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The hydrogenation of ethylene was studied by passing a mixture of ethylene and hydrogen
over LaNi; PrCo;, LaCo;, CeCos, and SmCos in a temperature range from —85 to —46°C.
The reaction was also carried out over LaNisH, 4, PrCosH, 4, LaCosH;s, CeCosHi.r, and
SmCo;H; . ; by admitting only ethylene under similar conditions. It was found that the reaction
proceeded at much higher rates over the hydrides than over their corresponding metal alloys.
The rate of hydrogen desorption from the hydrides was separately measured, and the rate-
determining step of hydrogenation over the hydrides was concluded to be the migration process
of absorbed hydrogen atorms from the bulk of the compounds onto the surface.

INTRODUCTION

Some activated intermetallic compounds
of transition metals, such as LaNi;, PrCos,
LaCo;, CeCos, ete., absorb appreciable
amounts of hydrogen in atomic form under
high pressures which desorb rapidly at
reduced pressures, and a considerable
amount of work has been done on the
equilibrium between hydrogen and these
compounds (7). Few studies, however, have
been carried out so far on the reactivity of
such absorbed hydrogen atoms (hydrides).

Recently Coon et al. (2) and Wallace
et al. (3) have reported that these inter-
metallic compounds catalyze the reaction
of carbon monoxide and hydrogen to form
methane at 250-300°C, and they also
catalyze ammonia synthesis at 300-530°C.
We have also studied the hydrogenation of
ethylene over LaNi;H, (n = 0.62, 0.92,
1.5, 2.1, and 2.4) and PrCo;H. 4 as well as
over LaNi; and PrCo; in a temperature
range from —60 to —84°C and observed
that the rates of hydrogenation over
LaNi;H, and PrCo;H,_ 4 are far greater than

those over LaNi; and PrCo; (4—6). These
results strongly suggest that the reactivity
of the hydride hydrogen is far greater as
compared with that of gaseous hydrogen
and that the hydrogenation takes place
mainly by using the hydride. In this report
more varieties of alloy hydrides were
employed to examine the mechanism of
the reaction in more detail.

EXPERIMENTAL

Preparation  of LaNisH,, PrCosH,,
LaCosH ,, CeCosH ,, and SmCosH ,. Binary
alloys of LaNi;, PrCo;, LaCoj;, CeCos, and
SmCos were obtained from Moly Corp.
The alloys were adequately washed with
purified acetone and then treated at 450°C
for several hours under vacuum (ca.
4 X 10~ mm Hg). The alloys were exposed
to a hydrogen pressure of 100 atm at 450°C,
cooled step by step to room temperature,
evacuated, and then gradually heated to
450°C under vacuum. By repeating such
treatments the alloys are activated so that
they absorb hydrogen quite rapidly at
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450°C. The compounds of T.aNi;H,,
PrCosH,, LaCo;:H,, CeCosH,, and
SmCozH, thus obtained were preserved at
room temperature under an atmospheric
pressure of hydrogen.

Apparatus and procedure of the hydrogena-
tion of ethylene. The hydrogenation of
ethylene was studied in a conventional gas
circulation system with a dead space of
about 300 e¢m? including the reactor. The
reactor was a quartz tube about 17 cm long
and 2.0 ¢m in diameter. It was confirmed
that the speed of circulation pump used in
the present system was sufficiently fast in
comparison to the reaction rate.

The research grade ethylene used in this
work was obtained from Takachiho Chem-
ical Corp. and purified by the conventional
method.

About 0.40 g of each alloy was supported
on silica wool in the reaction tube. Prior to
every measurement of the reaction the
alloys were subjected to the following
treatments: LaNi;H,, PrCosH,, LaCo;H,,
CeCosH,, and SmCo;H, were heated at
400°C under vacuum (ca. 4 X 107 mm
Hg) for 3 hr, exposed to hydrogen (30 to
40 cm Hg) at 400°C for 1 hr, cooled quickly
to —78°C, kept at —78°C for 2 to 10 hr,
and then quickly brought to a reaction
temperature. The composition of the com-
pounds was estimated from the pressure
drop of hydrogen as LaNi;H.4, PrCosH, 4,
LaCosH,.9, CeCosHi.7, and SmCosHj.».

