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An in situ radioactive method for studying adsorption-desorption dynamics has been used to
determine the kinetics of the enhanced desorption of CO from a commercial Pd/Al,O, catalyst at
50 Pa = P¢o = 200 Pa and 233 K = T = 333 K. The enhanced desorption was found to be much
slower than at vacuum conditions reported in the literature. This desorption was found to be first-
order with respect to both the partial pressure of CO and the fractional coverage of labelled CO.
The quantitative evaluation of the rate constant required a determination of the external and internal

mass transport steps and the linear absorption coefficient of the radioactivity.
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INTRODUCTION

Radioactive tracer techniques have long
been used to study the Kinetics and mecha-
nism of chemical reactions. These tech-
niques have also been used successfully in
the study of reactions proceeding in the
presence of a solid catalyst. Comprehensive
reviews of this application have been given
by Campbell and Thomson (), Berndt (2),
and Thomson (3), among others.

In order to obtain a deeper knowledge of
the processes occurring on the surface of
the solid catalyst, it is of vital interest to
monitor the processes directly. The radioac-
tive techniques have hereby been a valuable
complement to the different spectroscopic
methods. A long-felt need is to be able to
study chemical surface processes at ele-
vated pressure and in the presence of a
working supported catalyst, instead of in the
presence of a single metal crystal at high
vacuum. This need has limited the number
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of spectroscopic methods in these studies
and calls for further attention to radioactive
tracer techniques.

Direct observations of the surface pro-
cesses on supported catalysts at industrial
reaction conditions are difficult because of
the limited durability of the measuring
equipment for radioactivity at elevated tem-
perature. Moreover, the most often used
isotopes for labelling (**C, 35S, *H) are soft
B~ emitters. The self-absorption of this radi-
ation in the catalyst disc, together with a
slow pore diffusion, has minimized the use
of radioactive tracer techniques for direct
observation of surface processes on sup-
ported catalysts. However, the low energy
of these soft 8~ emitters is an advantage
since safe handling of such tracers is easily
accomplished.

In this work, a radioactive technique has
been used to study the kinetics of the isoto-
pic exchange between CO in the gas phase
and CO adsorbed on an industrial Pd/Al,O,
catalyst at atmospheric conditions. The ra-
dioactive technique is based on the use of
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a gas flow cell where one window consists
of a solid scintillator. The scintillator is con-
nected to a photomultiplier via an external
cooled light conductor in order to decrease
the risk of overheating the counter. Self-
absorption of the radiation and the slow pore
diffusion have been corrected for based on
separate determinations of the self-absorp-
tion coefficient and the effective diffusivity.
The gas flow cell is, moreover, an open reac-
tor with continuous gas flow, which mini-
mizes the radioactivity of the gas phase in
the cell.

Investigations of the isotopic exchange
between adsorbed CO and gas-phase CO are
an important part of mechanistic studies of
the Fischer-Tropsch process and the meth-
anol synthesis in order to learn whether a
dissociation of CO is an initial step in these
processes. These studies demand that two
different carbon isotopes, as well as two
oxygen isotopes, are used. A somewhat in-
dependent observation is that the very slow
thermal desorption of CO from a metallic
catalyst surface is dramatically enhanced
when CO is added to the gas phase. This
enhanced desorption is found both in vac-
uum and in the presence of an inert gas at
room temperature. The desorption is not
preceded by any dissociation and recombi-
nation of CO on the surface but occurs via
the displacement of an adsorbed CO mole-
cule as a whole.

Klier er al. (4) were the first to report this
enhanced desorption of CO by studying the
desorption of CO from (100) and (110) Ni
crystal faces at low pressure using '“CO.
This influence of gas-phase CO on the CO
desorption soon became the object of a great
number of studies during the 1970s and
1980s (5-25). All these studies were per-
formed at high vacuum conditions with un-
supported polycrystalline metals or single
crystal surfaces of metals as catalysts. Ki-
netic aspects of this exchange were, how-
ever, the object of rather few studies (4,
912, 25). It has been shown recently that
the desorption of CO can also be enhanced
by the presence of compounds other than
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CO in the gas phase (/16, 26-31). The en-
hanced desorption of CO is also observed
at reaction conditions found in industrial
processes (32—35). These observations initi-
ated the present study to determine the ki-
netics of the isotopic exchange between gas-
phase CO and adsorbed CO at conditions
more related to technical reality.

