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Experiments in the transient regime using a mass spectrometer as
adetector are performed at 7= 300 K on a 2.9% Pt/Al, O3 catalyst to
study the oxidation of the linearly adsorbed CO species (denoted L)
with several x% O,/z% Ar/He mixtures (x and z in the range 0.5-4).
CO and O, adsorption measurements show that the L CO species
and a strongly adsorbed oxygen species (denoted Og,qs) formed by
the dissociative chemisorption of O, are adsorbed on the same sites
of the freshly reduced Pt particles. L CO and Og,gs species have high
heats of adsorption: 115 and 175 kJ/mol, respectively, at full cover-
age of the Pt surface and do not desorb in helium at a temperature
lower than 350 K. Moreover, it is shown that at 300 K a preadsorbed
L CO species is not displaced by oxygen adsorption but is converted
into CO, by a weakly adsorbed oxygen species (denoted Oyaqs) acc-
ording to the elementary step (denoted S3): L 4+ Oyaqs — CO; (rate
constant, k3). This confirms the conclusion of a previous study per-
formed using FTIR spectroscopy. O and C mass balances during the
transient regime reveal (a) that during the first seconds of the tran-
sient the oxygen consumption is mainly due to the formation of the
Owads species and that its adsorption equilibrium is rapidly attained
and (b) that an Og,q4s species is adsorbed for each L CO species re-
moved by oxidation. This leads to a Pt surface where the coverage of
the L CO species decreases while that of the O, Species increases
with the duration of the oxidation. However, it is shown that the
rate of the reaction (denoted S3a), L + Og,4s species, is significantly
lower than that of step S3 and does not contribute to the CO, for-
mation in the presence of O,. A comparison is presented with the
literature data on Pt single crystals (UHV studies) and supported Pt
catalysts.  (© 2002 Elsevier Science (USA)

1. INTRODUCTION

One of the objectives in gas/solid catalysis is to corre-
late the rate of a catalytic reaction such as CO/O, on sup-
ported noble metal catalysts to the elementary steps on
the surface of the catalyst. However, for the a priori sim-
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ple CO/O; reaction this correlation is still debated (1-8).
For instance, UHYV studies on single crystals have shown
that the Langmuir-Hinshelwood mechanism between ad-
sorbed CO and an oxygen species (denoted O,q45) coming
from the dissociative chemisorption of O, explains most
experimental results at low pressures (7). There is a com-
petitive adsorption of CO and O, and the CO/O, reaction
is detected only for reaction conditions allowing a decrease
in the coverage of the adsorbed CO species (7, 9-11). On
Pt/Al,O3 the adsorption of CO at T <373 K either alone
or in the presence of oxygen mainly leads to the forma-
tion of a linear CO species (denoted L, IR band at 2070-
2080 cm~!) with small amounts of bridged (denoted B) and
threefold-coordinated (denoted 3FC) CO species (12, 13).
Using FTIR spectroscopy, we have shown (14 and refer-
ences therein) that at ~300 K the L CO species is oxi-
dized in CO; using x % O,/He mixtures and that it can be
considered an adsorbed intermediate in the CO/O, reac-
tion. Moreover, the heat of adsorption of the L. CO species
linearly varies with its coverage (denoted 0 ), from E; =
115kJ/molat0y =1to Ey =206kJ/molat 6 =0(13,15,16),
indicating that it cannot significantly desorb at T <350 K,
as experimentally observed (17, 18). This leads to the con-
clusion that it is not necessary to consider that the L species
must quantitatively desorb to explain its rate of oxidation at
T <373 K. The study of the oxidation of the L CO species by
FTIR spectroscopy (using several x % O,/He mixtures) has
shown (14) that this reaction proceeds by a surface elemen-
tary step that involves a weakly adsorbed oxygen species
(denoted Oyags) formed without any competition with the
L CO species, by the dissociative chemisorption of O,. It has
also been shown (14) that the switch to x% O,/He — He
leads to the immediate interruption of the oxidation of the
L species. This means that if a strongly adsorbed oxygen
species (denoted Og,qgs ) Was present on the surface, it did not
significantly contribute to the oxidation of the L CO species.

FTIR spectroscopy did not allow us to determine the evo-
lution of the coverage of the Oyags and Og,gs Species during
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the oxidation of the L species. In the present study this re-
action is studied using experiments in the transient regime
with a mass spectrometer as a detector in order (a) to con-
firm the conclusions of (14), (b) to reveal the presence of
Owads and Og,gs species on the surface during the oxidation
of the L CO species, and (c) to compare the rate of oxida-
tion of the L. CO species with Oy,gs and Og,gs species. This
analytical procedure has been used by several authors on
various Pt-containing solids and Bennett (19) gives a large
review of the contribution of this method to the knowledge
of several catalytic reactions, in particular CO/O,. The main
originality of the present study is to perform oxygen and car-
bon mass balances during the experiments in the transient
regime to quantify the amounts of oxygen and CO species
on the surface of the Pt/Al, O3 solid during the reaction and
to deduce the coverages of each adsorbed species as well as
the rates of the different surface processes.

2. EXPERIMENTAL

The 2.9% Pt/Al,Oj3 catalyst (in weight percent y-Al,Os;
BET area, 100 m?/g; incipient wetness method using
H,PtCls - xH,O) was the same as the one used and char-
acterized in previous studies (13-16). The experiments in
the transient regime with a mass spectrometer as a detec-
tor have been run with an analytical system previously de-
scribed (20). Mainly, various valves allowed us to perform
switches between regulated gas flows (1 atm total pressure)
which passed through the catalyst (powder) contained in a
quartz microreactor. A quadrupole mass spectrometer per-
mitted the determination of the composition (molar frac-
tion) of the gas mixture at the outlet of the reactor during
a switch, after a calibration procedure using gas mixtures
of known compositions. The molar fractions of the gas mix-
tures in addition to the temperature of the catalyst (K-type
thermocouple, ¢ =0.5 mm) were determined with an ac-
quisition rate of one analysis each 1.5 s. The gases studied
in the present study were Hy, He, CO, O,, Ar, and CO,.

