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Monodisperse Colloidal Metal Particles from Nonaqueous Solutions:
Catalytic Behavior in Hydrogenation of But-1-ene of Platinum,
Palladium, and Rhodium Particles Supported on Pumice
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Metal catalysts have been prepared by depositing monodisperse particles of platinum (2-3 nm),
rhodium (2-3 nm), or palladium (5 nm) prepared in reversed micellar solutions on pumice. The
particles are well dispersed on the support whereas particles deposited from aqueous or alcoholic
solution give large aggregates. The catalytic properties of these different catalysts in the deutera-
tion, isomerization, and hydrogen—deuterium exchange of but-1-ene have been compared. The
activities calculated per metal surface atom are similar, However, platinum prepared from mi-
croemulsions show unusually high selectivity in the isomerization reaction, and for such particles
dehydrogenated species are active in the exchange reaction. The specificity of rhodium and palla-
dium catalysts is independent of the mode of preparation. The reaction mechanisms are dis-

cussed. © 1987 Academic Press, Inc.

INTRODUCTION

We have previously studied the catalytic
behavior of platinum particles dispersed in
reversed micellar solutions (microemul-
sions) containing an aliphatic hydrocarbon
or a long chain alcohol as the main solvent,
water, and a cationic or nonionic surfactant
(1). We have shown that, in the tempera-
ture range where the suspensions are stable
(around 20°C), the platinum particles are
active for butene hydrogenation, whatever
the micellar environment. However, the
most stable and active catalysts consisted
of reversed micelles formed by a nonionic
surfactant (pentaethyleneglycoldodecyl
ether), water, n-hexane, or n-hexadecane.
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In such a system, because of isotopic dilu-
tion due to the too rapid exchange between
deuterium gas and hydroxyl groups of the
surfactant, it was impossible to study the
isotopic olefin exchange reaction in order to
obtain mechanistic information.

The preparation of platinum, palladium
and rhodium particles suspended in mi-
croemulsions has already been described
(2). In this paper we report on the method
of depositing such particles on a support
and on studies of the catalytic behavior of
the dried catalysts in isotopic exchange,
isomerization and deuteration of but-1-ene.
It has now been possible to carry out the
investigations without tsotopic dilution; a
comparison is made with the catalysts pre-
pared by the classical impregnation method
(3). Mechanistic information is derived
from these results.

In the study of the mechanisms of olefin
hydrogenation and related reactions the
identification of the location of deuterium
atoms in the reaction products is an essen-
tial element in the elucidation of the reac-
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tive adsorbed species (4). In most papers
dealing with olefin hydrogenation on metal
catalysts, the results are interpreted in term
of the ‘“‘associative mechanism’’ proposed
by Horiuti and Polanyi (5). This mechanism
is supported by the cis ligand insertion well
known in homogeneous catalysis involving
interconversions between #r-olefinic and o-
alkyl ligands (6); hence it was assumed to
occur universally on metals whatever their
nature (7). However, by using perdeutero-
propene as the deuterium source instead of
D, the exchange and isomerization of ole-
fins could be separated from the hydrogena-
tion which tends to mask these reactions on
most transition metals. It was then found
that the hydrogen-deuterium exchange in
but-1-ene depends on the nature of the
metal (4, 8-10) and several other mecha-
nisms were proposed depending on the
metal.

On Pd and Ni supported on silica the lo-
cation of the deuterium atom in but-1-ene,
after reaction between deuterium gas and
but-1-ene was found to be so specific to the
metals that it was possible to correlate the
deuterium distribution of but-1-ene with the
surface segregation when the reaction was
performed on PdNi alloys (//). For this
reason it appears that the study of the ex-
change between deuterium and hydrogen
in but-1-ene using microwave spectrometry
to locate the deuterium atom at the initial
stage of the reaction is a suitable method to
characterize metal catalysts. We have ap-
plied this method to test the new type of
catalysts that we have prepared in non-
aqueous solutions and to compare them
with the ones prepared by the classical im-
pregnation method.

