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NOTE

Kinetics of Carbon Monoxide Oxidation on Solid Oxide Solution
and Platinum on Alumina—A Comparative Study

Catalytic oxidation of carbon monoxide on supported
and unsupported noble metal catalysts has been the sub-
ject of numerous studies aimed at elucidating reaction
mechanism and quantifying its kinetic parameters (1-10).
We studied the kinetics of CO oxidation in excess oxygen
(99% O,) on supported Pt catalyst and solid oxide solution
La, ¢St ,CrO;_; (NDI) as a function of CO concentra-
tion. The comparison between the kinetics of the cata-
lytic behavior of Pt/alumina and solid oxide solution
La, §Sry ,CrO;_; and the dependency of the turnover ve-
locity coefficient of CO oxidation upon dispersion on Pt/
alumina catalysts with different sintering severity are re-
ported.

Experiments were performed in the integrated-external
recycle reactor designed for reaction kinetic studies and
in situ measurement of gas chemisorption by pulse tech-
nique. A detailed description of the apparatus has been
presented elsewhere (11). The gas composition was ana-
lyzed before and after reaction by an on-line gas chroma-
tograph interfaced with an automatic integrator. Kinetic
studies were performed in the recycling mode under iso-
thermal condition at a feed flow rate of 100 cm® min~'.
The gas recirculation rate was kept at 10 liter min~'. Thus,
the recycle ratio is 100, well above 25, the minimum ratio
required for gradientless, CSTR, performance.

La, sSry,CrO;_; was prepared by solid state processing.
The required amount of component oxides were mixed,
pressed, and sintered in an alumina crucible between 1173
and 1223 K for 12 h (12, 13). Cycles of grinding, pelletiz-
ing, and heating were repeated three times to ensure com-
plete reaction. X-ray diffraction, SEM, and EDX showed
the formation of a homogeneous single phase. Uniform
mesh size of powder (sieve fraction between 10 and 35
pm) was used for the catalytic studies.

The supported Pt catalyst (0.5% Pt on gamma alumina)
was supplied by Engelhard Industries, Inc. The dispersion
of fresh catalyst (Pt 1) as measured by hydrogen titration
and CO chemisorption is 95%. Heat treatment at 873 K
in constant air flow for 4 and 8 hresulted in 40% dispersion
(Pt 2) and 10% dispersion (Pt 3), respectively.

Specific Pt atom exposure was determined by Ben-
son-Boudart hydrogen—oxygen titration (14), as well as
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by CO chemisorption at room temperature by pulse flow
technique. Pretreatment was as follows: samples of 5 g
of the catalyst were outgassed for 30 min at room tempera-
ture and 3 h at 423 K; hydrogen at 75 ml/min was passed
over the samples and the temperature was raised to 773 K.
Reduction was carried out for 12 h at this temperature
after which the samples were outgassed at 773 K for 1 h
and then cooled to room temperature. CO chemisorption
was measured after He flushing. For hydrogen titration
the reduced sample was exposed to oxygen and then
flushed with He before measuring hydrogen uptake at
room temperature by quantitative pulses. Surface area of
the catalysts was measured by the BET N, adsorption
technique.

Table 1 lists the total number of exposed catalyst (Pt)
atoms of the Pt/alumina catalyst. It is interesting to note
that the exposed sites counted by hydrogen titration of
chemisorbed oxygen (A,) is about two times the number
inferred from CO chemisorption (A,) upon the same sam-
ple;i.e., A/A. = 1.75 at all levels of dispersion, a result
not in conflict with the findings of Benson and Boudart
(14). This could be due to bridged CO chemisorption
where each CO counts a site pair instead of a single Pt
site. Evidence for the latter seems not to be on hand for
Pt/alumina.

For any Kinetic scheme, global rate (R,) is defined as

R, = C;X/6 (1]

for feed concentration Cy, conversion X, and contact time
8. The global rates (moles of CO converted per g catalyst
per time) of CO oxidation over fresh and sintered sup-
ported Pt catalyst at 383 K and on solid solution
Lag ¢Sty ,CrO; 5 at 368-393 K are displayed in Figs. 1 and
2. It is generally acknowledged that CO oxidation over
Pt can be adequately described by a kinetic model rooted
in the Langmuir-Hinshelwood postulate

kOCC

Re=Tkcy 2]

in excess oxygen concentration.
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TABLE 1

Kinetic Parameters of CO Oxidation on Pt/Alumina Catalyst
with Different Crystallite Size at 383 K

A, A, kA, kiA. KiA, KI/A,
Pt Dispersion (1077 (10°7) (10™)  (10%)  (10") (10"
Pt1(d=095 94 54 3.1 5.4 8.3 14
Pt2(d=04) 23 13.5 5 8.5 36.9 63
PL3(d = 0.1) 8.03 466 1.7 14 56 101

Note. A, = exposed catalyst site counted by hydrogen-oxygen titra-
tion. A, = exposed catalyst site counted by CO-chemisorption.

The genesis of this rate expression is, of course, the
assumption that the rate determining step is that of surface
reaction between chemisorbed CO and O,. Indeed, Eq.
[2] adequately describes CO oxidation over a wide range
of CO concentration (positive and then negative order in
CO with increasing CO concentration). Note, however,
that the L-H postulated model fails to predict the ob-
served zero order in CO at high CO concentrations. The
zero order kinetic behavior is observed on solid oxide
solution 1.a;¢Sr,,CrO,_; at higher CO concentration at
various temperatures (a representative point is given in
Fig. 2b). The issue of positive, negative, and zero order
behavior with increasing CO concentration inspired the
speculation that two parallel routes to CO, exist, a Lang-
muir-Hinshelwood and an Eley-Rideal route (15-17). A
similar observation was made earlier for Pt/alumina cata-
lyst (15); i.e., in excess oxygen

koC. k,C.