Before the adsorption of CO, the 2.9% Pt/Al,O;3 cata-
lyst was treated in situ (100 cm?/min) at 713 K accord-
ing to the following procedure: oxygen (30 min) — helium
(30 min) — hydrogen (1 h) — helium (10 min) and then
cooled in helium to the adsorption temperature. After this
treatment, the Pt dispersion on a fresh catalyst was D = (.85
(13-16), in agreement with literature data (21) on similar
Pt catalysts. The same catalyst sample was used for several
experiments and it was pretreated before each adsorption
experiment as described above. However, in (14) before
the study of the CO/O;, reaction by FTIR spectroscopy, the
reduced catalyst was initially treated in 1% CO/He from
300 to 713 K for the determination of the heats of adsorp-
tion of CO. This led to a decrease in the Pt dispersion to
~(.6-0.5. Then this dispersion was constant after several
cycles of CO adsorption at high temperature/pretreatment
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(stabilized solid). A similar treatment in 1% CO/He was
performed in the present study to stabilize the dispersion.

The oxidation of the L CO species was studied accord-
ing to the following procedure: after the reduction of the
stabilized catalyst, CO was adsorbed at 300 K, performing
the switch He — x% CO/z% Ar/He (100 cm®/min; x and
z in the range 0.5-4) during #, ~ 2 min. After a short he-
lium purge (=60 s) a new switch was performed, He — y%
0,/z% Ar/He (100 cm®/min; y and z in the range 0.5-4)
during a time ¢o (oxidation of the adsorbed CO species),
while the composition of the gas mixture at the outlet of the
reactor was determined with the mass spectrometer. After
a duration 7o of the oxidation a new short helium purge
was performed followed by a new switch, He — x % CO/z %
Ar/He, during a time ¢, (reduction of the Os,gs Species). Note
that to be sure the data did not concern a particular state
of the catalyst, the results were mainly obtained after sev-
eral cycles of oxidation of the L species/reduction of Og,gs
species (denoted O /R). Racine et al. (22) as well as Bennett
(19) gave reviews of experiments in the transient regime
performed to understand the CO/O; reaction in particular
on single crystals (10,23, 24), foil (25), and supported metal
catalysts (17,26-28). However, occasionally the experimen-
tal data are used (a) to perform C and O mass balances and
(b) to support kinetic models, such as in (29-31).

3. RESULTS AND DISCUSSION

3.1. Adsorption of CO and O; on the Pt/Al,O3 Catalyst

Figure 1 A gives the evolution of the molar fractions of
the gas (excepted He) at the outlet of the reactor during the
switch He — 2% CO/2% Ar/He performed at T, =300 K
on the reduced stabilized Pt/Al,O3 solid. A temperature
peak with a maximum of ~4 K (not shown) is observed
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FIG.1. Adsorption and desorption of CO and O, on Pt/Al,Os:
(a) Ar; (b) CO; (c) (curve a — curve b) x 100; (d) O,.
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during the adsorption, in agreement with the observations
of Racine et al. (22) on a Pt/Al,Oj3 solid. The total CO up-
take, QACO =78 umol CO/g (D ~ 0.54 with a CO/Pt ratio
of 1), is determined from Fig. 1 (for given molar flow rate,
F,weight of the catalyst, W, and duration, ¢,, of adsorption)
by (20):

ta
F
QACO = /(curve a—curve b)- W -dt [1]
0

However, curve c in Fig. 1, which is obtained from
(curvea — curve b) x 10reveals asmall CO desorption peak
(~4 umol/g) in Fig. 1B and then a small readsorption peak
(=4 umol/g) during a new switch with CO/Ar/He (Fig. 1C),
indicating a reversible chemisorption. FTIR spectroscopy
studies have shown (13) that the adsorption of CO on the
present catalyst leads to a strong IR band at 2070 cm ™" as-
cribed to a L CO species associated with weak IR bands
below 2000 cm~! due to B and 3FC CO species. We have
determined (13, 15, 16) that the heats of adsorption of the
three adsorbed species linearly vary with their coverages:
from 206 kJ/mol at 81 =0 to 115 kJ/mol at 8; =1 for the
L species, from 135 kJ/mol at 83rc =0 to 115 kJ/mol at
03pc = 1 for the 3FC species, and from 94 kJ/mol at 65 = 0 to
45 kJ/mol at 65 =1 for the B species. These values indicate
that only the B species can significantly desorb at 300 K dur-
ing the helium purge. The peaks (~4 pmol of CO/g) in curve
c (Figs. 1B and 1C) are probably due to the desorption and
readsorption of the B CO species, respectively. The amount
of strongly adsorbed CO species is QACO;; =74 umol/g.

Curve d in Fig. 1 shows the evolution of the molar frac-
tion of O, during the switch to He — 2% 0,/2% Ar/He on
the freshly reduced Pt/Al,Oj3 solid (stabilized). A temper-
ature peak of ~7 K is observed during the O, adsorption,
indicating that the heat of adsorption of O, is higher than
that of CO. Curves a and d indicate that 38 umol/g of O, is
irreversibly adsorbed (no peaks in Figs. 1B and 1C). Assum-
ing a dissociative chemisorption of O, with aratio O/Pt=1,
the number of Pt sites involved in the adsorption of Oy is
equal to QAO =76 umol of O/g of catalyst, in good agree-
ment with QACO =78 umol/g, as observed on Pt/SiO; (17)
and on single crystals (32, 33). This leads to the conclusion
that on the present Pt/Al,O3 catalyst CO and O, are ad-
sorbed on the same Pt sites. The irreversible amount of
adsorbed CO is mainly due to the formation of the L CO
species with a low contribution of 3FC species (14) while
the irreversible amount of adsorbed oxygen is ascribed to
a strongly adsorbed O species (denoted Og,ags). This jus-
tifies that in the present study we identify the amount of
irreversibly adsorbed CO (QACO;; =74 umol/g) to the L
CO species, which is strongly adsorbed (13). The activation
energy of desorption of the Og,gs Species at high coverage
has been determined using a TPD procedure. After the ad-
sorption of O; at 300 K (Fig. 1d) the temperature of the
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FIG. 2. Determination of the activation energy of desorption of O, on
the reduced Pt/Al, O3 catalyst using ITPD procedure. (A) Molar fraction
(MF) of O, during the TPD; (B) In(MF) = f(1/T).