EXPERIMENTAL

Catalysts

1. Catalysts prepared by classical im-
pregnation method (3). Pumice (Prolabo) in
granular form, crushed, washed, and sieved
(35-40 mesh) was impregnated with an
aqueous solution of metal chloride salts; af-
ter a slow evaporation of water the powder
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was dried overnight at 100°C and then re-
duced in a flow of hydrogen during 20 h at
the following temperatures:

2% Pt/pumice from H,PtCly, (Johnson Mat-
they) reduced at 200°C;

2.3% Pd/pumice from PdCl, (Johnson Mat-
they) reduced at 350°C;

10% Rh/pumice from (NH,),[RhCls - H,0]
{(Johnson Matthey) reduced at 350°C.

2. Catalysts prepared in ethanolic solu-
tion. This type of catalyst consists of Pt
particles deposited on pumice. The prepa-
ration is described in Table 1. It was found
that it is very easy to reduce PtV (from
H,PtClg) to Pt using hydrogen at 20°C
when the acid is dissolved in a water-free
aliphatic alcohol. However, the Pt particles
immediately after preparation aggregate ir-
reversibly, i.e., it is impossible to redis-
perse them again. Therefore the H, reduc-
ing process was carried out in the presence
of the carrier. However, large aggregates
were still formed on the support (catalyst
A). The use of hydrazine as reducing agent
gave a more dispersed catalyst (catalyst B,
6 nm).

3. Catalysts prepared in microemulsion.
The detailed description of the preparation

TABLE |

Preparation of Platinum on Pumice Catalysts in
Ethanolic Solution

Ptin Method of deposition Mean
catalyst, particie
weight% size (nm)

A2 Pumice is added to Large aggregates

ethanolic solution of
H,PClg. Pt'Y reduced
by H, flow at 20°C,
during 15 min. Alco-
hol removed by
evaporation at 20°C
B,2 Same process but 6

reduction is done by
N,H, at 70°C during
10 min and H,0- is
added to take away
the excess N,H,
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TABLE 2

Preparation of Platinum on Pumice Catalysts in
Microemulsion

Ptin System Method of deposition Mean
catalyst, particle
weight% size (nm)
C,2 PEGDE 10% PtV reduced by N;Hy at 2.5

Hexadecane 90%  20°C in microemulsion,

H,PtClg - xH,O then pumice is added and

(3.8 g Pt’kg) deposition is done by
shaking and by adding
N>H, (pH 8). After
washing with ethanol,
catalyst is dried at 120°C

D,0.5 PEGDE 5.2% The colloidal solution is Not studied

n-hexane 94.8%
H,PtClg, xH,0
(0.4 g Pt/kg)

progressively deposited
on pumice. Between the
steps, n-hexane is
evaporated,

of the metal particles dispersed in mi-
croemulsions has been given previously
(2). In Tables 2 and 3, we have summarized
the specific preparation of each catalyst (Pt,
Pd, Rh) and have given details about the
method of deposition. In all cases, the mi-
croemulsions used as initial solvent con-
sisted of distilled water, highly purified
nonionic  surfactant (pentacthylenegly-
coldodecyl ether, PEGDE) and analytical
grade hexane or hexadecane. The resulting
particle sizes are obtained from electron
transmission microscopy (Philips EM 300
type).

We wish to emphasize the particular fea-
tures of this way of preparation. In the clas-
sical impregnation method the metallic salt
is deposited on the support, the catalyst is
dried and the reduction is carried out after-
ward. In our method the metallic salt is re-
duced in ethanol or in a microemulsion.
This may take place either with the solution
in contact with the support or, in most
cases, by depositing the particles on the
support after reduction. The salts are re-
duced by hydrazine at 20 or 70°C or by hy-
drogen at 20°C.

