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The hydrogenation of 1,3-butadiene was carried out over a palladium membrane at 100 °C in two ways: (1)
by hydrogen permeating the membrane, and (2) by hydrogen premixed in the gas phase. In the reactions using
permeate hydrogen, hydrogenation at the higher pressures of butadiene was limited by the hydrogen permeation;
namely, the rate was determined by the pressure of hydrogen upstream. The product composition was, at the

same time, unchanged by the reaction rate.

At the lower pressures of butadiene, the selectivity for butene

formation was decreased with the decrease in the butadiene pressure, and the reaction rate was approximately
equal to that when the premixed hydrogen was used over the B-phase membrane. The mechanism of the
reaction using premixed hydrogen over the a-phase membrane was analyzed quantitatively by obtaining the
dissolved hydrogen concentration from the measurement of the hydrogen-permeation rate from the reaction
surface. It was elucidated that the reaction was limited by the hydrogen adsorption, the rate of which was
affected by the presence of 1,3-butadiene, and that the reaction rate was much smaller than that when permeate

hydrogen was used.

The catalytic hydrogenation of olefins is one of the
reactions investigated most frequently. Palladium,
among the metallic catalysts employed for hydrogena-
tion, has the peculiar property of dissolving a large
amount of hydrogen at room temperature and of mak-
ing the hydrogen diffuse through it. It has been
reported that the reaction of propylene by the hydro-
gen dissolved in palladium proceeds much faster than
that by gaseous hydrogen.! The present authors have
also observed that the hydrogen permeating the palla-
dium membrane enhanced the hydrogenation of 1,3-
butadiene.? For the hydrogenation of ethylene, how-
ever, no such enhancement could be observed.

The measurement of the hydrogen-permeation rate
through the a-phase palladium membrane showed
that the hydrogen permeation from the reaction sur-
face was decreased by the reaction of 1,3-butadiene, not
by the reaction of ethylene. It was considered, there-
fore, that the enhancement of olefin hydrogenation
was related to the decrease in the hydrogen-permeation
rate.?

In a previous study,® the present authors analyzed
the kinetic mechanism of ethylene hydrogenation by
means of permeate hydrogen. The hydrogen transport
was considered to consist of three processes: (I) hydro-
gen adsorption or desorption on the membrane sur-
face, (II) transfer into or out of the membrane through
the interface, and (III) diffusion through the mem-
brane. As for the hydrogenation of ethylene by means
of permeate hydrogen, the reaction rate was found to
be expressed by the mechanism assuming that the
equilibrium was established for Processes (I) and (II) at
the reaction surface of the membrane.? In the case of
1,3-butadiene hydrogenation, the results of the
hydrogen-permeation-rate measurement suggested that
the equilibrium was not established.

In the present paper, the concentration of dissolved
hydrogen in the vicinity of the reaction surface of the
membrane was calculated from the permeation rate
and the hydrogen sorption equilibrium data. Using
the concentration thus calculated, the kinetic mecha-

nism of 1,3-butadiene hydrogenation was investigated
quantitatively based on the mechanism of hydrogen
transport memtioned above.

Experimental

Materials. The palladium membranes purchased from
the Tanaka Kikinzoku Kogyo Co. were 99.95% pure and 50
pm thick. The membrane was pretreated before the reac-
tion as follows: Primarily, the membrane degreased with
acetone was polished electrolytically in 0.5 Mt H,SO, aque-
ous solution, and palladium black was electrodeposited on
both the surfaces of the membrane in 0.05 M of a PdCl,
aqueous solution. Secondly, the membrane was oxidized in
air at 600 to 700°C.¥ Then, the oxidized membrane which
was set into the reactor was reduced by hydrogen at room
temperature and heated in nitrogen stream to the reaction
temperature in order to remove the hydrogen dissolved in the
membrane.

The hydrogen contained in a cylinder was 99.99999% pure,
and the other gases and reagents employed in the experi-
ments were commercial-grade and were used without further
purification.

Reactor and Procedure. The reactor, made of stainless
steel, was separated into two compartments of equal volumes
by the use of a palladium membrane pinched by reduced
copper gaskets. Reactant gases were introduced into one
compartment, called the reaction compartment, and hydro-
gen into the other, called the hydrogen compartment, for
hydrogenation by means of permeate hydrogen. The effec-
tive area for hydrogen permeation was 4.9 cm?. The details
about the reactor was described elsewhere.?

