = 1. (23)

Assuming that the surface is mainly covered byg&and
COy¢s(6y ~ 0) [15], then(23) provides

(24)

This situation corresponds to two strongly adsorbed CO
and oxygen species, and it is similar to the situation studied

riods. This probably explains the observations of Dwyer and previously on the present Pt/ADs catalyst for the reduction

Bennett[12] on the impact of the gas flow rate on the IP,
studied with an IR cell reactor.

3.6. Comparison of the present kinetic model for Pt/Al,O3
with that for a Pt single crystal [15]

Bonzel and Ku[l5] have performed experiments on
Pt(110) similar to the present study according to the follow-
ing procedure. A flow of a CO/©mixture at a low pressure

by CO of the Qagsspecies formed by adsorption ob©@n
the freshly reduced catalyfg].
Steps BK2 and BK3 lead to

—dbc
Tfads = k20C0z0s + k30C0u000uas (29)
RCO2A7) = k300,0C0us 20

The integration 0f25) with the consideration of24) pro-
vides 6co,y = f(t) and then RCO2} with a maximum

is introduced onto Pt(110) surface at a temperature in the at[15]:

range of 393-453 K, and the rate of g@roduction is fol-

lowed with a mass spectrometer. Then the partial pressure off,,, =
CO is suddenly decreased to perform an isothermal oxida-

tion of the adsorbed CO species. The rate of the @@duc-
tion, RCO2¢), is followed as a function of time on stream

1 [ (2k2 + k3)0c0,44(0) ]
k2 +ks | (k2 +k3) — k30c0,4(0) ]’
wherefco,,(0) is the coverage of CgJs at time O of the
isothermal oxidation. Expressid7) differs from expres-

(27)

in Oy. As in the present study, the authors observe an induc-sion (17) but also presents some similarities. In particular,

tion period; RCOZ() is very low atr = O (steady state of the

the detection of a RCO2ZY peak requires that the loga-

CO/Q, reaction) and increases progressively, followed by a rithm term of (27) is positive, leading to the definition of
strong increase, leading to the detection of a well-defined a criterion similar to(18) for the observation of an IP:

asymmetrical RCO2j peak with a maximum characterized
by tny and RCOZ%,. Moreover,ty, decreases with increasing
To from =~ 240 s to~ 30 s at 393 and 453 K, respectively, ac-
cording to a roughly linear profile for by, = f(1/To) (see
Figs. 2-3 in[15]). In contrast to the present stud, has

no impact onry, [15]. To explain their experimental obser-
vations, Bonzel and Ku consider the following elementary
stepq15]:

BKO COags+ O2 — COy + Ogygs rate constant;
BK1 Oy + 20 — 20,4s rate constanty;

BK2 COygs— CO+ o rate constantp;

BK3  COads+ Oags— CO, + 20 rate constants,

whereo is a Pt site adsorbing either Ggor Oygs(compet-
itive chemisorption). The nature of Gg(i.e., L, B, or 3FC
CO species) is not considerg¢th]. During the isothermal

this criterion is6co,y(0) > 1/2. The point of interest is
that the authors compare the experimental and theoretical
curves RCO2( (expression(26)), which are similar to the
presentrig. 10 They indicate that a reasonable agreement
imposes (aks > k2, meaning that the desorption is neg-
ligible (high activation energy of desorption of the @
species) during the isothermal oxidation (this is also the sit-
uation for Pt/AbOz) and (b)fco,4(0) & 1, in line with the
criterion6co,,(0) > 1/2. Expressior{27)), associated with

k3 > ko, explains that Imy, = f(1/To) is a straight line
(the logarithm of the second term on the right sidg2f))
does not vary strongly with /T); the slope provides the
activation energy of step BK3£3 ~ 51 kJmol [15]. Fi-
nally, the main difference in the experimental data linked
to the isothermal oxidation of the adsorbed CO species in
[15] and in the present study is thag is not dependent
on Po, on Pt(110), in contrast to Pt/AD3 (Fig. 7). The