EXPERIMENTAL
Reactor and Detector

Figure 1 shows a cross section of the reac-
tor, which has been described in detail else-
where (36). The reactor cell is the same as
the one used for in situ transmission FTIR
studies (37). However, one of the windows
is replaced by a europium-doped CaF, win-
dow. This acts as a scintillator, which trans-
mits light when 8~ particles from the radio-
active decay are absorbed. The light is
transmitted to a photomultiplier, via a
cooled glass rod to prevent overheating of
the photomultiplier. The signal from the
photomultiplier is preamplified and ana-
lyzed by a rate-meter. The reactor can be
heated by cartridge heaters in the flanges,
and the experiments at temperatures below
25°C were made with the reactor immersed
in a refrigerant.

A 5 wt% Pd/AL O, catalyst (Aldrich, cata-
logue no. 20,571-0) with a particle size of
less than 44 um was used in all experiments.
About 0.15 g of the catalyst powder was
pressed under 7 tons of pressure into a disc
and placed in the reactor. This preparation
of the disc followed the common procedure
used in FTIR studies (38). Before the experi-
ments the catalyst disc was treated with H,
at 100°C for 1 hr. The percentage exposed
of Pd (Pd dispersion) in the catalyst was
determined by CO adsorption assuming the
stoichiometry CO/Pd = 1. This determina-
tion was performed with the catalyst disc
mounted in the reactor after treatment with
H,.

The gases used (Ar, H,, CO) were all with
a purity better than 99.98% and were deliv-
ered by AGA (Sweden).

In the labelling procedure, 5 mCi '*CO (53
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Fi1G. 1. The reactor for in siti radioactive tracer experiments.

mCi mmol~!Y) Amersham (England), deliv-
ered in a glass ampoule, was transferred to
a 1-liter evacuated gas flask. This was then
filled to 35 atm with 5700 ppm CO in Ar.
The labelled CO resultant concentration
was 5775 ppm. Mixtures with lower concen-
tration of labelled CO were obtained by dilu-
tion with Ar.

Some Material Data and
Physical Parameters

To evaluate the Kinetic parameters for the
desorption, the following must be con-
sidered:

—mixing characteristics in the cell;

— mass transfer between the gas bulk and
the disc;

—mass transport in the catalyst disc;

—absorption of 8~ particles in the cata-
lyst disc.

The bulk flow through the cell was studied
in pulse-response experiments in a scaled-
up Plexiglas reactor, and also by computer
simulations of the flow in the original cell.
These studies showed that the flow was di-
vided into parallel laminar flow branches
with different residence times. The bulk

flow studies thus showed that the flow con-
ditions in the cell are very complex. A math-
ematical description of the flow will require
a comprehensive study which may not be
necessary for the evaluation of the kinetic
properties of the isotopic exchange. The
flow was approximated as ideal plug flow
in the determinations of the external mass
transfer coefficient and the effective diffu-
sivity. In the isotopic exchange studies the
cell was considered as a differential cell,
since the time constant for the exchange
process was much greater than the resi-
dence time of the gas flow in the cell.

The effective diffusivity of CO in the cata-
lyst was obtained by the Wicke-Kallenbach
method (39). A catalyst disc was pressed
and placed in a special Plexiglas cell. Pure
Ar flowed over one side of the catalyst disc,
while 112 ppm CO in Ar flowed over the
other side. Measuring the CO concentration
in the outflow gave the diffusion rate. The
measurement was performed at 25°C. Since
the pore diffusion should proceed at Knud-
sen regime conditions (cf. data in Table 1),
the diffusivity at other temperatures is cal-
culated from the square-root dependence on
the absolute temperature.
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TABLE 1

Catalyst Disc Properties

Pd content S wt%

Pd dispersion 0.13

BET area 118 m?g™*
Average pore radius 75 A

Catalyst disc porosity, & 0.59

Catalyst disc density, p 1506 kg m >
Disc thickness 0.23 mm

Disc diameter 18 mm

Mass transfer coefficient for CO, 6.3 x 107 m s™!

k. (25°C)

Effective diffusivity for COinthe
disc, Dy (25°C)

Absorption coefficient for 8-
particles in the catalyst, u

1.2 x 107°¢m?s~!