Apparatus, Procedure, and Analysis for
Catalytic Reactions

The catalytic reaction was carried out in
all-glass grease-free system including a re-

actor operating under differential condi-
tions. Before each run, the catalyst was re-
duced overnight, in situ, at 200°C for Pt and
350°C for Pd and Rh under hydrogen flow
followed by deuterium flow for 2 h to re-
move any hydrogen retained on the cata-
lyst. In each case, a 200-mg load was used;
if a lower quantity of catalyst had to be
used, it was diluted by the carrier. It was
checked that pumice under the same pre-
treatment conditions was totally inactive.
For each run 4 mg of but-l-ene (Puriss
grade purchased from Fluka) was carried
through the reactor by deuterium gas (753
Torr) at a constant partial pressure (7 Torr).
Deuterium (99.4% pure) from Air Liquide
dried on molecular sieves at 77 K was used.
The hydrocarbon mixture was collected at
77 K and then analyzed and separated by
gas-liquid chromatography on a column
consisting of firebrick (60-80 mesh) coated
with 30% dimethylsulfolane, operating at
0°C. Each isomer was analyzed by mass
spectrometry (using a CH7 type Varian
spectrometer) and for but-1-ene and cis-bu-
tene by microwave spectrometry (using a

TABLE 3

Preparation of Rhodium and Palladium on Pumice in
Microemulsion

Metal, System Method of deposition Mean
weight particle
size (nm)
Rhyi, 2 PEGDE 16.3%.  Rh!! reduced by H at 2-3
n-hexane 78.5%, 20°C (in presence of
aq. sol. of Na-CO3). Afterward
Rh(C1, 5.2% pumice is added.
(2 g Rivkg) Deposition by heating
the solution to 60°C
under N» flow and
evaporation of n-
hexane. After washing
with ethanol, catalyst
is dried at 120°C
Pdy), 1.1 PEGDE 17.7%. Pd' reduced by N>Hg at 5 (in solution)

n-hexane 70.7%. 20°C. Pumice is added.

aq. sol. of Deposition by flowing
PdCl> 10.6%, H> through the

NaOH N 1.3% solution and heating to
(3.2 g Pd/kg) 85°C in order to

eliminate n-hexane.
After washing by
ethanol, catalyst is
dried at 120°C
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33.33-khz Hewlett-Packard microwave
spectrometer). The analysis procedures are
described in detail elsewhere (9).

RESULTS
Platinum

As mentioned under Experimental, to en-
sure complete reduction to metal, the cata-
lysts were heated to 200°C under hydrogen
flow prior to use. The results are given in
Fig. 1 and Table 4.

We first consider the selectivity for isom-
erization compared to hydrogenation. The
catalysts prepared by classical impregna-
tion (2% Pt/pumice) showed very poor se-
lectivity for isomerization (lower than 3%)
at any conversion. For example, with a

BOUTONNET ET AL.

L | | T ] -

T LI
10 50

FiG. 1. Isomerization selectivity (S, as a function of
total conversion (ay) on platinum catalysts prepared: in
alcoholic solution (V, A; A, B); in microemulsion (M,
C; O, D) (S; = but-2-ene/(but-2-ene + butane)).

