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The extent of hydrogen occlusion in powdered Ru, Rh, OS, Ir, Pt, and Au prepared by reduc- 
tion of the chlorides, and in Co prepared by reduction of the oxide, has been measured by 
butene titration at 373 K and (except for Co and Ru) by exchange with deuterium. Hydrogen 
occlusion increased in the sequence Au( = zero) < Co < Pt < Ru < Rh < OS < Ir, iridium 
attaining stoichiometries in the range IrHO.l( to IrH0.20. Hydrogen occlusion in iridium was 
reversible and occurred without expansion of the lattice. The capacity of these metals to 
occlude hydrogen parallels the extent to which they provide butane when functioning as 
1,3-butadiene hydrogenation catalysts. Also, the butane yield varied with the initial hydrogen 
content of iridium when occluded hydrogen was consumed in hydrogenation. Hydrogen reten- 
tion is not attributable to normal solution or to the enhancement of solubility by the thermo- 
dynamic effects of mechanical stress at defects. Formation of metal from its chloride at tem- 
peratures where atomic diffusion is slow leads either to the format,ion of cavities in which 
hydrogen is retained, or to the encapsulation of HCI which, under appropriate conditions, 
reacts with metal to reform chloride and liberate hydrogen (a variant of the Hall model for 
hydrogen retention in metal formed from oxide). The cavity theory correctly predicts the rela- 
tive extents of hydrogen occlusion in these metals and hence provides a basis for an interpre- 
tation of the general pattern of selectivity shown by the Group VIII metals in the hydrogen- 
ation of diunsaturated hydrocarbons that has been recognized for some time. 

INTRODUCTION 

The two preceding papers of this series 
show that the selectivity of a metal catalyst 
may be influenced by molecular congestion 
at the active site and by the presence of 
nonmetallic impurities in the surface. The 
first was purely a geometric effect that 
influenced the behavior of the adsorbate, 
and the second was an elect,ronic effect 
whereby the properties of surface sites were 
modified. Having thus established that 
due regard should be paid, when considering 
the influence of site environment on selec- 
tivity, to conditions above and in the 
surface, attjention was turned in this third 

investigation to the subsurface region and 
in particular to the role played by hydrogen 
present in the bulk of the metal. This paper 
is intended as a preliminary survey. 

When alkadiencs or alkynes are hydro- 
genated over Group VIII met’als the initial 
product is usually a mixture of alkene and 
alkane (1). Only in hydrogenations over 
the Group IB met’als copper (2) and gold 
(S), and sometimes over the Group VIIB 
element rhenium (4), is alkene t’he sole 
product. 

When alkane yields obtained under 
comparable conditions of temperature, 
reactant pressures, and conversion arc 

498 

0021-9517/78/0523-0498$02.00/O 
Copyright 0 1978 by Academic Press. Inc. 
All rights of reproduction in any form reserved. 



HYDROGEN OCCLUSION AND SELECTIVITY 499 

Sk 4 %- s,, ( SC" = 1.00 

V V 2 

s RU SRh %d 
v v v 

so* > sir < s,, ‘Sn,= ml 

FIG. 1. The general selectivity pattern. Selectivity, 
S, of a given metal 1LI, SM = (tot,al alkene)/(total 
alkene + alkane). 

compared for a wide range of mctsls, a 
selectivity pattern is observed. The pattern, 
which has been examined most exhaust,ivclJ 
for the hydrogenation of 1,3-butadicne at 
subatmospheric pressures catalyzed by 
supported metals, is given in Fig. 1. 
Selectivity is observed to diminish as the 
vertical triads of Group VIII are dcscendcd, 
and to increase from left to right in the 
first and second transition series. This 
behavior appears to bc substantially in- 
dependent of the physical form of the 
catalyst (1, 5). 

Sclcctivitiw ohscrvcd in thcl hydrogcna- 
t,ion of ethgnr, propadicnc, l,Bbut~adienc, 
2-butync, and various pcntadicncs and 
pentynrs, rwordcd for restricted ranges of 
metal cat’alysts, conform to the above 
pattern (I), and hence its generality is ~~(~11 
cstablishcd. 

