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Poisoning by carbon monoxide in the exchange reaction between deuterium and the water
preadsorbed on a platinum-alumina catalyst was studied, by measuring not only the rate of
reaction but also its kinetic behavior and the adsorption of reactants on the catalyst surface.
The shape of the poisoning curve is closely associated with the kinetic behavior and exhibited
an abrupt change on freezing the adsorbed water below 273 K. When the rate is proportional to
deuterium pressure and independent of the amount of water adsorbed, the exchange rate
dropped sharply by carbon monoxide adsorbed of a few percent coverage without any marked
changes in the amount and the rate of hydrogen adsorption on the platinum surface.

However, at temperatures lower than 273 K and at higher deuterium pressures, the rate
depends not on the deuterium pressure but on the amount of water adsorbed. The migration
of hydrogen in or through the adsorbed water is seemingly sufficiently suppressed by freezing
to control the overall reaction rate. In this case, a small amount of adsorption of carbon mon-
oxide did not show any toxicity, but then a steep poisoning started accompanying a change in
the kinetic behavior.

It was accordingly demonstrated that the mechanism of the reaction may be better under-

stood by studying poisoning and measuring adsorption, overall rate, and kinetic behavior.

INTRODUCTION

It was recently demonstrated that the
exchange reaction between deuterium and
water preadsorbed on platinum-alumina
catalyst changes its kinetic behavior at
different reaction temperatures and pres-
sures (7). When the deuterium pressure is
sufficiently high, the exchange rate drops
abruptly at 273 K and the apparent acti-
vation energy changes from 38 kJ mol™?

! This work was performed under the auspices
of the Power Reactor and Nuclear Fuel Develop-
ment Corporation (Japan),

to 54 kJ mol=t. The drop at 273 K de-
creases as the deuterium pressure becomes
lower, and, finally, such a discontinuous
drop was not observed when the deuterium
pressure was sufficiently low, but the slope
of the Arrhenius plot altered below 273 K.
The dependence of the exchange rate
on deuterium pressure and the amount of
adsorbed water above 273 K is generally
expressed by the following cquation :

V « [Pp,J"*[H,O(a)
(s = 38 kJ mol~1), (1)
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where /s denotes the apparent activation
energy.

Below the freezing point of water, the
kinetic behavior is rather complicated, and
at 269 K, for example, the kinetic behavior
is expressed as follows:

V e« [Pp,J'[H.0(a)]-598(Pp, 2 27 kPa)

~

(Ex = 54 kJ mol™Y), (2)

V « [Pp,]"'[H:0(a)]2(Pp, < 27 kPa)
(Ex = 38 kJ mol-). (3)

These results were interpreted in a pre-
vious paper by the proposal that above
273 K the dissociative adsorption of deu-
terium from the gas phase onto the water-
adsorbed surface would be the rate-de-
termining step and that this is also the
case at lower deuterium pressures below
273 K (cf. Eq. (3)) with cqual apparent
activation cnergy. However, at lower tem-
peratures and higher deuterium pressures,
the exchange rate is expressed by Eq. (2),
mainly depending upon the amount of
preadsorbed water, which is interpreted
to demonstrate that the rate is controlled
by the mobility of water molecules or its
hydrogen over alumina through frozen
water.

Since poisoning of metal catalysts is an
important feature of catalysis, it has hcen
widely studied by many workers, and
various types of toxicity for metal cata-
lysts have been investigated, especially
by Maxted and his co-workers (2). As far
as we know, however, the poisoning of a
metal catalyst has never been considered
in connection with the kinetic behavior
and also the adsorption of the reactants
during the course of the reaction over the
poisoned catalyst. In this report, the
poisoning by carbon monoxide of the
isotope exchange reaction between deu-
terium and water preadsorbed on platinum-
alumina catalyst has been studied mea-
suring not only its kinectie behavior but
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also the adsorption of rcactants over the
catalyst poisoned to various extents.

METHODS

The rate of the exchange reaction be-
tween deuterium gas and the water pre-
adsorbed on a platinum-alumina catalyst
was measured in a closed circulation sys-
tem with a dead volumc of 340 em® The
initial decrease in the D, to form HD
was taken as the initial rate. The isotope
distribution in the gas phase was de-
termined by gas chromatography at 77 K
using a column filled with alumina and
5%, manganese chloride. The catalyst was
a platinum (0.59;) supported on alumina
pellet of Lot No. 48-1-1 of Nippon Engel-
hard Company, Ltd. The catalyst was
first evacuated at room temperature for
30 min and at 398 K for 30 min, and was
then treated with hydrogen at 623 K
overnight and evacuated at the same tem-
perature overnight. The total surface area
measured by the BET method with nitro-
gen adsorption was 92 m? g! and the
amount of the catalyst used was 2.13 g.

