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Hydrogenation of buta-1,3-diene was studied on the three low-index planes of platinum under
quasi-atmospheric pressure and hydrogenation of 2-methyl-buta-1,3-diene was investigated on
Pt(111) in the same conditions. Kinetic results and especially selectivity were analyzed and com-
pared to each other. Special attention has been given to the adsorbed species and their relative
abundance on the surface. A mechanism has been proposed which explains the variations observed
in the studied systems. In no case is the reaction governed by the dissociation of hydrogen and the

selectivity depends on the stability of the hydrocarbon species on the surface.
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INTRODUCTION

The hydrogenation of unsaturated hydro-
carbons on platinum single crystals has been
studied for several years in our laboratory.
Many results have been obtained by varying
the nature of the molecule, the crystalline
orientation, and the experimental condi-
tions; it is now possible to propose a reac-
tion mechanism and to better understand
which factors determine the activity and the
selectivity of the reaction.

The aim of this paper is to make a synthe-
sis of our results concerning the hydrogena-
tion of ethene, buta-1,3-diene (butadiene),
and 2-methyl-buta-1,3-diene (isoprene) on
several surfaces of platinum. The originality
of our study consists of three main points:

(1) reactions were achieved over well
characterized surfaces thanks to standard
UHYV techniques;

(ii) hydrogenations were made in the pres-
ence of a hydrogen—deuterium equimolar
mixture, the H,-D, equilibration reaction
being used as a surface probe for the dissoci-
ation of hydrogen;

(iii) an isolating valve located in our UHV
system and connected to the gas reactor per-
mitted reactions to be studied at quasi-atmo-
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spheric pressure. The activity and the selec-
tivity of the reactions are discussed when
changing experimental conditions, tempera-
ture, and reactant pressures for several mol-
ecules, namely one olefine and two di-
olefines. Surface mechanisms are discussed
and compared with models advanced by
other authors and some more general con-
cepts are put forward concerning these hy-
drogenation reactions on metals.

EXPERIMENTAL

All experiments were carried out in an
ultrahigh vacuum system equipped with a
retractable isolating cell connected to a re-
actor working in the 100 to 800-Torr pres-
sure range. This UHV device was equipped
with a CMA Auger (Riber O.P.C. 105),
LEED optics (Varian), a quadrupole mass
spectrometer (Leybold 1Q 200), and an ion
gun for cleaning the surface. During the cat-
alytic reaction, the recirculation of gases
was achieved by use of a pump with a con-
stant flow rate of 3 liter min~'. Preliminary
experiments completed at various flow val-
ues have shown that, in our batch reactor,
kinetics were not controlled by the gas flow
rate. Conversion was monitored with a gas
chromatograph (Intermast). Single crystals
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of platinum (99.995% purity) were thin disks
0.5 mm thick and 1 cm? total area cut to
within 1° of the desired orientation; the
edges of the crystal were covered with a
SiO,~AlLO; coating in order to avoid extra
activity. Both crystal faces were cleaned by
several cycles of ion bombardment, moder-
ate heating treatment in the presence of oxy-
gen (1077 to 107* Torr) and high-tempera-
ture annealing to restore the surface. The
purity and the crystallinity of the surface
were checked by AES and LEED before
each catalytic test. Research purity gases
were used to prepare the reaction mixture,
which was introduced onto the crystal
heated at the desired temperature. The reac-
tion temperature was controlled by using a
chromel-alumel thermocouple spot welded
to one face of the sample.

During the reaction, the hydrocarbon
product formation was followed by gas
chromatography. In order to study the initial
stage of the reaction, the chromatogram was
started at different times (0,1,2,3 . . . min)
for several identical reactions; this proce-
dure revealed no transitory or accommoda-
tion period. The H,—D, reaction was simul-
taneously followed by mass spectrometry.

Once the reaction was achieved, i.e., con-
version greater than 90% or 2-h maximum
reaction time, gases were evacuated before
cooling the sample to reduce additional hy-
drocarbon contamination of the surface dur-
ing the cooling step. The reactor cell was
then quickly evacuated by a turbomolecular
pump. The sample was then reexposed to
ultrahigh vacuum and the surface analyzed
by LEED and AES.