= +
Re (1+ KC,)* (1+KC,))’

[3]
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FIG. 1. Global rate of catalytic oxidation of CO on (a) Pt 1, (b) Pt
2, and (c) Pt 3 at 383 K.
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FIG. 2. Global rate of catalytic oxidation of CO on LagSr,,CrO;_;
at (a) 368 K, (b) 383 K, and (c) 393 K.

where at higher values of KC,

Rg—>~"cﬂ+E;—>E;, (4]

<

or zero order, in the limit, as is observed (15). It is to be
noted that an Eley~Rideal step and that of CO chemisorp-
tion yield identical kinetic forms; however, the Eley—Ri-
deal step is a parallel one, while that of CO chemisorption
a serial one.

Our data analysis is confined largely to the region of
positive and negative order behavior and constancy of O,
concentration. The candidate rate equation (L-H) is then

R = kK. K.-C.-C,
¢ (1+ KC)A+K.CJ(+ K CH)

(5]

where K, and K are chemisorption equilibrium constants
for oxygen and CO, respectively.
If K,C, > 1, then

kK(C./C,)
e =TT (6]
(1 + K(CJ/C,»*
where K = K/K,.
Values of k, K at three levels of Pt dispersion are ob-

tained by linearization of Eq. [6] and hence the values of
k/A,, KIA,, kIA_, K/A, are estimated (Table 1).

1 K
=——+(CJ/C,) |+ 7
R, ViR ’\/; 7
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FIG. 3. Linearized kinetic data of CO oxidation in accord with L-H
model (a) Pt 1, (b) Pt 2, (¢} Pt 3, and (d) LagSr; ,CrO;_; at 383 K.

The linear concentration dependence of the global rate at
CO concentration on supported Pt and solid oxide solution
(Fig. 3) clearly indicates that the reaction kinetics strictly
follows L-H model at a lower CO concentration limit.

An unambiguous examination of the influence of A (dis-
persion) upon K and k is possible since three dispersions
were studied.

The turnover velocity (N.) defined by Carberry (18,
19) is

N, = N/f(concentration), (8]

where N, is the conventional turnover number.

N, ==t =k (alA)C

i,

=~

N, = ka/A), [91
where A is the exposed catalyst area or number of catalyst
sites per g or volume of catalyst, a is the catalytic area
or number of active catalyst sites per g or volume of
catalyst, and &, is the reaction velocity coefficient.

We invoke a recently suggested relationship (19) be-
tween exposed catalyst A and catalytic sites a

alA = DyA). [10]

Then Eq. [9] becomes
N, = k,Dy(A) = k/A. (11]

The linear dependency of the turnover velocity coeffi-
cient k/A gives a value of site discrimination order d =
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—0.4 which is to say that the turnover velocity coefficient
1s structure sensitive. Also we observed the linear depen-
dency of K/A upon dispersion, i.e., d = —0.8. As K/A is
inversely proportional to A we do expect the observed
sensitivity of K/A with different dispersion.

We have been unable to count catalytic as opposed to
catalyst sites. Topsoe et al. (20) have done so in the
case of supported Fe ammonia synthesis catalyst. They
measured A by CO chemisorption and found structure
sensitivity (d = 3.8) in the Carberry equation [11], but
structure insensitivity (d = 0) was found when N, chemi-
sorption was employed as the site counter. In sum, N,
chemisorption granted a, whilst CO chemisorption pro-
vided A. In our study of Pt catalyzed oxidation of CO we
have not been able to find the proper catalytic site counter.
Perhaps this is to be expected if indeed the rate determin-
ing step is that of surface reaction between chemisorbed
COand O,, whereas in NH; synthesis the rate determining
step is generally agreed to be N, chemisorption.

A comparison of specific activity for CO oxidation over
Pt and La,¢Sr,,CrO;_; is set forth in Table 2. Specific
activity is reaction velocity (moles per contact time) per
exposed catalyst area at a definite CO conversion. While
we use the total number of exposed catalyst (Pt) atoms
for the Pt catalysts, we are obliged to use the BET area
for the solid oxide solution, as we do not at this time
know what portion of the total (BET) area of SOS is
the actual catalyst area. The comparison of the specific
activity calculated with the total BET area shows that
solid solution Lagy¢Sr,,CrO;_; surely rivals Pt/alumina
(Table 2).

The major facts manifested in this study are:

(1) The kinetics of CO oxidation on solid oxide solution
La, ¢Sty ,CrO;_; results in a Langmuir-Hinshelwood
model identical to that of the Pt/alumina catalyst in the
low CO concentration region whilst it follows the Lang-
muir-Hinshelwood, Eley-Rideal mixed kinetics in the
high CO concentration levels.

TABLE 2

Specific Activity of the Oxidation Catalysts for
CO Conversion at 383 K

Wt. Specific
of the BET Exposed activity
catalyst  Area area (mol CO/m? h)
Catalyst (g) (m%/g) (m?) 50%
Pt/Alumina (Pt 1) 0.12 249 0.27! 0.04
0.47* 0.02
NDl1 (Laqbgsro_zcrol,b) 0.25 0.33 0.083 0.02

! Specific surface area of Pt measured by CO chemisorption.
! Specific surface area of Pt measured by hydrogen—oxygen titration.
3 BET area.
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(i) The turnover velocity, N, (cm/time per active cata-
lytic site per exposed catalyst site), shows the CO-0,
reaction is structure sensitive at low CO concentration
region (<5 x 107* mol/liter). The turnover velocity coef-
ficient and the ratio of CO/0, adsorption equilibrium coef-
ficient show linear dependency upon dispersion with a
site discrimination order d = —0.4 and —0.8, respectively.
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