Attention was first drawn to this pattern 
SOn’K yearS agO, and attempts were made 
to intcrprct it in terms of the influcncc of 
kinetic and thermodynamic factors on the 
WaCti(Jn mechanisms (1, 6, 7). While thaw 
factors may well materially influcncc sclcc- 
tivitg, it is doubtful whcthcr t,his approach 
provides an adcyuate interpr&ation of this 
wry general behavior pattern. 

An alt,crnativc model can bc concriwd 
in which the origin of the sclcctivity lies in 
a physical characteristic of the catalyst 
rather than in some chemical characteristic 
of the surface reaction. A hint in support of 
such a model has lxwl provided by our 
invcst,igation of thr: 1,3-butadicw~ ~d~u- 
tcrium waction catalyzed by rhodiun- 
alumina nncl by platinum~:tlulnirra (8). 
Distributions of drutcrium in the butcnc 

and in the butane revealed that the latter 
had been formed at sites where the H 
availability was higher (and hence the D 
availability lower) than those at which 
butcne was formed. This suggcstcd that 
wrtain regions of the surface wcrc rcspon- 
siblc for butane formation, and other 
regions for butcnc formation. The prcsrnt 
work was undertaken to dctcrminc whether 
such a diffrrcntiat,ion of surface regions 
was related to the phenomenon of hy- 
drogen retention in metals. Metals have 
been prcpartd in powder form to obviate 
support cffccts and hydrogen spillover. 

EXPERIPIIENTAL METHODS 

Stocks of ruthenium, rhodium, osmium, 
iridium, platinum, and gold powders were 
prrparcd by heating the appropriate metal 
chloride (RuCls ; RhC13.3HzO; OsCla; 
IrCL; PtCl,; HAuCl,) in a stream of 
hydrogen at room tempcraturc until the 
exit gas containrd no hydrogen chloride. 
The temperature was then raised to 4i3 
or 498 I<, in increments of 25”, each 
intermediate temperature being maintained 
until hydrogen chloride clution ceased. 
Normally no HCl was formed at 473 or 
498 T<, and reduction \I-as assumed t’o be 
complctc. In the case of one iridium 
powder, gravimetric analysis for chloride 
confirnwd this t(J bc so. T’owders were 
cooled to room tcmpcraturc in hydrogen. 
Rhodium and iridium wcrc somctimcs 
pyrophoric, and stocks wcrc stored under 
nitrogen; the rcmaindcr wrc stored in air. 
Samples wcrc transfcrrcd to static l’yrcx 
rwctors of 125-11~1 volu~nc and hcaLtcd in 
200-Torr llydrogcn at 4i3 or 498 T< for 1 hr 
before uw. 

A singlr sample of fact-ccntcrcd cubic 
cobalt’ of surface arca 2.1 m2 g-l ~vas 
prcparcld by the reduction of Co0 in a 
stream of hytlrogc~n at 723 I< for G hr. 
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TABLE 1 

Extents of Hydrogen Occlusion in Some Metal Powders 

Method Temperature 
(W 

M = Co RU 

z in MH, 

Rh OS Ir Pt Au 

1” 293 - - 0.025 0.11 0.10 0.005 - 
I“ 373 - 0.03 0.14 0.000 
2* 293 - - 0.03 - 0.10 - - 
2h 373 0.004 0.04 0.02 0.07 0.13 0.007 0.000 

a Exchange with molecular deuterium. 
* Butene titration. 
c Values in this column refer to four samples of a given preparation; values for several preparations ranged 

from 0.13 to 0.20. 

Apparatus 

A standard grease-free high vacuum 
apparatus fitted with mercury diffusion 
pumps was employed. Butene-butane mix- 
tures were analyzed by glc (9), and mixtures 
of Hz, HD, and D, were examined by mass 
spectrometry. 

Measureme?& of the Extent of Hydroyen 
Occlusion 

Method 1: H y&oge?J exchange. Metal 
powders in the static reactor at 293 or 
373 K were pumped to 1O-5 Torr. Samples 
of pure deuterium were added sequentially, 
and each was analyzed on withdrawal. An 
exchange reaction occurred (except with 
Au); the first few samples equilibrated 
in a few seconds or minutes (depending on 
the metal), but later samples in t’he 
sequence required up to 3 days at 373 K 
to achieve equilibrium. This was inter- 
preted to mean that hydrogen adsorbed at 
the surface or occluded near the surface 
exchanged rapidly, whereas hydrogen deep 
in the bulk required a longer period in 
which to diffuse to the surface and undergo 
exchange. 