RESULTS

The hydrogenations of butadiene (/-3)
and isoprene (4) have been investigated on
the three low-index planes in the following
conditions:

100 Torr < P,,, < 700 Torr
10 < Py, /Pyc < 100

295 K < T < 500 K.
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The H,-D, equilibration had been pre-
viously investigated in the absence of hydro-
carbon on platinum single crystals (5);
H,-D, reaction and hydrocarbon hydroge-
nation have now been investigated simulta-
neously and results are reported in the pres-
ent paper. The hydrogenation of ethene was
not studied in detail by us since many au-
thors had already investigated and dis-
cussed this reaction (6), but we made some
isolated experiments with C,H, in order to
check the agreement of our reaction rates
with values from well established previous
results.

In order to make the results clear, the
activity and the selectivity of the studied
reaction are presented and discussed sepa-
rately. In the activity section, the influence
of the structure for butadiene hydrogenation
and the influence of the molecule for hydro-
genation reactions on Pt(111) are succes-
sively presented. The selectivity section re-
lates the influence of temperature and
reactant pressures for the hydrogenation of
butadiene on various planes of platinum and
the influence of the geometry of the mole-
cule comparing butadiene and isoprene on
Pt(111).

ACTIVITY

The data considered in this section con-
cern the turnover frequencies of the reac-
tions at zero conversion, i.€., the initial rate
of hydrocarbon conversion per surface plat-
inum atom and per second.

(1) Activity in Butadiene Hydrogenation
as a Function of the Structure

The initial reaction rates of butadiene hy-
drogenation as well as the simultaneous
H,-D, equilibration rate have been plotted
in Fig. 1.

The initial activity increases with the
roughness of the surface with a fivefold ratio
between the (110) and (111) planes. The rate
of the H,~D, exchange is always more than
one order of magnitude greater than the rate
of hydrogenation. Activation energies do
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FiG. 1. Rate of butadiene hydrogenation on platinum
as a function of the surface structure.

not significantly vary with the crystalline
orientation:

Pi(111) Pt(100) Pt(110)

EkJ - mole™!) 38 33 39

Under usual conditions, the Auger spectra
after reaction indicate a carbon coverage
close to the monolayer, roughly 2C atoms
per platinum surface atom. At high tempera-
ture, above 500 K, the reaction is totally
poisoned and the carbon coverage observed
afterward is very high.

(2) Activity of Olefine Hydrogenation on
Pt(111) as a Function of the Molecule

The initial activities have been plotted in
Fig. 2 for C,H,, C,H,, and CsH; hydrogena-
tions on the dense (111) plane of platinum
for reactions at T = 373 K.

The rate of initial conversion decreases
considerably when the size of the molecule
increases. It should be noted that the drop
in activities is slightly more important when
passing from C, to C;s than from C, to C,
hydrocarbons,
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kC.Hy/k,CsHg (=6)
> kmC2H4/kmC4H6 ( = 5)’

k., being the reaction rate in molecules per
platinum atom per second.

In fact, since half of the initial amount of
diolefine is directly twice hydrogenated, the
rate of conversion of butadiene or isoprene
is the rate of hydrogenation of two double
bonds for half of the initial number of mole-
cules. As a consequence, if the data of the
diagram were increased by a factor 1.5 for
C,H, and CsHg, one obtains a transformed
diagram (Fig. 3) which shows the rate of a
double bond hydrogenation as a function of
its surroundings.

This representation shows the relatively
poor activity of a double bond of a C,H,
molecule and confirms the drastic effect of
an additional CH; group on the molecule.

All the turnover frequencies are reported
in Table 1. We should remark that our TOF
values for C,Hy hydrogenation are hardly
comparable with some recent work by Mas-
sardier et al. (7) since the experimental con-
ditions were different. An extrapolation of

Pt(in)
T -373K
Pu,+0, = 500Torr - 658.10%Pa

Puc=20Torr - 2632 Pa
turnover

frequency
at1s- Nh;0,
D Ny

400+

200+

13 butadiene isoprene

FiG. 2. Rate of C,H,, C4H,, and CsHg hydrogenation
on Pt(111).
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pt{111)
T- 373K

rate of C=C
hydrogenation

at s Ni,-p, Pi,+D, = 500Torr - 658x102Pa
O Nwe Puc =20Torr-2632Pa
%
ao0F 2
200+
10
N8
0
CoH, C4Hs CsHg

13 butadiene isoprene

F1G. 3. Rate of C=C bond hydrogenation in C,H,,
C4Hg, and CsHg on Pt(111).

their results to our chosen temperature and
pressure conditions leads to very similar
values.