oxidation of the adsorbed CO species on Pt(110), (a) steptwo kinetic models show that this difference is due to the
BKO (Eley—Rideal elementary step) is neglected becausefact that the elementary steps involved in the oxidation of
Po, has no impact on RCOZY and (b) step BK1 is not the adsorbed CO species are different: a reaction between
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strongly adsorbed CO and oxygen species on the same sitegs observed on single crystals and only after the formation
on Pt(110) and a reaction between a strongly adsorbed COof a Pt—O surface on Pt/ADs [4,5]. The second L-H step
species and a weakly adsorbed oxygen species formed or{denoted S3) corresponds to the reaction of a strongly ad-
different sites on Pt/AlO3. This key difference is probably  sorbed CO species (L CO) and a weakly adsorbed oxygen
linked to the experimental conditions (material and pressure species Qags It is observed on Pt/AD3 during the oxida-
gaps), as discussed in a previous sty For instance,  tion of the strongly adsorbed L CO species forming a Pt—-CO
the low pressures used on Pt(110) prevent the impact of asurface[6]. On single crystals, UHV conditions do not al-
weakly adsorbed oxygen species during isothermal oxida-low the involvement of a weakly adsorbed species during
tion. It must be noted that we have shown previously that the oxidation. Moreover, considering the assignment of the
the two L-H steps can be studied on P#@4: that between s1 sites adsorbing the fags species to the removal of the
strongly adsorbed CO and oxygen species is implicated dur-B CO species, one may believe that the material gap may
ing the reduction by CO of §qsspecies formed by the lead to a situation where these sites are absent from par-
adsorption of @ on a freshly reduced solifb] (situation ticular single crystals. For instance, B CO species are not
denoted Pt—O surface, L-H elementary denoted [B380]), detected on stepped surfad@é]. Note that whatever the
whereas that between the strongly adsorbed L CO speciekinetic model (present study ¢t5]), In(ty) = f(1/To) is
and the Qags Species corresponds to the oxidation by O a straight line. However, the slope provides either the acti-
of preadsorbed CO species (situation denoted Pt—CO, elevation energy of the L-H steps (Bonzel and Ku model) or
mentary step denoted §8,10] and present study). The fact Eo, — Eo,/2 (present study).
that the oxidation temperatur&s > 393 K used by Bonzel
and Ku[15] are significantly higher than those in the present
study (fo < 353 K) is due to the necessity to decrease the 4. Conclusion
coverage of the L CO species by desorption to create the
first sites for the formation of Qgs Simple calculations with The present study has shown that the isothermal oxida-
the assumption that gl= 115 and Elg = 206 kJmol [8] tion of the adsorbed CO species on P#®4 leads to a
show thatg, = 0.97 for tg = 10 min at7 = 353 K. More- rate of the CQ production, RCO2(, with the durations
over, a highTp value is also imposed by the rate constant of oxidation characterized by an induction period for high
of the L-H step S3a between strongly adsorbed species. ItPt dispersions. A peak is observed that is characterized by
decreases strongly with the decrease in the coverage of they, and RCOZ%, that offers a way to characterize the L-H
oxygen species on Pt/#D3 [5]: the activation energy in-  steps between adsorbed CO species (L and B CO species)
creases from 65 to 110 kdhol atfpo,,,= 1 and 0.39, re-  and adsorbed oxygen species. Several experimental parame-
spectively{5] (atfo,,4= 1 the reaction is observed at 223 K  ters affect they, value, such as the Pt dispersiaR)( the
[5]). A similar dependence of the rate constant of oxida- oxidation temperaturefp), the duration 43) of the desorp-
tion with the coverage of the usspecies is observed on tion before oxidation, and the oxygen partial pressiis; ).
single crystalg34,35] This makes it possible to assume A kinetic model involving the adsorption of a weakly ad-
that a significant C@ production is observed on Pt(110) sorbed oxygen species,&s on the P sites liberated by
for To > 393 K becaus@g,,, increases from a very low the removal of the B CO species provides a set of mathemat-
value (atr = 0 the Pt(110) surface is mainly covered by ical expressions that provide a reasonable explanation of the
COag9. The dependence of the rate constant of oxidation impact of the various experimental and kinetic parameters
on 6o, IS consistent with the fact that Bonzel and Kib] on tm and RCOZ,. A comparison of the present study with
observe an asymmetrical RC@Rpeak; it increases slowly  the observations and the kinetic model for the isothermal ox-
and it decreases rapidly. Their kinetic model, assuming a rateidation of the adsorbed CO species on Pt(1[1®%)] shows
constant of oxidation independent 6¢,,,, leads to a sym-  that the pressure and material gaps may lead to a situation
metrical RCO2() peak[15]. The asymmetrical peak is due where the L-H elementary steps studied are not the same:
to the increase in the rate constagtwith the increase in L CO + Owadson Pt/AbO3 and L CO+ Osags(Osagsis a
Bos,qe It Can be noted thakz = 51 kJ/mol, determined by  strongly adsorbed oxygen species) on Pt single crystals. The
the slope of litm) = f(1/To) (When the coverage of the present study focuses on the impact of a small numberof Pt
OsagsSpecies is high), is in reasonable agreement with that sites linked to the adsorption of the B CO species (and/or the
obtained on 2.9% Pt/AD3 for the reaction between £Ys 3FC CO species) on the COJ@eaction. This underscores
and L CO species: 65 Kihol ato,,,~ 1 [5]. one of the difficulties of the microkinetic approach to the
In conclusion, this comparison reinforces the view devel- CO/Q; reaction: these sites must be differentiated from the
oped in previous studig2—-6] that the apparent contradic-  total number of Ptsites.
tions between single crystals and metal-supported catalysts In addition to the academic interest in the microkinetic
concerning the CO/@reaction on Pt is mainly linked to the  interpretation of the CO/@reaction as developed in the
fact that two L-H steps can be considered. The first L-H step present study, there is a more application-based perspective:
(denoted S3aifb,6]) corresponds to the reaction of strongly it can be envisaged to orient the preparation of the Pt catalyst
adsorbed CO (L CO species) and oxygen speciggqfOlt to modify a kinetic parameter of interest to favor the TOF,
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as imagined by M. Boudart in the foreword [df]. For in- Rate of CO production during the isothermal oxidation by
stance, for three-way exhaust gas catalysis the objective is toO; of the adsorbed CO species