12,389 m™!

The external mass transfer coefficient for
CO was measured indirectly. A disc of naph-
thalene was placed in the reactor cell, and
the rate of vaporization of naphthalene was
measured at different flow rates at 25°C. The
saturation concentration was obtained by
passing the outflow gas through a tube filled
with an excess of naphthalene powder. An
FID detector was used to measure the con-
centrations. A material balance over the re-
actor assuming ideal plug flow gave the mass
transfer coefficient for naphthalene. The
mass transfer coefficient for CO was ob-
tained by multiplication with the ratio of
the diffusivities of CO and naphthalene. The
ratio value used in the calculation was equal
to 3.6 at 25°C. The mass transfer coefficient
at other temperatures was obtained by the
empirical correlation &, x T'7 (40).

The linear absorption coefficient for the
B~ particles in the catalyst was measured
as follows. A catalyst disc of a known thick-
ness was placed between the detector and
a radioactive labelled catalyst disc. The co-
efficient was calculated from the decrease
in the observed radioactivity, assuming an
exponential decrease in the 8™ -particle flux
through the catalyst disc. The value of the
linear adsorption coefficient (Table 1) indi-
cates that only about 24% of the 8~ particles
emitted from the middle of the disc reached
the surface of the disc.
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THEORY

The adsorption and desorption rates of
CO are measured at steady-state conditions
in this study. This means that the total ad-
sorption rate is equal to the total desorption
rate. Moreover, the total fractional cover-
age and concentration of CO are constant.
A step from labelled to unlabelled CO in
the feed gas will thus change only the ratio
between the labelled and the unlabelled CO
in the gas phase and on the catalyst surface.

The total desorption rate of CO can be
written as

oot = degO,loteCO.tol' (1)

The palladium part of the catalyst is consid-
ered to be completely covered with CO at
the relatively high partial pressure of CO
used in this study. The total fractional cov-
erage of COin Eq. (1) is normalized to unity,
i.e., 8cor = 1, despite the fact that the
maximum fractional coverage according to
the number of exposed palladium atoms is
less than unity (47).

Normally it is supposed that the desorp-
tion rate is independent of the partial pres-
sure, i.e., n = 0. With n equal to zero, the
expression for the ordinary thermal desorp-
tion is obtained. However, as is shown, »
is not equal to zero when CO is present in
the gas phase.

The desorption rate of labelled CO can be
written as

0

¥4 tots (2)

rg =
0C0,tot

where 6 is the fractional coverage of labelled
CO. In the same way, the adsorption rate
of labelled CO is expressed as

Pco P

—_ (0]
Fator = T4 tot> (3)
PCO.tot

" P COtot
where P is the partial pressure of labelled
CO. Since isotopic effects can be neglected,
“CO can be considered to be chemically
and physically indistinguishable (other than
the radioactivity) in the labelled CO. During
the isotopic exchange process, the labelled
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COis diluted with unlabelled CO of the same
partial pressure. When the undiluted la-
belled mixture is in equilibrium with the cat-
alyst, the fractional coverage of labelled CO
is given the value 8 = 1. Correspondingly
the partial pressure of labelled CO in the
fresh labelled gas mixture is Pco = Peg tor-

The local change in the labelled CO cover-
age can, therefore, be written as

o _ 1
at Ngp

where N, is the molar site density of the
uniformly distributed active sites per mass
of the catalyst and p is the density of the
catalyst. The parameters that have to be
determined are the rate constant, k4, and
the reaction order, n.

A mathematical model is needed in order
to evaluate the Kinetic parameters. The
model must describe how the fractional cov-
erage and concentration of labelled CO
change with time and position in the catalyst
disc. Furthermore, it must describe how the
observed radioactivity depends on the frac-
tional coverage of the labelled CO. This re-
quires us to account for the absorption of
B~ particles in the catalyst.

