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1,3-Butadiene hydrogenation has been catalyzed by rhenium film, rhenium wire, rhenium—
silica, and rhenium supported on various aluminas. Products over uncontaminated catalysts
were typically 1-butene, 549 ; trans-2-butene, 309;; cis-2-butene, 139, ; butane, 3%, this
composition being fairly insensitive to reactant pressures and temperature. Such reaction at
150°C was first order in initial hydrogen pressure and negative order in initial butadiene pres-
sure; the activation energy over the range 60-155°C was 35 =4 4 kJ mol1. The reaction of 1,3-
butadiene with deuterium over rhenium-silica at 100°C is reported in detail. From the kinetics,
the product composition, and the distribution of deuterium in the products it is concluded that
the mechanism of hydrogenation is adequately described by that proposed for the nickel-
catalyzed reaction in Part IIT of this series (J. J. Phillipson, P. B. Wells, and G. R. Wilson,
J. Chem. Soc. A, 1351, 1969). The low butane yield, which is notable by comparison with the
high yield obtained over the neighboring element osmium, is attributed to the measured low ex-
tent of hydrogen occlusion in rhenium. The distribution of deuterium in the butane shows that
virtually no butene-butyl interconversions occur during butane formation and suggests that
butane is formed at special sites. Contamination of rhenium by sulfur caused the 1:4 addition
process to predominate and reduced the butane yield nearly to zero.

INTRODUCTION The factors that determine the butane

yield have been reviewed (6, 7).

All the isomeric normal butenes are
always formed as initial products. The
Group 8 metals usually provide 1-butene
as the major product, the irans:cis ratio in
the 2-butene being about 2. Deuterium
tracer studies of reactions over cobalt and
nickel (3) and over rhodium and platinum
(8) have established that this butene com-
position is the primary product, and that
butene isomerization before desorption is
negligible,

The mechanism of 1,3-butadiene hydro-
genation catalyzed by each of the Group 8
metals and copper has been described in
previous parts of this series (1-3). Both
butene and butane are formed as initial
products. For reactions at low pressure
(butadiene ~hydrogen~ 100 Torr typically)
and moderate temperatures (0-150°C) the
the butane yield is zero over copper (3) and
gold (4, ), small (0.5-5%) over iron, cobalt,
nickel, and palladium (7, 2), and more ex-

tensive over the remaining Group 8 metals;
butane may be the major product of
iridium- and osmium-catalyzed reactions.

Under certain conditions nickel and
cobalt behave as preferential 1:4-addition
catalysts; the mechanism operative under
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these conditions has been established (3),
and recently this behavior has been shown
to be due to surface contamination by sulfur
or certain other nonmetals (9).

Catalysis by rhenium has come into
prominence in recent years since its in-
corporation in the platinum-reforming cata-
lyst led to improvements in performance
(10-13). However, there is still little in-
formation available concerning the mecha-
nism of simple reactions catalyzed by this
metal. In 1973 we described the reaction
of ethylene with deuterium catalyzed by
179%, rhenium-silica in the range of 25-
150°C (14). The characteristics of the reac-
tion, as regards the relative probabilities of
the elementary steps, were similar to those
previously reported for the neighboring
cph metals ruthenium and osmium (15)
but different from those reported for the
fce metals rhodium, palladium, iridium,
and platinum (16). However, the specific
activity of rhenium-silica was several
orders of magnitude lower than that re-
ported for silica-supported Group 8 metals
by Schuit and van Reijen (17).

The purpose of the present work was to
establish the mechanism of 1,3-butadiene
hydrogenation over rhenium, to compare
the selectivity of rhenium with that of the
Group 8 metals, and to determine whether
the product composition was influenced by
sulfur contamination in the manner already
established for cobalt and nickel (9).

EXPERIMENTAL METHODS
Catalyst Preparation

All supported catalysts contained 179%
by weight of rhenium.

Rhenium supported on silica (Re-S).
Aerosil 200 silica (Bush, Beach and Segner
Bayley) was impregnated with the required
amount of ammonium perrhenate from an
aqueous solution at 100°C. Then 0.3 g of
the impregnated material was placed in the
reaction vessel at 25°C and reduced in situ.
With hydrogen flowing through the vessel

GRANT, MOYES, AND WELLS

at 5 liters h—1, the temperature was raised
to 450°C over a period of about 2 h,
maintained at 450°C for 18 h, and then
allowed to fall to 100°C. The hydrogen
flow was then stopped, the vessel was
evacuated, and the catalyst was ready
for use.