catalyst Ty is increased in a helium flow from 300 to ~980 K
(50 K/min). Figure 2A shows that O, does not appear in
the gas flow before 820 K. At Ty =976 K, the total amount
of O, desorbed is 4.8 umol of O,/g (decrease in the cove-
rage from 1 to 0.87). To determine the heat of adsorption
of the Ogyqs species at full coverage of the Pt surface, we
use the mathematical formalism of the ITPD (intermittent
temperature-programmed desorption) procedure (34-36).
The rate of desorption of Os,gs is given by

—d® 2 2 E4(0)
Vd dr kd 0 v-0 exp( R-T s [ ]

where kg4 is the rate constant of desorption, v is the fre-
quency factor, and E4(0) is the activation energy of des-
orption depending on the coverage. In an ITPD procedure
(34-36) it is considered that if 6 is roughly constant (i.e.,
at the beginning of the desorption process when 6 ~ 1 and
readsorption is not significant) then expression [2] leads to

dIn(va)| _ —Ea(0)
iy |, K .

The rate of desorption, vq, is proportional to the mo-
lar fraction (denoted MF) of O, (Fig. 2A) and the slope
of In(MF) = f(1/T) (Fig. 2B) for 0 varying from 1 to 0.97
(beginning of the desorption peak) indicates an activation
energy of desorption of 175 + 10 kJ/mol at psaas =~ 1, in
agreement with 199 4+ 27 kJ/mol, determined by Wartnaby
et al. (37) on Pt (110) at high coverage of the surface.
Olsson et al. (38) find a lower value (142 kJ/mol) by clas-
sical TPD on 7.7% Pt/Al,O3 (38). The above results show
that for high coverages of the Pt surface, the heat of adsorp-
tion of the L species (115 kJ/mol) is lower than that of the
Oqads species (175 kJ/mol) considering that the adsorption
of O is not activated. However, with CO/O, gas mixtures
the Pt surface is mainly covered by the L CO species (39
and references therein).
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3.2. Composition of the Gas Mixtures during Oxidation

of the L. CO Species

After the adsorption of CO according to the experiments
in Fig. 1, a switch to He — 2% O,/4% Ar/He permits the
oxidation the L CO species for a duration to. Figure 3A
gives the evolutions of the molar fractions of the gases at
the outlet of the reactor during the switch. The rate of the
CO; production is given by

F
RCO;, = (curve ¢) x W [4]

The total amount of CO, formed during the isothermal
oxidation (QCO,;0 =40 umol/g) at 300 K is obtained by

o

QCOyi0 = /RCOZ -dt.
0

(5]

QCOyjp is lower than QACO;; = 74 umol/g because the
rate of the CO; production decreases with time on stream
(in particular with the decrease in the coverage of the L
species (14, 40)) and cannot be followed with accuracy for
large values of /0. However, the increase in the tempera-
ture of the catalyst from 300 to 420 K in 2% O,/4% Ar/He
(temperature-programmed oxidation (TPO) ~50 K/min)
leads to a peak of CO; production (Fig. 3B) with a max-
imum at 345 K. The total amount of CO, produced,
74 umol/g, during the isothermal oxidation (40 xmol/g) and
the TPO (34 umol/g) is in good agreement with QACOy;.
This indicates that there is no significant amount of CO
species remaining on the surface after the TPO. The total
amount of O, consumed during the TPO (Fig. 3B, curve b)
is 34 pumol of O,/g compared to the CO, production
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FIG. 4. Consecutive reduction/oxidation cycles of the adsorbed
species using 2% CO/4% Ar/He and 2% O,/4% Ar/He: (a) Ar; (b) CO;

(C) COz; (d) 02.

(34 umol/g); this indicates that a strongly adsorbed oxygen
species is formed for each L CO species removed by oxi-
dation. Note the absence of a temperature peak during the
isothermal oxidation of the L. CO species (curve d, Fig. 3A).

Figure 4 gives the molar fractions of the gases during two
consecutive reduction/oxidation cycles (denoted R/0) at
300 K using 2% CO/4% Ar/He and 2% O,/4% Ar/He mix-
tures after at least three previous R/ O cycles. Figure 5 gives
similar results for 0.5% CO/0.5% Ar/He and 0.5% O,/1%
Ar/He. Figures 4 and 5 prove the good reproducibility of
the data during several consecutive cycles and they indi-
cate that the rate of the CO; production is higher during
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the reduction steps than during the oxidation steps for the
same Pco and Pg; values. This is discussed in a forthcom-
ing paper (41) while the present study is focused on the
oxidation step. The exploitation of the data in Figs. 3-5 is
based on C and O mass balances. Note that (a) there is no
significant CO desorption during the oxidation processes
in Figs. 3-5, indicating the absence of competition between
L CO and adsorbed oxygen species—L CO species only is
removed from the surface by oxidation—and (b) the CO,
production depends on the P, partial pressure (compare
Figs. 4 and 5). During the isothermal oxidation several pa-
rameters can be determined as a function of the duration ¢
of the reaction. The evolution of the coverage of the L CO
species 0, is given by

J, RCO, - dt

—1-—
oL() QACO;

where 0 <t <fo. [6]
The evolution of the rate of the total O, consumption
(oxidation of the L CO species and oxygen adsorption) is
given by

F
RO,C = (« - curve a—curve b) - W [7]

where & = 2/4 for the experiment in Fig. 3 (the total amount
of O, consumed, QO,C, is obtained by integrating RO,C
between 0 and 7p). The evolution of the net rate of the
oxygen adsorption (weakly and strongly adsorbed oxygen
species) is given by

ROads =2x R02C — RCOz. [8]

The total amount of oxygen adsorbed during the oxidation
(QAOg in micromoles of O per gram) is obtained by inte-
grating RO,qs between 0 and 7¢.

