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The product compositions obtained from a single-turnover olefin hydrogenation process were
used to determine the relative number of the different types of active sites present on a series of Pt/
CPG (Controlled Pore Glass) catalysts. It was shown that during this procedure each site reacted
only once per turnover sequence so the product compositions could be related directly to the
densities of the various types of sites present. The amount of alkane formed was related to the
number of 3M sites present while the extent of isomerization occurring and the amount of stable
half-hydrogenated species present indicated the density of *MH and/or M sites. The 'M sites
present were determined by subtracting from the total amount of hydrogen required to saturate the
metal surface that which was present on the M and M sites.

One of the more important problems as-
sociated with the efficient use of dispersed
metal catalysts is the lack of selectivity
which can occur in reactions run over such
species. It can be assumed that this lack of
selectivity is due to the presence on the cat-
alyst surface of a number of different types
of active sites, each with its own adsorption
and reaction characteristics. To date most
of the success achieved in the development
of selective catalytic processes has been
the result of trial-and-error efforts, an ap-
proach made necessary by the general lack
of detailed information concerning the na-
ture of the surface of practical, dispersed
metal catalysts, and the adsorption and re-
action characteristics of the different types
of active sites present on such catalysts.
Support for the assumption that the differ-
ent types of sites can have differing reac-
tion properties comes from the fact that at-
oms located on terraces, steps, and kinks of
metal single crystals have been shown to
have different adsorption capabilities and
also to promote different reactions on the
same substrate (/). While the arrangement
of the surface atoms on these single crystals
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can be determined directly by use of the
proper instrumentation, there is at present,
no comparable method available for the di-
rect surface characterization of the metal
crystallites present in a supported metal
catalyst.

Over the past several years, though, a
number of attempts have been made to de-
scribe the different types of active sites
which could be present on the surface of
these metal crystallites. One of these de-
scriptions was based on the number of at-
oms neighboring each different type of sur-
face atom (active site) which are present on
the various idealized crystals possible with
fcc, bee, and hep crystal lattices (2). A
mathematical analysis was used to calcu-
late the number of each of the different
kinds of surface atoms present on varying
sizes of each crystalline arrangement. In
this way the effect of particle size change
on the relative proportion of each type of
site present could be predicted. Presum-
ably, then, if an appropriate reaction were
run over a series of similar catalysts having
different metal particle sizes, the change in
product composition over this series should
provide some evidence of the types of prod-
ucts formed on specific kinds of active
sites. Whether the metal -crystallites
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present in such catalysts have these ideal-
ized crystal shapes is, however, open to
question. Further, there is no assurance
that all of the catalysts of such a series
would have the metal particles present in
the same general shapes. It is quite possible
that a high-dispersion catalyst could have
one type of metal particle present while
other shapes will be present in catalysts of
lower dispersions, thus invalidating any
such direct mathematical correlation.

In the other descriptions the active sites
on the catalyst were looked on as surface
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complexes having different degrees of coor-
dinative unsaturation. The reactions occur-
ring at these sites were related to those tak-
ing place on comparable catalytically active
homogeneous complexes with known reac-
tion characteristics (3, 4). Siegel et al. (4)
have defined those surface atoms which are
capable of adsorbing three additional li-
gands (reacting atoms or molecules) as *M
sites. A ZM site is one on which two distinct
species can be adsorbed while a site on
which only a single moiety can adsorb is
classed as 'M.

O N ‘
ol 1~o oo
O O O
3m 2y ™M

The *M sites are effectively corner or kink
atoms, *M are edge or step atoms, and 'M
are plane, face, or terrace atoms. In an ole-
fin hydrogenation the reaction charac-
teristics of the M sites were considered
to be analogous to those observed with
(¢3P),RhCI (I), the catalytically active spe-
cies formed from (¢:P);RhCl (5). As shown
in Scheme 1 both I and 3M sites can adsorb
two hydrogens and an olefin at the same
time. Transfer of the two hydrogens to the
double bond leads directly to alkane forma-
tion. In the classic Horiuti-Polanyi (6)
mechanism for the hydrogenation of an ole-
fin (Scheme 2) a reaction occurring at a M
site involves the transfer of two adsorbed
hydrogens

H
L

to the double bond with no reversal of inter-
mediate half-hydrogenated state (II) forma-
tion (step (4)). Thus, no double-bond isom-
erization is taking place on these sites.

