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Oxidation of CO on a Pt/Al,O3; Catalyst: From the Surface
Elementary Steps to Light-Off Tests

I. Kinetic Study of the Oxidation of the Linear CO Species

Abdennour Bourane and Daniel Bianchi*

Laboratoire d’Application de la Chimie a I’'Environnement (LACE), UMR 5634, Université Claude Bernard,
Lyon-1, Bat. 303, 43 Bd du 11 Novembre 1918, 69622 Villeurbanne, France

Received September 18, 2000; revised March 29, 2001; accepted April 2, 2001

The adsorption of CO (1% CO/He mixture) at 300 K on a
2.9% Pt/Al,0O3 catalyst leads to the detection of a strong IR band
at 2075 cm~! associated with a weak and broad IR band at
~1850 cm~! ascribed to linear (denoted by L) and multibound
(Bridged and 3-fold coordinated) CO species, respectively. Due to a
high heat of adsorption, the L species does not desorb in helium at
a temperature lower than 350 K. This allows us to study the rate of
oxidation of the L species using several x% O,/He mixtures (x in the
range 0.5-100) and at five reaction temperatures (range 298-350 K).
It is shown that the L species is oxidized into CO, according to the
elementary step (denoted by S3): L 4+ Oags — CO- (rate constant
ks) involving a dissociatively adsorbed oxygen species. The change
in the rate of disappearance of the L species (determined by the
evolution of its coverage #.) with the O, partial pressure (Po,)
indicates that the reaction proceeds (a) without any competition
between L and Oags species; and (b) with an apparent rate
constant ky which varies linearly with P05 This indicates that
Oads is weakly adsorbed with a coverage (denoted by 6,) given
by Langmuir’s model for dissociative chemisorption: 6, =
(Ko,Po,)®with (Ko,Po,)%° « 1. The apparent rate constant of step
S3 determined at several reaction temperatures leads to an apparent
activation energy E, = Es- (Eo,/2) = 65+ 3 kJ/mol (where Ez is the
activation energy of step S3 and Eo, is the heat of adsorption of oxy-
gen). It is shown that the preexponential factor of the apparent rate
constant is in agreement with the value expected from the statistical
thermodynamics considering immobile adsorbed species. Moreover,
when one considers that the oxygen is weakly adsorbed even with
Po, = 10° Pa, it is shown that Eo, must be <~30 kJ/mol, leading to
an activation energy Es in the range 65-80 kJ/mol. The rate of oxi-
dation of the L species characterized by step S3 allows us to interpret
in following studies the data (coverage of the L species and CO con-
version) recorded during the light-off tests using several 1% CO/x%
O,/He mixtures with x in the range 0.125-50. (© 2001 Academic Press
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1. INTRODUCTION

One of the objectives in gas/solid catalysis is to correlate
the rate of appearance of the products of a given catalytic
reaction to the elementary steps on the surface of the
catalyst. This is done with the hope that by determining
the elementary steps which control the appearance of the
product, it is possible to modify these steps to improve
the conversion or the selectivity. The catalytic oxidation of
CO on supported noble metal catalysts is one of the most
simple and widely studied catalytic reactions. However,
the correlation between elementary steps and rate of CO,
production is still debated (1, 2). One of the classical meth-
ods of correlating elementary steps and rate of reaction
is to perform a kinetic study under isothermal conditions,
determining the effect of the partial pressures of the reac-
tants and products on the rate of reaction as it was done,
for instance, by Nibbelke et al. (1), Herz and Marin (3), and
Harold and Garske (4) for the CO/O; reaction on Pt/Al,O3
catalysts. The experimental curves are then compared to
those expected from elementary step reaction paths to de-
termine several kinetic parameters (1, 3, 4). This procedure
is time consuming and the studies are particularly difficult
for exothermic reactions as the oxidation of CO (2 and
references therein). This explains that nowadays it is com-
mon to characterize a catalytic reaction such as CO/O; by
light-off tests which consist of following either the conver-
sion of the reactant CO or the appearance of the product
CO; during an increase of the reaction temperature (2, 5,
6). Then, the curves can be compared to kinetic models to
extract by optimization some Kkinetic constants (2, 4).