Rhenium supported on a-aluming (Re-Al).
a-Alumina was prepared by heating Analar
aluminium nitrate to 1320°C for 120 h; the
oxide so formed was found to have the
corundum structure (by X-ray powder
photography) and a surface area of about
3 m? g7! (by the BET method). Impregna-
tion was achieved as described above for
Re-S; reduction was at 500°C in static
hydrogen, the hydrogen being changed
frequently.

Rhenium supported on (a + x)-alumina
(Re-A2). Pelleted alumina (ICI, Billing-
ham; surface area, 13.7 & 0.9 m? g™1) was
used as support. Impregnation and reduc-
tion at 500°C were as described for Re-S.

Rhenium supported on high area alumina
(Re-A3). Peter Spence Type A alumina
(Al;O3-H,0; surface area, 183 + 4 m? g—%)
was used as support. Impregnation and re-
duction were as described for Re-S.

Rhenitum supported on a-alumina tnten-
tionally contaminated by sulfate (Re-A4).
a-Alumina (0.25 g) was impregnated at
100°C with an aqueous solution containing
0.060 g of ammonium perrhenate and 0.010
g of aluminium sulfate. The sample was
reduced by the procedure described for
Re-Al.

The preparation of Re-A5 is described
in the text.

Rhenium wire (10 em in length, 0.025 ecm
in diameter) was supplied by Engelhard
Industries and had a certified purity of
99.99%. The wire catalyst was mounted
and activated by electrical heating to in-
candescence in hydrogen as described pre-
viously (2).

Rhenvum film was prepared by evapora-
tion from a carefully degassed filament in
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ultrahigh vacuum (pressure not greater
than 10-7 Torr during evaporation).

Catalysts Re-S, Re-A2, and Re-A3 were
examined by X-ray powder photography.
All photographs showed the expected dif-
fraction pattern for metallic rhenium and
no lines were attributable to any of the
rhenium oxides, from which we conclude
that reduction was complete. The rhenium
particle size distribution obtained by elec-
tron microscopy for a 179, rhenium-silica
catalyst reduced at 500°C is reported in
Ref. (14); in that case 779, of the particles
were below 50 A in size.

Apparatus, Materials, and Methods

With the exception of the rhenium film,
all catalysts were contained in static Pyrex
reactors (130 cm?®) connected to high-
vacuum apparatus. Catalysts Re-S, Re-A2,
Re-A3, and rhenium wire were investigated
using an apparatus fitted with greased
taps; Re-Al, Re-A4, and Re-A5 were
studied using a grease-free apparatus. In
both sets of apparatus pressures and pres-
sure changes were measured by means of a
mercury manometer. Rhenium film was
prepared in a 420-cm?® Pyrex vessel attached
to an ultrahigh vacuum apparatus; pressure
measurement during reaction was achieved
by use of a pressure transducer.

1,3-Butadiene, hydrogen, and deuterium
were purified as previously described (1, 3).

Reaction mixtures were analyzed and
separated into pure components by gle.
Positive ion mass spectra of hydrocarbons
were obtained using an ionization energy of
12.0 eV. The correction of the mass spectra
for the natural abundance of #*C and for
ion fragmentation provides the deuterium
distribution in the product, i.e., the pro-
portions of molecules containing 0, 1, 2,
3, ..., ndeuterium atoms. The ‘“hydrogen”
adsorbed at the catalyst surface consists
of D and H atoms in the effective ratio a:b.
For discussions of mechanism we require
the quantities No, N1, Nz, Ni ..., N
(the N-profile) which describes the propor-
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tions of the product containing 0, 1, 2,
3, ..., n “hydrogen” atoms which have
come from the surface pool of H and D
atoms. The method described by Smith
and Burwell (18) for the calculation of
N-profiles has been used, together with the
computational and manual procedures de-
scribed in Part IV of this series (8). Table
2 contains experimentally determined deu-
terium distributions accompanied by the
best calculated distributions and the N-pro-
files and values of a:b used in the calcula-
tions. Sinee agreement between observed
and calculated distributions is good, only
deviating a little in respect of C4Hg and
C,H;D, the discussion of mechanism is
based on the interpretation of the N-profiles.