It was also proposed (4) that some ‘M
sites would be converted to SMH species
which would have reaction characteristics
similar to those of (¢sP),Rh(CO) H (II) (7)
as shown in Scheme 3. Transfer of hydro-
gen to the adsorbed (complexed) double
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bond leads to the formation of a metalalkyl
(IV) or half-hydrogenated state (II). Rever-
sal of the hydrogen transfer step and subse-
quent desorption (steps (4), (3), and (2) in
Scheme 2) can lead to the formation of iso-
meric olefins. In the absence of such rever-
sal, further addition of hydrogen to II or IV
followed by a hydrogen transfer to the alkyl
group leads to alkane formation (step (5),
Scheme 2). While the isotopic distribution
observed in isomeric olefins formed on deu-
teration of alkenes was readily accounted
for by utilization of *MH (D) sites for this
process (4), it is also possible that some
isomerization could be taking place on 2MH
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sites as depicted in Scheme 4. The primary
difference between this process and isom-
erization taking place on a 3MH site
(Scheme 3) is the necessity in the 2MH se-
quence of having the dissociative adsorp-
tion of H, take place using two metal at-
oms. This would presumably occur via a
bridged adsorption between neighboring at-
oms. Since the partial temperature-pro-
grammed desorption/olefin hydrogenation
studies of Tsuchiya et al. (8, 9) indicate
that intersite surface migration of hydrogen
does not readily take place, such a bridged
adsorption—dissociation procedure must
also be postulated for the adsorption of hy-
drogen on 'M sites. The ready adsorption of
hydrogen on such sites is an essential pre-
requisite for the utilization of hydrogen ad-
sorption data in the determination of metal
surface areas. It must be recognized,
though, that under normal reaction condi-
tions isomerizations taking place on *M
sites could have little influence on isotopic
distribution patterns if either the number of
such sites present was rather small or the
reactions taking place on *MH sites oc-
curred so readily as to dominate the prod-
uct composition.

In any event it would seem, that a strong
case has been established for the presence
on a catalyst of surface complexes based on
3M, 2M, and 'M coordinative unsaturation.
Thus, one should be able to determine the
quantity of each of the types of sites
present on a catalyst by an analysis of the
products obtained during an olefin hydroge-
nation. Unfortunately, such an approach is
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not as straightforward as it might seem be-
cause all types of sites will not necessarily
react at the same rate. Thus, even examina-
tion of the products formed at low conver-
sion will not provide any definitive data
concerning the site densities on a catalyst.
It is always possible that one type of site
could be so reactive that even though it
might be present in minor amounts it could
dominate the entire reaction output. In or-
der to use the product composition as a via-
ble means of determining the relative quan-
tities of the different types of sites present
on a catalyst (i.e., as a surface characteriza-
tion probe), something different from the
common procedures used in the study of
catalytic reactions must be used. What is
needed is a method by which all rate differ-
ences between the various reactive sites are
eliminated. One such approach is the
“time-lapse’” procedure developed for the
study of catalytic reactions in a detailed
stepwise manner, one turnover at a time
(10). In an olefin hydrogenation this tech-
nique involves first the saturation of the
catalyst surface with hydrogen and remov-
ing the excess in a carrier gas stream. A
pulse of olefin is then introduced and the
products from the resulting, essentially
stoichiometric, reaction are analyzed with
an on-stream gas chromatograph. If it can
be shown that during this single-turnover
sequence each site reacted only once, the
nature of the products obtained will have a
direct bearing on the quantity and types of
reactive sites present on the catalyst sur-
face. The following is a presentation of our
preliminary efforts at such a surface char-
acterization.