Prior to the rate measurements, the
catalyst was subjected to a heat treatment
at 423 K, and then cooled to room tem-
perature. In the study of the poisoning of
the exchange reaction between deuterium
gas and the water preadsorbed on the
catalyst, 0.025 g of water was pre-adsorbed
over the catalyst poisoned by carbon
monoxide to various cxtents. If the area
occupicd by an adsorbed water molecule
is 1.06 X 107 m? (3), a full coverage of
the catalyst surface would require 0.055 g
of water. Consequently, 0.025 g of water
corresponds to 459, coverage of the whole
catalyst surface. The cquilibrium vapor
pressure of the adsorbed water at 273 K
was about 40 mPa. Oxygen treatment at
423 K overnight and hydrogen treatment
at the same temperature overnight brought
about the complete recovery of the catalyst
activity for the D,-H,O(a) cxchange
reaction,
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Fic. 1. Typical adsorption isotherms of hydrogen
adsorption, hydrogen titration, and oxygen ad-
sorption on platinum-alumina at room temperature.

RESULTS AND DISCUSSION

In order to estimate the number of the
platinum atoms on the catalyst surface,
hydrogen adsorption, oxygen adsorption,
hydrogen titration, and carbon monoxide
adsorption were performed. The typical
adsorption isotherms arc shown in Fig. 1.

The adsorption of hydrogen, oxvgen,
and carbon monoxide on thce alumina
support is throught to be of the Henry
type (4). The lincar portion of the ad-
sorption isotherm at higher pressure was
extrapolated to zero pressure to determine
the saturated amount of adsorbed gas on
the platinum surface. The stoichiometry
of the adsorption of hydrogen, oxygen,
and titration was first proposed by Gru-
ber (5) and later Benson and Boudart (4)
as follows:

Pty + iH, — Pt.H,

Pt, 4+ 30, — 1,0,

Pt,0 + $H, — Pt.H 4+ H,O (support),
where Pt denotes the surface platinum
atom. Later, Wilson and Hall (6) showed
that such stoichiometry holds only when
platinum particle size is large, and when
the platinum particle size is smaller than
approximately 10 A, the stoichiometry be-
comes as follows:

Pty + 3H, — Pt.H,

Pty + 10, — Pt,0y,

Pt,0; + H, — Pt,H 4 $H,0 (support).
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The former stoichiometry implies that
the ratio of hydrogen adsorption, oxygen
adsorption, and hydrogen titration is
1:1:3, whercas the latter stoichiometry
gives 2:1:4. The results shown in Table 1
gives the stoichiometry 2.2:1:4.3, which
agrcees reasonably well with the stoichi-
ometry proposed by Wilson and Hall for
small particles; the number of surface
platinum atoms was also calculated on the
basis of the latter stoichiometry, and is
shown in Table 1.

Using the results of hydrogen adsorp-
tion, the platinum particle size was cal-
culated on the basis of the model of
Hughes et al. (?) in which all particles
arc ideal cubes of uniform size with one
face in contact with the support and the
remaining five faces are cxposed. The
particle size thus estimated was found to
be 14 A. The particle size was also ex-
amined by clectron microscopy. Photo-
graphic enlargement to 10°X was used to
obtain a suitable image for the particles,
which revealed that the mean particle size
is 16 A, which is almost in perfect agree-
ment with that obtained by adsorption or
titration technique.

The surface arca of the platinum cata-
lyst caleulated from the hydrogen titration
was 0.8 m? g7, assuming that cach plati-
num atom has an arca of 8.9 X 10~2 nm?
(8). The saturated amount of ecarbon
monoxide adsorbed was 5.9 X 10'® mole-
cules/g, which is in reasonable agreement

TABLI 1

Amount of Adsorbed Gases and Number of
Surface Platinum Atoms Calculated on the Basis
of the Stoichiometry Proposed by Wilson and

Amount of
adsorbed gas
(moleX 108/g)

Number of
surface
Pt atoms
(X10718/g)

Hydrogen adsorption 7.6 9.2
Oxygen adsorption 3.5 8.4
Hydrogen titration 15 9

CO adsorption 9.8 5.9
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Fia. 2. Poisoning curve by carbon monoxide in D;-H,0(a) exchange reaction on platinum-—
alumina at 273 K; the rate of the exchange reaction in terms of that of HD formation is plotted
against the CO preadsorbed on the catalyst; H.0(a) = 0.025 g/2.13 g catalyst, Pp, = 27 kPa.

if a considerable fraction of the carbon
monoxide is in the bridged form.