A mass balance in the gas phase, inside
the catalyst pores, describes how the con-
centration of labelled CO changes with time
and position,

aC 8:C

8—6—[ = Deﬂ'g;z‘ + (rd — ra), (5)

(ra — ra), 4)

where D is the effective diffusivity, C is
the local concentration of labelled CO, ¢ is
the void fraction of the catalyst, and x is the
length coordinate orthogonal to the external
surface of the catalyst disc.

The initial conditions, for the experiment
where a step from labelled to unlabelled CO
is made, become

80, x) = 1 ()
C(0, x) = Pco o/ RT. (7N

The boundary condition in the center of the
disc, x = L/2,is

373

8C(t, L12) _

p 0. (8)

To obtain the boundary condition at the ex-
ternal surface, a mass balance over the reac-
tor is needed. The reactor is treated as a
differential one, since the residence time is
very short compared to the time for the de-
sorption and the adsorption. The material
balance becomes

oC(t, 0)

=Dy A—", (9)

G~ C) =V ax

where g is the volumetric flow rate, A the
external catalyst disc area, C; the inlet con-
centration, and Cj, the bulk concentration of
the labelled CO. The accumulation in the
gas phase, V(aC,/at), is neglected since the
accumulation on the catalyst surface is
much greater. The flux of labelled CO from
the external surface of the catalyst disc to
the bulk gas is given by

N = k(C(1,0) — C}). (10)

This flux can also be written as

aC(t,0)

N = Defr ox

(1
Combining Eqs. (9)-(11) and neglecting the
gas-phase accumulation gives

1

R o L

ox

(12)

k

C

where C; = 0 with a step from labelled to
unlabelled CO.

Equation (5) was discretized in the spatial
direction using orthogonal collocation, and
the resulting ordinary differential equation
system was solved for different values of n
and kg using a semiimplicit Runge—Kutta
method. Eqgs. (3) and (4), with the boundary
and initial conditions, give the local cover-
age of labelled CO.

The next step is to express the observed
radioactivity as a function of the local cover-
age. The contribution of the emitted 8~ par-
ticles from the disc element dx, at the posi-
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tion x, to the observed radioactivity can be
written as

dl = k6(x, t) exp(— ux) dx, (13)

where u is the linear absorption coefficient
for the B~ -particles in the catalyst and & is
a constant. The local coverage is symmetric
about the center line x = L/2, since the gas
is flowing on both sides of the catalyst disc.
Therefore, it is sufficient to integrate from
the external surface to the middle of the disc
to obtain the total calculated radioactivity

giving
L2
I(1) = fo k 6(x, 1) [exp(— pux)

+ exp(—uw(L — x))]dx. (14)

The term exp(—u(L — x)) gives the contri-
bution from that half of the disc which is
farthest away from the scintillator.

When the catalyst disc is in isotopic equi-
librium with the fresh labelled gas mixture,
the local coverage is 8(x, ) = Ocp o = 1.
and the observed activity is /... This makes
it possible to calculate & from Eq. (14),
giving

l‘l’ Imax

T T = exp(—uL) (1)

The relative radioactivity I(¢)/1,, was cal-
culated for different values of # and &, in
order to find the values giving the best
agreement with the measured relative count
rate. The relative count rate was defined as
the ratio between the count rate at the time
t and the maximum count rate at isotopic
equilibrium with the undiluted labelled gas
mixture.

RESULTS AND DISCUSSION

Enhanced Desorption of CO at High
Fractional Coverage of CO

The thermal desorption of labelled CO is
very slow at 20°C as indicated by the con-
stant radioactivity of the catalyst disc (Fig.
2). This agrees with the well-known high
adsorption energy of CO on Pd. The low
decrease of radioactivity also ensures that
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a reaction between adsorbed CO and re-
maining small amounts of H,O if any in the
porous catalyst does not influence the inter-
pretation of the result. This reaction has
been shown to result in the desorption of
significant amounts of CO as CO, during
TPD (42, 43). However, in the presence of
CO in the gas phase, the radioactivity of the
catalyst disc decreases very rapidly (Fig. 2).
This shows that the adsorbed CO is dis-
placed rapidly by CO in the gas phase. Such
enhanced desorption has been demon-
strated by many authors at vacuum condi-
tions with unsupported polycrystalline
metal surfaces or with single-crystal sur-
faces. In these experiments the metal sur-
faces were only partly covered with CO. In
the present study, however, the fractional
coverage of CO is constant and at maximum
throughout all the experiments. This fact is
important in looking for the mechanism of
the isotopic exchange at high fractional cov-
erage, as discussed further below.