RESULTS AND DISCUSSION
Butene Formation

The initial rate of 1,3-butadiene hydro-
genation over Re-S and over rhenium wire
at 154°C, r, varied with initial reactant
pressures according to Eq. (1):

r = kP, P, (1)

The activation energy (Re-S, 60-155°C;
Re-A3, 100-150°C) was 35 + 4 kJ mol-1,
These orders and activation energies are
typical of those reported for the Group 8
metals (I, 3), and indicate that butadiene
is strongly adsorbed and hydrogen is
weakly adsorbed at the rhenium surface
under these conditions.

Product compositions at low conversion,
obtained using each catalyst at 150°C, are
given in Table 1. The initial produet com-
positions over Re-S, Re-A2, Re-A3, and
Re wire varied only slightly with initial
reactant pressures and temperature (e.g.,
Re-S: hydrogen = 50-300 Torr; butadiene
=18-68 Torr; temperature = 60-155°C).
As reactions progressed the 1-butene yield
diminished very slowly (except over Re
wire, see below) and that of the 2-butenes
correspondingly increased. When reaction
mixtures contained an excess of hydrogen,
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TABLLE 1
Products of 1,3-Butadiene Hydrogenation Obtained Using Various Rhenium Catalystse

Catalyst Catalyst Temperature Butene composition (%) Selectivity®
support? (°C)
1-Butene  trans- cis-
2-Butene 2-Butene
Re-Al a-AlO; 150 55 31 14 0.980
Re-A2 (a + x)-Al0; 150 57 29 14 0.970
Re-S Silica 150 55 32 13 0.960
100 57 30 13 0.990
100¢ 50 33 17 0.880
Re None (film)e 150 54 34 12 0.910
Re None (wire) 150 44 41 15 1.000
1504 49 34 17 0.990
Re-A3 Commercial 150 44 37 19 1.000
alumina
Re-A4 a-Al:057 150 42 45 13 0.999
Re-Ab5 a-ALO," 150 26 50 24 0.998

¢ Reaction conditions (except for Re film) : initial pressures, C4Hs = 50 Torr, Hy = 100 Torr; conversion

~15%.

® Metal loading of all supported catalysts = 17% by weight.

¢ Selectivity = [butenes]/([butenes] + [butane]).

¢ Conversion = 679%, other conditions as in Footnote a.
¢ Reaction conditions: initial pressures, CsHg = 5 Torr, H; = 10 Torr; conversion = 59.
/ See text; rhenium intentionally contaminated by sulfur.

high selectivity for butene formation was
retained until 909, or so of the butadiene
had been removed, and no acceleration in
rate occurred as butene hydrogenation be-
came appreciable.

Table 1 shows that virtually identical
butene compositions and selectivities were
obtained using rhenium film, rhenium-
silica, and the two rhenium-aluminas,
Re-Al and Re-A2. The evaporated film,
prepared as it was under ultrahigh vacuum
conditions, was devoid of adventitious im-
purities, and the product composition thus
characterizes the behavior of a surface that
is clean except for carbon contamination.
With this as a reference point, we infer that
the surfaces of Re-Al, Re-A2, and Re-S
were also devoid of adventitious impurities
that modify the butene composition or
selectivity. These product compositions re-
semble most closely those previously ob-
tained over nickel-alumina (e.g., at 77°C
1-butene = 509, ; trans-2-butene = 35%:;

cis-2-butene = 149%,; selectivity = 0.99)
reported in Part III (3).