EXPERIMENTAL METHODS

The hydrogen used was commercial
grade purified by passage through, succes-
sively, an Englehard Deoxo unit, a Drierite
trap, a Matheson model 450 gas purifier,
and a Matheson model 6183 high-purity fil-
ter. The helium and nitrogen were Zero
Grade, 99.9995% pure, and were further
treated by passage through a 30 X 0.8-cm
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column of Redox (Fisher Scientific), two 30
X 0.8-cm columns of indicating oxy-trap
(Altech Associates), a model 450 gas puri-
fier, and a model 6183 filter. From the spec-
ifications provided for these oxygen traps it
was estimated that the oxygen level in these
carrier gases was considerably less than 1
ppm on passage through the reactor. The 1-
butene was 99.0% pure and was passed
through a 50 X 0.4-cm column of alumina, a
model 450 purifier, and a model 6183 filter
before use. The apparatus used was de-
scribed previously (10).

The preparation of the catalysts and
properties of the Controlled Pore Glass
(CPG) support have also been described
(10). Pt-A is 4.9% Pt/CPG; Pt-B and Pt-C
are 4.3% Pt/CPG. Pt-B and Pt-C were pre-
pared from the same batch of CPG-sup-
ported platinum complex but were reduced
by hydrogen at different temperatures: Pt-B
at 150°C and Pt-C at 200°C. Pt-A, was pre-
pared by the hydrogen reduction of a differ-
ent batch of CPG-supported complex at
200°C. After reduction, the catalysts were
stored in screw-capped bottles under air for
at least 3—4 weeks before use and were then
used in this study without further treat-
ment.

For the single-turnover studies a 4- to 5-
mg portion of a Pt/CPG catalyst was placed
in a reactor tube and flushed for 1-2 hr with
O,-free He. A 10-ul pulse of H; in a stream
of Ox-free He was introduced to saturate
the catalyst. This was followed after an ap-
propriate time by a 10-ul pulse of 1-butene
and the product composition was deter-
mined by an on-line gas chromatograph. A
portion of the olefin remained on the cata-
lyst at this point but it could be removed as
butene by the introduction of another 10-ul
H, pulse. The single-turnover sequence,
thus was the introduction of three pulses of
reactants into the reactor: H,-olefin-H,.
After three to four such turnovers the prod-
uct composition reached constant values
for all succeeding sequences. All definitive
results were obtained after this point was
reached. All product composition data
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were corrected for the relative response
factor of each component of the reaction
mixture as determined by calibration of the
detector response with known quantities of
the pure materials.

To determine the amount of hydrogen
needed to totally saturate these catalysts
5.0-mg samples of Pt-A or Pt-B or 4.0-mg
portions of Pt-C, were placed in a reactor
tube and swept at room temperature for 15—
19 hr by a 30 cm?/min stream of O;-free N,.
After this was done several 10-ul pulses of
H, were introduced into the system and the
amount of H, adsorbed was determined by
the gas chromatographic analysis of the ef-
fluent. Several samples of each catalyst
were so treated and the quantity of H, ad-
sorbed with each catalyst was reproducible
to within =10%. The average value was
used for the surface characterizations and
is given as H, adsorbed per milligram of
catalyst in Table 2.

RESULTS AND DISCUSSION

The reaction to be used as a probe for any
single-turnover surface characterization
must be well understood mechanistically,
have reaction paths available which are
unique for the type of site involved, and, in
order to provide a generality to the tech-
nique, be catalyzed by a variety of different
metal catalysts. The olefin hydrogenation is
such a reaction. It has been extensively
studied (/1) and is quite thoroughly under-
stood mechanistically. It takes place read-
ily over almost all of the common metallic
catalysts (12) as well as homogeneous cata-
lysts (13). Further, as the previous discus-
sion points out, the different types of sites
present on a metal surface interact in differ-
ent, but distinguishable ways, with the
reactants (4). 1-Butene was selected as the
appropriate olefin for this type of study not
only because its use is compatible with a
room-temperature, vapor-phase reaction
but also because both the saturation and
isomerization reactions could readily be de-
tected with it as the substrate.