3.3. On the Confirmation of the Conclusions of Ref. (14)

The adsorption of CO on Pt/Al,O3; mainly leads to the L
CO species (13, 14) and this justifies the fact that the CO,
production in the present study is attributed to its oxidation.
Using expression [6], 0.(¢) can be determined for various
O, partial pressures changing the x value in the x % O,/z %
Ar/He mixtures (i.e., Figs. 4 and 5). Figure 6 shows 0y (¢)
for x = 0.5, 1, 2 and it confirms the impact of Pp, on the
rate of oxidation (14). It has been shown (14) thatin a large
range of 0 values In (6.) = f(¢) is a straight line for vari-
ous Po, values because the L CO species is oxidized by an
elementary step (denoted step S3) involving a weakly ad-
sorbed oxygen species, Oyagds, formed without competition
with the L CO species:

(S3) L+ Oyadgs — COq4qs  Wwith a rate constant k3.

The rate of desorption of CO; is considered as fast (7).
The evolution of the coverage 01, of the L species during its
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oxidation is given by

—dor,
dt

where Oowags i the coverage of the Oy,gs Species. Assum-
ing that Ogwags 1S constant during oxidation then expression
[9] shows that In(8) = f(¢) is a straight line, as observed
in (14). From curves in Fig. 6, similar straight lines are ob-
served (not shown) and their slopes provide the apparent
rate constants kup = k300wads at 300 K, i.e., 0.58 x 1072 57!
and 0.22 x 1072 s~! for Po, = 2000 and 500 Pa, respectively,
in reasonable agreement with (14). Using several Pg, val-
ues in the range of (500 — 10°) Pa, it has been observed (14)
that k., = f(P3?) is a straight line. This has been explained
by the fact that the oxygen species involved in the oxidation
of the L species is weakly adsorbed and that its coverage
according to Langmuir’s model can be approximate to

(KOz : POz)O‘5
1+ (Ko, - Po,)"”

= k3 : eL : eOwadSv [9]

~ (KOZ . POZ)O'S,

(10]

wads —

where K o, is the adsorption coefficient for the Oy.q4s Species
(Kap = k3K PEY). With the results of the present study a
similar straight line has been observed leading to k,, =
k3K =1.2x107*s7' Pa™"’, in good agreement with that
determined using FTIR spectroscopy, 2.8 x 10~ s~ Pa=0
(14). Finally the present study confirms our previous con-
clusions (14): the L CO species is oxidized in the presence
of O, by a surface elementary step involving a weakly ad-
sorbed oxygen species, Oyaqs, formed by the dissociation of
O, without competition with the L CO species. Note that
it has been shown (14, 40) that the apparent rate constant
decreases with the decrease in 0 for 8 < ~0.3, probably
due to an increase in the activation energy of step S3 with
the decrease in 0y (40). This participates in the decrease
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in the rate of the CO, production during the oxidation at
300 K and explains the necessity of performing a TPO to
oxidize the totality the L CO species (Fig. 3B).

3.4. On the Presence of O,ya4s and Ogqq5 Species
during the Isothermal Oxidation

In (14) the presence of Oya,gs species was only deduced
from the kinetic study while that of the Og,q5 Species was
speculative. From the present results the presence of two
oxygen species on the Pt surface can be experimentally
proved. Figure 7 shows the evolutions of the rates of
(a) total O, consumption (RO,C, expression [7]; Fig. 7a),
(b) adsorption of oxygen (RO,qs, expression [8]; Fig. 7b),
and (c¢) CO; production (RCO;, expression [4], Fig. 7c) dur-
ing an isothermal oxidation with 2% O,/4% Ar/He. It can
be observed that in the first seconds of the transient the
main part of the oxygen consumption is due to the adsorp-
tion of oxygen (curves a and b are overlapped), indicating
that oxygen is adsorbed without significant removal of the
L CO species. This supports the conclusion on the absence
of competition between Oy,gs and L CO species. Note that
the small delay between the Ar signal and the appearance
of CO; during the oxidation is not due to a significant irre-
versible adsorption of CO; on the alumina support because
it is observed whatever the number of O /R cycles (see be-
low the comments on the adsorption of CO,). Moreover,
as the CO, production does not increase in parallel with
the O signal this indicates that a Eley—Rideal mechanism
is improbable for the oxidation of the L CO species, as con-
sidered by other arguments in (14).

During the final part of the oxidation (Fig. 7) there is
an equality between RO,4s (curve b) and RCO,0 (curve ¢)

Rate (umol/g.s)

1 1

90
30 Time (s)

|

150

FIG.7. Evolution of the rates of several processes during the isother-
mal oxidation of the L CO species at 300 K: (a) rate of oxygen consumption;
(b) net rate of oxygen adsorption; (c) rate of CO, formation; (d) net rate
of adsorption of the Oy,gs species.
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because an Og,ygs species is formed for each L CO species
removed (similarly to what was observed during the TPO
shown in Fig. 3). Starting from a Pt surface mainly cov-
ered by the L CO species, the oxidation reaction progres-
sively leads to a surface covered by the L. CO and Osygs
species. The results in Fig. 7 clearly show that there are
two types of adsorbed oxygen species on the surface during
the oxidation: (a) a weakly adsorbed oxygen species, Oyads,
formed without any competition with the L CO species and
involved in the oxidation of the L CO species, and (b) a
strongly adsorbed oxygen species, Osags, formed on the sites
liberated by the oxidation of the L species. Note that the
Owags species seems associated with the presence of ad-
sorbed CO species on the Pt surface because in Fig. 1B
we did not detect significant reversible adsorbed oxygen
species during the O, chemisorption on reduced Pt parti-
cles. The net rate of adsorption of the Oy,gs species, R Oyags,
with the duration of oxidation can be evaluated (curve d in
Fig. 7) considering that an Og,gs species is formed for each
L CO species oxidized: ROyags = ROags — RCOyip. Itcanbe
observed that R Oy,gs (Fig. 7d) presents a sharp peak during
the first seconds of the oxidation, indicating the rapid at-
tainment of the adsorption equilibrium (around during the
time needed to observe a constant molar fraction of Ar).
The integration with time on stream of curve d in Fig. 7
indicates an amount of Oy,gs species QOyags ~ 11 umol/g
for Po, = 2000 Pa. Compared to the total number of Pt sites
this represents a small coverage of the Pt surface, in agree-
ment with the fact that this species is weakly adsorbed. At
the present time we do not know the location of the sites ad-
sorbing the Oy, 45 Species. However, it must be remembered
that the B CO species rapidly desorbs at 300 K (Fig. 1B),
creating some empty Pt sites where maybe oxygen is weakly
adsorbed. The amount of Oy,gs species with Po, =500 Pa
(Fig. 5) is QOyags ~ 5 umol/g, clearly indicating that QOy,4s
increases with Po,, as expected for a weakly adsorbed O,
species.