TABLE 4

Hydrogenation, Isomerization, and Exchange of But-1-ene on Pt/Pumice at 20°C

Catalyst: A B C D
Weight (mg): 60 60 10 40
Flow rate (umol/s): 0.11 0.11 0.48 0.66
Hydr. 38.8 69.7 54.8 394
a1? (%)) Iso. 5231 114 8291 113 66.1 8 34 8.8
Exch. 2.1 1.9 33 5.8
rb Relative rate: 1 1.6 32 36
Mass distributions
(%): but. 1 trans  cis ane but. 1  frans cis ane but. 1 frans cis ane but. 1 trans  cis ane
49.8) (9.00 (2.4 (388 (189 (74 (39 (697 (37.2) (48 (3.2 (548 (1.8 (5.1) BN (394
do 95.8 61.1 61.4 7.8 90.1 53.0 530 — 91.1 425 416 3 88.8 476 46 3.2
dy 37 218 285 2.1 85 301 304 7.6 76 387 384 197 97 352 36 18.9
da 0.5 1.5 84 424 1.4 107 108 649 1.1 124 133 478 1.3 14 119 511
d3 2.8 1.7 128 3.8 33 152 0.2 3.9 42 164 0.2 3.6 39 159
dy 0.8 0 53 1.4 1.4 5.1 1.4 1.4 6.5 13 1.4 5.6
ds 2.6 0.6 0.7 3.2 0.5 0.5 k¥ 0.4 0.4 2.6
dg 14 0.4 0.4 1.7 03 0.3 1.6 0.3 0.2 1.2
dy 0.7 09 0.2 0.2 08 0.1 0.1 0.7
dg 0.4 0.5 0.1 0.1 0.5 0.1 0.1 0.4
dy 0.3 0.4 0.3 0.2
dio 0.2 0.4 0.2 0.2
10 0.5 0.5 2.0 0.7 0.7 2.5 0.9 0.9 23 08 0.8 2.2
1100, idi
i=1
Deuterium location in dy-but-1-ene and cis-butene (microwave analysis)
A B C D
15 18 16 66 10 68
34 32
34 51 23 59 25 59 16 74

9 o is total conversion= exchanged but-1-ene + but-2-ene + butane.

5 r is relative number of transformed but-1-ene per second per g Pt of B, C. D cat. by comparison to A cat.
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flow rate of 0.27 umol but-1-ene/s on 10 mg
2% Pt/pumice, 27 mol% was converted to
butane and 0.7 mol% to but-2-ene. In con-
trast the catalysts prepared in nonaqueous
solution have a much higher selectivity, up
to 60 at 4% conversion. Figure 1 shows the
isomerization selectivity as a function of
conversion for several experiments carried
out on catalyst prepared in nonaqueous so-
lutions. All the points fall on the same
curve (Fig. 1). The decrease of the isomer
selectivity with the highest conversions
means that some consecutive isomer hy-
drogenation occurs during the reaction.
However, in a large domain of conversion,
the selectivity is more than 10%. This result
is different from observations on classical
supported platinum and on Pt particles dis-
persed in solution (/). The olefin isomers
appear in sufficient amounts to be sepa-
rated from hydrogenated products and ana-
lyzed by mass and microwave spectros-
copy to find out the position of deuterium
atoms entering into the molecules. Thus,
for the first time on Pt catalysts, it becomes
possible to investigate the exchange and
isomerization mechanisms by using deute-
rium gas instead of hydrogen.

We now consider deuterium addition and
exchange results and rates of reaction on
different catalysts prepared by deposition
of particles on pumice. In Table 4, catalysts
A and B were prepared in the ethanolic so-
lution, C and D in microemulsions, as de-
scribed in Tables 1 and 2. In order to com-
pare the catalytic behavior as a function of
the catalyst preparation we have restricted
the presentation of deuterium distributions
to experiments in which the conversions to
isomers (not including butane) were about
10% on any catalyst (Table 4). To obtain
such constant isomer conversion, different
weights of catalyst and flow rates of hydro-
carbon were used depending on the specific
activity of each catalyst. The activity of any
catalyst may be roughly estimated by calcu-
lating the number of transformed but-1-ene
molecules per unit time and unit weight of
Pt. Comparing the activities of the B, C,

and D catalysts to the A catalyst (the rela-
tive rates are denoted by r in the tables) one
finds that B is similar to A while C and D
are about 30 times more active. The cata-
lyst prepared by the classical way (the rate
can be estimated from the results given at
the top of this paragraph) is 7 times more
active than A.

The deuterium distributions show the fol-
lowing important features:

Butane. A broad distribution is observed
from d, to d;y with a maximum in d,. Usu-
ally, on Pt catalyst on which isomerization
is not observed, the average number of deu-
terium atoms entering in one butane mole-
culeis 2 (21). For catalysts B, C,and D 2.3,
2.5, and 2.2 are observed, confirming that
consecutive deuteration of deuterated but-
2-ene occurs at high conversion.