In the time-lapse, single-turnover tech-
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nique (10) a small sample of the catalyst
was first exposed to a pulse of hydrogen of
sufficient size that all of the surface metal
atoms were saturated with adsorbed hydro-
gen. The excess was removed in the carrier
gas stream and a pulse of 1-butene, again of
sufficient size to react with all of the ad-
sorbed hydrogen, was then passed over the
catalyst and the products obtained were an-
alyzed by an on-stream gas chromatograph.
Quantitative analysis of the products ob-
tained at this stage showed that not all of
the olefin pulse could be accounted for;
some olefin remained on the catalyst. Intro-
duction of another hydrogen pulse resulted
in the removal of this material as butane.
The amount of butane formed at this stage
in addition to the butane, cis- and frans-2-
butene, and unreacted 1-butene detected
originally accounted for all of the initial ole-
fin pulse. A turnover sequence was, there-
fore, composed of three pulses, H,—olefin-
H,, with this sequence repeatable as often
as desired. Generally, after three or four
turnovers the product compositions
reached constant values and all definitive
data were taken after this point was
reached. Data obtained were reproducible
to within *3% for successive runs on the
same catalyst sample and +5% for runs on
different portions of the same catalyst.

If the time between the introduction of
the initial hydrogen pulse and the olefin
pulse were lengthened the amount of bu-
tane formed at this stage would decrease,
presumably because of the loss of some re-
versibly adsorbed hydrogen by sweep-off
with the carrier gas. As seen by the data in
Fig. 1 the extent of this sweep-off varied
from catalyst to catalyst. For short sweep-
off times the changing of the carrier gas
flow from 30 to 50 cm¥/min had little effect
on the product composition. Within the
time span investigated for each catalyst this
sweep-off had no effect on the extent to
which isomerization took place or on the
amount of butane formed on reaction with
the second hydrogen pulse of the turnover
sequence. Extrapolation of these curves
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gave the amount of initial butane formation
at zero sweep-off time.

In order to ensure the viability of this sin-
gle-turnover technique for a surface charac-
terization study, it was necessary to deter-
mine whether the various sites present on
the catalyst were reacting only once during
each turnover sequence. To establish this
the contact time of the 1-butene with the
hydrogen-pretreated catalyst was varied
over a wide range both by changing the size
of the olefin pulse as well as the carrier gas
flow rate at short sweep-off times. It was
reasoned that if the sites could react more
than once increasing the contact time
would result in an increase in the products
formed at those sites. It was found, though,
that in every instance the absolute amounts
of the butane and isomerized olefins formed
initially and the butane formed by the sec-
ond hydrogen pulse remained constant.
There was essentially no variation ob-
served in the product composition with
changing flow rate and the only modifica-
tion noted with a change in the 1-butene
pulse size was the amount of this material
going through the reactor unchanged. It
would appear, then, that each active site
was reacting only once per turnover, and,
thus, the compositions of the product mix-
tures obtained were directly related to the
quantities of the different types of sites
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present on each of the platinum catalysts
studied.

One further complication could be the
possible migration of surface-adsorbed hy-
drogen from one type of site to another but
the temperature-programmed desorption
(TDP) studies of Tsuchiya et al. (8, 9) have
shown that such migration does not readily
take place, at least on a platinum surface.
The product compositions obtained with
the catalysts used in this study are listed in
Table 1.

As pictured in Scheme 1 the *M sites are
considered (4) to have reaction characteris-
tics analogous to (¢s:P);RhCl (I) (5) with
both entities being capable of adsorbing
(complexing with) two hydrogens and a
double bond. Since hydrogenations of ole-
fins over I take place without double-bond
isomerization (5) and the deuteration of ter-
minal alkenes gives only the 1,2-dideuter-
ated product (/4) either the two hydrogens
(deuteriums) are transferred almost simul-
taneously to the double bond or the reversal
of the formation of the intermediate metal-
alkyl (IV) does not take place readily. In
either case, transfer of the two hydrogens
on the *MH, site to the olefin should take
place to give only the alkane. The *M sites,
then, in the present study should give bu-
tane directly in the first stage of the turn-
over sequence so the amount of butane