In parallel to the above studies, numerous works on var-
ious noble metal-containing solids (single crystals, model
particles, supported metal catalysts) have the objective of
studying the individual elementary steps involved in the
CO/O; reaction. These studies have been reviewed by sev-
eral authors such as Engel and Ertl (7) and Razon and
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Schmitz (8) (see also Ref. 2). Razon and Schmitz (8) par-
ticularly considered the studies related to the oscillation
phenomena but gave a large review of the elementary steps
proposed for the CO/O, reaction on noble metal-supported
catalysts. Engel and Ertl (7) summarized the contribution
of UHV studies on single crystals to understand the CO/O,
reaction. It seems now clearly proven that the Langmuir-
Hinshelwood mechanism between adsorbed CO and an
oxygen species (denoted by Ogqgs) coming from the disso-
ciative chemisorption of O, explains most experimental re-
sults under UHV conditions (7). However, there are sev-
eral aspects of the reaction which are still debated (1, 2), in
particular the pressure gap between UHV conditions (i.e.,
CO pressure <~10~*Pa (7)) and real conditions in applied
catalysis (CO pressure >10? Pa). For instance, on Pt(110) at
atotal pressure of 2.6 x 10~% Pa, with a ratio Po,/Pco=1.3
(7), the profile of the rate of the CO, production with the
reaction temperature T, reveals a maximum at T, ~ 473 K
and this value increases with the partial pressure of CO. This
profile also observed for Pd(111) is explained (7) consider-
ing that for T, < T, the coverage of the adsorbed CO de-
creaseswith the increase in T, due to the adsorption equilib-
rium. This liberates some sites for the adsorption of oxygen.
For T, > T, the rate of CO, decreases because the coverage
of CO continues to decrease. The above views of the CO/O,
reaction onsingle crystals have been confirmed in particular
on Pt(111) (9) and Pd(110) (10). Onsingle crystals, the heat
of adsorption of CO appears as a key parameter in the in-
terpretation of the rate of the CO, production, considering
that it fixes the coverage of the adsorbed CO species for a
given CO partial pressure and reaction temperature. Using
Infrared reflection absorption spectroscopy (IRAS) com-
bined with kinetic studies, Szanyi and Goodman (11) con-
firmed on Pd(100) that there is a close correlation between
the heat of adsorption of CO and the apparent activation
energy of the reaction.

In previous studies (12-18), we have shown that an ana-
Iytical procedure using FTIR spectroscopy might allow us
to perform on supported metal catalysts experiments sim-
ilar to those done with IRAS on single crystals and model
particles but at a higher total pressure (1 atm) and in a large
temperature range of (300-900 K). For instance, this pro-
cedure has been used for the determination of the heats of
adsorption of the linear (denoted by L) (12, 13) and bridged
(denoted by B) (19) CO species formed on a 2.9% Pt/Al,O3
catalyst, as a function of the coverage of each species. For
the L species which dominate the FTIR spectra, the heat
of adsorption varies linearly with its coverage (denoted 6 )
fromE; = 115kJ/molatf, =1toEy; = 206 kJ/molatd,_ =0
(11, 12). These values indicate that at 550 K, 6, is still
equal >0.99 at a CO partial pressure of 10° Pa, commonly
observed in three-way catalysis. Moreover, we have shown
(20) that at a constant partial pressure of CO (10° Pa), 6,
(and consequently the heat of adsorption) is not signifi-

cantly modified in the presence of a coadsorbed species
in particular O, with a CO/O, ratio >2. It is well known
that on Pt/Al,O3 catalysts the formation of CO, during a
light-off test is detected with a 1% CO/x% O-linert gas
reactive mixture at a temperature significantly lower than
that needed to strongly decrease the coverage of the L
species (2-4). This leads to the conclusion that it is not
necessary to consider that the L species must quantitatively
desorb to increase the rate of CO, production. Note that
the heats of adsorption of the L species (12, 13) indicate
that 6, decreases at around 380 K at a CO partial pressure
of 10~ Pa (UHV conditions) and this fact agrees well
with the interpretation of the evolution of the rate of CO,
production on single crystals (7, 9-11).

The above discussion has shown that the pressure gap be-
tween single crystals and supported metal catalysts studies
can lead to a new insight on the CO/QO; reaction. Moreover,
the diversity of adsorption sites (various steps, terraces, and
defects) on the Pt particles of the supported catalysts, as
compared to a single crystal, may also lead to some differ-
ences in the mechanism of the CO/O; reaction on the two
types of solids. The studies on single crystals have indeed
shown that the heat of adsorption of the CO speciesisacru-
cial parameter for interpreting the data on the CO/O; reac-
tion (7,9-11). Moreover, the heats of adsorption of L and B
species on several supported metal catalysts (12-19 and ref-
erences therein) can be strongly different especially on Pt
(11,12, 19). This leads to the conclusion that to obtain more
insight on the CO/O, reaction on Pt-supported catalysts,
it is necessary to study the contribution of each adsorbed
species (L and B) for the CO; production as considered by
several authors (21-25). We consider the involvement of
the L CO species on the rate of oxidation of CO on a 2.9%
Pt/Al,O3 catalyst. The mechanism for the oxidation of CO
via the L species is considered as follows (Model I) (1-7):

Step S1: Formation of the L species COgas) < L.

Step S2: Dissociative chemisorption  Oj(gas) < 2 O(ads).
of oxygen

Step S3: Oxidation of the
L species

Step S4: Desorption of CO,

L + Ocads) = CO2(ads)-

COz(ads) - COZ(gas)-

The above mechanism can be used to derive an expres-
sion for the rate of disappearance of CO, and then by op-
timizing the experimental data, to determine some Kinetic
parameters. This is a procedure followed in numerous stud-
ies (1-4, 26). We adopt a slightly different approach. In a
first step, we study each elementary step S1 to S4, of the
above mechanism determining the fundamental kinetic pa-
rameters (heats of adsorption, activation energy, preexpo-
nential factor). Then these parameters are used to compare
the experimental curves (coverage of the L species and CO
conversion) recorded during light-off tests using several
CO/Oy/He mixtures and the theoretical curves expected
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from the above Model I. This approach of the correlation
between elementary steps and data recorded during light-
off experiments presents the advantage of limiting the num-
ber of unknown parameters for the optimization procedure
engaged between model and experimental data.