SELECTIVITY

We next investigated the selectivity in
olefine under stationary conditions of buta-

TABLE 1

Turnover Frequencies of Several Hydrogenation
Reactions and of the H,-D, Exchange on Platinum
Single Crystals

Reaction” TOF molecules
(Pt atom™'s™1)
Pt(111) Pt(110) Pt(100)
H, + D, 8700  5.10* 12600
H,C=CH, + H, 400
H, + D, 8400
H,C=CH—CH=CH, + H; 80 280 110
H, + D, 1000 4000 2000

H,C=C—CH=CH, + H, 13

CH,

H, + D, 735

@ Experimental conditions: T = 373 K, Py + PD2
=500 Torr, Pyc = 20 Torr.
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diene or isoprene hydrogenation. As far as
butadiene is concerned, we studied the vari-
ations in butene selectivity with experimen-
tal conditions at the origin of the reaction on
the three low-index planes. We then com-
pared the selectivity in olefines for the buta-
diene and for the isoprene hydrogenations,
at the origin of the reaction.

In this paper, the selectivity is defined as
the ratio [2 butenes/2 butenes + butane] as
a percentage and the conversion is based on
the total amount (%) of butadiene reacted.

(1) Selectivity in Butenes as a Function of
Temperature

The observed variations of the butene for-
mation at the origin of the reaction are col-
lected in Fig. 4.

At 0% conversion, the temperature de-
pendence of the selectivity in butenes is
structure sensitive:

—on Pt(111), the selectivity is constant
over the whole range of temperature;

—on Pt(110) a slight improvement of the
butene selectivity occurs when the tempera-
ture increases;

—on Pt(100) a remarkable break in the
butene formation appears at an intermediate
value of the temperature: below 400 K it
increases from 40 to 60% and then above
400 K it drops to 30%.

Note that around 400 K the selectivities
of the three single crystals are identical.

The selectivity is not significantly depen-

10

% Py, =500Torr - 658x102Pa
L Butenes 2
f Butenes-Butane Pc,g = 20Torr-2632Pa
Pt(110)
Pt111)
A
50+
0%conversion Pt(100)
o) S L .
] 100 200 T°C

FIG. 4. Selectivity to butenes in C4Hg hydrogenation
on platinum as a function of temperature.



360

dent on conversion provided the latter is
below 60%. At high conversion, above 60%,
the proportion of butenes drops, all of them
being hydrogenated to butane at the end of
the reaction.

(2) Selectivity in Butenes as a Function of
Reactant Pressures

2a. Influence of Py,. In order to better
understand the influence of Py_upon selec-
tivity, we first report the values of «, the
order of the reaction of butadiene conver-
sion, measured at T = 373 K in the 50 to
800-Torr Py, range:

Pt(111) (100) (110)
a, PH2 < 100 Torr 1 0.5 2
a, PH2 > 100 Torr 1 0.5 1

—At Py, above 100 Torr, the selectivity
in butenes is constant when Py, varies and
it is equal to 60% at the beginning of the
reaction.

—At Py, lower than 100 Torr, Pt(110) ex-
hibits a slight increase in butene selectivity
when Py_decreases; the fraction of butenes
reaches the 75% value for Py, = 80 Torr.
These variations can be correlated to an in-
crease of the order with respect to hydro-
gen. For both other orientations, no change
of the selectivity could be detected.

log %um
L]

Pt(111)

osl Py,=658:102Pa

2.7:10%Pa <P, <40:107Pa
T-=413K

0% conversion

PV P " P P
25 3 35
log F’c‘Hs .Pa

F1G. 5. Rate of C4H¢ hydrogenation on platinum as a
function of Pep,
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1OG[
%l £ Butenes
T Butenes-Butane

Py, = 500 Torr - 658:10°Pa

Pt(100)
T-373K 4

0% conversion

ety
T- 413K

(o] 10 20 30 40

P, Torr
CaHg

F1G. 6. Selectivity in butenes in C,H; hydrogenation
as a function of Pe i on Pt(111) and Pt(100).