TABLE 1

Product Compositions from Single-Turnover Reaction Sequences®

Catalyst Sweep-off time Initial butane 2-Butenes Butane from half- 1-Butene
(min) (%) (%) hydrogenated state (%)
Pt-A® 0 23 (0.019) 4 (0.003) 9 (0.007) 65
30 14 (0.012) 4 (0.003) 9 (0.007) 73
Pt-B? 0 62 (0.052) 4 (0.003) 29 (0.024) S
30 57 (0.047) 4 (0.003) 29 (0.024) 10
Pt-C¢ 0 55 (0.057) 4 (0.004) 26 (0.027) 15
30 30 (0.031) 4 (0.004) 26 (0.027) 40

¢ Ten-microliter pulses of reactants at 20°C. Numbers in parentheses are micromoles per milligram of catalyst.

b Five-milligram portion of catalyst used.
¢ Four-milligram portion of catalyst used.
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formed on reaction of the pulse of 1-butene
with the hydrogen-saturated catalyst is a di-
rect measure of the number of 3M sites
present. The sweep-off results depicted in
Fig. 1 show, however, that some of the hy-
drogen on these sites could be relatively
easily removed by the carrier gas stream.
This hydrogen could be replaced easily,
though, by merely adding an additional
pulse of hydrogen which returns the cata-
lyst to its initial saturated state. Product
composition was influenced only by the
length of time between the last hydrogen
pulse and the introduction of the olefin.
Sweeping the hydrogen off and then replac-
ing it had no effect on the products ob-
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tained. Since this hydrogen removal was in-
dicated only by a decrease in the initial
butane formation, this reversibly adsorbed
hydrogen must be present only on 3M sites.
Further, examination of Fig. 1 shows that
only a portion of the hydrogen used for ini-
tial butane formation could be readily re-
moved in this way. It appears, then, that
there are two types of 3M sites present; one
on which the hydrogen is reversibly ad-
sorbed which can be termed 3Mg, and an-
other having irreversibly adsorbed hydro-
gen, the 3M;. This irreversibility is,
however, a misnomer since this hydrogen
could also be removed, but at a much
slower rate. Complete removal of the ad-
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sorbed hydrogen at room temperature re-
quired exposure to a 30 cm’/min carrier gas
stream for from 12 to 18 hr. As seen from
Fig. 1 the reversibly adsorbed hydrogen
could be removed in this way in only about
30 min.

The amount of butane formed with a zero
sweep-off time (Table 1) gives a measure of
the total number of *M sites present on the
catalyst, The number of 3M; sites can be
found from the amount of butane formed
after the reversibly adsorbed hydrogen had
been removed. We have chosen a 30-min
sweep-off time to accomplish this. The
number of My, sites is obviously the differ-
ence between these two numbers.

3MH or M sites, because they adsorb
only one hydrogen along with the olefin, do
not promote alkane formation directly. In-
stead, as shown in Scheme 3, (4), and
Scheme 4 a half-hydrogenated state, II, is
formed on transfer of the hydrogen to the
double bond. This step can then reverse by
transferring the hydrogen back to the metal
and regenerating an olefin with isomeriza-
tion a possible outcome. The amount of cis-
and trans-2-butene formed in the turnover
sequence is a measure of the extent to
which this type of site is present. It is possi-
ble, though, that reversal of this hydrogen
transfer could regenerate the I-butene.
How much of this might be taking place is,
however, not determinable at this time. It is
also possible that some of the isomerized
olefin formed on contact of the leading edge
of the olefin pulse with the catalyst could
desorb and be saturated on an 3MH, site
further along the catalyst plug. We do not
feel that this is a very important consider-
ation because of the constancy in the
amount of isomerized products produced
regardless of the contact time of the olefin
pulse with the catalyst. The 1-butene regen-
eration, though, is a critical factor so the
estimate of the number of *MH or M isom-
erization sites must be recognized as proba-
bly being a low value.