But-2-ene. The distributions in the cis-
and trans-butene are quite similar. They
show a very high percentage of dy (unex-
changed molecules), i.e., 60% on A, 50%
on B, 45% on D, and 40% on C. A control
of purity of cis and frans isomers was made
after the chromatographic separation in
order to eliminate, when necessary, the in-
fluence of dy-but-1-ene which is difficult to
remove completely due to the chromato-
graphic tailing effect. The deuterated distri-
butions smoothly decrease from d; to ds.
There is only slight multiple exchange: on
the average 1.5 deuterium atoms are incor-
porated in the deuterated isomer molecules

10
on any catalyst (Z i-di= 1.5) The micro-
i=]
wave analysis of d;-cis-butene for the C and
D catalysts shows identical distributions
with 66% deuterium on C, and 33% on C,.

But-1-ene. A simple exchange is ob-
served on all catalysts. This implies that
during each adsorption/desorption step
leading to the exchange reaction with but-1-
ene, a single hydrogen is replaced by a deu-
terium atom. The location of the deuterium
atom, however, depends on the catalyst.
Exchange at C, represents 51, 59, 39, and
74% for catalysts A, B, C, D, respectively.
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On all catalysts, exchange at the trans posi-
tion on C; is higher than at the cis position,
the difference being the highest on the A
catalyst.

Palladium and Rhodium

The results of reactions on palladium and
rhodium catalysts are given in Table 5. The
catalytic behavior of metal particles pre-
pared in microemulsion (Pdy;, Rhyp) is
compared to particles prepared by the clas-
sical method (Pdwar, Rhwar). Palladium
and rhodium show a specific behavior in the
olefin deuteration reaction independently of
the preparation method used. Table 5 gives
the fine and the hyperfine distributions for
exchanged, isomerized, and deuterated
products of but-1-ene reactions on Pd and
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Rh catalysts. On the Pd catalysts several
runs were made at different degrees of con-
version. The deuterium distributions were
found to be identical for several runs. It is
known (7) that palladium is the most selec-
tive metal for isomerization (50 to 60% se-
lectivity observed up to 50% of total con-
version) while on rhodium the deuteration
of olefins is very fast by comparison to
isomerization. Nevertheless, in the rho-
dium experiments, we succeeded in isolat-
ing olefins from the reaction products and
found that the degrees of exchange and
isomerization were low enough to allow us
to derive information from the deuterium
distribution in the olefins.

As on platinum, the hydrogen—deuterium
exchange in but-l-ene mainly involves a

TABLE 5

Hydrogenation, Isomerization, and Exchange of But-1-ene on Pt/Pumice and Rh/Pumice at 20°C

Catalyst: Pdpy (Microemulsion) Pdwat (Classical) Rhyy) (Microemulsion) Rhwar (Classical)
Weight (mg): 5 15 2.5 s
Flow rate (umol/s): 0.71 1.25 0.52 1.39
Hydr. 9.7 2 94.1 94.1
ar (%)| Iso. 28 12.6 4.1 199 95 0.58 96.7| 2.1
Exch. 5.7 2.2 0.28 6.5
r Relative rate: 73 32 200 54
Mass distributions
(%): but.1 trans cis ane but. | trans cis ane?  but. 1 trans cis ane but. |  trans cis ane®
{(77.1)  (6.6) ©) 07 ¢85 (1.7 82 22 (532 038 {©02) %4 (3.8 (1.3 (0.75) (94D
do 92.7 399 45 14.4 96.2 89.1 839 94.8 615 64 0.7 86.6 443 4.3
d 5.7 348 337 297 3.1 8.5 12.4 4,2 20.5 19.9 9.7 9 23.7 24.1
d; 13 13.1 12 27.8 0.5 1.7 2.5 08 8.7 8 354 23 13.6 12.9
dy 0.2 6.7 5.7 12 0.4 25 0.1 45 3.6 18.6 0.7 83 7.6
dy 0.1 29 2 59 0.2 0.7 0.1 2.5 2.7 12.7 0.6 4.9 4.9
ds 1.5 0.6 33 0.3 1.2 0.9 7.4 0.3 23 2.0
dg 0.9 0.6 2.5 0.1 0.6 0.9 42 0.2 1.3 1.0
d; 0.5 0.4 2.1 0.5 32 0.1 0.8 1.4
ds 0.2 1.2 0.4 2.3 05 08
dy 0.7 29
dyp 0.5 3.1
Deuterium location in d;-but-1-ene and cis-butene (microwave analysis)
42 43

Jo

43 a3 33 33 31 a3
B I/ I/ I/
<10 14 33 KT

< The reference catalyst for the relative  values in catalyst A (Table 4).