The product compositions obtained over
Re-A3 and over rhenium wire differed
from those obtained over Re-Al, Re-A2,
and Re-S; there was a slight preferential
formation of 2-butene, and the butane
yield was zero (limit of detection = 0.019).
Previous work with nickel and cobalt
catalysts (9) has shown that these effects
might be due to the presence of a nonmetal
contaminant at the surface; sulfur is the
most likely contaminant, but phosphorus,
arsenic, antimony, and bromine exert a
similar effect. Sulfur contamination of
Re-A3 can reasonably be suspected because
the support was found to contain 0.39,
sulfate. To determine whether sulfur was
responsible for this behavior catalyst Re-A4
containing sulfate, but otherwise identical
to Re-Al, was prepared and examined.
The butene composition and selectivity
provided (Table 1) by this catalyst closely
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Fr1a. 1. A cross section through the Pyrex reaction
vessel used for the preparation and evaluation of
Re-A5. The material in the bucket (A) was initially
a-alumina impregnated with aluminium sulfate; the
material outside the bucket (B) was initially
a-alumina impregnated with ammonium perrhenate.

resembled that of Re-A3, and hence sulfur
contamination of the latter can reasonably
be supposed.

We were curious to know whether the
transfer of sulfur contaminant from the
support to the metal occurred by surface
transport or via the gas phase. Accordingly,
catalyst Re-A5 was prepared in the vessel
shown in Fig. 1. The inner glass compart-
ment or bucket contained a-alumina im-
pregnated with aluminium sulfate, and the
outer compartment contained a-alumina
impregnated with ammonium perrhenate.
The standard reduction procedure (see
Experimental Methods), which does not
generate volatile rhenium oxide, provided
catalyst Re-A5 which was a very good
1:4-addition catalyst of low activity (Table
1). Thus we conclude that surface contami-
nation of metal by the transport of a sulfur
compound through the gas phase can occur
when catalyst supports containing sulfate
are employed and that this contamination
modifies the 1:2/1:4-addition properties
of the resulting catalyst when it is used to
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achieve 1,3-butadiene hydrogenation. This
is the first occasion on which we have been
able to induce extensive 1:4-addition
activity at the surface of a metal other
than cobalt or nickel (9).

The product composition obtained using
the rhenium wire suggests that this surface
too was contaminated, but we have no
evidence of the identity of the contaminant
in this case. A remarkable effect was ob-
served with this catalyst in the following
sense. As a given reaction progressed, the
butene composition changed as shown in
Table 1 (the opposite of the trend with un-
contaminated catalysts, see above), the
reaction accelerated, and butane formation
commenced. On the assumption that the
mechanism proposed in Ref. (9) for the
modification of cobalt and nickel by the
action of sulfur and bromine applies to this
contaminated rhenium surface, we interpret
these observations to mean that the reac-
tion of butadiene with hydrogen caused a
progressive clustering of the adsorbed con-
taminant, thus creating a larger area of un-
contaminated surface at which reaction
typical of the uncontaminated surface
could occur. If this conclusion is correct
then evacuation of the reactant mixture
and/or exposure to pure hydrogen between
runs had the effect of dispersing the
clustered contaminant, because the product
composition at low conversion in each of a
series of runs was as shown in Table 1.
Such dispersal was also observed previously.

Reaction of 1,3-butadiene with deu-
terium over Re-S at 100°C was examined in
detail. The distribution of deuterium in the
hydrocarbon products is shown in Fig, 2
and Table 2. Deuterium appeared in the
butadiene, indicating that the rate of de-
sorption of the reactant was appreciable.
The rate of appearance of HD was very
slow, which is consistent with the proposed
low surface coverage of hydrogen and
deuterium atoms. The deuterium distribu-
tions in the butenes are similar to those ob-
served in the nickel-catalyzed reaction
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(3, 19). N-Profiles for the butenes at all
measured ‘conversions were calculated (20).
The calculated and observed distributions
agree well (those for 119, conversion are
shown in Table 2), the only disparities
occurring at C,H;z and C,H+D. The N-pro-
files reveal that, at low conversions, 71-78%,
of the butene is formed by direct hydro-
genation of butadiene [Eq. (2)]:

-

butene-N,.

2H (ads)
or
CHe(ads) + H(ads) + D(ads)
or
2D (ads)
(2)

Smaller yields of products undergo exchange
as well as hydrogenation (N;—Ns), but no
completely exchanged butene was formed.

The N-profiles for butenes obtained in
the rhenium-catalyzed reaction are closely
similar to those reported for the nickel-
catalyzed reaction at 68°C (3); a compari-
son at comparable conversion is given in
Table 3. The N-profiles have the same
general shape; over each metal the N,
contribution is largest in cis-2-butene, and
a subsidiary maximum or discontinuity in
the profile occurs at -N¢. In view of these
similarities, we propose that the very de-
tailed discussion of the mechanism of the
nickel-catalyzed reaction applies mutatis
mutandis to the rhenium-catalyzed reac-
tion, and that Schemes 1A and 2 in Part I11
(3) adequately represent the processes in-
volved and their relative importance.