The initial rates of the D,-H,O(a) ex-
change reaction were plotted against the
amount of preadsorbed carbon monoxide
at 273 K as shown in Fig. 2, which shows
that 5 X 10'¢ carbon monoxide mole-
cules/g, which corresponds to about 0.569,
coverage of the whole platinum surface,
caused the reduction of the initial rate of
the exchange reaction by half, and with
the adsorption of 9.3 X 10'7 molecules/g,
which corresponds to nearly 109, coverage,
the catalyst lost most of its activity.

The rate and the amounts of hydrogen
adsorption over the carbon monoxide

TABLE 2

Hydrogen Adsorption on Platinum—-alumina with
Carbon Monoxide and/or Water at Room Tem-
perature and 273 K

Temperature Hydrogen CcO H.0

uptake preadsorbed preadsorbed

(atoms (molecules (molecules

X10718/g X10718/g X107%/ g

catalyst) catalyst) catalyst)

297 K 8.6 1.5 —
297 K 9.1 — —
297 K 8.5 1.1 —
297 K 9.0 — —
297 K 8.0 0.88 2.4
273 K 11 — —_
273 K 9 0.88 2.4
273 K 11 0.33 31

poisoned platinum were studied. Table 2
shows that the saturated adsorption of
hydrogen over the platinum surface with
water and/or a small amount of carbon
monoxide did not markedly decrease at
both room temperature and 273 K. It is
shown in Fig. 3 that the preadsorption of
water and/or a small amount of carbon
monoxide does not appreciably affect the
rate of hydrogen adsorption and that 89
to 909 of hydrogen adsorption proceeds
instantaneously and is followed by a slow
uptake of a further amount of hydrogen.

Accordingly, since preadsorption of a
small amount of carbon monoxide brings
about neither a marked decrease in the
amount nor in the rate of hydrogen ad-
sorption, it is suggested that in the be-
ginning of the exchange reaction, most of
the surface platinum atoms are saturated
with deuterium atoms, which do not take
part in the rate-determining step of the
exchange reaction.

On the other hand, it was previously
demonstrated that the kinetic behavior
changed on freezing the adsorbed water
(1). The dependences of the exchange rate
on the deuterium pressure and the amount
of the adsorbed water at still lower tem-
peratures such as 229 K were also studied.
These data are presented in Figs. 4 and 5,
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Fia. 3. Effect of the preadsorption of carbon monoxide and/or water on the rate of hydrogen

adsorption on platinum-alumina.

respectively, and can be expressed by the
equation

V e« [Pp,J'[H.O(a) "*. (4)

With much larger amounts of adsorbed
water the frozen water seemingly fills the
pores of the alumina strueture such that
the rate of the exchange reaction decreases
with the amount of adsorbed water.

The poisoning curves at lower tempera-
tures such as 269 K, 255 K, and 229 K
were studied under a constant deuterium
pressure of 27 kPa. Below 273 K, as the
dependence of the exchange rate on deu-
terilum pressure and the amount of the
adsorbed water changed as mentioned
above, the poisoning curve was measured
at 269 K under the deuterium pressure of
15 kPa as well as 27 kPa. The results are
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Frc. 4. Dependence of the exchange rate on the
deunterium pressure at 229 K; H,0(a) = 0.025 g.

given in Fig. 6. Under such experimental
conditions the rate equations are expressed
by Eq. (1) or (3), and the cxchange rate
drops rapidly with a small amount of
preadsorbed carbon monoxide. At lower
temperaturcs and higher deuterium pres-
sures, the exchange rate is expressed by
Eq. (2) or (4). In such cases the poisoning
of the D,-H,0(a) exchange recaction was
not appreciable with the adsorption of a
small amount of carbon monoxide, but
after adsorption of more than 11 X 10%
CO molecules/g a reduction of the cata-
lytic activity was observed.