After the temperature of the catalyst,
which was measured by a thermometer
inserted at the center of the catalyst bed,
reached a reaction temperature, the reac-
tion tube was quickly evacuated to remove
hydrogen in the gas phase, and then the
reactant (ethylene or mixture of ethylene
and hydrogen) was admitted. The reacting
gas was analyzed by gas chromatography.

RESULTS AND DISCUSSION

The hydrogenation of ethylene was first
carried out at —78°C by admitting the
mixture of hydrogen (5.7 ¢m Hg, 0.90
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mmol) and ethylene (8.5 em Hg, 1.35 mmol)
over LaNis;, PrCo;, LaCos;, CeCos, and
SmCo; which were heated at 400°C for
3 hr under vacuum (ca. 4 X 10— mm Hg)
and cooled quickly to a reaction tempera-
ture in the absence of gaseous hydrogen.
In these cases, the total pressure in the gas
phase decreased gradually during the reac-
tion. The number of moles of ethane formed
in the reacting gas exactly agreed with that
of hydrogen disappearing in the gas phase,
which indicates that no gaseous hydrogen
was absorbed by these alloys under the
experimental conditions and that these
alloys are free from hydrides.

The hydrogenation of ethylene was then
studied at —78°C over 0.40 g of these
alloys using various pressures of hydrogen
and ethylene. The initial rates of the hydro-
genation followed by gas chromatography
are summarized in Table 1. The data shown
in Table 1 lead to the following rate
expression :

r = k1PH2l'0PEO, (1)

where r is the initial rate of the hydrogena-
tion, k; is the rate constant, and Py, and
Pg, are the initial pressures of hydrogen
and ethylene, respectively. The rate con-
stants obtained from the hydrogenation
over these alloys at various temperatures
under the same pressures of hydrogen (5.7
em Hg) and ethylene (5.4 em Hg) are
shown in Table 2 together with the ap-
parent activation energies. The activation
energies obtained were almost the same in
all cases, but the rate constants were
significantly dependent upon the alloys.
The hydrogenation of ethylene was then
conducted at —78°C over 0.40 g of
LaNisH,. 4+ (containing 2.23 matom of H),
PI‘CO5H2,4 (222 matom), LaCO5H1,9 (178
matom), CeCosHi, (1.57 matom), and
SmCozH;.» (1.08 matom) by admitting only
ethylene (9.2 em Hg, 1.46 mmol). The
results obtained are shown in Fig. 1. Almost
no change of the total pressure was observed
until most of ethylene was converted into



HYDROGENATION OF ETHYLENE

ethane, but the analysis by gas chroma-
tography showed ethane was being formed
at a very high speed. It was also confirmed
that the reacting gas contained only a trace
of hydrogen in every case. Accordingly, it
may be concluded that the ethylene was
hydrogenated by the hydrogen in the
hydrides.

The reaction was also studied at —78°C
over 0.40 g of the same catalysts by using
various pressures of ethylene.

The following equation, which was pre-

TABLE 1

Rates of Hydrogenation Obtained under Various
Pressures of Ethylene and Hydrogen at —78°C

Alloy Pu, Pg r (mmol of C;Hsg/
(em Hg)  (cm Hg) g of cat min)
LaNis 4.0 8.5 412 X 10
7.7 8.5 8.93 X 10
11.7 8.5 1.17 X 1073
19.0 8.5 1.95 X 1073
5.7 2.6 6.53 X 10~
5.7 4.0 6.78 X 107¢
5.7 8.1 6.69 X 10~¢
5.7 15.8 6.60 X 104
PrCo; 3.1 6.0 1.06 X 1073
10.8 6.0 3.60 X 107®
15.2 6.0 5.12 X 1073
6.0 6.0 2.11 X 1073
6.0 2.9 2.14 X 10~3
6.0 10.1 2.13 X 103
LaCos 2.1 5.5 221 X 103
9.2 5.5 9.97 X 1078
15.5 5.5 1.58 X 104
5.6 2.2 5.54 X 10~5
5.6 5.5 5.54 X 1075
5.6 8.7 4.99 X 1075
CeCos 4.7 6.7 1.21 X 1074
16.7 6.7 3.81 X 10
10.5 6.7 2.24 X 10~
10.5 2.2 2.15 X 1074
10.5 14.6 2.32 X 10
SmCos; 2.3 6.4 225 X 10~
16.1 6.4 1.61 X 1073
6.5 6.4 592 X 104
6.5 2.1 6.09 X 10—
6.5 15.8 5.85 X 10~
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TABLE 2