Method 2: Butene tifvatiow. Titration of 
occluded hydrogen with 1-butent: was 
achieved by admission of successive 50-Torr 
samples of the alkene to an evacuated 
(lop5 Torr) reactor containing the metal 

powder. No prcssurc change occurred after 
butene addition. After an appropriate 
period, the gaseous hydrocarbon was re- 
moved and analyzed. Occluded hydrogen 
converted 1-butane to butane, and alkene 
isomerization also occurred. As in method 1, 
a proportion of the occluded hydrogen was 
titrated rapidly and the remainder became 
available for reaction over a more extended 
period. 

RESULTS 

Table 1 shows the extent of hydrogen 
occlusion observed in various metal powders 
(sample sizes normally about 0.2 g) using 
methods 1 and 2. Values obtained for the 
two met’hods concur. For rhodium, the 
values obtained at 293 K agree with those 
for 373 K, whereas for iridium the results 
for t’he two temperatures differ significantly 
indicating that not all of the occluded 
hydrogen was detected at 293 Ii. 

There is a clear parallelism bctwecn the 
abilit’ies of thrsc metals to occlude hy- 
drogen (as measured at 373 K by method 2) 
and their selectivitics in 1,3-butadiene 
hydrogenation at 373 Ii (Fig. 2). The 
selectivities quoted in this figure are taken 
from previously published work [Co (2) ; 
Ru, Rh, OS, Ir, Pt (9) ; Au (S)] which 
utilized alumina-support’ed metal catalysts. 
(Experimental conditions, P,,,,, = 100 

Torr, tcmp = 373 K, conversion = lo%.) 
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FIG. 2. Comparison of the extent of hydrogen 
occlusion in metal powders measured by butene 
titration at, 373 K (left-hand ordinate, shaded 
columns) with the yields of butane, in I,%butadiene 
hydrogenation over metal-aluminas at 373 K 
(2, 3, 9) (right hand-ordinate, open columns). 

Figure 2 shows that the metals that, 
occlude most hydrogen during their prcpa- 
ration provide the most but,ane when used 
as 1,3-butadicne hydrogenat’ion catalysts, 
and vice versa. 

If this parallelism of behavior is genuine 
and not fortuitous, it is to bc cxpectrd 
that the sclcctivity exhibited by a giue/l. 
metal should vary with the cxtclnt’ of 
hydrogen occlusion. This was tcstcd 1~1 
preparing samples of iridium with various 
extents of hydrogen occlusion and examin- 
ing the selectivitirs of these samples in 
1,3-butadiene hydrogenation. First, a stock 
of iridium powder having the composition 
IrH,,.17 was prepared and divided to provide 
a dozen or so aamplcs. Each sample was 
activated in the usual way, and suficicnt 
propene was admit)ted at 373 I< to rcduw 
t,he extent of hydrogen occlusion from 0.17 
to some lower value by consumption of the 
hydrogen in propene hydrogenation. hn 

excess of 1,3-butadiene was then admitted 
(the temperature still being 373 I<), and the 
remaining occluded hydrogen was con- 

sumed in butadicne hydrogenation. Subsc- 
qumt glc analysis (i) confirmed that, 
complete conversion of propcnc to propaw 
had occurred in the prccondit’ioning step, 
and (ii) provided a value for the selectivity 
in butadienc hydrogenation. Table 2 shows 

that thtl sclcctivit y of iridium dors indwd 
vary \vith thr cxtcnt of hydrogen occlusion 
in the sens:c cxpcctcd from Fig. 1. (It 
should be noted that, as a result of the 
c>ffcct being dtwonstratcd, sclcctivity 
varied as the occluded hydrogen was con- 
sumed ; the sclcctivitirs quoted in Table 2 
are thus “averaged” values and arc IKTCS- 

sarily higher than the value quoted in 
Fig. 1.) 

A single cxpcriment using iridium- 
alumina provided a result in general 
agrctmrnt with those obt’aincd using 
powdcrcd iridium (Table 2). 