The above C and O mass balances have been performed
after several O /R cycles to prevent the influence of the CO,
chemisorption on the Al,O3 support. The impact of this
CO; adsorption has been evaluated studying the adsorp-
tion of 0.6% CO,/1% Ar/He on the reduced Pt/Al,O5 solid
(experiments, not shown, similar to those in Fig. 1). The to-
tal amount of adsorbed CO; is 25 umol/g with 6 umol/g
of reversible chemisorption. The irreversible adsorption
of CO; (19 umol/g) indicates that during the first oxida-
tion of the L CO species a fraction of the CO, production
can be irreversibly adsorbed on the support (various car-
bonates). This explains that C and O mass balances have
been performed after several O/R cycles to saturate the
sites of the support. The observation of a reversible CO,
chemisorption (6 pmol/g with Pco, =600 Pa) indicates
that there is an uncertainty about the C and O mass bal-
ances during the oxidation of the L CO species, leading to
the QOy,gs values, because this CO, adsorption has been
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neglected. However, the CO, partial pressure during the
oxidation with P, = 2000 Pa is small, Pco, =~ 20 Pa at the
maximum of the rate of the CO, production (see Figs. 3
and 4), and the amount of reversibly adsorbed CO, species
must be significantly lower than 6 umol/g determined with
Pco, = 600 Pa. Indeed, during a helium treatment after the
oxidation of ~50% of the L CO species a small production
(~2 umol/g) of CO; is detected (see Fig. 4). However, this
is probably due to several processes, such as the desorp-
tion of the weakly adsorbed CO; species on alumina, the
CO; formation from steps S3 (with the residual O, during
the first seconds of the transient), and maybe the reaction
between L CO species and Og,gs species (see below). This
means that the QOy,qs value must be considered to be in
the range ~9-11 umol/g for Po, = 2000 Pa.

3.5. On the Reaction between L CO and O,y Species

By using FTIR spectroscopy we have observed that the
oxidation of the L species is immediately stopped after a
switch to 2% O,/He — He (see Fig. 7 in (14)). We con-
cluded that if there were some Og,qgs Species on the surface
they were not significantly active for the oxidation of the
L CO species. The curves b and d in Fig. 7 clearly prove
that Og,gs species are formed during the progressive re-
moval of the L CO species, leading to a situation where L
CO and Oq,gs species are present on the Pt surface. The
following experiment performed after several O /R cycles
confirms that the reaction L + Og,qs — CO; (denoted step
S3a) does not significantly contribute to the removal of the
L CO species at 300 K in the presence of O,. After a switch
to He — 2% 0,/4% Ar/He during a short period (Fig. 8A)
a purge in helium is performed. Figure 8B shows that there
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FIG. 9. Oxidationof the L COspecies at several temperatures: (a) Ar;
(b) Oy; (c) CO,; (d) temperature of the catalysts. (A) Isothermal oxidation
at 300 K with 2% 0O,/4% Ar/He; (B) TPSO in helium; (C) isothermal
oxidation at 428 K with 2% 0,/4% Ar/He.

is a strong decrease in the CO, production during the He
purge (in part due to the CO, desorption from the Al,O;
support) while the reintroduction of O, (Fig. 8C) leads to a
high rate of CO; production. A purge in helium for 4 min
(Fig. 4D) has no impact on the CO, production during ox-
idation with O, (Fig. 8E). These observations are in agree-
ment with similar experiments by FTIR spectroscopy (14).
The above results confirm that the rate of oxidation of the
L CO species at 300 K in the absence of gaseous O, is not
significant compared to that observed in the presence of
O,. Moreover, the C and O mass balances during the rein-
troduction of O, also reveal the formation of Oy,gs species
(as observed in Fig. 7), indicating that this species desorbs
during the helium purge. The Og,qgs species formed on the
sites liberated by the oxidation of the L CO species are not
significantly active for the CO, production compared to the
Ouads species. However, the experiments in Fig. 9 show that
CO; can be produced by step S3a at T > 300 K. After the
oxidation at 300 K of the L CO species with a 2% 0,/4%
Ar/He mixture (Fig. 9A) to decrease the coverage of the L
CO species to 8. =~ 0.53 and to increase that of the Ogygs
species to Opsaas ~ 0.47, the solid is heated (=50 K/min) in
helium from 300 to 493 K (temperature-programmed sur-
face oxidation (TPSO)). It can be observed in Fig. 9B that
a CO, peak is detected with a maximum at 361 K, prov-
ing that step S3a occurs during the TPSO. The amount of
CO; produced during the TPSO experiment, 25 umol/g, in-
dicates that some L CO species remain on the Pt surface.
However, introducing 2% O,/4% Ar/He at 428 K (Fig. 9C)
leads to a high rate of CO, production (7.5 umol/g), indi-
cating the removal of the remaining adsorbed L CO species.
These results show that step S3a, involving the Og,gs Species,
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does not proceed with a high rate compared to that of step
S3, involving the Oy,gs species formed in the presence of
O;. Note that a strongly adsorbed species means that at
T ~ 300 K, it does not desorb in an inert gas at the op-
posite of a weakly adsorbed species which depends on the
partial pressure. However, there are a priori no correlations
between weakly and strongly adsorbed species and active
or inactive species.