The hydrogenation of 1,3-butadiene was carried out by
two different methods: (I) by the use of hydrogen permeating
the palladium membrane from the hydrogen compartment,
and (II) by the use of premixed hydrogen. The reaction
system by Method (I) was named the permeation system;
here, a mixture of 1,3-butadiene and a diluent gas such as
nitrogen passed through the reaction compartment. The
system by Method (II) was named the mixture system; here, a
mixture of hydrogen, 1,3-butadiene, and nitrogen was passed
through the reaction compartment, with nitrogen filling the
hydrogen compartment.

1 M=1moldm-3.
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Fig. 1. Hydrogenation rates of 1,3-butadiene over a

0.005cm palladium membrane and hydrogen
permeation rate, J, at 100°C and at the upstream
hydrogen pressure of 100 kPa. Triangles represent
the rates of the reaction by premixed hydrogen of
47 kPa.

The molar fractions of the component gases were deter-
mined with a gas chromatograph equipped with a TC detec-
tor. The column packings were VZ-7 for the analysis of
hydrocarbons and Molecular Sieve 13X for hydrogen.

The reaction was carried out at 100°C for both systems.
The partial pressures of 1,3-butadiene ranged from 1 to 41
kPa. The hydrogen partial pressures ranged from 10 to 100
kPa for the permeation system and from 1 to 47 kPa for the
mixture system. The flow rate in the reaction compartment
was kept at 500—600 cm®min~! in order to avoid limiting
the reaction rate by mass transfer in the gas-boundary film.9

Results

Hydrogenation by Permeate Hydrogen. Figure 1
shows the hydrogenation rate and the hydrogen per-
meation rate as a function of the 1,3-butadiene pres-
sure at the upstream hydrogen pressure of 100 kPa.
The behavior of the reaction rate was different from
that for ethylene hydrogenation, which showed that
the dependence of the reaction rate on the ethylene
pressure could be expressed approximately by two
straight lines.%

At the butadiene pressures higher than 20 kPa, the
hydrogenation rate was approximately constant and
almost identical with the hydrogen-permeation rate.
The hydrogenation rate at the butadiene pressure of 40
kPa is shown in Fig. 2 as a function of the upstream
hydrogen pressure. The rate was varied linearly with
In Py when the hydrogen pressure was higher than 35
kPa, which approximately corresponds to the min-
imum pressure for forming the B8-phase at the reaction
temperature.® While the reaction rate was changed by
the upstream hydrogen pressure, the composition of
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Fig. 2. Hydrogenation rate of 1,3-butadiene by per-
meate hydrogen through a 0.005cm Pd mem-
brane at the butadiene pressure of 40kPa and at
100°C as a function of the upstream hydrogen

pressure.
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Fig. 3. Product distribution in the hydrogenation of

1,3-butadiene by permeate hydrogen at 100°C. Filled
symbols represent the compositions under the
hydrogen permeation limitation and open symbols
otherwise.

the products was substantially unchanged, and the
selectivity for butene formation was more than 0.98
(Fig. 3).

At the butadiene pressures lower than 20 kPa, the
hydrogenation rate was dependent on the butadiene
pressure. At a pressure as low as 1 kPa, the rate was
very close to that obtained for the mixture system at the
hydrogen pressure of 47 kPa, where the membrane
formed the B-phase. However, the pressure of the
unreacted hydrogen in the reaction compartment was
much lower than the minimum pressure for forming
the B-phase. Since the hydrogen-permeation rate
under a reaction was approximately independent of
the reaction rate or the butadiene pressure, the pressure
of the unreacted hydrogen increased as the reaction
rate decreased. With the increase in the unreacted hy-
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Fig. 4. Hydrogenation rate of 1,3-butadiene by
premixed hydrogen over an a-phase Pd membrane of
0.005 cm at 100°C. 1,3-Butadiene pressure (kPa)-————-
0:1.0,0: 2.5, A: 5.0, V: 7.0.
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Fig. 5. Hydrogen permeation rate from the reaction

surface of a0.005 cm Pd membrane at 100°C. Keys are
the same as in Fig. 4.

drogen pressure, the product composition was remar-
kably changed, as is shown in Fig. 3.