Influence of CO Pressure on the
Enhanced Desorption

The desorption rate of CO is dependent
not only on the temperature but also on the
CO pressure (Fig. 2). The desorption rate
of labelled CO was described as a first-order
process with respect to both the partial pres-
sure of CO and the fractional coverage of
labelled CO. A regression analysis with re-
spect to the reaction order in the partial
pressure of CO gave the value 0.9, but since
the minimum of the residual sum of squares
was shallow, the value 1.0 was chosen,
based on the assumption that a first-order
process may be more reasonable to accept
from a mechanistic point of view.

In these experiments the partial pressure
was 50 Pa = P < 200 Pa. The rate constant
was determined to be k3 = 0.018 mol
m3(cat)s~' Pa~' at 20°C. Figure 3 shows
that the sum of squares of residuals reaches
a distinct minimum at this value. The sum
of squares function is, however, asymmetric
with respect to the minimum. This is ex-
plained by the fact that the mass transport
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F1G. 2. Effect of CO pressure on the desorption rate of preadsorbed labelled CO on a 5 wt% Pd/Al,O,
catalyst: T = 298 K, P = 10° Pa, and ¢ = 3 x 107 m® s~ !; inert gas, argon.

resistance becomes dominating at higher
values of k,. From the experimentally deter-
mined values of the rate constants for the
external and internal mass transport (Table
1), it is possible to decide whether the rate
constant of the desorption can be deter-
mined or not. For &y values above 0.15 mol
m (cat) s~' Pa~! the desorption at 20°C
is essentially dependent only on the mass
transport.

As also shown by Fig. 4, where a step
from unlabelled to labelled CO is made, the
observed relative count rate agrees well,
without any systematic or periodic devia-
tion, with the relative radioactivity I(#)/1 .
This shows that the rate equation is accept-
able from a statistical point of view. The
relative count rate is unity when the labelled
CO is maximum and homogeneously ad-
sorbed throughout the whole catalyst disc.

Influence of Temperature on the
Enhanced Desorption

Desorption experiments were performed
at 233 K = T = 333 K and at 95 Pa CO partial
pressure. From an Arrhenius plot (Fig. 5),
the preexponential factor and the activation
energy were found to be & = 0.116 mol

m 3cat) s™' Pa~' and E, = 4.6 k] mol~!,
respectively. This preexponential factor
value corresponds to & = 1.26 x 107 ¥ s™!
Pa !, since the number of adsorption sites
is 92 mol m~*(cat) (cf. Table 1). The values
of &) and E, can be compared with those
given by Yamada et al. (12) obtained at 339
K =7 =466 K and 1.3 X 107 Pa <
Pco = 1.3 x 107° Pa on unsupported poly-
crystalline Pd. They reported &) = 2.5 X
10°s ' Pa~'and E, = 20.5 kJ mol~'. More-
over, the process was found to be 0.79 order
in the CO pressure. If their values obtained
at vacuum conditions are extrapolated using
the conditions of the current study, a nine
to ten order-of-magnitude higher desorption
rate than that obtained in the current study
would be expected. Such a rapid desorption
is impossible to analyze kinetically with the
present technique, since the diffusional
transport steps are too slow. A comparison
of the maximum transport rates based on the
data in Table 1 with the observed desorption
rate showed that the transport steps are not
limiting in the present study. However, if
the mass transport constants for the external
transport and the effective diffusivity of the
pore transport are overestimated by a factor
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The Residual Sum of Squares
n
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Fi1G. 3. The residual sum of squares as a function of the rate constant for the desorption. k4 is defined
according to ry = ky Peg 8: T = 293 K, 950 ppm CO in Ar, P = 10° Pa,and g = 3 x 107°m’s~".

of about five, the rate constant of the desorp-
tion cannot be determined at room tempera-
ture. A common way to decrease the influ-
ence of the transport steps is to make use
of the low activation energy for these steps
and thus perform the experiments at low
temperature. Since the enhanced desorption

has a low activation energy, demonstrated
by Yamada et al. (12), Malakhov et al. (5),
and by the present study, this approach can-
not be used.