Step S1 has been characterized previously (12, 13, 19),
determining the heats of adsorption of the L species at
several coverages. Moreover, we have shown (20) that these
values are not significantly modified in the presence of sev-
eral gases in particular O, (for CO/O; ratios >2), CO,, and
H,O. Step S4 is considered fast for T > 300 K (7). Note that
step S2is an equilibrium in the above mechanism that is dif-
ferentinseveral studies (7, 8). However, Razon and Schmitz
(8) indicate six kinetic models for the oxidation of CO on
platinum which consider that step S2 is an equilibrium. The
kinetic study of step S3 (kinetic order, apparent rate con-
stant, and activation energy) and correlatively of step S2
constitute the objective of the present study. This is per-
formed by studying the effect of the oxygen partial pressure
on the rate of disappearance of the L species (preadsorbed
on Pt/Al,O3) in the course of its oxidation at T, < 350 K.

2. EXPERIMENTAL

The 2.9% Pt/Al,O3 (in wt%) catalyst was the same as that
used in previous studies (12, 13, 19). It was prepared by the
incipient wetness method. Alumina (Degussa C y-Al,Os3,
BET area 100 m?g) was impregnated using an amount
of aqueous solution of H,PtClg, xH,O (~1.1 cm®/g of alu-
mina). After drying for 12 h at room temperature and then
for 24 h at 373 K, the solid was treated for 12 h in air at
713 K. The noble metal content was obtained using the in-
ductively coupled plasma method after dissolution of the
catalyst powder with acid solutions (in particular HNOs,
HF, and HCI). For the FTIR study, the catalyst was com-
pressed to form a disk (¢ =1.8 cm) which was placed in
the sample holder of a small internal volume stainless-steel
IR cell (transmission mode) described elsewhere (12). This
IR cell enabled in situ treatments (293-900 K) of the solid,
at atmospheric pressure, with a gas flow rate in the range
of 150-2000 cm®min. Before the adsorption of CO, the
solid was treated in situ (150 cm®min) according to the
following procedure: oxygen (T = 713 K, t = 30 min) —
helium (T = 713 K, t = 30 min) — hydrogen (T = 713 K,
t = 1h) — helium (T = 713K, t = 10 min) — helium (ad-
sorption temperature). After this treatment, the dispersion
of the metallic phase of the reduced fresh catalyst was 85%
(12,13, 19), in agreement with literature data (27) on similar
Pt catalysts. The same catalyst pellet was used for several
experiments and it was pretreated before each adsorption
experiment as described above.

The oxidation of the L species was studied according to
the following procedure: after the pretreatment of the cata-
lyst, CO was adsorbed at 300 K with a 1% CO/He mixture
(200 cm®min) and then a switch 1% CO/He — x% O,/He

(200 cm®/min) was performed with x in the range 0.5-100
while the IR spectra of the adsorbed CO species were peri-
odically recorded. Similar experiments were performed at
several temperatures all lower than 350 K. We ascertained
the repeatability of the results (value of the apparent rate
constants) on the oxidation of the L species performing the
following experiment: pretreated solid — 1% CO/He —
X% O,/He — 1% CO/He — x% O,/He. We observed no dif-
ferences in the apparent rate constant of oxidation between
the first oxidation and the second or further experiments.
All the experiments described in the present study were
obtained after at least one cycle 1% CO/He — x% O,/He.

Some experiments were run with an analytical system
designed for transient experiments using a mass spectrom-
eter as a detector and previously described (12). With the
help of various valves we performed switches between reg-
ulated gas flows (1 atm total pressure) which passed through
a catalyst (powder) contained in a quartz microreactor. A
guadrupole mass spectrometer permitted the determina-
tion of the composition (molar fraction) of the gas mixture
at the outlet of the reactor during a switch, after a calibra-
tion procedure.

3. RESULTS AND DISCUSSION

3.1. Oxidation of the L Species

Figure 1 gives the evolution of the FTIR spectra during
the switch 1% CO/He — 2% O,/He at 298 K on the
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FIG. 1. Evolution of the IR band of the L species adsorbed on 2.9%
Pt/Al,O3 with the duration of the oxidation with 2% O,/He at 298 K: (a—i)
30, 50, 62, 74, 87, 100, 118, 154, 217 s.
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Pt/Al,O3 catalyst. The IR band of the L species is observed
at 2080 cm~! in the presence of CO/He while on a fresh
reduced solid it is observed at 2075 cm~! (12, 13). This is
due to the presence of oxygen on the surface coming from
the first cycle 1% CO/He — 2% O,/He in agreement with
several studies (28, 29), and references therein. It can be
observed that the intensity decreases progressively with
time on stream associated to a shift of the IR band to lower
wavenumbers: 2078, 2073, 2070 cm~! after 62, 118, and
217 s in 2% O,/He, respectively, while the corresponding
coverages are 0.84, 0.25, 0.06 (see below the determination
of the coverage). At low coverage, a shoulder at 2080 cm ™!
is detected (Figs. 1h—j). In the absence of Oy, the IR band re-
mains constant (no desorption) in agreement with the high
heat of adsorption of the L speciesE; = 115kJ/molat6 = 1
(11, 12). A similar experiment performed with the quartz
microreactor indicates that only CO, is formed during the
switch 1% CO/He — 2% O,/He at 298 K. This confirms
that there are (a) no CO desorption during the oxidation
of the L species; (b) no competition between the L species
and adsorbed oxygen; and (c) no significant decrease in the
heat of adsorption of the L species in the presence of O..
These conclusions are in agreement with a previous study
which has shown that the heat of adsorption of CO was
not modified in the presence of O, with a CO/O; ratio >2
(20). Figure 2 gives the IR spectra during an experiment
similar to that described in Fig. 1 but for a higher O, partial
pressure 1% CO/He — 8% Oj/He at 298 K. It can be
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FIG. 2. Evolution of the IR band of the L species adsorbed on 2.9%
Pt/Al,O3 with the duration of the oxidation with 8% O,/He at 298 K: (a—j)
6, 12, 23, 32, 42, 53, 63, 79, 106, 151 s.
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FIG. 3. Evolution of the IR band of the L species adsorbed on 2.9%
Pt/Al,O3 with the duration of the oxidation with pure O, at 298 K: (a—i)
0,5, 9, 13, 15, 19, 23, 30, 52 s.