Hydrogenation by Premixed Hydrogen. The hydro-
genation was performed over the palladium mem-
brane of two different phases. When the membrane
consisted of the B-phase, i.e., when the hydrogen pres-
sure was over 30 kPa, the hydrogenation rate was pro-
portional to the butadiene pressure, as is shown in Fig.
1. In the case of the a-phase membrane, the rate was
proportional to the hydrogen pressure and independ-
ent of the butadiene pressure, as is shown in Fig. 4.

As for the latter case, the hydrogen-permeation rate
from the reaction side to the other side of the mem-
brane was also measured; it is shown in Fig. 5. The
permeation rate was strongly dependent on the buta-
diene pressure. The hydrogen-permeation rate after
the butadiene feed to the reactor had been stopped was
well recovered to the initial permeation rate. The con-
centration of the dissolved hydrogen in the vicinity of
the reaction surface, n, was calculated from the per-
meation rate by the use of Eq. 1:

Py . J
K T DI M

n =
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Fig. 6. Dissolved hydrogen concentration in the
vicinity of the reaction surface under reaction at
100°C as a function of hydrogen pressure. Keys are
the same as in Fig. 4.

Py is the hydrogen pressure in the compartment to
which hydrogen diffuses, and J is the hydrogen per-
meation rate. Ky is Sieverts’ constant; [, the membrane
thickness; «, the hydrogen concentration at n=1, and
D,, the hydrogen-diffusion coefficient through the a-
phase palladium. The calculated values of the hydro-
gen concentration under the reaction, shown in Fig. 6,
were lower than those in equilibrium with the gaseous
hydrogen and decreased as the butadiene pressure
increased.

Discussion

Hydrogenation by Permeate Hydrogen. The pre-
vious kinetic analysis of reaction by permeate hydro-
gen® obtained the following results. When the adsorp-
tion constant of hydrogen is much larger than the
value determined by the operational condition, the
reaction rate increases in proportion to the olefin-
surface coverage until the rate becomes equal to the
hydrogen-diffusion rate, and thereafter the rate is
limited by the diffusion rate. This case was observed
in the hydrogenation of ethylene. When the hydrogen-
adsorption constant is as large as the value deter-
mined by the operational condition, the reaction rate
increases, but not in proportion to the olefin surface
coverage.

Based on the analysis presented above, the behavior
of the hydrogenation of 1,3-butadiene shown in Fig. 1
can be explained either by the small adsorption con-
stant of hydrogen affected by butadiene, or by the non-
Hnear adsorption isotherm of butadiene and the large
hydrogen-adsorption constant. The hydrogenation
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rate by permeate hydrogen at a butadiene pressure of
less than 3 kPa was found to be smaller than that
by premixed hydrogen over the B-phase membrane,
where the hydrogen surface coverage was considered to
be unity. The adsorption constant of hydrogen under
the reaction of 1,3-butadiene, therefore, was not so
large as that under the reaction of ethylene. It was
concluded that the presence of 1,3-butadiene affected
the hydrogen adsorption. This conclusion was sup-
ported by the change in the butene selectivity caused
by the butadiene pressure, as is shown in Fig. 3.

At a butadiene pressure as high as 40 kPa, it was
observed that the hydrogenation rate for the permea-
tion system was over ten times larger than that for the
mixture system at the same hydrogen pressure as low
as 0.2 kPa.? This suggested that the rate-determining
step was different between the two systems. For the
permeation system, the reaction rate was limited by the
hydrogen permeation through the membrane, since
the rate was varied linearly with In Py and since its
slope was in good agreement with that predicted for
the hydrogen permeation limitation.® Thus, it is
reasonable to consider that the permeate hydrogen is
ready to react with the adsorbed butadiene after reach-
ing the reaction surface when butadiene is adsorbed in
a sufficient amount.

Rate Process over a-Phase Membrane for the Mix-
ture System. The hydrogenation rate equation over
the a-phase membrane was expressed as:

R = kP 10Py0, (2)

This equation for the a-phase is different from that for
the a-phase, but is often met with in the hydrogena-
tion of olefins. Sato et al.” analyzed the kinetic mech-
anism of ethylene hydrogenation over various metallic
catalysts, including palladium, and reached the con-
clusion that the rate-determining step lies on the hyd-
rogen adsorption. Since it was found that 1,3-
butadiene affects the hydrogen adsorption, as has been
discussed above, it is reasonable to assume that the
hydrogenation of butadiene proceeds under the
hydrogen-adsorption limitation.