A fraction of the CO; formed during the increase in the
temperature in He (Fig. 9B) may come from the desorption
of carbonate species on the Al,O3 support, formed by the
CO; production during the previous O/R cycles. To eval-
uate the contribution of this process, after the adsorption
of CO, at 300 K using a 0.6% CO,/1% Ar/He mixture a
TPD experiment (300-480 K) is performed (not shown),
leading to a small CO; peak (5 umol/g from the 19 umol/g
irreversibly adsorbed at 300 K) with a maximum at 346 K.
This indicates that in Fig. 9 the CO; production during the
TPSO is mainly produced by step S3a. The above results
(Figs. 8 and 9) show that at 300 K the reaction between L
CO and Og,gs proceeds at a low rate and does not signifi-
cantly contribute to the CO, production in the presence of
O, (which is only due to step S3).

Finally the present results confirm our previous conclu-
sions (14) on the mechanism of the oxidation of the L CO
species: mainly, this species is oxidized at 300 K according
to step S3. In addition, it is demonstrated that (a) in the first
seconds of the experiment the O, consumption is due to the
formation of the Oy,gs species (the adsorption equilibrium
is rapidly established); (b) an Og,gs species is formed dur-
ing the removal of the L CO species by its oxidation; and
(c) this Og,gs species is not significantly active for the oxi-
dation of the L CO species compared to the Oy,gs Species.
In a forthcoming study (41) we apply the same analytical
procedure to study the reduction by CO gas of the strongly
adsorbed Og,gs species (reduction steps in Figs. 4 and 5).

3.6. Comparison of the Present Results with UHV Studies

Similarly to UHV studies (7) our study has shown that
the L CO species is oxidized by O, following a Langmuir-
Hinshelwood mechanism. The Eley—Rideal mechanism is
not operative, in agreement, for instance, with the isotopic
study of Matsushima (25). The main difference with the
UHY views of the CO/O, reaction is that we consider that
the oxidation of the L CO species involves a weakly ad-
sorbed oxygen species formed without competition with
the L CO species while UHV studies (7) show that CO
must desorb to create some free sites for the adsorption of
oxygen. The desorption of the L CO species seems improb-
able at room temperature on Pt/Al,O3 because its heat of
adsorption at high coverage is too high to permit a signifi-
cant desorption in the short period of its oxidation at 300 K,
as performed in the present study, in agreement with pre-
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vious studies (17, 18). Moreover, Fig. 3 clearly shows that
O, does not displace the L CO species (no CO production)
even if the heat of adsorption of O is significantly higher
than that of CO on the freshly reduced Pt particles. This ab-
sence of competition is in agreement with the UHV studies
that consider that CO must desorb to permit the adsorption
of O, (7). There are maybe no contradictions between the
present study and the UHV conclusions considering the
two experimental conditions (pressure gap).

Figure 9 shows, in agreement with UHV studies, that
there is a reaction between the L CO species and an Og,gs
species (step S3a) formed on the sites liberated by the ox-
idation of the L CO species by Oyags species (and not by
desorption, as considered in UHV studies). However, the
rate of step S3a is significantly lower than that of steps S3
and does not significantly contribute to the CO, production
at 300 K in the presence of O, (a ratio of >10 between two
rates of reaction is enough to neglect the lower rate). The
reverse is probably true in UHV studies, which use very
low oxygen partial pressures. The apparent rate of step S3
depends on P8 kap =k3 00 =k, PG =2.8x 1074 Py} (14)
at 300 K. Low Po, values may lead to a situation where the
rate of step S3a becomes higher than that of step S3. For
instance, in UHV conditions, the O, partial pressures are
~10~* Pa (7, 25, 42), leading to kop =2.8 x 107° s71, while
we use Po, > 2000 Pa, giving kap = 1.3 x 1072 s71. The ex-
pected k,p values in UHV conditions may change the ratio
between the rates of steps S3 and S3a, leading to a situation
where step S3a dominates the CO, production.

Moreover, on the present Pt/Al,O; catalyst the L CO
species cannot desorb to liberate some sites for O,
chemisorption (due to a high heat of adsorption). However,
the heat of adsorption of the B CO species is low (45 kJ/mol
at 6 = 1) and this adsorbed species rapidly desorbs at
300 K during a short helium purge (Fig. 1). The Pt sites lib-
erated by the removal of the B CO species probably are
those involved in the formation of Oy,gs species without
any competition with L. CO species. The diversity of the
sites, which may exist on a supported Pt catalyst, is maybe a
second cause of the difference with the UHV studies (ma-
terial gap). However, it must be noted that on Pt(100) it
has been observed that oxidation of preadsorbed CO by
O, can be realized even at high CO coverages (42) and the
authors conclude (see comments on Fig. 24 in (42)) that
“most probably because a small number of defect sites are
not so effectively blocked by adsorbed CO and allow oxy-
gen adsorption.” This last comment is in agreement with
our conclusion that some Pt sites (i.e., those adsorbing the
B CO species) are free for the oxygen adsorption without
competition with the L CO species. Moreover, the fact that
L and Oyags species are adsorbed on different Pt sites is
in agreement with the IRAS observations of Xu and Yates
(43) on Pt(335). The authors conclude that the most reactive
geometry in the CO/O; reaction involves oxygen adsorbed
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on step sites with CO adsorbed on terrace sites, supporting
the view that two types of Ptsites are involved in the CO/O,
reaction, as considered in the present study.