decrease the light-off temperature (temperaturdabf CO

conversion, i.e.x = 50). The microkinetic approach devel- RCO2L({)) and RCO2B()) Theoretical rates of oxidation

oped in[2—-10] shows that two orientations can be envisaged of the L and B CO species, respectivelytitne on

to increase the TOF. The first orientation consists of favor- stream in Q);

ing the mechanism denoted M2 [6] involving strongly ~ RCO2¢)) Experimental and theoretical rates for the £O
adsorbed L CO and oxygen species. This mechanism al- production with RCO2) = RCO2L¢) +
lows the oxidation of the L CO species evenTak 273 K RCO2B¢);

but is not sustained during the CQ/@action[6]. The sec-  RCOZn andtm Characteristics of the peak maximum of
ond orientation consists of improving the performance of the RCO2¢).

mechanism denoted M1 involving the strongly adsorbed L

CO species and the weakly adsorbed oxygen species, for inAmount of adsorbed species per unit surface area of Pt (i.e,

stance, by modification of the Pt sites adsorbing the B CO Mol /c? of Pt surface)

species either through an increase of their number and/or a

decrease of the heat of adsorption of the B CO species (i.e.Q0wads Amount of Guads

by a decrease i [4,6] or by modification of the Pt particles ~ NTL and Nz Highest numbers of L and B CO species on

by a Second meta')_ the Pt surface (Na-g 0.1 NTL),

L(z) and B¢) Amounts of L and B CO species after a dura-
tion ¢ of the oxidation (L(0)= NTL);

A S1¢) Amount ofs1 sites after a durationof oxidation.
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