There is also the possibility that the half-
hydrogenated species, II, formed on some
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3MH or *M sites might be a reasonably sta-
ble species and, instead of regenerating an
olefin, this moiety could simply remain as
such until another hydrogen becomes avail-
able to the site. This hydrogen can then be
transferred to the half-hydrogenated state
to give the alkane (Scheme 3). The butane
formed after the introduction of the second
hydrogen pulse in the turnover sequence is
probably produced by such a process. An
alternative explanation for the formation of
butane at this stage is that it is merely the
result of the saturation of olefin molecules
from the end of the pulse which have been
adsorbed on M sites vacated by a reaction
taking place at the beginning of the pulse. If
this were the case, though, varying the ole-
fin pulse size and contact time with the cat-
alyst would be expected to change the
amount of olefin so adsorbed and, thus, the
amount of butane produced by the second
hydrogen pulse. This is not what is ob-
served. Further, the introduction of a sec-
ond olefin pulse prior to the final hydrogen
treatment had no effect on the product
composition.

It appears, then, that there are at least
two types of sites present on these catalysts
on which the adsorbed olefin reacts with
one hydrogen at a time; one which pro-
motes isomerization and one on which the
half-hydrogenated state is a relatively sta-
ble entity. The ratio of these sites is differ-
ent for each of the catalysts studied here so
the difference cannot be simply statistical,
i.e., that a certain percentage of the half-
hydrogenated state reverses under the con-
ditions used. It could be that one of these
types is a *MH site and the other a 2MH, but
it is not possible at this time to distinguish
between these two entities. Instead, these
two types of sites have been labeled *M¢ for
those promoting isomerization and *Mg for
those on which the half-hydrogenated state
is reasonably stable (15) and, for clarity in
presentation and to distinguish them from
the M saturation sites both of these types
are classified in the rest of this discussion as
M sites.
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From the product distributions and
sweep-off results listed in Table 1 amounts
of the different 3M and M sites present on
each of the catalysts can be determined. A
more complete surface characterization,
though, should also include the number of
IM sites present as well. Since these sites
are not involved in any of the reactions oc-
curring during an olefin hydrogenation but
do adsorb hydrogen, the number of such
sites must be determined from hydrogen
adsorption data. If one subtracts from the
total amount of hydrogen adsorbed on the
catalyst that which is present on the M and
M sites the remainder should be adsorbed
on M sitesin a 1: 1 ratio. All that is needed
then along with the product distributions al-
ready discussed is the determination of the
amount of hydrogen required to saturate
the catalyst surface. This was readily ac-
complished by simply passing measured
pulses of hydrogen over the catalyst and
determining the amount not adsorbed by
gas chromatographic analysis of the efflu-
ent gas (16). The obtaining of reproducible
data can be a problem, however, since if
anything is adsorbed on the catalyst before
exposure to the hydrogen anomalous
results can be obtained. It is necessary to
clean the catalyst surface before such ad-
sorption data are obtained. One of the stan-
dard ways of accomplishing this is to heat
the catalyst at elevated temperatures first
under hydrogen and then under nitrogen for
a period of several hours followed by cool-
ing in a nitrogen stream prior to exposure to
the hydrogen. While in our hands such a
procedure gave good results with silica-
supported catalysts, with these CPG-sup-
ported species the results were erratic in
most instances. It appeared that with the
CPG-supported catalysts the heat treat-
ment might be having an effect on the cata-
lyst morphology. If this were true then the
species which was being treated with hy-
drogen could be different from that on
which the turnover analyses were run, It
was found, however, that exposure of these
catalysts to an oxygen-free helium or nitro-
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gen gas stream for 15-19 hr gave a clean
surface on which hydrogen adsorption was
reproducible both with the same sample
and different samples of the same catalyst
to within +10%. It was also established that
this treatment had no effect on the product
compositions of the turnover reactions or
on the sweep-off of the reversibly adsorbed
hydrogen. The amounts of hydrogen re-
quired to saturate the surfaces of the cata-
lysts under consideration are listed in Table
2.

