
.IOUIW.\L OF C.\T.1LYSlS 56, 22%236 (1Q7Q) 

Poisoning by Carbon Monoxide in the Hydrogen Exchange 
Reaction between Deuterium Gas and Water Preadsorbed 

on a Platinum-Alumina Catalyst l 

ITSUO lIDA 

Sagami Chemical Research Center, Sishi-Ohnuma, Sagamihara, Kanagawa 229, Japan 

AND 

KENZI TAIIARU 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Tokyo 113, Japan 

Received July 21, 1977; revised May 2, 1978 

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 deuterinm 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. 

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 (1). 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-l 

to 54 kJ mol-‘. The drop at 273 K de- 
creases as the deuterium pressure becomes 
lower, and, finally, such a discontinuous 
drop was not observed when the deut’erium 
pressure was sufficiently low, but the slope 
of the Arrhenius plot altered below 273 K. 

The dependence of the exchange rat’e 

on dauterium pressure and the amount of 
adsorbed water above 273 K is generally 
expressed by the following equation : 

1 This work was performed under the auspices 
of the Power Reactor and Nuclear Fuel Develop- V m [PD2-j”.g[H20 (a)]O 
ment Corporation (Japan). (IL = 38 kJ mol-I), (1) 
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where EA denotes the apparent activation 
energy. 

also the adsorption of reactants over the 
catalyst poisoned to various extents. 

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 = [PD,]O[HzO(a)]0.5~.0.fi(PDZ 2 27 kPa) 

(EA = .54 kJ mol-I), (2) 

V a [PD,]1~1[H,0(a)]o.2(Pn, 5 27 kPa) 

(EA = 38 kJ mol-I). (3) 

These results were interpreted in a prc- 
vious paper by the proposal that above 
273 K the dissociative adsorption of dru- 
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 deutrrium prcssurcs below 
273 K (cf. Eq. (3)) wit,h equal apparent 
activation energy. Howcvrr, at lower tc>m- 
peraturcs and higher deuterium pressures, 
the exchange rate is expressed by Eq. (a), 
mainly depending upon t’hc amount of 
preadsorbcd 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. 

The rate of the exchange reaction be- 
twccn dcuterium gas and the water prc- 
adsorbed on a platinum-alumina catalyst’ 
was measured in a closed circulation sys- 
tem with a dead volume of 340 cm3. 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 
$57, manganese chloride. The catalyst was 
a platinum (0.57,) supported on alumina 
pellet of Lot, Xo. 48-l-l 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 trcatcd wit’h hydrogen at 623 K 
overnight and cvacuatcd at the same tem- 
perature overnight. The total surface area 
measured by the BET method with nitro- 
gen adsorption was 92 m* g-l and the 
amount of the catalyst uscld was 2.13 g. 

Since poisoning of metal catalysts is an 
important feature of cat,alysis, it has been 
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 t’he kinetic behavior 
and also the adsorption of the react’ants 
during the course of the reaction over t’he 
poisoned catalyst. In this report, the 
poisoning by carbon monoxide of the 
isotope exchange reaction bctwecn dou- 

t,erium and water prcadsorbcd on platinum- 
alumina catalyst has been studied mca- 
suring not only its kin&c behavior but, reaction. 

Prior to the rata measurements, the 
catalyst was subjected to a heat treatment 
at 423 K, and then coolrd to room tem- 
perature. In the study of the poisoning of 
t,ht: exchange reaction between deuterium 
gas and the water preadsorbcd on the 
catalyst, 0.025 g of water was prc-adsorbed 
over the catalyst poisoned by carbon 
monoxide to various extents. If the area 
occupied by an adsorbed water molecule 
is 1.06 X lo-l9 m2 (S), a full coverage of 
the catalyst surface would require 0.0% g 
of water. Consequently, 0.025 g of water 
corresponds to 457, coverage of the whole 
catalyst surface. The equilibrium vapor 
pressure of t’hc adsorbed water at 273 K 
was about 40 mPa. Oxygen treatment at 
423 K overnight and hydrogen t’reatment 
at the same temperature overnight brought 
about t’he complete rccovcry of the catalyst 
activity for t,hc D,-H&(a) exchange 



FIG. 1. Typical adsorption isotherms of hydrogen 

adsorption, hydrogen titration, and oxygen ad- 
sorption on platirr~ull~alilnlirl~ at room tcmperatwc~. 
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In order to wtimatc: thcb number of the 
platinum atoms on the catalyst surfaw, 
hydrogen adsorption, oxygen adsorpt,ion, 
hydrogen titration, and carbon monoxid(x 
adsorption were pwformcd. The> typical 
adsorpt,ion isothrrms arc showy in Fig. 1. 