The presence of the most active oxygen species, Oyags, for
the oxidation of the L CO species depends on the oxygen
partial pressure and in that sense is strongly different than
the Os,gs species formed either on the clean Pt surface or
after removing the L CO species by oxidation. This seems
in agreement with the conclusions of Wartnaby et al. (37)
on Pt(110). The authors have studied the heats of reaction
during either CO reacting with preadsorbed oxygen (Ogqs
titration) or O, reacting with preadsorbed CO (CO g, titra-
tion) by using a single-crystal adsorption microcalorimeter.
By comparing the measured heat deposited in the crystal
with that expected for the reaction, the excess energy re-
moved by the desorbing CO, molecules was deduced. The
authors have observed, in agreement with previous studies
(37 and references therein), that the CO, molecules remove
more energy (52 kJ/mol) than expected for thermally ac-
commodated molecules during the CO,q; titration and only
9 kJ/mol during O,q;s the titration. The authors suggest that
the much greater degree of excitation of CO; for the CO,qs
titration could be due to the channeling of energy from dis-
sociation of oxygen molecules to the product CO; via “hot”
oxygen adatoms which never thermally accommodate
to the surface (37). However, the removal of the CO,gs
during the titration produces fresh adsorption sites for the
adsorption of strongly adsorbed oxygen species (37), as ob-
served in the present study. Yoshinobu and Kawai (44) con-
sider, in agreement with other studies (see references in
(44)), that before being accommodated to the surface these
nascent (or hot) oxygen atoms are the reactive species on
the CO oxidation on Pt(111) at T <400 K while ordered
oxygen atoms are unreactive.

3.7. Comparison of the Present Results with Similar
Studies on Supported Noble Metal Catalysts

The results in Figs. 3-5 on the oxidation of preadsorbed
CO species by O, showing the almost immediate produc-
tion of CO, agree well with some studies performed on sup-
ported noble metal catalysts (45-47). However, they differ
from other studies (17, 26, 27), which observe a large in-
duction period (i.e., 109 s at 353 K on 1% Pt/SiO, (26)),
before the appearance of CO, or the disappearance of the
L CO species. This induction period is mainly interpreted
with the UHV views, considering that a fraction of the ad-
sorbed CO species must desorb to allow the adsorption of
O,. However, Dwyer and Bennett (17) on 9.1% Pt/SiO,
have shown that this induction period strongly depends on
the experimental conditions. For instance, at 393 K the in-
crease in the flow rate of a 2% O,/Ar mixture from 9.5
to 114 cm®/min decreases the induction time from ~35 to
5 s. This is interpreted (17) by the dependence of the net
desorption rate of adsorbed CO on the residual CO par-
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tial pressure in the reactor. This means that during the in-
duction period the desorption of the CO species allowing
the adsorption of O, is considered in a pseudoadsorption
equilibrium (18 and references therein). This is only valid
if it is assumed that the desorbing species has a not very
high heat of adsorption. This agrees with the views of the
present study because B and L CO species have strongly
different heats of adsorption and only the coverage of the
B CO species can be significantly affected by the residual
CO partial pressure.

Zhou and Gulari (26) have shown on Pd/Al, O3 that in-
creasing the duration of the He purge before the introduc-
tion of the O,-containing mixture strongly decreases the
induction period but without any effect on the amount of
CO;, produced during the titration. They suggest that this
is due to a restructuring of the adsorbed CO or to recon-
struction of the catalyst surface without any desorption.
However, this is maybe due to the desorption of an ad-
sorbed CO species present in a small amount on the sur-
face (maybe below the accuracy of the analytical procedure
in (26)) with a heat of adsorption significantly lower than
the main adsorbed CO species which is strongly adsorbed.
These comments associated with the fact that the most ac-
tive oxygen species is adsorbed without competition show
that the induction period observed during the isothermal
oxidation of preadsorbed CO on supported noble metal
catalysts seems linked to the desorption of an adsorbed CO
species with a heat of adsorption significantly lower than
that of the adsorbed species which is oxidized during the
experiment (the L CO species on Pt-containing catalysts).
This allows us to believe that the differences in the pro-
files of the CO, production during the isothermal oxidation
at low temperatures of the L. CO species on Pt-containing
catalysts is maybe due to small differences in the minor ad-
sorbed CO species, such as the B CO species. For instance,
if the heat of adsorption of this species is higher on some Pt
solids its rate of desorption significantly decreases, leading
to an increase in the time needed to liberate the site for the
oxygen adsorption. This situation may lead to the obser-
vation of an induction period during the oxidation. Simple
calculations based on a rate constant of desorption of an
adsorbed CO species, kg = 103 exp-(Eq/RT), show that
for E4 <70 kJ/mol the Pt sites are rapidly liberated (<2 s)
by desorption at 300 K while this time strongly increases
for E4 > 80 kJ/mol. We may expect that if the amount of B
CO species on a Pt-containing solid is very low or if its heat
of adsorption is >80 kJ/mol at high coverage then the rate
of oxidation of the L. CO species may present an induction
period.

3.8. Kinetic Model and Mobility of the Adsorbed Species

It has been shown that the LH mechanism is involved
in the oxidation of the L CO species according to step S3
and Eq. [9]. Expression [9] implicitly assumes that the two