These results are interpreted as follows.
On the free platinum surface water mole-
cules are strongly held at a limited part
of the surface where hydrogen dissociation
takes place, and the hydrogen dissociation

tog v{cm3 HD/ min)
,

'
~
o

-5
log [H,0lal(g)

-25 -20

F1e. 5. Dependence of the exchange rate on the
amount of the adsorbed water at 229 K; Pp,
= 27 kPa.
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Fig. 6. Poisoning curve by carbon monoxide in Ds~H:0(a) exchange reaction on platinum—
alumina under various reaction conditions; relative activities are plotted against the amount of
preadsorbed carbon monoxide. (O), Pp, = 27 kPa, 273 K; (A), Pp, = 27 kPa, 269 K; (0O),
Pp, = 27 kPa, 255 K; (A), Pp, = 27 kPa, 229 K; (©), Pp, = 15 kPa, 269 K. In all cases H,O(a)

= 0.025 g/2.13 g catalyst.

is the ratc-determining step for the ex-
change reaction. Accordingly the rate is
first-order in hydrogen pressure and zero-
order in the amount of water adsorbed on
the catalyst surface. This active part is
the region where carbon monoxide is pref-
erentially adsorbed to exhibit a marked
poisoning effect for the exchange reaction.

At lower temperatures when the ad-
sorbed water is immobilized by freezing,

e

-2.0

logV(cm3HD/min)

1.0 1.5 2.0
tog R {kPq)
) D, a

Fra. 7. Dependence of the D,-H,0(a) exchange
reaction on deuterium pressure over CO poisoned
platinum-alumina catalyst at 229 K; H.O(a)
= 0.025 g/2.13 g catalyst; CO preadsorbed = 34
X 101%/g catalyst.

the mobility of water or its hydrogen to
and from the active region and the water
condensed in alumina becomes rate-de-
termining and the rate is expressed by
Eq. (2) or (4). However, when it is
poisoned by carbon monoxide, the mo-
bility of water is not affected by the
carbon monoxide adsorption, but the hy-
drogen dissociation is so much inhibited
such that the hydrogen dissociation finally
becomes rate-determining, thus exhibiting
the rate equation (1) or (3) again.

This is the reason why carbon monoxide
poisoning is not distinctively exhibited in
the first stage of the carbon monoxide
adsorption. The exchange rate follows the
behavior given by Eq. (2) or (4) until
the reaction kinetics finally change to
Eq. (1) or (3), hydrogen dissociation be-
coming ratc-determining again, as is dem-
onstrated in Figs. 7 and 8.

The speculation as to the mechanism
of the exchange reaction itself is supported
by the following results reported elsewhere
(9, 10). When the exchange reaction was
carried out on a platinum catalyst dis-
persed on hydrophobic supports, such as
Porapak Q (copolymer of styrene and
divinylbenzene) above 273 K, the rate ex-
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Fic. 8. Dependence of the D»~H.0(a) exchange
reaction on the amount of water adsorbed on CO
poisoned platinum—alumina catalyst at 229 K;
Pp, =27 kPa; CO preadsorbed = 34 X 101%/g
catalyst.

pression was similar to Kq. (1) or (3),
the rate being proportional to the pressure
of deuterium and independent of water
vapor pressure, and the shape of the
poisoning curve was also convex from the
beginning as in the case of platinum-
alumina, although the slope was gentler.
The number of active sites and thus
the turnover number can be estimated
using the slope of the poisoning curve (171).
The calculated ratio of the turnover
number of the exchange reaction over
platinum—-alumina to that over platinum-—
Porapak-Q at 299 K was found to be 1.25.
The adsorption of water vapor as well as
hydrogen on the Pt-hydrophobic supports
was separately measured under the re-
action conditions, which revealed that
hydrogen is adsorbed on platinum to satu-
ration under normal hydrogen pressures,
whereas water is adsorbed mainly on plati-
num surface depending upon the pressure
of water vapor. The similar activity of the
platinum catalysts dispersed on hydro-
phobic and hydrophilic supports strongly

suggests that water adsorbed on the hy-
drophilic supports such as alumina docs
not play an important role in the exchange
reaction, the reaction proceeding on the
platinum surface. It is accordingly sug-
gested that the adsorption of water and
hydrogen on the platinum surface dispersed
on alumina would be similar to that on
the platinum dispersed on Porapak Q, the
adsorption of water and hydrogen on plati-
num being direetly measurable in the
latter case.
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