DISCUSSION 

Part 1. Models j’or the Occlusion Process 

The two titration techniques used in this 
work measure both residual hydrogen chemi- 
sorbed at the external surface of the metal 
particles and hgdrogcn contained in the 
bulk of the metal (after its diffusion to the 
surface). Simple chcmisorption is unlikely 
to contribute more than 0.001 to the values 
of .r in JIH, recorded in Table 1. (This 
value would be attained if one-tenth of a 
monolayer of chcmisorbed hydrogen re- 
maincd, after the pumping procedure, on 
the surface of particlcs 1000 A in size.) 
Thus, whcrc .r in AlH, exceeds 0.01 (Ru, 
Rh, OS, Ir) the titrations measure, almost8 
exclusively, hydrogen occluded in the sub- 
surface structure of the metal particles. In 
the caw of platinum, about 207& of the 
hydrogen available was titrated wry 
rapidly and about 80% exchanged over a 
lengthy period. Thus, the majority of the 

TABLE 2 

lkpendence of Selectivity in 1,bButadiene Hy- 
drogenation on the Extent of Hydrogen Occlusion 
in Iridium Powder and in Iridium-Alumina0 

x in IrH, 0.004 0.01 0.02 0.045xl.06b 0.0.9 0.10 0.17 
Selectivity 1.00 0.91 0.8% 0.74 -0x0* 0.7ti’: 0.65 0.55 

a Experimental details in text. 
b Five stlmple examined in this range. 
c 5% iridium supported on a-Alr0z. 
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recorded value (.r = 0.007) refers to oc- 
cluded hydrogen. For cobalt, about (10% 
of the hydrogen was tit,rated rapidly and 
4095 slowly, and thus a minor proportion 
of the recorded value (z = 0.004) is at- 
tributable to hydrogen occluded deep in the 
bulk of the metal particles. 

The solubilities of hydrogen in wcll- 
annealed metal samples are too low, by 
many orders of magnitude, to account for 
the measured extent of hydrogen occlusion. 
For example, solubilities at 473 I(, s, 
obtained by extrapolation of the best 
modern published data are (g atom of H) 
(g at’om of metal)-‘: Ru, s = lo-* to lop9 
(10); Rh, s = 1O-5 to 1OF (10); Ir, 
s z 10-10 (10); Pt, s = 8 x 10-E (11). 
Hydrogen solubility may be enhanced by 
one or two orders of magnitude at defects 

Cl@, and t’his contributes to hydrogen 
embrittlcment of metals and to stress 
corrosion cracking (13). However, such an 
effect is insufficient to bridge the gap 
between the hydrogen solubilitics quoted 
above and the extents of hydrogen occlusion 
measured in this work. 

There is an extensive literature conccrn- 
ing hydrogen retention in Raney nickel 
and slow hydrogen absorption into evapo- 
rated nickel films; in the latter case the 
amount of hydrogen involved may be 
three orders of magnitude larger than that 
attributable to solution (14). These obser- 
vations bear on the present work insofar 
as the two models that have been dcvelopcd 
to interpret the observations provide alter- 
natives for our consideration. One view 
has been that such sorption is a property 
of the defect structure of the metal, the 
hydrogen being held in vacancies in the 
metal structure (15); the other view 
attributes sorption to the presence of 
impurity oxygen in the bulk of the metal 
(16,17). 

1. The defect structure model. The notion 
that occluded hydrogen may be contained 
in cavities is not new. It has long been 
known that bulk metal can be made to 

occlude hydrogctn by hc>ating above a rather 
indcfinitc “opc~ning tcmp(raturc” under 
high pressurcls of hydrogen. Smith (18) 
states that all charact,c&ics of occlusion 
(part’icularly its extent and the permeability 
of the hydrogen involved) “are simply 
interpreted as resulting from the prcscncc, 
in the metal lattice, of an expanding and 
contracting system of voids.” Such voids, 
in his view, were caused by the rifting of 
m&al cryst’als, for example, by the creation 
of enlarged interplanar spacings. However, 
the present work has not involved the 
generation of occlusive capacity by use of 
high temperatures and pressures. Therefore 
the possibility is explored that cavities in 
solids are formed under the quite different 
condit’ions that obtain during catalyst 
preparation at 473 I<. 