2b. Influence of Py . Similarly to Section

2a, we report the values of 8, the order of

the reaction with respect to butadiene mea-

sured at T = 373 K in the 2- to 50-Torr

Pc p, range (see Fig. 5).
(111)

(100) (110

BIPcy, 1to 0 0 0

The variations of the butene proportion in
the initial stage of the reaction as a function
of Py, are presented in Fig. 6 for Pt(111)
and Pt(100). It keeps a constant value, equal
to 60%, on Pt(110).

A correlation between the variation of the
order and the change in selectivity is clear
for the (111) orientation. The change in se-
lectivity observed for the (100) orientation
can be correlated to a change of the order
of the second hydrogenation reaction (bu-
tene — butane) which becomes negative at
a butadiene pressure lower than 20 Torr. No
similar variation of the orders of either the
first or the second hydrogenation reaction
has been found for the (110) orientation. On
this latter plane, the selectivity in butenes
does not depend on Pcy, .

(3) Selectivity in Olefines on Pt(111) as a
Function of the Geometry of the
Molecule

In the activity section, it was clear that
with Pt(111) on passing from butadiene to
isoprene, i.e., substituting a CH, group for
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100 100
% PH(111) % Pii e, 500Torr -66610?Pa
2 Methyl-Butenes P i,=5Torr - 666 Pa
T-:423K
2 Butenes pt(111) .
iCg
50 50+
Py, - 500Torr - 658+10%Pa
P,ic = 20Torr-2632Pa 2Me 28
0% conversion 2Me 1B
0 e L 0 N 3MelB
0 100 200 T°C 0 50 100 % conversion
CsHg

F1G. 7. Selectivity of the C4;H; and CsHg hydrogena-
tion reactions on Pt(111) as a function of temperature.

an H atom, the initial rate of conversion is
reduced by a factor 6. On that same plane
of platinum, the selectivity in olefines is also
very dependent on the molecule, and it does
not similarly change with temperature and
reactant pressures for butadiene and iso-
prene.

3a. Selectivity in olefins as a function of
temperature. The fraction of butenes
formed at the origin of the reaction is inde-
pendent of temperature while the fraction of
methylbutenes increases with temperature
(Fig. 7).

3b. Selectivity in olefine as a function of
reactant pressures. Formation of both bu-
tenes and methylbutenes is independent of
Py,. Differences have been observed when
changing the initial pressure of diolefine: on
Pt(111) selectivity to butenes improves
when the initial Pc gy increases (Fig. 6) (cf.
Section 2). As for the isoprene, selectivity
to methylbutenes as well as the orders of the
reaction are independent of Pc .

3c. Selectivity in olefines as a function
of conversion. No remarkable difference in
olefine selectivity could be observed with
butadiene or isoprene at low or intermediate
conversions under intermediate conditions.
The major difference appeared at high and
total conversions with a much lower propor-
tion of total hydrogenation for isoprene than
for butadiene at equivalent conversion
(Figs. 8 and 9); for example, at 100% conver-

FiG. 8. CsHg hydrogenation on Pt(111) 2Me2B =
2-methyl-2-butene, 2MelB = 2-methyl-1-butene, iCs =
isoprene, 3MelB = 3-methyl-1-butene.

sion and 100°C on Pt(111), 90% of butene
but only 58% of isopentane are produced.

All these features make clear the influence
of the geometry of the molecule on the reac-
tion of hydrogenation.