observed in Fig. 2 that: (a) the IR band disappears faster
with a higher O, pressure; (b) the IR band shifts with the
decrease in coverage (2070 cm™! after 151 s, 6, = 0.12);
and (c) a shoulder is detected at 2080 cm~! at low coverages
(Figs. 2h-2j). Note that the shift (~—10 cm™!) of the IR
band with the coverage observed in Figs. 1 and 2 during
the oxidation of the L species is lower than the one
(~—25 cm™1) measured during an adsorption procedure at
high temperatures (12) in agreement with the observations
of Sarkany et al. (28). We performed similar experiments
with 0.5 and 16% O,/He mixtures and with pure O,. The
evolutions of the IR spectra with time on stream did not
reveal strong differences with the results in Figs. 1 and 2.
However, with pure oxygen, the shoulder at 2080 cm™*
observed at low coverages in Figs. 1 and 2 is detected at
higher coverages as shown in Fig. 3. Note that for Po, >
8000 Pa a small IR band is detected at 2120 cm™! (Fig. 2)
ascribed to linear CO species adsorbed on Pt?* (22, 23,
25). This indicates that few Pt° sites are converted into
Pt?* during the first oxidation. The increase in Po, does
not change the intensity of this IR band (Fig. 3). Moreover,
this linear CO species is not oxidized at 298 K as shown
in Fig. 2. Figure 4 gives the evolution of the coverage,
6L in the range 1-0.2 with time on stream in x% O,/He
(x=0.5, 2, 8, 16, 100). The 6, values are determined
considering that the IR band area are proportional
to the amount of L species on the surface as studied
previously (12, 30), 6. = (IR band area at t)/(IR band
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FIG. 4. Evolution of the coverage of the L species with the duration
of the oxidation for several oxygen partial pressures in Pa: (a) 5 x 10%
(b) 2 x 10% (c) 8 x 10%; (d) 16 x 10%; (e) 10°.

area at t = 0). The shoulder at 2080 cm~! and the main
IR band are not differentiated. We comment below the
evolutions of 6, for values lower than ~0.2, taking into
account the results published by Cant and Donaldson
(31) on the oxidation of the L species at similar cove-
rages.

The curves in Fig. 4 are used to determine the Kinetic
parameters of the oxidation of the L species according to
step S3.

3.2. On the Absence of Competition between L
and Adsorbed Oxygen Species

We observe no change in the IR band intensity during
a switch 1% CO/He — He indicating that the L species
does not desorb in an inert atmosphere. This agrees with
the theoretical rate of desorption obtained from the heat of
adsorption values. Considering that the activation energy of
desorption E4(0,) is equal to the heat of adsorption which
varies linearly from 206 kJ/mol at 6 =0 to 115 kJ/mol at
6 =1 (12, 13), the rate of desorption of the L species is
given by (first kinetic order)

—do.  k-T Ed(OL)
dt _T'eXp(_ R-T )'HL’ g

where Kk is Boltzmann’s constant, h is planck’s constant, T
is the desorption temperature, and R is the gas constant.
Numerical calculations show that there is no desorption of
the L species at 300 K. Moreover the heat of adsorption
of the L species is not modified in the presence of O, (20)
for CO/O; ratios >2. This means that we cannot adopt the

view that the L species must desorb to liberate some sites
for the adsorption of oxygen. It must be considered either
that there are some free sites (other than those adsorbing
the L species) on the Pt particles which activate oxygen or
that the L species is oxidized by a Eley-Rideal mechanism
(denoted by E-R) and not by a L-H mechanism. We show
below that the E-R mechanism is improbable. Another fact
proves that there is no competition between L species and
adsorbed oxygen.