The effective ratio of deuterium to hy-
drogen atoms at the surface, utilized in
butene formation (see a:b values, in Table
2), was slightly higher at the rhenium sur-
face than at the nickel surface at com-
parable conversion. This arises because the
extent of exchange of H for D in the
butenes was slightly higher in the nickel-
catalyzed reaction.
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Fia. 2. The variation, with pressure fall, of the
yields of isotopically distinguishable products in the
reaction of 50 Torr of 1,3-butadiene with 100 Torr of
deuterium over rhenium-silica at 100°C. (A) CHs;
(B) C.H;D; (C) C.HD:. Very small yields of all
other deuteriated butadienes were obtained but are
not shown. (Filled points) C.H;; (D) CH.D;
(E) CHDy; (F) CiH;Ds; (G) CHuDy. Very small
yields of C,H;D; and C,H,Ds were obtained but
are not shown. CsHD7 and C.Ds were not observed.

Butane Formation

A remarkable feature of the rhenium-
catalyzed reaction is the high selectivity
for alkene formation that was achieved.
The butane yield was 5% at 70°C over
rhenium-silica and over rhenium-alumina,
which compares with 379, obtained over
osmium-alumina under the same condi-
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TABLL 2

Observed and Caleulated Distributions of Deuterium in Products and N-Profiles

361

Compound  Conversions x Deuterium ad
(%) number?
0 1 2 3 4 5 6 7 8 9

1-Butene 11 Obsd CiHs_zD: (%) 83 19.3 53.9 11.2 4.5 2.0 0.8 0.0 00 1.94
N2 00 00 732 148 6.6 23 3.1 0.0 0.0 80:20

Caled CaHs-zDz (%) 3.1 246 53.9 11.1 4.5 2.0 08 0.0 0.0 1.98

trans-2-Butene 11 Obsd CiHs_:D: (%) 52 223 542 126 3.6 1.3 0.8 0.0 0.0 1.94
Nz 0.0 00 71.5 185 6.6 0.3 3.1 00 0.0 80:20

Caled CiHs D= (%) 28 248 542 125 36 13 0.8 00 0.0 1.96

cis-2-Butene 11 Obsd CiHs_.Dz (%) 9.0 218 554 9.5 2.9 09 05 0.0 0.0 1.80
Nz 00 00 794 13.7 55 05 09 00 0.0 80:20

Caled C4Hs-zD: (%) 3.3 26.5 564 95 29 09 05 00 0.0 1.87

Butane 27 Obsd C4Hio-zDz (%) 0.5 0.0 4.0 208 527 146 45 1.5 1.0 0.4c 4.03
Nz 00 00 00 0.0 689 20.1 69 1.7 1.3 1.1¢ 90:10

Caled CaH1o-:Ds (%) 0.0 03 3.6 21.6 5256 146 45 1.5 1.0 04 4.04
trans-2-Butene 27 Nz 00 00 693 21.2 59 18 1.8 00 00 78:22

e Qther experimental conditions as given in Fig. 1.

b Deuterium number = mean number of deuterium atoms present per molecule.

¢ Observed CiDjo = zero; Ni-butane = zero.

tions (7). The butane yield early in reac-
tion may depend on several factors (6), in-
cluding (i) the relative specific activities of
the metal for butadiene hydrogenation and
for butene hydrogenation, (ii) the differ-
ence between the free energies of adsorption
of butadiene and butene (if this difference
is considerable butadiene may rapidly dis-
place adsorbed butene), and (iii) the exis-
tence of regions in the metal in which hy-
drogen ocelusion occurs (6, 7). The absence
of a marked acceleration or deceleration in
the rate when the conversion of butadiene
to butene gave way to butene hydrogena-

tion, over both rhenium and osmium,
shows that the situation with respect to
factor (i) above was similar for these two
metals. The proportion of butane in the
products increased only slowly with in-
creasing conversion (0-509,) over both
rhenium and osmium, which suggests that
the situation with respect to factor (ii) was
similar also. This led us to compare the
extents of hydrogen occlusion in rhenium
and osmium.