Apart from Yamada et al. (/2), Matsu-
shima (9-11), Klier et al. (4), and Guo et
al. (25) have also quantitatively analyzed
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FiG. 4. The change in the observed and calculated relative count rate for a step from unlabelled to
labelled CO: T = 293 K, 950 ppm CO in Ar, P = 10°Pa,and ¢ = 3 x 107¢ m® s~ L. (-----) Relative
count rate, observed; ( ) calculated relative radioactivity /(¢)/1,,, from the mathematical model.
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Fi1G. 5. The rate constant as a function of temperature for the desorption of CO from a 5 wt% Pd/
AlLQO; catalyst: 950 ppm CO in Ar, P = 10° Pa,and ¢ = 3 x 107 m?s~!, (-+*) k4 Value calculated
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line.

the kinetics of the enhanced desorption of
CO at low pressures. These investigations
showed further that the isotopic exchange
is a rapid process.

Some Explanations for the Enhanced
Desorption of CO

It is an unanimous opinion that the en-
hanced desorption of CO occurs via the dis-
placement of an adsorbed CO molecule as
a whole rather than via a dissociation—
recombination elementary process. The en-
hanced desorption of CO has hitherto been
explained by some different mechanisms.
Yates and Goodman (8) investigated how
the thermal desorption states of CO on
Ni(100) were influenced by the presence of a
high flux of CO at 250 K and at low pressure.
They found that preadsorbed '*C**0 in the
B, state was redistributed over all the de-
sorption states by the CO flux. The desorp-
tion energies of the states were also found
to decrease at high CO flux. Their explana-
tion of the fast displacement by CO in the
gas phase at low temperature is that all CO
is desorbed from the « states. A similar ex-

planation was given by Klier er al. (4) for the
rapid isotopic exchange between adsorbed
CO on Ni(110) and Ni(100) and CO in the
gas phase. They interpreted this result as
indicating a considerable degree of transla-
tional freedom in the adsorbate. This lateral
interaction model gives, however, only a
qualitative explanation.

A theoretical study by Lombardo and Bell
(24) based on Monte Carlo simulations sup-
ports the opinion that the enhanced desorp-
tion of CO at vacuum conditions may be a
direct consequence of the somewhat in-
creased coverage of CO caused by the CO
flux into the vacuum chamber. The in-
creased coverage was shown to give a pro-
nounced decrease of the average activation
energy of desorption at a fractional coverage
of about 0.8. These simulations would thus
indicate that the enhanced desorption found
experimentally is not a new phenomenon
but may partly be ascribed to the choice of
experimental conditions and to the fashion
of treating the data.

An alternative explanation may be based
on the observations made by Yates et al.
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(6) in a study of the CO desorption from
isolated Rh sites. They suggested, on the
basis of a FTIR study, that the isotopic ex-
change of CO may proceed through the for-
mation of the intermediate Rh(CO),. If this
kind of intermediate can be formed also in
the isotopic exchange on Pd, the influence
of the CO pressure and the fractional cover-
age of labelled CO on the desorption rate
according to Eqs. (1) and (2) is then easy to
explain. The same influence would occur if
the reactants of the adsorption-desorption
process instead pass through a transition
state as proposed in the SN2 mechanism
well-known from the literature of organic
chemistry. This mechanism was discussed
in connection with adsorption-desorption
displacement processes by Ertl (44).

The mechanisms including the formation
of an intermediate or a transition state do
not, however, account for the great differ-
ence of the rate constant value between low
and high fractional coverages of CO. This
great difference indicates that the mecha-
nism is more complicated.