Rate Constants [k; in Eq. (1)] Obtained at Vari-
ous Temperatures for the Reaction between Ethylene
and Hydrogen over Different Alloys

Alloy Temperature  ki(gtof  E(kcal/mol)

(°C) cat min™1)

LaNi; —-60 942 X 10 6.8
—69 4.17 X 10+
—78 2.05 X 107
—83 1.35 X 1074

PrCos —51 1.35 X 1072 6.9
—57 9.00 X 1073
—65 4.91 X 10~
—73 2.95 X 107
—78 1.70 X 1073

LaCos —46 5.05 X 101 6.8
—60 1.91 X 107
—70 8.20 X 1075
—78 4.24 X 1075

CeCos —52 741 X 1075 6.4
—60 5.00 X 10-%
—70 2.45 X 1073
—78 1.23 X 1075

SmCoj; —48 5.19 X 1073 6.5
—60 221 X 107®
—71 9.65 X 1076
—78 5.26 X 107§

viously proposed in the hydrogenation of
ethylene over LaNi;H, (5), can be approxi-
mately applied for every case:

y=3C—C) or Ci=Ci—2, ()

where y, Cy, and C, denote the amount of
the resulting ethane (mmol of C.He/g of
cat) at time ¢, and the amounts of the
hydride (matom of H/g of cat) at time ¢
and 0, respectively. By using the data
shown in Fig. 1, C, was calculated according
to Eq. (2) and In €, was plotted against the
reaction time ¢ (Fig. 2), which leads to

InC, = —kot +1nCy
or
dy
r=—= %kZCt = k:scz, (3)
dit
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Fie. 1. Hydrogenation of ethylene by alloy hydrides at —78°C over 0.40 g of alloys in 9.2 cm
Hg of ethylene.
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F1a. 2. Plots of In C, vs reaction time t. Hydrogenation reactions were conducted at —78°C
over 0.4 g of each alloy in 9.2 em Hg of ethylene. C; represents the amount of the hydrides at
time {. @, an arbitrary constant.
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TABLLE 3

Rate Constants [k, in lq. (3)] Obtained with Various Pressures of Ethylene
and at Various Temperatures

Alloy Pg (em Hg) ks at —78°C Temperature k3 at various E (keal/mol)
(g7t of cat min™) 0 temperatures
(g7 of cat min™1)

LaNi;H, 4 9.1 5.11 X 107 —75 6.20 X 107 5.7
16.0 4.92 X 10! —78 5.11 X 107!
—80 4.30 x 10!
-85 2,92 X 10

PrCo;Hs 4 5.0 2.09 X 10— —62 8.18 X 102 6.0
9.2 2.20 X 1072 —67 5.01 X 102
16.1 2,15 X 1072 —69 4.18 X 1072
—-78 2.20 X 1072

LaCo:H, s 5.8 4.09 X 10 —66 9.08 X 103 5.2
9.1 4.15 X 103 —72 6.10 X 10-*
15.9 4.02 X 1073 —-75 5.05 X 103
—78 4.15 X 103
—80 3.65 X 1073

CeCosHy,7 4.3 2.65 X 1073 -57 1.17 X 1072 5.7
9.3 2.32 X 103 —66 5.11 X 103
16.1 2.40 X 107® —78 2.32 X 10-3

SmCo;H; 2 4.5 1.11 x 102 —65 2.88 X 102 5.7
9.2 1.21 x 102 -72 1.55 X 10-2
16.5 1.07 X 1072 —78 1.21 X 102

where r is the rate of the formation of
ethane (mmol of Cy;Hs/g of cat min) at
time ¢, and %, and k; denote the rate con-
stants (g! of cat min—!) for the consump-
tion of the hydrides and the formation of
ethane, respectively. The values of the rate
constant, ks, obtained are summarized in
Table 3. The data shown in Table 3 indicate
that the rate constant, ks, is independent
on the pressure of ethylene. The hydrogena-
tion of ethylene was also conducted at
various temperatures over 0.40 g of the
same catalysts using a constant pressure of
ethylene (9.2 em Hg). The values of ks
obtained at various temperatures are also
shown in Table 3 together with the ap-
parent activation energies.