The rate of disappearance of the L species during the
oxidation according to step S3 is given by

%=k3-9|_'90, [2]
with 6o being the coverage of the oxygen species. Assuming
a competition on the same sites 6o = (1 — 6,) then Eq. [2]
leads to the conclusion that the rate of disappearance of the
L species is maximum at 6. = 0.5. Curve b in Fig. 5 shows
the evolution of the rate v = —d6/dt with time on stream
for the experiment with the 16% O,/He mixture. Similar
curves are obtained for the various O, partial pressures.
Curve b in Fig. 5 shows clearly that the rate is maximum
just after the time required to obtain the O, adsorption
equilibrium after the switch 1% CO/He — 16% O,/He fora
6 value clearly higher than 0.5 (curve ain Fig. 5). There are
several studies which describe the oxidation of preadsorbed
CO species by O,-containing gas mixtures, on noble metal-
supported catalysts and at temperatures lower than 400 K
(26, 32). The authors (26, 32) observe that the introduction
of O, leads to the immediate production of CO, with a
rate showing a maximum at Time 0 and decreasing with
time on stream. A clearly different situation is observed,
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FIG. 5. Evolution of the coverage of the L species and of the rate of
oxidation for the 16% O,/He mixture: (a) coverage; (b) rate of oxidation.
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for instance, on Pd(110) (10). For a CO coverage >0.64, the
introduction of O, does not lead to the formation of CO,
(O, cannot be adsorbed) while for a coverage of 0.46, the
rate of CO; production increases slowly with the duration of
oxidation until a maximum is observed after 200 s at 310 K
(10). For acoverage of 0.1 the rate is maximum immediately
(10). It must be noted that the results in Fig. 5 are different
from those of Li et al. (33) on Pt/SiO,. At 353 K, these
authors (33) observed that the IR band of the L species
rapidly decreases only after an induction period of 109 s
after the introduction of O,.

It seems clearly established that L and O,qs species on
the present Pt/Al,O3 catalyst are not adsorbed on the same
sites. This is in agreement with the observations of Xu and
Yates (34) on Pt (335). Using IRAS they have shown that
the more reactive geometry in the CO/O; reaction involves
oxygen adsorbed on step sites with CO adsorbed on terrace
sites. Their results indicate that two types of adsorption
sites can be involved in the adsorption of CO and O,, a
conclusion which is also found from the present results on
Pt/Al,O3and thisis related to the diversity of the sites which
may exist on supported Pt particles.

3.3. Influence of the Partial Pressure of O, on the Rate
of Oxidation of the L Species

Assuming that during the oxidation of the L species, 6
is constant with the duration of the adsorption t, the ex-
pression [2] leads to the conclusion that In 6, must linearly
vary with t. Figure 6 shows the curves In 6, = f (t) obtained
from the data in Fig. 4. The straight lines observed in Fig. 6
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FIG. 6. Evolution of the curves In (6.) = f(t) during the oxidation of
the L species for the various oxygen partial pressure in Pa: (a) 5 x 107
(b) 2 x 10% (c) 8 x 10% (d) 16 x 10% (e) 10°.

for several P, values confirm that 6 o does not significantly
change during the oxidation of the L species. The slopes of
the straight lines give the apparent rate constants of step
S3, kap = kabo, for each O, partial pressure. Note that the
fact that the slopes in Fig. 6 change with the partial pressure
of O, leads to the conclusion either that O, is not strongly
adsorbed or that the oxidation follows the E-R mechanism.
Considering Langmuir’s model, 6¢ is given by

/Ko, Po,
o = ——F———, [3]
14+ 4/ K(:)2 . F)o2

where Ko, and Po, are the adsorption coefficient and
the partial pressure of O,, respectively. If the heat of
adsorption of oxygen is high, (a) (Ko, Po,)*® > 1; (b) 6o is
independent of the O, partial pressure; and () Kap must be
independent of Pg,. This situation is not observed during
the oxidation of the L species. This is surprising because
it is well known that the heats of adsorption of oxygen on
noble metal-containing solids are very high in particular
with Pt. They are in the range 186-289 kJ/mol in (35) and
Wartnaby et al. (36) consider that on Pt(110) the heats
of adsorption of oxygen alone decrease with the increase
in the coverage from 335 + 10 kJ/mol at low coverages
to 214 + 24 kJ/mol at 0.35 ML and 199 + 27 kJ/mol at
0.5 ML. These values indicate that oxygen must be strongly
adsorbed and that the coverage must be equal to o = 1
at temperatures lower than 350 K. The variation of
the apparent rate constant (Fig. 6) with Pg, shows that the
heat of adsorption of oxygen is strongly decreased in the
presence of adsorbed CO. This is in agreement with several
studies on Pt- and Pd containing solids (single crystals
and supported metal catalysts) which show that at room
temperature CO preferentially adsorbs even with O,-rich
CO/O;, mixtures and that CO adsorption is not significantly
affected by the O, adsorption (11, 21, 24, 25, 31).

In our experiment, it cannot be ruled out that during the
first switch 1% CO/He — x% O,/He, some oxygen is ad-
sorbed on Pt sites with a high heat of adsorption (strongly
adsorbed oxygen species). For instance, Sarkany et al. (28)
performed the titration of the L species adsorbed on a
Pt/SiO; catalyst by introduction of oxygen pulses (100 wl)
at 298 K. They determined by O mass balance that during
the first pulse 25% of O, did not react, 40% reacted with the
L species to form CO,, and 35% was adsorbed (28). How-
ever, these eventual strongly adsorbed O,4s Species are not
active in the oxidation of the L species. This is shown by
the experiments in Fig. 7. After that the coverage of the
L species was decreased by oxidation using a 16% O,/He
mixture; a switch 16% O,/He — He is performed at 6, ~
0.4. It can be observed that the coverage of the L species
remains constant just after the removal of the oxygen in
the gas phase. After a switch He — 16% O,/He the cov-
erage decreases again and the oxidation ceases after a new
switch 16% O,/He — He at 6 ~0.15. This clearly shows
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FIG.7. Evolution of the coverage of the L species during several
switches 16% O,/He — He — 16% O,/He.

that the oxidation of the L species cannot involve some
strongly adsorbed oxygen species. The reaction involves ei-
ther a weakly adsorbed oxygen species or O, from the gas
phase by a E-R mechanism. Note that the introduction of
O, in section c of Fig. 7 leads to an initial rate of oxidation
of the L species slightly higher than that before the switch
O,/He — He. We believe that this is due to the heat coming
from the O, adsorption.