It should be recalled that the rate constant
was calculated with the assumption that the
fractional coverage of CO is maximal al-
ready at the lowest CO pressure and does
not increase at increasing CO pressure. The
influence of the CO pressure on the ex-
change rate may therefore be explained by
a direct interaction between gas-phase CO
and adsorbed CO. If, however, the frac-
tional coverage of CO is only close to maxi-
mum at the lowest CO pressure, then it is
possible to obtain an increased coverage of
CO by increasing the CO pressure. This situ-
ation is supported by the fact that a small
amount of adsorbed CO was easily desorbed
when the gas phase contained only Ar (cf.
Fig. 2). It is therefore reasonable to think
that a common thermal adsorption—-desorp-
tion process occurs in the presence of CO
in the gas phase via a small fraction of vacant
active sites.

The proportionality between the ex-
change rate and the CO pressure found in
the present study may be explained by a
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model similar to the one proposed by Lom-
bardo and Bell (24). Their model assumes
adsorption with different adsorption ener-
gies, which are in equilibrium due to surface
diffusion. The exchange process will there-
fore mainly proceed through states with low
desorption energies. The enhanced desorp-
tion rate and its pressure dependence is ex-
plained by an increase in fractional coverage
at higher CO pressure. The lower value of
the rate constant found in the present study,
compared to the one reported by Yamada
et al. (12) at low CO coverage, may be ex-
plained by the lower surface mobility of CO
at the high coverage. This means that the
different states are no longer in equilibrium,
and the rate-determining step is a restricted
surface diffusion instead of thermal desorp-
tion. The low activation energy may support
a slow surface diffusion step or a direct ex-
change process. However, if the surface dif-
fusion is the rate-determining step, the
exchange rate would not be expected to in-
crease proportionally with the CO pres-
sure.

CONCLUSIONS

The present study showed that the radio-
active tracer technique is well suited to mon-
itor rapid changes of the radioactive labelled
compounds adsorbed on a thin disc of a po-
rous catalyst. The time constant of the solid
scintillator and the electronic equipment
was much less than the time constant of the
exchange processes.

The exchange between preadsorbed CO
on a supported commercial Pd catalyst and
gas-phase CO at 50 Pa < P, < 200 Pa was
found to be very rapid, despite the well-
known slow thermal desorption of CO in
vacuum or in the presence of an inert gas.
This result indicates that the CO exchange
may be very rapid in heterogeneous cata-
lytic industrial processes with CO present
in the gas phase.

Despite the low fraction of vacant sites,
it seems possible that the same mechanism
may explain the exchange process as given
by Lombardo and Bell (24) for this exchange
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at low fractional coverage. It cannot, how-
ever, be excluded that the exchange pro-
ceeds via a direct interaction between ad-
sorbed CO and gas-phase CO.

r

a.tot

ry

APPENDIX: NOTATION

area of catalyst disc, m*

concentration of labelled CO in
the gas phase of the catalyst,
mol m~3

concentration of labelled CO in
the bulk gas phase, mol m~—3

concentration of labelled CO in
the feed, mol m~3

effective diffusivity of CO in po-
rous catalyst disc, m>s ™'

activation energy of enhanced de-
sorption, kJ mol !

measured radioactivity, cps

maximum measured radioactivity,
cps

proportionality constant between
the local fractional coverage of
labelled CO and the local radio-
activity

mass transfer coefficient, m s~

desorption rate constant, mol m~
(cat)s™! Pa™"

preexponential factor of k,, mol
m~* (cat)s ! Pa~"

thickness of the catalyst disc, m

reaction order with respect to CO
pressure

the flux of labelled CO from the
external surface, mol s ' m~2

site density, mol (kg catalyst)~!

partial pressure of labelled CO, Pa

total pressure of CO, Pa

volumetric flow rate through the
reactor cell, m® s~/

gas constant, 8.314 Pa m* mol !
K- 1

adsorption rate of labelled CO,
mol m™3 g7!

total adsorption rate of CO, mol
m?*s!

desorption rate of labelled CO,

mol m3s7!

1
3

Fy1m

=N
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total desorption rate of CO, mol
m3g!

time, s

temperature, K

volume of reactor cell, m*

length coordinate perpendicular to
the external disc surface, m

Greek Symbols

void fraction

€

6 fractional coverage of labelled CO

Oco.  total fractional coverage of CO

N linear absorption coefficient for
B~ particles, m™'

P density of catalyst disc, kg m >
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