About 0.40 g of LaNi5H2‘4, PI‘CO5H2_4,
La CosHy.9, CeCosH; .7, and SmCosH; .o were
prepared at —78°C in the same reactor

according to normal procedures. They were
briefly evacuated at —78°C to remove
ambient hydrogen, and then the pressure
increase in the vessel was continuously
measured. The initial rate of hydrogen
desorption from the hydrides obeyed Eq.
(3) in every case. The rate constants,
[4s in Eq. (3)], for the desorption obtained
at various temperatures are shown in
Table 4 together with the apparent activa-
tion energies. In most cases both the values
of k3 and the apparent activation energies
are very close to those of the hydrogenation
of ethylene (Table 3). These results strongly
indicate that the rate-determining step of
ethylene hydrogenation by hydride hy-
drogen is the migration of hydrogen in the
hydrides from the bulk to the surface,
which was previously suggested in the case
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F1a. 3. Dependence of » on the pressure of hydrogen. Hydrogenation reactions were conducted

at —78°C over 0.40 g of each alloy.

of LaNizH, (5), and also that it is inde-
pendent of ethylene pressure.

Then, the hydrogenation of ethylene was
conducted at —78°C over 0.40 g of the
same catalysts using the mixture of hy-
drogen and ethylene. The initial rates, 7,
followed by gas chromatography (Table 5)
were almost independent of the pressure of
ethylene. In the cases of hydrogenation over
LaNi5H2,4, C8005H1‘7, and SmCOaHl.Z, the
total pressure remained almost unchanged
until most of ethylene was converted into
ethane and then decreased gradually. The
decrease in the total pressure may be
attributed to the absorption of gaseous
hydrogen into the alloy. In fact, it was con-
firmed at —78°C over the activated LaNis
alloy by using the mixture of hydrogen
(12.5 ¢cm Hg) and ethane (7.5 em Hg) that
gaseous hydrogen was absorbed at a con-
siderably high speed. This implies that
ethane produced during the hydrogenation
hardly blocks the hydrogen adsorption,
but ethylene seems to retard the hydrogen

absorption (5). Over other hydrides, the
total pressure decreased gradually from the
initial stage of the hydrogenation reaction.
The decrease in the total pressure in these
cases may be attributable to the consump-
tion of gaseous hydrogen by the hydrogena-
tion of ethylene. Figure 3 shows the
dependence of the initial rates of hydro-
genation on the hydrogen pressure. With
increasing hydrogen pressure, the hydro-
genation rate was markedly diminished in
the case of LaNi;H,.,, hardly affected in
the cases of CeCosH; 7 and SmCosH; », and
accelerated to some extent in the cases of
PrCo;H..; and LaCo;H,s, respectively.
However, the precise mechanism for such a
different effect of hydrogen over various
alloy hydrides is left to be studied in the
future.

Then, the hydrogenation of ethylene was
conducted at —78°C over several kinds of
LaCo;H, which were prepared by evacu-
ating LaCos;H;, for 4 to 16 hr under
vacuum (ca. 4 X 105 mm Hg) at —78,
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TABLIS 4

Rate Constants [y in Eq. (3)] Obtained at Various
Temperatures in the Desorption of Hydride

E (keal/mol)

Alloy Tempera- k(g7 of
ture cat min™?)
(°C)
TaNisH, 4 —60 3.82 X 1071 5.3
—69 2.15 X 107!
—78 1.10 X 10!
—84 6.74 X 102
PI‘COE.I{;)_‘4 —48 1.72 X 10t 6.0
—56 1.02 X 107!
—62 6.01 X 1072
—78 2.20 X 102
LaCosHi s —55 3.05 X 1072 5.4
—60 2.30 X 102
—65 1.59 X 102
—78 6.78 X 107#
CeCosHy 7 —48 249 X 102 6.2
—63 8.28 X 1073
—78 2.32 X 1072
SmCozH 4 —50 1.48 X 101 6.1
—60 7.74 X 107
—70 4.30 X 102
—78 2.30 X 102