3.4. Mechanism of the Oxidation of the L Species

The slopes of the straight lines in Fig. 6 give the apparent
rate constant of the oxidation of the L species, kyp = K300,
for each O, partial pressure. These slopes changes with Po,
and this must be due either to an E-R mechanism (in that
case Kap = k3Po,) or to a L-H mechanism with an oxygen
species weakly adsorbed. The choice between the two
mechanisms can be made by studying the variation of the
apparent rate constant with Po,. For the L-H mechanism,
assuming that (Ko, Po,)?® « 1, 60 = (Ko,Po,)*®, which
indicates that at a given reaction temperature kap = f(P3°)
must vary linearly as observed in Fig. 8 (m). For the E-R
mechanism kqp = f(Po,) must be a straight line. Figure 8
(0) shows that kapy = f(Po,) is not a straight line in the Po,
range 0.5 x 10%-10° Pa and that the E-R mechanism must
be discarded. However, itcan be observed that kqp = f(Po,)
is roughly a straight line for Po, lower than 10* Pa. This
means that the experiments done with Po, < 10* Pamay not
allow us to discriminate between a L-H mechanism with
O, weakly adsorbed and an E-R mechanism (or another
mechanism leading to an order 1 for Po,: i.e., the molecular
adsorption of O, considered as the rate-determining step

(1)). Figure 8 (m) indicates that the apparent rate con-
stant kp linearly varies with P3® : kap = kip PS> with kg, =
k3(Ko,)*° anew apparent rate constant equal to 2.8 x 10~*
Pa®® s~! at 300 K. Curve c in Fig. 8 reports the theoretical
straight line kap =2.8 x 10~* P3%, while curve d represents
Y=(28x10"" P3%)=f(Po,) in order to confirm the
necessity of using oxygen partial pressures higher than 10*
Pa to select the mechanism of oxidation of the L species.

Assuming immobile adsorbed oxygen species, the ad-
sorption coefficient Ko, is given by statistical thermody-
namics (37, 38),

K h° L ex Ea— & [4]
= * * _-—
©2 = Kk (2% 7w+ mx k)32 T2 P RxT, )’

where m is the weight of the molecule (32 x 10~% kg/
6.02 x 10%), T, is the adsorption temperature, Eq and E,
are the activation energies of desorption and adsorption,
respectively, and Eo, = Eq — Ej is the heat of adsorption
of O,. To maintain the relation (Ko, Po,)*® « 1 even with
a partial pressure of O; of 10° Pa, Eo, must be lower than
~30 kJ/mol which leads to (Ko, 10%)%° = 0.086. This Eo,
value is strongly lower than that determined in the absence
of CO (>180 kJ/mol) (35, 36).

3.5. Apparent Activation Energy for the Oxidation
of the L Species

Figure 9 gives the evolution of the IR band of the L
species with a 2% O,/He mixture at 321 K. The spectra are
similar to those in Fig. 1 but the IR band decreases faster at

01 1 1 T T T

<a—d

0.06} |

Apparent rate constant (s)

0 4.10* 8.104
Values of X

1.2.10°

FIG. 8. Choice of the mechanism for the oxidation of the L species
(X=Pg; or Po,): (M, a) experimental data, kap=f (P3); (O, b) experi-
mental data, kap = f(Po,);(c) theoretical curve kep = 2.8 x 107*P3;and
(d) theorectical curve (2.8 x 107*P%*) = f(Po,).
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FIG. 9. Evolution of the IR band of the L species adsorbed on 2.9%
Pt/Al,O3 with the duration of the oxidation with 2% O,/He at 321 K: (a-h),
33,44, 48, 51, 55, 59, 65, 73 s.

321 K. Note that the IR band of the L species shifts to lower
wavenumbers with the decrease in coverage from 2080 to
2067 cm~*. We have performed similar experiments at five
temperatures with the same 2% O,/He mixture. This allows
us to determine the evolution of the apparent rate constant
of step S3 with the reaction temperature. Figure 10 gives In
Kap= f(1/T) for Po, =2 x 10% Pa and the straight line leads
to the apparent activation energy E, = (Es-(Eo,/2)) =
65 + 3 kJ/mol. As the heat of adsorption of O, is estimated
to be ~30 kJ/mol or lower, the activation energy E; of step
S3isin the range 65 4+ 3 to ~80 + 3 kJ/mol. The above val-
ues for the activation energies E; and E3 can be compared
to literature data. We show below that E, is in good agree-
ment with the values determined by Cant and Donaldson
(31) on Pt/SiO, from experimental data similar to those
obtained in the present study. The values of E; can be com-
pared to the activation energy Esg of the surface reaction
COggs + Ogags involved in L-H kinetic models of the CO/O,
reaction on various Pt-containing solids. For instance on a
Pt foil at T > 750 K and for CO/O; ratios <1, Coulston and
Haller (39) determined Esgr =65 kJ/mol. On Pt/Al,O3 at
T ~ 473 K, Herz and Marin (3) found Esg =56.5 kJ/mol
while on Pt/Rh/CeO,/Al,O3 at 393-433 K Nibbelke et al.
(26) determined 96.8 kJ/mol. This value is similar to that
determined by Pacia et al. (40) on a Pt ribbon: 91 kJ/mol.
Engel and Ertl (7) pointed out that low values of Egsg
could be due to the simplifying assumptions involved in the
kinetic models. The above values of Esr are in reasonable

agreement with E3 determined in the present study for the
oxidation of the L CO species.