In order to determine the number of 'M
sites from the turnover composition and hy-
drogen adsorption data it was first neces-
sary to ascertain the extent to which the
hydrogens were adsorbed on the M and M
sites. One could either have the coordina-
tive unsaturation at each site fully satisfied
by hydrogens or only that amount of hydro-
gen needed for further reaction is adsorbed
on each site and some of the coordinative
unsaturation remains available for olefin
adsorption. In the former situation olefin
adsorption could only take place by the dis-
placement of some of the hydrogens. When
the hydrogen-saturated catalyst was ex-
posed to a pulse of 1-butene no displaced
hydrogen was observed in the effluent gas
stream so it appears that each 3M saturation
site will adsorb two hydrogen atoms while

TABLE 2

Surface Site Characterization Data®

Catalyst
Pt-A Pt-B Pt-C
Total *M 0.019 (23.2) 0.052 (27.5)  0.057 (47.5)
Mg 0.006 (7.4) 0.005 (2.6) 0.026 (21.7)
M 0.012 (14.8)  0.047 24.8)  0.031 (25.8)
Total 2M 0.010 (12.3)  0.027 (14.2)  0.031 (25.8)
Mc 0.003 3.7) 0.003 (1.6) 0.004 (3.3)
M 0.007 (8.6) 0.024 (12.6) 0.027 (22.5)
™M 0.052 (64.4) 0.110 (58.1)  0.032 (26.7)
Total sites 0.081 0.189 0.120
Pt content 0.25 0.22 0.22
H, adsorbed 0.050 0.120 0.088
Dispersion? 0.32 0.86 0.55

% Micromoles per miligram of catalyst. Numbers in paren-
theses are percentage of total sites.
b Total sites/Pt content.
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each M and 'M site will adsorb only one
(17). The total hydrogen adsorbed is repre-
sented by

Hr=2M +M + 'M
and thus
'M = Hy — 2°M - M.

The site distributions for each of the cata-
lysts studied here are given in Table 2.
This technique not only gives the relative
amounts of each type of site present on the
catalyst surface but it also provides a direct
measure of total number of atoms on the
surface of the metal crystallites. From this
the dispersion or ratio of the number of sur-
face atoms to the total number of metal at-
oms can be directly determined. The dis-
persions for the catalysts used in this study
(Table 2) in conjunction with the site densi-
ties can provide some interesting conjec-
ture regarding the general nature of the
metal particles present in each catalyst. It is
usually thought that the higher the disper-
sion the more active the catalyst. In the
present study it is true that Pt-A, with the
lowest dispersion, is also the least active
catalyst for the production of butane. It has
the least number of *M sites. But this paral-
lel between dispersion and activity does not
always hold. Pt-B has a very high disper-
sion while that for Pt-C is only moderate.
Yet, Pt-Cis, by far, the most active catalyst
used in this study. It is readily seen from
the data in Table 2 that this increased activ-
ity is caused by the presence of more ‘M
sites than on Pt-B or Pt-A. The higher dis-
persion found for Pt-B is the resuit of there
being present on this catalyst almost 60% of
M sites, face or terrace atoms which ap-
parently adsorb hydrogen but do little else
in an olefin hydrogenation. The Pt-C, on the
other hand, has only about 25% of such
sites but almost 50% of the alkane-produc-
ing M sites. These results tend to indicate
that the metal particles present in the Pt-B
catalyst possibly have a somewhat two-di-
mensional raft-like shape since only this
kind of arrangement can account for the
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high dispersion of this catalyst along with
the large number of face atoms apparently
present. Pt-C, however, probably has more
spherically shaped metal particles. This dif-
ference, in itself, is quite interesting since
both Pt-B and Pt-C were obtained from the
same batch of CPG-supported platinum
complex, Pt-B was prepared by hydrogen
reduction at 150°C, only 50°C lower than
the temperature used for the reduction of
Pt-C. Further work is under way to verify
both the presumptions made here concern-
ing the shapes of these metal particles as
well as the relationship between reduction
temperature and metal particle shape. If the
present statements are found to be correct
it will show that this proposed method for
surface characterization is, indeed, a viable
one and that a great deal of information
concerning the morphology of the metal
crystallites in a dispersed metal catalyst can
easily be obtained in this way. Studies in-
volved with the extension of this procedure
to the surface analysis of other metal/sup-
port combinations are also currently being
undertaken.
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