—50, —20, and 0°C and quickly bringing
it to the reaction temperature. The amounts
of hydride left in the alloys after the
evacuation (prior to the hydrogenation)
were also estimated as follows: Each alloy
hydride was heated at 400°C for 1 hr under
a reduced pressure, and the hydrogen
evolved in the gas phase was measured by
collecting with a Toepler pump. The
amounts of hydrogen evolved are shown in
Table 6, which clearly shows that most of
the hydride hydrogen is left in the bulk
hydride under these evacuation conditions
at lower temperatures. The hydrogenation
of ethylene over these hydrides was ex-
amined at —78°C by admitting only
ethylene (5.2 em Hg) over 0.40 g of the
evacuated alloy hydrides. The hydrogena-
tion of ethylene hardly took place over
these evacuated alloys. That is, the hydride
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hydrogen left in the alloys no longer comes
out under these conditions, in contradiction
to the fact that most of the hydride hydro-
gen easily comes out during the hydrogena-
tion of ethylene under similar conditions as
described above. The precise reason is,
however, not clear at present.

The hydrogenation of ethylene was
carried out at —78°C over the evacuated
alloys by admitting the mixture of hydrogen
(19.5 e¢cm Hg, 3.09 mmol) and ehtylene
(5.8 em Hg, 0.92 mmol). As shown in

TABLE 5

Rates of Hydrogenation Obtained with Various
Pressures of Ethylene and Hydrogen at —78°C

Alloy P, Pe r (mmol of C,Hs/
(em Hg) (em Hg) g of cat min)
LaNisH, ¢ 37.0 2.1 3.44 X 1072
37.0 4.6 3.90 X 102
37.0 8.5 3.92 X 102
37.0 14.3 3.73 X 1072
1.1 8.5 3.83 X 107!
2.0 8.5 2.25 X 101
9.5 8.5 3.70 X 1072
12.6 8.5 3.44 X 1072
20.5 8.5 3.79 X 1072
PrCosH, 4 21.5 4.0 3.55 X 102
21.5 9.2 3.46 X 102
21.5 15.8 343 X 1072
7.0 9.2 2.34 X 1072
27.0 9.2 4.02 X 102
38.2 9.2 5.11 X 102
LaCosHy 4 19.4 2.1 7.60 X 103
19.4 5.7 7.30 X 108
19.4 14.0 7.73 X 1073
10.1 5.7 4.22 X 1073
35.1 5.7 1.25 X 10~*
55.3 5.7 1.89 X 1072
CeCosH, 7 10.3 4.4 2.36 X 103
10.3 8.6 2.51 X 1073
10.3 16.1 241 X 1073
3.5 4.4 2.65 X 1073
SmCmH;,z 9.4 4.7 6.35 X 103
9.4 9.1 6.93 X 107#
9.4 15.7 6.71 X 1073
2.2 4.7 6.83 X 10—*
22.5 4.7 6.52 X 1073
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TABLE 6

Effect of the Evacuating Temperature on the
Catalytic Activity for the Hydrogenation of Ethyl-
ene (5.8 cm Hg) in the Presence of Hydrogen
(19.5 em Hg)

Evacuation Remaining r (mmol of C,Hg/
temperature hydride g of LaCo; min)
in the pre- hydrogen,
treatment LaCosH,
(°O) (mb)
~78 — 410 X 103
— 500 17.5, n = 1.7 1.24 X 103
—20° 16.3,n = 1.6 5.30 X 10
0 47,0 =14 1.67 X 10—

¢ Evacuating time, 16 hr.
b Evacuating time, 4 hr.

Table 3, the initial rates followed by gas

chromatography remarkably decreased
with an increase in the evacuating
temperature.

Kuijpers (1) measured in some detail the
lattice parameters of LaCos; and LaCosH.
by X-ray diffraction analysis, and it was
found that the lattice parameters of
LaCosH, expand with increasing concen-
tration of the hydride (n). Such a phe-
nomenon can also be expected in the present
case. In addition, many of the character-
istic physical properties of the alloy, such
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as concentration of defects, distribution of
pores, ete., are considered to depend on the
content of the hydride (n), the evacuation
conditions of the alloy, and the kind of the
alloys. These physicochemical properties
of the alloy might affect the rate of the
hydrogenation.
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