3.6. Preexponential Factor for the Apparent Rate
Constant of Step S3

The straight line in Fig. 10 gives a preexponential factor
for kap Of 11 x 10® s7* at Po, = 2 10% Pa. This value can
be compared to the theoretical value expected from statis-
tical thermodynamics considering kap = ka(Ko, * Po,)"®.
The adsorption coefficient is given by expression [4]. It can
be denoted as Ko, = (Ko,)o exp(Eo,/RT), with (Kp,)o the
preexponential factor. The rate constant of step S3 is given
by ks =Aj3; exp(—E3/RT). The preexponential factor of a
bimolecular reaction as step S3 is Az = kT/h ~ 101 571
(3, 26, 37, 38). The theoretical preexponential factor of the
apparent rate constant of steps S3 is Az ((Ko,)oPo,)*°~
4% 108 s~ at 300 K. The very good agreement between
this value and that determined experimentally can be ob-
served. This confirms that step S3 involves the strongly ad-
sorbed L species with a weakly dissociatively adsorbed oxy-
gen species.

From the above calculation it can be considered that the
rate constant k3 of step S3 has a preexponential factor of
108 s~ tat T < 350 K, with an activation energy of E3 in the
range 65-80 kJ/mol.

3.7. Rate of Oxidation of the L Species and CO
Conversion during a Light-Off Test

A simple relationship can be established between the
oxidation of the L species and the conversion of CO dur-
ing a light-off test. It may appear surprising that the L
species is oxidized at room temperature for instance with
2% O,/He (Fig. 1) while the conversion is not detected at
a significant level before ~400 K during a light-off tests

| | | |
3.10° 3.2.10°

1T (K

3.4.10°

FIG. 10. Determination of the apparent activation energy for step S3.
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with 1% CO/2% O,/He performed with the FTIR cell (re-
sults not shown). Similar observations were made by sev-
eral authors during light-off experiments with various noble
metal-containing catalysts (2-4). However, simple calcula-
tions show that there are no contradictions. The amount of
linear CO species on the used Pt/Al,O3 catalyst (after sev-
eral pretreatments) measured at 300 K with a mass spec-
trometer (12) during a switch He — 2% CO/3% Ar/He is
~50 umol/g (30). The weight of catalyst used in the FTIR
experiments is ~40 mg, indicating that at 300 K there is
~2 umol of L species in the IR-cell reactor. With a 2%
O,/He mixture, Fig. 1 shows that the coverage decreases
from 1to 0.5in ~80 s. This gives an initial rate of disappear-
ance of L species of ~0.012 wmol/s. This value must corre-
spond to the highest rate of CO, production at 300 K with a
1% CO/2% O,/He mixture considering that the rate of ad-
sorption of CO is not the limiting step. The CO molar flow
rate during the light-off test is 1.40 umol/s (200 cm®/min of
the reactive mixture). This value is strongly higher that the
rate of CO, production (0.012 umol/s) and indicates that the
highest CO conversion at 300 K is ~0.8%. This is in agree-
ment with the fact that the light-off tests on Pt-containing
solids always indicate a very low conversion before 373 K
(2-4). Inafollowing study we show that the kinetic parame-
ters determined above for steps S3 and S2 and for step S1in
(11, 12) allow us to interpret the evolution of the coverage
of the L species and correlatively of the CO conversion dur-
ing light-off tests with several reactive mixtures 1% CO/x%
O,/He with x in the range (0.125-50).

3.8. Evolution of the Coverage of the L Species during Its
Oxidation for ,_ < 0.2

The straight lines in Fig. 6 are mainly obtained for 6,
> 0.2. For lower 6 values (not shown) the slopes change
for the lower Po, values. This has also been observed by
Cant and Donaldson (31) for the oxidation of the L species
on Pt/SiO, catalysts. Due to the experimental procedure
these authors lost the main contribution of the decrease
in the coverage of the L species and their data only con-
cern 6 values in the range 0.3-0.1. Under these conditions
In(6L) = f(t) was not linear and the authors considered
that this was due to a dependence of the activation energy
of step S3 on #,.. They assumed (31) that the rate of disap-
pearance of the L species was given by an equation similar
to Elovich’s equation, with an activation energy given by
Eo— « 6 with @ =50 kJ/mol. They determined an appar-
ent activation energy of 48 kd/mol at 9, = 0.2 leading to Eg
of 58 + 6 kJ/mol which can be compared to E, =65 kJ/mol
found above. Note that the mathematical treatment used
by Cant and Donaldson (31) did not consider the effect of
the change in the oxygen coverage during the removal of
the L species. Thus, their data were implicitly treated in the
absence of competition between the L and O,y Species as
in the present study. Moreover, Cant and Donaldson (31)