& Not analyzed.
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single hydrogen. The location of the deute-
rium atom in d; species is very specific to
the metal: on palladium, 85% of the deute-
rium is attached to C, with almost equal
amounts on the trans and cis positions (43
*+ 3). The remaining 15% are located on C,.
On rhodium, deuterium atoms are equally
distributed on all the vinylic positions. Deu-
terium atoms were not found on C; and C,
for any catalyst.

In the isomerization reaction, the migra-
tion of the double bond without introduc-
tion of deuterium atoms is always the main
reaction path whatever the metal. How-
ever, the percentage of d, isomers varies
strongly from one catalyst to another. For
example, it represents around 40% of the
isomer distributions on Pdy; and 85% on
Pdwart; on Pdy; the hyperfine distribution of
deuterium in d)-cis-butene is 90% on C, and
less than 10% on C,.

DISCUSSION

The discussion will be devoted mainly to
the mechanisms of the reactions; however,
some remarks can first be made regarding
the activities of the different catalysts.
Activities

As is evident from Tables 2 and 3, the
method of preparation of catalysts from mi-
croemulsion involves the use of consider-
able amounts of surfactant (pentaethyl-
eneglycoldodecyl ether) which, at least as
long as the particles remain dispersed in the
microemulsions, is adsorbed on them. It is
clearly conceivable that the surfactants
may have a poisoning effect on the final cat-
alysts. As a matter of fact it has none and it
was found instead that the catalysts Pt, Pd,
Rh prepared from salts dissolved into mi-
croemulsion were rather more active in the
hydrogenation and isomerization of but-1-
ene (activity by metal weight unit) than the
ones prepared from salts dissolved in alco-
holic solution or prepared by the ‘“classical
way’’ (see the r values in Tables 4 and 5).
This high activity can be easily explained if
we take into account the dispersion of the
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catalysts. The Pt, Pd, and Rh catalysts sup-
ported on pumice with a high metal loading
(2 to 10%) and prepared from aqueous solu-
tions in the classical way have a low disper-
sion (by X-ray broadening 200 A was found
as particle size), Pt catalysts prepared in
alcoholic solution show also large particles
while the particle size of the catalysts pre-
pared from microemulsion range from 20 to
30 A for Pt and Rh and 50 A for Pd. Al-
though no systematic kinetic studies were
made, a turnover number (TON) can be es-
timated (transformed molecules per second
per metal surface atom): on Pt (catalyst C)
TON is about 0.63, on Pdy; 1.9, on Rhyy 2.

Such values, near to unity, are in good
accordance with the kinetic studies per-
formed for hex-1-ene hydrogenation on Pt
catalyst prepared from microemulsion or
on Euro Pt catalyst for which TON of 0.85
is obtained (metal particles size 30 and 18.5
A, respectively (23)). Therefore it can be
concluded that the surfactant has no poi-
soning effect in the catalytic reaction; it is
apparently eliminated completely by the
washing with alcohol followed by the pre-
treatment of the catalyst by heating. How-
ever, the role of the surfactant is essential
for obtaining well-monodispersed metal
particles; it has a stabilizing effect, first
around water pools to form inversed mi-
celles, then to maintain a stable dispersion
of suspended metal particles and finally
also during the deposition process on the
support,

Exchange Reaction

We will now consider the mechanisms of
the reaction, mainly deduced from the hy-
perfine distribution of but-1-ene.