The mechanism of formation of a metal 
powder by the reduction of a metal chloride 
in hydrogen involves: (i) thr t,ransport of 
hydrogen molcculcs to the chloride; (ii) 
hydrogcnolysis of mctallhalogcn bonds, 
nhich may lead to the formation of un- 

stable hydrido compounds ; (iii) reaction 
of the latter to form metal clusters, prob- 
ably with hydrogen ligands; (iv) transport 
of gaseous HCl away from the site of 
rcduct’ion; and (v) growth of clusters to 
form polycrystalline metal. The degree of 
crystallinity of t’he metal powder so pro- 
duced will depend upon the mobility of 
the metal atoms formed in the last step, 
and this mobility will be governed by the 
reduction temperature. A high degree of 
crystallinity will result when the rate of 
diffusion of metal atoms is greater than 
their rate of formation. Conversely, poor 
crystallinity will bc obtained when the 
diffusion rate of metal atoms is small in 
comparison with the rate of formation. The 
diffusion rate at a given temperat’ure will 
vary from one metal to another. It is 
sufficient, for present purposes, to recall 
the Htittig and Tammann rules which 
indicate that self-diffusion in the surface 
regions and in the bulk of metal specimens 
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become significant at, rcspc~ct~ivc~ly, on(‘- 
third and one-half the temperaturc~ of the 
melting point’. Rcmembcring that’ all metal 
atoms at’ the moment of their formation 
are in a surfaw, WC note that, for the 
catalysts prepared in this work, only in the 
case of cobalt (nip, 1492 I\; wduction 
tcmpcraturc, 723 Ii) was diffusion likely 
to have been appreciable during reduction. 
Thus, t)hc crystallitcs of Ru, Rh, OS, Ir, 
and Pt are likely to have been highly 
disordcrcd structures, these disorders con- 
sisting in general of multiple vacancks, or 
cnvitics, in the structure. 

A cavity modvl is attractive for the 
intcrpret’ation of hydrogen occlusion 011 the 
following grounds. 

(i) Such cavities provide locations par- 
ticularly suited for hydrogen storage. In 
small cavit,ics, e.g., single, double, or triple 
vacancies, hydrogen atoms may exist as 
protons at regular lattice points, having 
given up their electrons to the conduction 
band of the metal. In large cavities, 
hydrogen atoms \\\-ould 1,~ chcmisorbcd to 
metal atoms bounding the cavity. The 
at~tainment of the cxtJcnts of occlusion of 
the magnitude obswwd can be readily 
envisaged. 

(ii) The containment of hydrogen in 
cavities does not require expansion of the 
metal lattice. No lattice expansion was 
observed by X-ray poJvdcr photography, 
ewn for IrH,,,,,. 

(iii) A proportion of the occluded hy- 
drogen was removed rapidly in the butenc 
t’itrations, showing that its mobility within 
the metal was high. The rate of diffusion 
of hydrogen between cavities cannot’ be 
assessed without information concerning 
t)hc concentration and average geometry of 
the cavities. However, if protons at lattice 
points were in equilibrium with chemi- 
sorbed hydrogen and proton tunneling 
between adjacent cavities was facile, the 
whole of the occluded hydrogen would bc 
capable of transport through the metal 

lattiw and of ctstimation by butcw titration 
or hydrogen c~xchxngc. 

(iv) The capacity to occlude hydrogen 
was a pcrmarwnt physicaal property of the 
nwtals studkd; after the removal of 
occluded hydrogtan by titration with butene 
the original concentration of occluded 
hydrogen could be rewtablishrd (iridium, 
373 I<) by exposure of t’he metal to ~~~olccu- 
lar hydrogen. Thus, the proposed cavities 
are stable in the absence of hydrogen. This 
is to bc expected on the basis of the model ; 
the cavities, onw formed, can only be 
annihilated by diffusion of metal atoms in 
the bulk of the crystallitcs. Since t,he 
cavities wrc formed under conditions n-hcrc 
swfuce diffusion was slow, temperatures 
substantially higher than the reduction 
tcmperaturr would bc rquirrd to provide 
sufficiently fast bulk diffusion to cause 
cavity annihilation. 