It is generally difficult to determine the rate equa-
tion of the surface reaction under the adsorption lim-
itation. In the 1,3-butadiene hydrogenation, however,
there have been many studies which provide some
knowledge about the reaction mechanism. The mech-
anism neglecting the conformations of the adsorbed
butadiene and butenes can be described as follows®:

1 3
C/Hy(gas) == C/Hy(ads) == C;H; — C,H,(ads).

The half-hydrogenated species, C4H; may change back
to diene and to butene. Since it has been reported that
the ratio of hydrogen to deuterium atoms on the palla-
dium surface is low,? the reverse reaction of the half-

hydrogenation (Step 2) can be considered to be a slow-

step. When the reaction of half-hydrogenated species
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with hydrogen (Step 3) proceeds faster than the reverse
reaction, the rate equation is expressed as:

R = kgﬂﬂﬂn. (3)

When the hydrogenation occurs on the palladium
membrane, hydrogen is, at the same time, dissolved
into the membrane and diffuses through the mem-
brane. These processes are shown schematically in
Fig. 7. The rate equations of these processes may be
presented as:

dissolution: ry = R0y — ko 4)

diffusion : ry = ky(n—n,) = kyn (5)

The hydrogen adsorption rate is:
adsorption: r, = R, Py (6)

Where ki and k, are the rate constants for hydrogen
transfer into a membrane and out of a membrane
respectively. kq is equal to kD./l, as has been noted
previously. k. is the rate constant of hydrogen
adsorption.

From Egs. 4 and 5, the concentration of the dis-
solved hydrogen atom, 7, in the steady-state is
expressed as:

- _k
"= etk OE @)
and:
kik
Tg =174 = koj'}ea Oy. (8)

Since the hydrogen-adsorption rate is equal to the sum
of the reaction rate and the diffusion rate, then:

kqk
y = (kaon+ P ;ed)an. 9

From Egs. 6, 7, and 9, the following expression is
obtained:

n = kaPH
(Ro+ ko) kbl + Ry

(10)
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The reaction rate was much larger than the hydrogen-
permeation rate, as is shown in Fig. 5, and the next
expression can be derived:

kel > iR/ (Ro+Ra)- (11)
Finally, n is expressed as:

- Rk, Py

" Ralhothd o

Equation 12 shows that the concentration of the dis-
solved hydrogen is dependent on the butadiene surface
coverage as well as the hydrogen pressure. It was
found that the behavior of the hydrogen concentration
shown in Fig. 6 can be qualitatively explained by Eq.
12.

From Eq. 12, the butadiene coverage is expressed by
the following equation:

___kk, Py 1
b5 = FalthotF)) n (13)

Since the Langmuir-type adsorption isotherm has a
wide applicability, it was assumed that the adsorption
of butadiene obeys the Langmuir-type isotherm under
the present experimental conditions; namely:

Py 1

0s  Ks

+ Py (14)

Therefore, a quantitative examination of Eq. 12 can
be made by a cross plotting of nPg/Py against Pk, as is
shown in Fig. 8. Since the relationship between
nPg/Py and P was described fairly well by a straight
line, Eq. 12 was considered to be reasonable. In addi-
tion, the result that the calculated value of the buta-
diene adsorption constant, 0.23 kPa~1, was larger than
that of 1-butene® at 100°C was consistent with the
result obtained by other investigators.?” It was con-
cluded that, for the present mixture system, the reac-
tion was limited by the hydrogen adsorption and that
the hydrogen adsorption was affected by the adsorp-
tion and/or the reaction of 1,3-butadiene.

Comparison of Reaction Rates for the Mixture and
Permeation Systems. Based on the above considera-
tions, the reason for the difference in the reaction rates
for the permeation and mixture systems at the same
composition of reactant gases may be explained as
follows.

For the mixture system, the concentration of hydro-
gen atoms on the catalyst surface is very small because
the hydrogen adsorption is strongly affected by the
butadiene adsorption and/or the reaction. For the
permeation system, on the other hand, hydrogen
atoms are supplied from the dissolved phase in palla-
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Fig. 8. Plot of nPs/Py against Ps for the hydrogena-
tion of 1,3-butadiene at 100°C.

dium, and the hydrogen-transfer process through the
interface is scarcely affected at all since the reaction
was not limited by this process, but by the diffusion
process in bulk. Therefore, the surface coverage of
hydrogen for the permeation system can considerably
exceed that for the mixture system, even at the same
hydrogen pressure. Thus, the reaction proceeded
much faster for the permeation system than for the
mixture system.
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