The adsorption of hydrogq oxyg(‘n, 
and carbon monoxide on the alumina 
support is tjhrought, to b(l of thcl H(w-y 
type (4). The liwar portion of the ad- 
sorption isot~hwm at liiglic>r prwsurc \vas 
cxtrapolatod to zwo prcssuw to d&rminc: 
tShc saturakd amountJ of adsorbed gas on 
tht: platinum surfaw. Tlrcl stokhiomctq 
of the adsorption of hydrogen, oxygen, 

and titrat’ion was first proposed by Gru- 
bcr (5) and later Benson and Boudart (4) 
as follo\vs : 

Pt,O + +jH2 --) Pt,H + H,O (support)), 

where Pt, donotcs t’hc surface platinum 
atom. Latw, Wilson and Hall (6’) showed 
that such stoichiometry holds only \vhcn 

platinum particlc size is large, and when 
the platinum particle size is smaller than 
approximately 10 A, the st’oichiomctry be- 
comrs as follo\vs : 

Pt, + *Hz -+ Pt,H, 

l’t,, + to, --) PtI,O;, 

l’t,Oi + Hz * Pt,H + +H,O (support)). 

The furnic,r st~oicliiomotq~ implks that 
the: ratio of hydrogen adsorption, oxygen 
adsorption, and hydrogen tikation is 
1: 1: 3, nhcwas the latter stoichiomctq 
givw 2: 1: 4. The wsults sl~ow~~ in Table 1 
gives the stoichiomctry 2.2 : 1 : 4.3, \vhich 
agrws reasonably 1~41 \vith the stoichi- 
omcltry propowd by Wilson and Hall for 
small particles; t,hc number of surface 
platinum atoms \\-as also calculatcxd on tjhe 
basis of the latter stoichiomctry, and is 
shown in Table 1. 

Using the results of hydrogen adsorp- 
tion, the platinum particlc size was cal- 
culatcd on the basis of the model of 
Hughes et al. (7) in which all particlrs 
arc‘ ideal cubes of uniform size with one 
face in contact with tho support’ and the 
remaining five faws arc cxpowd. The 
particlo size thus cstimatcd was found to 
be 14 A. The particlc six{, \vas also cx- 
amincld by cloctron microscopy. Photo- 
graphic cnlargcxment to lO”X Iv&s used to 
obtain a suitable image for the particles, 
\vhich rcvctalcd that the mean particle size> 
is 16 A, \vhich is almost, in pcrfcct agwc- 
mcnt \\-ith t’hat obtaiwd by adsorption or 
titration technique. 

The surface awa of tho platinum cat’a- 
lyst calrulatc~d from the hydrogen titration 
\vas 0.8 m2 g-l, assuming that (Bach plat’i- 
num atom has an archa of 8.9 X 10M2 nm2 
(8). The sat,urat’cd amount of carbon 
monoxide adsorbed \vas 5.9 X lOIs molc- 
cults/g, which is in rcasonablo agrwmc~nt 

T.4BLIS 1 

Amount of Adsorbed Gases and Number of 
Surface Platinum Atoms Calculated on the I&is 

of the Stoichiomrtry Proposed by Wilson and 
Hall (6). 

hrount of Numbw of 
adsorbed gas surface 
(moleX 106/g) I+ atoms 

(X 10-‘9’g) 
______~~. 

Hydrogen adsorption 7.6 11.2 
OXJ-pen adsorption 3.J x.4 
Hydrogen titration 13 9 
CO adsorption 0.R 5.0 
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CO molecules x 10m’6/g-catalyst 

FIG. 2. Poisoning curve by carbon monoxide in D,-H*O(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; Hz0 (a) = 0.025 g/2.13 g catalyst, PD, = 27 kPa. 

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

The initial rates of the Dz-H20(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 1OL6 carbon monoxide mole- 
cules/g, which corresponds to about 0.56y0 
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 1017 molecules/g, 
which corresponds to nearly 10% 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 co H20 
uptake preadsorbed preadsorbed 

(atoms (molecules (molecules 
x lo-‘8/g x lO-‘S/g x10-“/ 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 3.1 

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 90% 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 t,he 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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FIG. 3. Effect of the preadsorption of carbon monoxide and/or water on the rate of hydrogen 
adsorption on platinum-alumina. 

respectively, and can be c>xprrsscd by t’he 
equation 

V m [PnJ”.‘[H20 (a)]“.S. (4) 

With much larger amounts of adsorbed 
water the frozen water scrmingly fills the 
pores of the alumina st’ructurc such that 
the rate of the exchange rraction drcrrascs 
with t,he amount of adsorbed watrr. 