DISCUSSION

The hydrogenation of diolefines over
metal surfaces has attracted much interest
during the last few years from the viewpoint
of obtaining a better understanding of the
nature of adsorbed reaction intermediates,
of the reaction mechanisms, and of the fac-
tors governing the selectivity. It has already
been proposed that the activity and the se-

100
%

Pt{111)
Py, -658.102Pa Butane

Pen,=2632Pa

T=- 413K

50

100% conversion
C4Hg

FiG. 9. C4H¢ hydrogenation on Pt(111) B-1 = 1-
butene, B-2-trans = trans-2-butene, B-2-cis =
2-butene.

cis-
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lectivity of these reactions depend on the
hydrocarbon coverage of the catalytic sur-
face. The questions arising from catalytic
experiments on model metal surfaces are:
What are the species present on the surface
during the reaction? Which are the most
abundant species and which one governs the
kinetics? Finally, are these studies repre-
sentative of real catalytic challenges? An
attempt is now made to answer these ques-
tions.

Activity in C,H, Hydrogenation on
Pt(111), Pt(100), and Pt(110)

The rate of butadiene hydrogenation, r,
follows the order

r(111) < r (100) < r (110).

This increase in activities with the
roughness of the surface has already been
observed for the H,-D, equilibration re-
action.

From Fig. 1, the rate of the H,-D, equili-
bration reaction, measured during the reac-
tion of C,H¢ hydrogenation, is more than
one order of magnitude faster than the latter.
Consequently, considering that the rate of
H, dissociation is under stationary condi-
tions, very close to that of the H,-D, reac-
tion, it is not the limiting step of the hydroge-
nation reaction.

Moreover, in the range of pressures 6 Torr

HQP 2H(m:ls)
|
+Hiags)

CyHggy== CuaHg@dy === C4H7@asy —CaHp(aas _ 4

aall
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=Pcy, = 20 Torr and 100 Torr = PHz < 800
Torr, the orders of the hydrogenation reac-
tion with respect to butadiene are 8 = 0 on
all surfaces, and with respect to hydrogen
are « = 1 on Pt(111),(110) and 0.5 on
Pt(100), suggesting that the surface is satu-
rated with hydrocarbon species and that the
hydrogen coverage is low. The rate of buta-
diene hydrogenation would rather be limited
by the amount of ‘‘active’ dissociated hy-
drogen. Active hydrogen means hydrogen
atoms adsorbed in the vicinity of hydrocar-
bon and available for the reaction of hydro-
genation. The amount of that kind of hydro-
gen is clearly dependent on the site
geometry and consequently on the crystal-
line orientation. As a matter of fact, the dis-
sociation of hydrogen is known to be pro-
moted by atoms in low coordination, e.g.,
edge and corner atoms, whose concentra-
tions are in the order (110) > (100) > (111).
Low coordination atoms may also be pro-
moters for the activation of an unsaturated
bond. On the three low-index planes consid-
ered the orders of the H,—D, reaction mea-
sured in the presence of hydrocarbon are
higher than on clean surface (5) in
agreement with a decrease of the coverage
in hydrogen. In accordance with the above
discussion, we propose the following mech-
anism:

1]
*Haas)

C4Hg @ 1-butene

2
+H2 C4H1°(g) butane

+Hads)

C4H7(ads‘) ——’C4He‘9) 2-butene
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There should exist two configurations for
the adsorbed C,H, species, one leading to
the 1-butene and the other to the 2-butene.

The rate, limited by reaction III, can be
written

r=A [C4H7][H],

A being dependent on the temperature, and
[C4H,] and [H] being the surface concentra-
tion of C,H; and H, respectively.

The concentration in C,H, is governed by
reactions I, II, 111,

(CH,] = ki [C,HGI[H)/(k, + k5 [H]),

which for small values of [H], such that &,
> k, [H], simplifies to

[C,H,I/[C,H(IH] = k,/k, = constant.

The rate determining step involves hydro-
gen and the most abundant hydrocarbon
species, the concentrations of which ac-
cordingly appear in the rate constant expres-
sion. We attempt to explain the differences
in the orders a by the following alternatives:

—FEither the surface is mainly covered
with C,H, whatever the orientation and «
changes because the coverage in active hy-
drogen is structure sensitive, being higher
on (100) than on both (110) and (111) faces,

—or the nature of the most abundant sur-
face species is itself structure dependent (it
could be C;Hgpg, on Pt(111) and Pt(110),
and C,H;4, on Pt(100)). The fact that the
smallest value of the activation energy was
measured for the (100) plane tends to indi-
cate a correlation between the nature of the
most abundant intermediate and the reac-
tion order; a small order with respect to
hydrogen would come with a more hydroge-
nated surface intermediate and a smaller ac-
tivation energy. As a matter of fact, both
propositions are correlated with one another
through equilibrium II and one can see here
the role of the particular configuration of the
(100) plane which is the only surface having
fourfold sites.