KINETIC STUDY OF THE OXIDATION OF ADSORBED CO SPECIES

adsorbed species are significantly intermixed on the sur-
face. For instance, it is known that CO can be adsorbed
in large amount on Pt(111) precovered by oxygen species
(48) and references therein. Szabo et al. (49) have suggested
that CO can be adsorbed on on-top sites at the middle of
the triangle formed by oxygen atoms. On a surface precov-
ered by a L CO species, there is maybe a similar situation
and the significant amount of Oy,gs Species is perhaps as-
sociated with Pt sites close to those adsorbing the L CO
species. However, expression [9] also corresponds to the
mean-field treatment of the CO/O, reaction (50) that justi-
fies the uniform distribution, considering that the diffusion
of the adsorbed species is rapid compared to the surface
reaction (50, 51). The comparison between the two rates
(diffusion versus reaction) mainly depends on their activa-
tion energies because the preexponential factor for surface
diffusion is close to that of the LH step (51). The rate of
diffusion of CO on Pt surfaces (single crystals, foils, and
clusters) is considered fast (51, 52), with corrugation ra-
tios Q = E(diffusion)/E (desorption) in the range 0.2-0.4
(52). For instance, activation energy of diffusion of CO on
Pt(111) is in the range 16-30 kJ/mol (51, and references
therein). This value is significantly lower than the activa-
tion energy of the LH surface reaction in the range 60—
80 kJ/mol (14, and references therein). For the diffusion
of the oxygen species the situation is debated (51) because
the activation energies of diffusion on Pt surfaces are in the
range 41-125 kJ/mol while density functional theory calcu-
lations predict 54 kJ/mol (51, 52, and references therein).
However, we have shown that the presence of L CO species
on the Pt surface strongly changes the oxygen adsorption
properties. This is maybe also true for the mobility of the
Ouads species involved in step S3a that can be higher than
that of the oxygen species formed on a clean Pt surface.
Ziff et al. (53), on a lattice-gas model for the CO/O; reac-
tion using Monte Carlo simulations, consider a rapid surface
reaction as compared to the diffusion (ZGB model). At the
difference of the present study, they indicate that there is an
induction period for the CO, production during the tran-
sient behavior of the surface from a high coverage by CO
(low activity) to a high coverage by O (high activity). This in-
dicates that mobile adsorbed species are probably involved
on the present catalyst, supporting the mean-field approxi-
mations. Note that the diffusion of an adsorbed species such
as CO is not incompatible with a model of localized species
for the adsorption (54, 15).

At300K,it has been shown that some adsorbed O species
(Osags) may remain on the surface in the presence of L CO
species (they react at higher temperatures). To differenti-
ate these species from the very reactive Oyags Species, two
elementary steps, S3 and S3a, have been considered. Zaera
et al. (48), studying on Pt(111) the reaction between pread-
sorbed oxygen with CO, also observe two oxygen species
with different reactivity. In particular, at 300 K, an “un-
reactive” O species can be present on the surface in the
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presence of L CO species similarly to the Og,g5 species. We
have observed similar results on the present Pt/Al, O3 cata-
lyst for the Ogags reduction by CO (41) (Ogags formed by
adsorption of O,). At 300 K, after either L CO oxidation
with O, or Og,gs reduction with CO (Figs. 4 and 5) there is
a surface state with the presence of both L CO and Ogygs
species. The authors (48) interpret the presence of the “un-
reactive” O species by considering that the more clustered
the oxygen atoms are at the beginning of the kinetic runs,
the more likely more oxygen atoms will be removed before
reaching the point where only isolated species remain on
the surface (unreactive species). They translate this view
of the process by considering that the activation energy of
the LH step at the surface significantly changes with the
coverages of the two adsorbed L CO and O,q4s species. We
have also considered (14) that there is a slight increase in
the activation energy of step S3 with the decrease in the
coverage of the L CO species for 0, < 0.3 (E3 +100y). Fi-
nally, the difference in the interpretation of “unreactive” O
species on Pt surfaces between the present study and that
of Zaera et al. (48) is that the authors adopt the view that
there is a continuous increase in the activation energy of
a LH step involving the same adsorbed species while we
consider that the significant difference in the activation en-
ergies justifies the separation in elementary steps S3 and
S3a. In the present study other properties differentiate the
two O species: Oyags is formed without competition with the
L CO species and its amount depends on P, while Ogygs 1S
formed by the removal of the L. CO species and it does not
desorb in a inert gas at 300 K. The Og,qs species is maybe re-
lated to the subsurface oxygen, Os, formed during the CO 445
titration by O, on Pt surfaces (55). This O species is more
strongly bound than O,gs species (55). This is maybe also
true for the activation energies of their reduction by CO.

4. CONCLUSIONS

The following conclusions are derived from the present
study on a 2.9% Pt/Al,Os3 catalyst.

(a) COand O, are strongly adsorbed on the same Pt sites
of the reduced solid. Adsorption of CO mainly givesa L CO
species.

(b) At high coverage of the surface, O, is more strongly
adsorbed (Os,gs species, Eq = 175 kJ/mol) than the L CO
species (Eq = 115 kJ/mol). However, O does not displace
preadsorbed L CO species.

(c) The L CO speciesis oxidized in CO; at a temperature
lower than 350 K in the presence of x% O,/y% Ar/He
mixture with x in the range 0.5-4.

(d) The oxidation of the L species follows the Langmuir—
Hinshelwood mechanism with a weakly adsorbed Oyags
species formed by the dissociative chemisorption of oxy-
gen without competition with the L CO species. The
Eley-Rideal mechanism does not operate. The elementary
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step (denoted S3) which controls the oxidation of the L
species is L + Oyags = CO3 ags

(e) Oxygen and carbon mass balances during the oxida-
tion of the L CO species clearly prove the formation of
Ouads species during the first seconds of the transient ex-
periments and indicate that an Os,gs species is formed for
each L CO species removed by oxidation.

(f) L CO species can be oxidized into CO; by the Ogags
species according to step S3a, L + Ogags — CO», but with a
rate of reaction significantly lower than that of step S3.

5. NOMENCLATURE

5.1. Amounts of Adsorbed Species

QACO: total amount of adsorbed CO species at 300 K
on a freshly reduced solid

QACOy;: total amount of irreversibly adsorbed CO
species at 300 K

QAO: total amount of strongly adsorbed O species
on a freshly reduced solid

QCOsip: CO; formed during the isothermal oxidation
of the L. CO species

QO,C: total amount of O, consumed during the
isothermal oxidation

QAOgq: total amount of oxygen adsorbed during the
isothermal oxidation

QOyags: amount of weakly adsorbed oxygen species

5.2. Rates of Processes Involved in the Oxidation
of the L CO Species

RCO;,0: rate of the CO; production during the
isothermal oxidation

RO,C: rate of total O, consumption

RO,4s:  net rate of oxygen adsorption (weakly and
strongly adsorbed O species)

ROy,gs: net rate of adsorption of the weakly adsorbed
O species
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