It is noticeable that this distribution is de-
termined by the nature of the metal but in-
dependent of the metal particle prepara-
tion. Moreover, with the exception of
palladium, it is independent of the presence
or absence of deuterium in the gas phase as
will here be discussed. The distribution,
with about 60% deuterium atoms on C, plus
40% unequally distributed on C;, with a
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larger part on the trans position than on cis,
is exactly the same as that obtained on Pt
supported on pumice (12) or on Pt film (8)
when perdeuteropropene was used as the
source of deuterium atoms instead of deute-
rium gas. The same observation can be
made on rhodium catalyst: an equal distri-
bution of deuterium atoms on the three
vinylic positions is found on rhodium pum-
ice under hydrogenation conditions (under
D, flow) whatever the genesis of the cata-
lysts (this work) and on rhodium film in the
presence of perdeuterpropene (&). On the
contrary, however, on palladium catalysts,
when deuterium gas is used to carry out the
olefin-exchange reaction, a characteristic
distribution with 85% deuterium atom on C;
(equal distribution on cis and trans posi-
tion) and 15% on C, is observed on palla-
dium pumice (this work) and on palladium/
silica (11), while, if perdeuteropropene is
used instead of deuterium gas, the ex-
change of allylic hydrogen (on Cs) is ob-
served on palladium/pumice (/3) and be-
comes even dominating (more than 60%) on
palladium film (14).

Three mechanisms have been invoked to
explain the exchange reaction. The differ-
ent locations of deuterium in monodeutero
butene resulting from each mechanism are
as follows:

(1) associative mechanism (Horiuti-
Polanyi) giving equal amounts of cis and
trans exchange on C, (5):

e
e
}\/_.(—» — + /=/’1d1
D (‘Icisd'=1uansd1)

(2) vinylic dissociative mechanism

(Farkas, Ref. (15)):

pd M D
=/_ Jp— — /=/_ 1transd1
\* ’
”/_\_ D/_\_ Tcisd

BOUTONNET ET AL.

(3) allylic dissociative mechanism (16):

=/_Lx1\/*—°>/\l/ 34,
D

Allylic dissociative mechanism. From the
above scheme it is seen that this mecha-
nism is characterized by the exchange of D
on Cj; it was never found on any metal un-
der hydrogenation conditions. It is ob-
served only on palladium when but-1-ene
and perdeuteropropene interact (13, 14).
Thus the presence of deuterium gas on pal-
ladium prevents the formation of allylic
species. This leads us to suspect an influ-
ence of palladium hydride formation, but
further work is in progress to confirm this
point.

Vinylic dissociative mechanism. This
mechanism is characterized by the inequal-
ity between C,; trans d, and C, cis d, with C,
trans d; > C; cis d, since, in the associative
mechanism, the free rotation around C,-C,
in secondary half-deuterated species leads
to the same amount of C; frans d; and C; cis
d, after desorption. In the Farkas mecha-
nism, the larger amount of trans d, is ex-
plained by a steric hindrance between the
surface atoms and the adsorbed butene
molecule.

From our results, this mechanism would
take place on platinum catalyst; at least it
would explain the exchange on C,. This
result agrees well with the studies of Ueda
et al. (17) of the exchange reaction between
propene and D, or D,O on platinum black.
They found that the ratio C, trans d,/C, cis
d; in monodeutero propene increases from
3 to 8 when they replace D, by D,0 as the
deuterating agent. In the but-l1-ene ex-
change reaction, the uneven trans/cis distri-
bution was found to be larger when C;Dg
was used instead of D, (12). This could be
explained by the coexistence of several de-
hydrogenated and hydrogenated adsorbed
species, all leading to the exchanged but-1-
ene by, respectively, vinylic dissociative
and associative mechanisms. The amount
of the dehydrogenated species should be
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higher on the surface in the absence of D,
leading to a higher trans/cis ratio. It is inter-
esting to note that Demuth (18) in studies of
the chemisorption and reaction of ethylene
on Pt(111) at 300 K has demonstrated, by
using temperature-programmed thermal de-
sorption and UV photoemission spectros-
copy, that ethylene dehydrogenates to form
a C,H; species which has ionization energy
levels consistent with a vinyl-like species
CH=CH,. Fisher and Keleman (19) have
proposed also this type of vinyl species on a
5 x 20 Pt(100) surface. These findings sup-
port the vinylic dissociative mechanism
that we propose to take place on our plati-
num particles in the exchange of but-1-ene.