Since the first step of the mechanism is
the adsorption of C,;H,, we now attempt to
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correlate the effect of the structure observed
in kinetics to experimental and theoretical
studies dealing with adsorption of butadi-
ene. The value of the Auger I /I, peak-to-
peak ratio after reaction, which is well re-
producible on each plane, corresponds to
the first plateau of the adsorption isotherm
determined on Pt(111) and Pt(110), i.e., 1.5
C/Pt on Pt(111) (3) and 2C/Pt(110) (8). In
agreement with the zero value of 8/C,H,,
we assume that under conditions of nonirre-
versible poisoning (Py, > 100 Torr, T <
500 K), the surface is covered with a mono-
layer of hydrocarbon C,H, or C,H,. From
the literature, two configurations can be
considered for the C, hydrocarbon species,
either standing up on the surface as ‘‘butyli-
dyne’ species bound by only one carbon
atom as proposed by Godbey et al. (9) or
flat di- or tetra-o adsorbed species as sug-
gested by Avery and Sheppard (/0) from
TDS and EELS evidence and confirmed by
theoretical calculations of Maurice and Mi-
not (/7). In fact both the butylidyne and the
“‘flat adsorbed’” species could coexist on
the surface, the latter being the catalytically
active species. The concentration of butyli-
dyne might be expected to be structure sen-
sitive but it seems to us unlikely that these
species would act as a cocatalyst or hydro-
gen transfer agent. It is more reasonable to
think that in the presence of a large excess
of hydrogen and whatever its orientation,
the surface is mainly covered with flat ad-
sorbed hydrocarbon molecules; the latter
would leave a very small fraction of avail-
able sites for the dissociation of hydrogen.
The observed activity of the H,-D, ex-
change, which is, on average, 10 times lower
than that observed on each plane in the ab-
sence of butadiene, directly gives an evalua-
tion of the surface free of hydrocarbon and
(or) of the defects in the adsorbed layer,
namely one-tenth of the total active surface
area. Our experimental results lead us to
propose a mechanism involving flat ad-
sorbed species and allow a correlation be-
tween kinetics and adsorption strength of
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the main reaction intermediate. From the
orders with respect to butadiene, it appears
that, when Py decreases from 50 to 3 Torr:

—on Pt(110), there is no influence on ki-
netics;

—on Pt(100), below Py, = 10 Torr, the
order of the reaction of butadiene hydroge-
nation is not affected but the order of the
reaction of butane formation toward butadi-
ene pressure becomes negative (this experi-
mental feature indicates that butane princi-
pally comes from readsorption of butenes
which is competitive with adsorption of bu-
tadiene);

—on Pt(111), butadiene is even more de-
stabilized, the surface being no longer satu-
rated for the conversion of butadiene (the
order becomes positive) when Pc g, is below
10 Torr.

As a consequence, we propose that the
reaction takes place between an active ad-
sorbed species in a flat configuration with
hydrogen dissociated on the fraction of the
surface, which is left free.

Activity in C,H,, C,Hy, CsHyg
Hydrogenation on Pt(111)

The decreasing initial activity observed
when passing from C,H, to C;H, and even
more from C,H, to Cs;Hg results from com-
bined size and configuration effects.

It appears that the rate of H,—D, exchange
is not affected by ethene but decreases by a
factor of 8 in the presence of butadiene and
slightly more in the presence of isoprene.
An explanation can be given by the occu-
pancy of the surface. As a matter of fact
numerous works have been devoted to C,H,
adsorption and in particular the coverage at
saturation is still controversial: C/Pt maxi-
mum ratio is said to be 0.5 or 1 (12, 13, 14)
and in any case much lower than the ratio
reached after C,H, or CsHg adsorption. This
rather low value of ethene coverage of the
surface only slightly affects the rate of disso-
ciation of hydrogen.