(v) This cavity model predicts that the 
gwatcr the diffrrcncc bctwcn the Hiittig 
tcmprraturc, Tlr, and the reduction tcm- 
pcraturc, IIR, the grcatcr will be the degree 
of atomic disorder in the metal, the greater 
will bc the cavity concentration, and hence 
the greater will be t’he extent of hydrogen 
occlusion. Such a trend is indeed observed. 
The scquc~ux of melting points (or of 
TII) is 

OS > Ir > Ru > Rh > I’t > Co, 

whcrcas the scyuence of diminishing extent 
of hydrogen occlusion is : 

Ir > OS > R,u > Rh > 1% > Co. 

This variation of the extent of hydrogen 
occlusion from metal to metal can be 
predicted quantit’atively. Let us assume 
that the rate coefficient for the creation of 
cavities during reduction, k, diminishes 
with increasing temperature according to 
the ecfuation : lc = A exp (h’/RT) and hence 
that the relat’ion between the rate coeffi- 
cients at two temperatures is given by 
Eq. (1). 

ln 1~~ - 111 kz = E(T2 - TI)/RTLT2(1) 
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If (a) the temperature cocfficientj E has 
the same value for all of the metals studied, 
(b) the rate coefficient for t’he creation of 
cavities at the various Hiitt’ig temperatures 
is the same for all of the metals studied, (c) 
the extent of hydrogen occlusion (Z in 
MH,) is a linear function of the concentra- 
tion of cavities formed at the reduction 
temperature, and if this concentration is 
proportional to k, then [using subscript 1 
in equation (1) to denote the reduction 
temperature, TR, and subscript 2 t’he 
Hiittig temperature, Tn], we have: 

Ins = E(TH - TR)/RTHTR 

+ constant (2) 

Figure 3 shows there to be a fair linear 
correlation between In 2 and (TH - TR)/ 
THTR for Pt, Rh, Ru, Ir, and OS, bhe value 
of E being -50 kJ mol-I. Cobalt does not 
appear in Fig. 3 because, for this meta1, 
TR exceeds TH. 

2. The impurity encapsulation model. Hall 
and co-workers have observed that an 
amount of hydrogen equivalent to 50 
monolayers may be reversibly adsorbed at’ 
elevated temperatures by copper-nickel 
alloy powders (16). It was subsequrnt’ly 
shown (17) that water was encapsulated 
in the metal during reduction of the oxides 
and that subsequent hydrogen evolut’ion 
from the metal occurred on reoxidation: 
HZ0 + Ni -+ NiO + HS. Hydrogen absorp- 
tion occurred by the reverse process. These 
authors quote other published work in 
support’ of their int’erpret)ation. Thus it is 
necessary to consider whether hydrogen 
occlusion in the present work may have 
resulted from an analogous encapsulation 
of HCl during reduction, and from the 
release of that hydrogen by the process 
(for iridium) : 6HCl + 21r --+ 21rC13 + 3H,. 
While this possibility cannot be eliminated 
without further experiment, the following 
considerations render it doubtful. First), the 
preparation of IrH0.20 would, on this basis, 
involve the encapsulation of enough HCl 
to generate 6.6y0 IrCL on titration of the 

-1.0 

E 
t I I , I 

6 I3 10 12 

l&ITH-TR I/T,,TR 

FIG. 3. Rationalization of t,he extents of hydrogen 
occlusion in Ru, Rh, OS, Ir, and Pt; evidence that 
hydrogen occlusion in these metals obeys Eqs. (1) 
and (2). 

hydrogen. Reduction would have proceeded 
93.4Q/, to completion, whereas gravimetric 
analysis indicated complete reduction (wit,h 
2% experimental uncertainty, assuming 
the stoichiometry of IrC13 to be exact). 
Second, the st,epwise temperature profile 
adopted in the reduction procedure pro- 
vided the best conditions for thorough 
reduction. Third, the impurity encapsula- 
tion model fails to interpret the relative 
extents of hydrogen occlusion in the noble 
Group VIII metals. Last, the selectivity 
pattern which parallels the pattern of 
hydrogen occlusion (Fig. 1) and to which 
it is related (see below) has been observed 
by many workers who have used various 
sources of the noble metals in their catalyst 
preparations. It is doubtful whether in- 
complete reduction is practized so widely. 
Nevertheless, it must bc admitted that a 
proper evaluation of this must await a 
detailed investigation analogous to that 
conducted by Scholtus and Hall (17). 