The poisoning curves at lower tctmpcra- 
turcs such as 269 K, 2,55 K, and 229 K 
were studied under a constant dcuterium 
pressure of 27 kPa. Below 273 K, as the 
drpendcncc of the exchange rate on dcu- 
tcrium pressure and the amount of tho 
adsorbed water changed as mrntiomd 
above, the poisoning curve was measured 
at 269 K under the dcut’erium pressure of 
13 kPa as well as 27 kPa. The results arc 

L., 
1.0 15 2.0 

log P 
02 

(kPa) 

FIG. 4. Dependence of the exchange rate on the 
deutcrium pressure at 229 K; H&)(a) = 0.025 g. 

givon in Fig. 6. Under such cxperimcnt’al 
conditions the rate equations are expressed 
by Eq. (1) or (3), and the exchange rate 
drops rapidly with a small amount of 
preadsorbed carbon monoxide. At lower 
temperatures and higher dcuterium prcs- 
surcs, the exchange rate is exprrsscd by 
Eq. (2) or (4). In such cases the poisoning 
of the DzpHzO(a) txchange waction was 
not apprcciablc with the adsorption of a 
small amount of carbon monoxide, but 
after adsorption of more than 11 X 10IG 
CO molecules/g a reduction of the cata- 
lytic activity was observed. 

Thcsc results arc intcrprctod as follows. 
On the free platinum surface water molc- 
cults are strongly held at a limited part 
of the surface where hydrogen dissociation 
takes place, and the hydrogen dissociat’ion 

FIG. 5. Dependence of the exchange rate on the 
amount of the adsorbed water at 229 K; PD, 
= 27 kPa. 
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FIG. 6. Poisoning curve by carbon monoxide in Dz-HzO(a) exchange reaction on platinum- 
alumina under various reaction conditions; relative activities are plotted against the amount of 
preadsorbed carbon monoxide. (0), P np = 27 kPa, 273 K; (A), PO, = 27 kPa, 269 K; ( q ), 
PD, = 27 kPa, 255 K; (A), PI), = 27 kPa, 229 K; (a), PD, = 15 kPa, 269 K. In all cases HzO(a) 
= 0.025 g/2.13 g catalyst. 

is the rate-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 prcf- 
erentially adsorbed to exhibit a marked 
poisoning effect for the exchange reaction. 

At lower tcmperaturcs when the ad- 
sorbed wat,cr is immobilizrd by freezing, 

-1.5 
i 

I 
10 1.5 20 

log P$kPa) 

FIG. 7. Dependence of the I),-H*O(a) exchange 

reaction on deuterium pressure over CO poisoned 
platinum-alumina catalyst at 229 K; HzO(a) 
=i 0.025 g/2.13 g catalyst; CO preadsorbed = 34 
X 1016/g catalyst. 

the mobility of water or its hydrogen to 
and from the active region and the water 
condensed in alumina becomes rate-de- 
tcrmining and the rate is expressed by 
F Jq. (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 bc- 
coming rate-determining again, as is dcm- 
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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FIG. 8. Dependence of the L),-II?O(a) exchange 

reaction on the amount of water adsorbed on CO 
poisoned platinum-alumina catalyst at 229 K; 
PD, = 27 kPa; CO prcadsorbcd = 34 X 1016/g 

catalyst. 

pression was similar to Eq. (1) or (3), 
the rate being proportional to the pressure 
of dcutcrium 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 t’urnovcr number can be cstimatcd 
using the slope of the poisoning curve (11). 
The calculat8cd ratio of the turnovor 
numbtlr of the cxchangc rcact,ion owr 
platinum-alumina to that ovrr platinum- 
Porapak-Q at 299 K was found to be 1.25. 
The adsorption of water vapor as well as 
hydrogen on the R-hydrophobic support’s 
was separately measured undrr the rc- 
action conditions, which rcwah~d that 
hydrogen is adsorbcld on platinum to satu- 
ration under normal hydrogc>n prcssurw, 
whcrcas water is adsorbed mainly on plati- 
num surface depending upon the pressure 
of watw vapor. The similar activity of the 
platinum catalyst’s dispersed on hydro- 
phobic and hydrophilic supports strongly 

suggwts that \vatcr adsorbed on tlw hy- 
drophilic supports suc~h as alumina does 
not play an important role in the ctxchango 
r(laction, thcl waction procwding on th(> 
platjinum surfaw. It is accordingly sug- 
gwtc>d that thci adsorption of -\vatc>r and 
hydroqn OII the platinum surfaw dispcwod 
on alumina lvould bc similar to that on 
the platinum dispclrwd on I’orapak Q, the 
adsorption of water and hydrogw on plati- 
num being directly mc~asurablo in the 
latter caw. 
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