Associative mechanism. This mechanism
is characterized by the equality between C,
cis dy and C; trans d; species. Hence, this
mechanism would take place on rhodium
and palladium. However, the rates of for-
mation of n-butyl and sec-butyl half-deuter-
ated species have to be different in order to
explain the predominance of C;d, over
C,d,, mainly on palladium as was already
discussed (11). More work is needed to af-
firm that the sec-butyl radical on palladium
is more stable and/or reactive than n-butyl.

Double Bond Migration

In order to explain the large amount of d,
isomers, it has to be assumed that this reac-
tion takes place mainly by an intramolecu-
lar hydrogen shift, whatever the metal.
However, an additional mechanism occurs
that introduces nearly one deuterium atom
in the molecule. This could be described as
a Horiuti-Polanyi mechanism leading to
C,d; but-2-ene. The mechanism is dominant
on palladium where more than 90% of the D
is found on C;.

D D
+D M \_/
—— —r-

\_/

On platinum only 66% of the D is located
on C,. The remaining 33% observed on C,
can be explained by a consecutive isomeri-
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zation (intramolecular hydrogen shift) of
deuterated but-1-ene:

S i

Thus, at least two mechanisms probably oc-
cur in the a8 double bond migration. The
presence of different types of surface sites
depending largely on the preparation of the
catalysts could explain the relative varia-
tions of the amount of dy-but-2-ene. In or-
der to explain the unusual selectivity in
isomerization found on supported platinum
catalyst prepared from nonaqueous solu-
tion a similar explanation, involving differ-
ent sites for hydrogenation and isomeriza-
tion may also be invoked. It is possible that,
as proposed by Siegel et al. (24) coor-
dinatively unsaturated sites exist on metal
surfaces and that their ability to adsorb hy-
drogen governs the reactions. Thus, MH2
(M = metal) sites should be involved in hy-
drogenation, MH sites in af double bond
migration by the Horiuti-Polanyi mecha-
nism, and M sites in the a8 double bond
migration by intramolecular hydrogen shift.
The relative importance of these different
sites should depend on the catalyst (nature
of metal, method of preparation, pretreat-
ment) but further work is necessary to have
a better understanding of the nature of the
active sites.

CONCLUSION

We have shown that for catalysts pre-
pared from microemulsions the surfactant,
which is a necessary part of the microemul-
ston, does not decrease the activity of the
catalysts. Mild catalytic pretreatments are
sufficient to eliminate the effect of these
large molecules which might have been ex-
pected to act as a poison. Well-monodis-
persed supported catalysts, Pt (2.5 nm), Rh
(2.5 nm), Pd (5.0 nm), are obtained from
particles suspended in microemulsions and
they are as active as catalysts prepared in
the classical way.

Concerning the mechanisms of the hy-
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drogenation, isomerization and exchange of
but-1-ene, they have to be related to differ-
ent types of surface sites. Hydrogenated
and dehydrogenated species undergo reac-
tion at 20°C. The method of preparation of
the catalyst influences the behaviour of
platinum catalysts while palladium and rho-
dium keep their specificity whatever the
way they are prepared. The enhanced se-
lectivity for isomerization of the Pt catalyst
prepared from microemulsion has probably
its explanation in the following observa-
tion. This catalyst when treated by hydro-
gen at 200°C shows some deactivation of
the hydrogenation sites while the sites re-
sponsible for the isomerization are not af-
fected by that treatment.

Further work on this particular type of
catalyst might take advantage of their nar-
row size distribution to study their selectiv-
ity in structure-sensitive reactions, espe-
cially if one finds some way of decreasing
the size of the metallic particles.
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