Part 2. H ytlroyerh Occlusion and Xelecticity 

We turn finally to consider the effect of 
hydrogen occlusion, whatever its origin, on 

catalyst selectivity. The two most im- 
portant experimental observations are, 
first, that the selectivity, as defined in the 
Introduction, is a permanent feature of a 
catalyst throughout its life, and second, 
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FIG. 4. Schematic representation of a metal consisting of a highly ordered zone (unshaded) and 
a cavitated zone which occludes hydrogen (lightly shaded), and showing regions of the surface 
where (i) selective hydrogenation of l&butadiene to bulene and (ii) nonselective hydrogenation 
to butane (heavily shaded) are proposed to IJWIII‘. 

t,hat sclcctivity parallels the m~asurt~d 
cxtcnt, of hydrogen occlusion in metals 
(Fig. 2). Consequently, any reaction mocha- 
nism for butane formation which involves 
t)he participat’ion and consumption Of 
occluded hydrogen in a surface reaction 
must bc accompanied by a mechanism ft)r 
the rapid replacement of this hydrogw 
under normal reaction condit)ions. 

I’igurc 4 shows a cross section through a 
catalyst particle consisting of a cavitated 
zone containing occluded hydrogen (shoed 
lightly shaded), and a highly ordcrcd zone 

(unshaded) \vhcrc hydrogen concentration 
in the bulk does not exceed the nornlal 
solubility. At the surface of the lattw, 
butadieno and hydrogen chemisorb com- 

petitivcly, the former strongly and the 
l:ttt,cr w-cakly, so that a high surface 
concent~ration of hydrocarbon reacting with 
a low surface concentration of chcmisorbcd 
hgdrogcn gives highly selective formation 
of butene (S + 1.000, perhaps). The sur- 
face of the hydrogen occlusion BOW, 

however, will bc a region of intrinsically 
high hydrogen availability so that, at the 
junction of the zones, the dark shaded 
regions in Fig. 4, the hydrogen supply will 
bc sufficient to convert butadienc tu butane, 
giving very low values of selectivity 
(8 + 0.000, perhaps). Hydrogen consumed 
from the occlusion zone must be replaced 
by hydrogen chemisorption and diffusion 

into the intclrnal cavitiw as is shown 
schematically. This rcquircment for facile 
chemisorption of hydrogen at the surface 
of the occlusion z;onc suggests that buta- 
dicnc chemisorpt~ion at this surface does not, 
achieve high cowrage, due pwhaps to the 
disordrrcd arrangcmcnt of metal atoms 
chara,ctcristic of this ZC)IIC. Any butadicne 
that dors undergo chcmisorption would hc 
converted to but’anc. 

This model is supportc’d by our publiahcd 
observation (8) that, in the reaction of 
1,3-butadicnc with dcutrrium catalgzcd 
by rhodium, the pool of ‘hydrogen’ avail- 
able for butcnc formation had an cffcctivc 
protium: dcutcrium ratio which diffcwd 
from that, available for butane formation. 
The suggestion was advanced that’ butem! 
and butane n-cre formc,d at diffcrcnt regions 
of the surface; Figure 4 now providrs wn 

cslaboration of that conclusion. 

A modification of the cavity ~~II~LLI~- 

tration in a given m&al should modify 
catalyst selectivity. Thus it should be 
possible to prepare iron, cobalt, or niclwl 
catalysts of low selectivity by preparation 
of the metal using lo\v tcmpcraturc methods. 
JAekw, ruthenium, rhodium, osmium, 
iridium, and platinum prepared at un- 

usually high tcmperaturcs should exhibit 
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sclcctiviticls hi&or thall tjhosr~ prcbscntly 8. Bates, A. J., Lcsx~zynski, Z. K., Philtipson, 

recorded. J. J., Wells, P. B., and Wilsou, G. R., J. 
Chem. Sot. A, 2435 (1970). 
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