We have demonstrated (6, 7, 21) that
the extent of butane formation in butadiene
hydrogenation over Ru, Rh, Os, Ir, and Pt

TABLE 3

Comparison of N-Profiles of Butenes Formed in 1,3-Butadiene Hydrogenation over
Rhenium-Silica at 100°C and over Nickel-Alumina at 68°Ce

Catalyst Con- Product N N; N, N; N, N; Ng ab
version
Re? 40 1-Butene 61.7 26.0 7.4 2.1 2.8 0.0 0.0 75:25
trans-2-Butene 65.5 22.0 7.7 2.2 2.6 0.0 0.0 76:24
cis-2-Butene 70.5 18.8 7.1 0.2 3.4 0.0 0.0 77:23
Nie 54 1-Butene 57.0 15.0 11.0 10.0 5.0 1.0 1.0 66:34
trans-2-Butene 63.0 15.5 9.0 2.5 10.0 0.0 0.0 67:33
cis-2-Butene 65.7 18.8 5.3 4.7 4.5 1.0 0.0 63:37

@ Initial pressures: butadiene = 50 Torr; deuterium = 100 Torr.

5 This work.
< Reference (3).
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increased with the extent to which these
metals occlude hydrogen (as measured by
butene titration or by exchange of occluded
hydrogen for deuterium). Rhenium powder
was prepared in like manner to the catalysts,
and the extent of hydrogen ocelusion was
measured. Butene titration at 100°C indi-
cated an empirical formula of ReHy ¢;; this
extent of occlusion is lower than that re-
corded for Rh (z in MH, = 0.02), Ru
(z = 0.04), Os (x = 0.07), or Ir (x = 0.13-
0.20). The observation that rhenium pro-
vides a lower yield of butane in butadiene
hydrogenation than do Rh, Ru, Os, or Ir
under comparable conditions provides a
useful extension of our correlation (7) and
demonstrates that this factor probably
determines the high selectivity of rhenium
for butene formation.

The deuterium distribution in the butane
(Table 2) provides information concerning
the mechanism of butane formation from
butene. The N-profile of the butane is
almost identical to that of butenes formed
simultaneously (Table 2). This shows that
the consecutive addition of two hydrogen
or deuterium atoms [Eq. (3)], is the major
process, and that the chance of adsorbed
butyl reverting to adsorbed butene is very
slight
+X +X

> C4X9 —> C4X10(g)
' (X =Hor D). (3

C4X3

This is the first occasion on which we have
observed such direct formation of butane
from butene in butadiene hydrogenation.
Over rhodium and platinum the extent of
butyl-butene interconversion was con-
siderable (8); other metals have not been
examined in this respect. This trend mirrors
that observed in the ethylene-deuterium
reaction at 25°C, where the chance of ethyl
conversion to ethane, relative to its chance
of conversion to ethylene, is highest over
rhenium (up to 819%) and lowest over
rhodium and platinum (up to 169%) (14).
The value of a:b associated with the
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N-profile of butane, 90:10, differs from
that associated with the N-profile of the
butene, 78:12 (Table 2). Again this was so
for the rhodium- and platinum-catalyzed
reactions (8). This is further evidence that
butane was formed at special sites at the
surface, possibly cognate to regions of hy-
drogen occlusion in the metal (7).

CONCLUSION

Rhenium catalyzes 1,3-butadiene hydro-
genation to give a butene distribution and
selectivity not dissimilar to those obtained
over nickel. Use of deuterium as a tracer
reveals that the mechanisms at the two
surfaces bear a fundamental similarity, de-
spite the fact that rhenium is a metal of
high melting point and cph structure,
whereas nickel has a relatively low melting
point and an fce structure. The slight pref-
erence of the uncontaminated rhenium
surface to catalyze 1:2-addition of hydrogen
to butadiene can be converted to a prefer-
ence for 1:4-addition, at the expense of some
activity, by the action of sulfur; this
property is also possessed by nickel and
cobalt. The low yield of butane obtained
by direct hydrogenation of butadiene over
uncontaminated rhenium is attributed to
the low extent of hydrogen occlusion in
this metal.
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