Comparing the rates of C,H,, C,H, and
Cs;Hg hydrogenation, one must consider the
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conjugated character of the C=C bond of
C,H¢ and C;Hg which is known to be in-
volved in the adsorption and to react differ-
ently from the isolated C==C bond of C,H,.

Considering that the decrease of the rate
of H,—-D, exchange is similar with butadiene
and isoprene, the drastic difference in the
hydrogenation rates of these two molecules
must be due to the nature of the hydrocar-
bon-metal interactions. Recent work (/5)
has shown that on Pt(111) the first mono-
layer corresponds to C/Pt = 1.5 for butadi-
ene and C/Pt = 1 forisoprene, respectively.
This suggests that under our hydrogenation
conditions, the number of molecules of hy-
drocarbon adsorbed on the surface and
available for hydrogenation is much lower
in the case of isoprene than in the case of
butadiene. This is undoubtedly induced by
the CH; group which has a steric effect and
an electronic donor effect to the double
bond in the « position and which strongly
influences the adsorption as well as the reac-
tivity of the molecule.

Selectivity in the C,H, Hydrogenation on
Pt(111), Pt(110), and Pt(100)

In previous papers, we have established
that at low conversion the formation of bu-
tane proceeds in the main by hydrogenation
of 1-butene and we proposed the following
triangular reaction scheme:

(2) 1-butene (ads’)

™~

(1) butane

1-butene (ads)

in which process 1 means an immediate sec-
ond hydrogenation which does not require
areadsorption of 1-butene, and is equivalent
to a direct conversion of butadiene to bu-
tane, whereas process 2 results from desorp-
tion—-readsorption of 1-butene before its hy-
drogenation; 1-butene (ads’) represents a
change of adsorption site of 1-butene.

This second hydrogenation scheme would
be valid on the three considered surfaces,
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with one or the other path being prevalent
under particular conditions. The variations
of the selectivity in butenes with the temper-
ature (Fig. 4) can be explained by the above
presented mechanism of second hydroge-
nation:

—Anincrease of the selectivity in butenes
with temperature suggests that process 1 is
predominant on the surface: butenes un-
dergo a second hydrogenation, their desorp-
tion is partially activated by temperature,
and is not compensated by readsorption.
This would be the case of Pt(100) at T <
120°C.

—A decrease of selectivity in butenes
with temperature suggests that the forma-
tion of butane is promoted by the readsorp-
tion of butenes and this more easily at high
temperature, when the surface is partially
free of butadiene. This would be the case of
Pt(100) at T > 120°C. On Pt(110), the slight
increase of butenes is in agreement with a
strong adsorption of both butadiene and bu-
tenes. On Pt(111), the selectivity is almost
constant with temperature, suggesting that
desorption and readsorption of butenes
compensate each other.

The influence of Pcy, on the selectivity
can be simply correlated with the strength
of adsorption of the hydrocarbon on the sur-
face: on Pt(111) and Pt(100), the proportion
of butenes increases with P y_because in
the range of pressure, 3 Torr < Py, <10
Torr, the coverage in butadiene varies as
already seen in the above discussion of the
reaction orders. On Pt(110), the selectivity
does not change with Py , because, as indi-
cated by constant and zero values of the
orders, the surfaces remain saturated with
butadiene.

The influence of Py is opposite to that of
Pc .. OnPr(111)and Pt(100), the selectivity
does not change with Py ; let us note that
the influence of Py and the orders were stud-
ied at a value of T and P, for which the
selectivity is governed by process 1, i.e.,
without desorption-readsorption of bu-
tenes. The fact that neither the orders nor
the selectivity change with Py, simply indi-
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cates that both the reactions of first and sec-
ond hydrogenation are identically affected
by Py, and that the mechanism does not
change. On Pt(110), the selectivity in bu-
tenes slightly increases when Py, decreases;
this feature goes with an increase of the or-
ders which means either a change of the
most abundant intermediate species or a
change of the coverage in hydrogen.