indicate a small positive order dependence on oxygen pres-
sure on the rate of oxidation in agreement with the value
of 0.5 determined in the present study. The various straight
linesin Fig. 6 for In 6, = f(t) at several oxygen partial pres-
sures lead to the conclusion that the apparent activation
energy of step S3 is constant in the range 1-0.2. However,
in agreement with the observations of Cant and Donaldson
(31) the slopes change for . < 0.2 and for low Po, values.
We consider that this is due to an increase in the activa-
tion energy of step S3 as suggested in (31). However, we do
not use the formalism of Elovich’s equation (31) because it
does not take into account the coverage of the oxygen. We
only introduce a variation of the activation energy of step
S3; E3 + af where Ejis the constant activation energy be-
tween 1 < 6 < 0.2and « (in kJ/mol) is the increasing factor
for 6 < 0.2. The evolution of 6, with time on stream is given

by

—do. k- T
dt ~ h

Es+o-6
exp— (%) ~9|_ c 4/ Ko2 . Poz, [5]

where Ko, is given by expression [4] with Ep, =30 kJ/mol.
Figure 11 compares the experimental curves 6, = f(t) for
three oxygen partial pressures (Fig. 11, A, m, ®) to the theo-
retical curve obtained by solving Eq. [5]. Curves d, e, and f
are obtained with E3 =754+ 2 kJ/mol and « = 0. The com-
parison between curves a—c (A, m, ®) and d—f shows that (i)
the activation energy of step S3 is constant for 6, >~ 0.2,
and (ii) for 8. <~ 0.2 the theoretical curves (d, e) are lower

Coverage of the linear CO species

FIG. 11. Comparison of the coverage of the L species during its ox-
idation at 298 K for three oxygen partial pressures with the theoretical
curves obtained from Eq. [5]: (a—c) experimental coverages for (A, a)
Po, =0.5 x 10° Pa; (M, b) Po, =8 x 10°Pa; (®,c) Po, =16 x 10°Pa; (d-
f) theoretical coverages according to Eq. [5] for the three Po, values with
E3; =75+ 2 kd/mol and « = 0; (h and g) theoretical coverages considering
a =10 kd/mol in Eq. [5] for 6, <0.2.



OXIDATION OF CO ON Pt/Al,O3 CATALYST, | 43

than the experimental data for Po, > 8 x 10° Pa (curves a
and b). Note the good agreement between the theoretical
curve and the experimental data for Po, = 16 x 10° Pa for
all the 6, values (same results for P, = 10° Pa) and that
the value of E3z used in Eq. [5] is in the range of values 65—
80 kJ/mol determined above. Curves g and h give the theo-
retical curves considering an increase in the activation en-
ergy of step S3 with the decrease in 6 using @ = 10 kJ/mol
for 6 <~ 0.2 The better accord between curves g and h and
the experimental data confirms that the activation energy
of steps S3 slightly increases with the decrease of 6, . How-
ever, this variation of Ez appears as a function of the oxygen
partial pressure because the activation energy of step S3 is
constant in the 6, range 1-0.06, for Po, values >8 x 10° Pa
(curves ¢ and f). It seems that a higher amount of oxygen
leads to a constant value for E3 with 6.

4. CONCLUSION

The following conclusions are derived from the present
study on a Pt/Al,Oj3 catalyst.

(a) The linear adsorbed CO species (denoted by L) on
Pt sites is oxidized in CO, at a temperature lower than 350
K in the presence of x% O,/He mixture with x in the range
0.5-100 and a total pressure of 1 atm.

(b) The oxidation of the L species follows the Langmuir—
Hinselwood mechanism with an O,gs Species formed by
the dissociative chemisorption of oxygen. The Eley—Rideal
mechanism does not operate. The elementary step (denoted
by S3) which controls the oxidation of the L species is

L 4+ Oads = CO2ads,

with a rate constante k3 and an activation energy Es.

(c) There is no competition between L species and the
adsorbed oxygen species O,gs: €ach species is adsorbed on
different sites (no competition of adsorption).

(d) The O44s speciesis weakly adsorbed and itsadsorption
(step S2) is considered at the equilibrium.

(e) The apparent rate constant of step S3 is ky =
ks(Ko, Po,)?%, where Ko, is the adsorption coefficient of
O,. The apparent activation energy is 65 kJ/mol and the
heat of adsorption of O; is estimated <~30 kJ/mol.

(f) The activation energy of step S3 is in the range 65—
80 (+3) kJ/mol and the preexponential factor of the rate
constant ks is ~10™® s~ at T > 350 K, in agreement with
that expected from statistical thermodynamics.

(9) The rate of oxidation of the L species is in qualitative
agreement with the CO conversion during light-off tests
performed at temperatures lower than 370 K.

(i) For 6, values lower than 0.2 and for oxygen partial
pressure lower than 16 x 10° Pa, the activation energy of
step S3 increases slightly with the decrease in 6.

In subsequent studies it is shown that the above Kinetic
parameters for steps S2 and S3 allow us to explain the
change in the coverage of the L species and correlatively
the evolution of the CO conversion during light-off tests in
the range 300-740 K using several 1% CO/x% O,/He with
x in the range 0.125-50.
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