To sum up, when varying the reactant
pressures, the surfaces which exhibit
changes of selectivity are the ones for which
reaction orders vary:

—Pt(110) with Py ;

—Pt(111) and Pt(100) with Pcy,-

These analogies clearly show that the se-
lectivity in butenes is directly correlated
with the nature of the species covering the
surface. It appears that at constant Py, the
selectivity in butene is related to the cover-
age in hydrocarbon; at constant Pc y it is
related to the capability of the surface to
dissociate hydrogen. Note that the change
in butene fractions are much less important
with Py, on P(110) than with Pcy on
Pt(111) and Pt(100).

Selectivity of olefines in C.H and CsHy
Hydrogenation on Pt(111)

Experimental results show that on
Pt(111) the selectivity in olefines, and in
particular the influence of temperature and
reactant pressures, depends on the geome-
try of the molecule. The fraction of meth-
ylbutenes increases with 7 but does not
change with Pcy  when the fraction of
butenes does not change with T but in-
creases with Pcy . These points can be
correlated with the relative positions of the
adsorption isotherms of C ;H, and CsHg on
Pt(111). Some recent experiments (/5)
have shown that, in the 107 Torr range
pressure, the surface becomes saturated
with isoprene for a lower pressure than it
does with butadiene. This leads us to sug-
gest that below 10 Torr of hydrocarbon,
the surface may no longer be saturated
with C,H, but, in the same conditions, is
still saturated with C,H,. This explains the



366

respective influences of the pressures for
butadiene and isoprene.

The influence of temperature is only ob-
served for isoprene (Fig. 7) and is in
agreement with the adsorption of methylbu-
tenes being less strong than that of butenes.
The desorption of the CsH; species would
be enhanced by an increase of temperature,
thereby giving an improvement of the selec-
tivity in olefines.

The most significant difference in the se-
lectivities of butadiene and isoprene hydro-
genations was observed at high conversion
(Fig. 8) with a fraction of olefines much
higher in the latter case than in the former.
This is again proof of the weaker adsorption
of methylbutenes compared to that of bu-
tenes.

CONCLUSION

This detailed study of the hydrogenation
of both butadiene and isoprene has revealed
a considerable structure sensitivity of the
selectivity in olefines under certain condi-
tions of temperature and pressure, and a
remarkable correlation between variations
of the reaction orders and changes in the
selectivity. The main results can be summa-
rized as follows:

—The reaction of butadiene hydrogena-
tion is structure sensitive with an increase
of the turnover frequency by a factor 5 from
the denser to the rougher planes:

Pt(111) < Pt(100) < Pt(110)

Concerning both butadiene and isoprene
hydrogenation, the surface works as a bi-
Sfunctional catalyst, hydrogenation and ex-
change seem not to occur upon the same
kind of sites. Moreover:

—the catalytic surface works with a hy-
drocarbon layer present, the species not be-
ing identical on the three studied surfaces;

—the hydrocarbon layer does not prevent
the dissociation of hydrogen but it induces
both a geometrical blocking effect and an
electronic effect (change of the orders of the
H,-D, exchange reaction);

—the rates of hydrogenation of both buta-
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diene and isoprene are not controlled by the
dissociation of hydrogen.

The influence of the reaction conditions,
temperature and pressure, can cause a
complete change of mechanism, passing
from a ‘‘Somorjai type’’ mechanism in-
volving carbon surface species at
Py,/Pyc close to unity to a Langmuir-Hin-
shelwood type mechanism as proposed
above for Py /Pyc > 10 with the fraction
of “‘active’’ dissociated hydrogen strongly
depending on Py and Pyc.

The selectivity seems to be essentially
dependent on the strength of adsorption of
the diolefine and olefine. Some ways of
improving the selectivity, i.e., of destabi-
lizing the olefine, appear to be either a
modification of the surface by blocking
some of the too reactive and adsorbing
sites or by a modification of the molecule
by a steric and electronic effect such as a
CH,; substituent. All these modifications
tend to diminish the residence time of the
once hydrogenated product. With a better
understanding of the surface mechanism
offered by very precise catalytic studies
but also by theoretical model studies, one
can expect to find a way to improve the
selectivity of a simply hydrogenation re-
action.
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