UNITED STATES DEPARTMENT OF COMMERCE

ALEXANDER B. TROWBRIDGE, Secretary,

NATIONAL BUREAU OF STANDARDS - A. V. ASTIN, Director

Hydrogenation of Ethylene on Metallic Catalysts

Juro Horiuti* and Koshiro Miyahara*

Hokkaido University
Sapporo, Japan

*Prepared under contract at the
Hokaido University
Sapporo, Japan

NSRDS—-NBS 13
National Standard Reference Data Series-
National Bureau of Standards 13
(Category 6 — Chemical Kinetics)

Issued

For Sale by the Superi d of D U.S. Gover Printing Office
Washington, D.C. 20402 — Price $1.00



Foreword

The National Standard Reference Data System is a Government-wide effort to provide for
the technical community of the United States effective access to the quantitative data of physical
science, critically evaluated and compiled for convenience, and readily accessible through a
variety of distribution channels. The System was established in 1963 by action of the President’s
Office of Science and Technology and the Federal Council for Science and Technology.

The responsibility to administer the System was assigned to the National Bureau of Standards
and an Ofhce of Standard Reference Data was set up at the Bureau for this purpose. Since 1963,
this Office has developed systematic plans for meeting high-priority needs for reliable reference
data. It has undertaken to coordinate and integrate existing data evaluation and compilation
activities (primarily those under sponsorship of Federal agencies) into a comprehensive program,
supplementing and expanding technical coverage when necessary, establishing and maintaining
standards for the output of the participating groups, and providing mechanisms for the dissemina-
tion of the output as required.

The System now comprises a complex of data centers and other activities, carried on in
Government agencies, academic institutions, and nongovernmental laboratories. The independent
operational status of existing critical data projects is maintained and encouraged. Data centers
that are components of the NSRDS produce compilations of critically evaluated data, critical
reviews of the state of quantitative knowledge in specialized areas, and computations of useful
functions derived from standard reference data. In addition, the centers and projects establish
criteria for evaluation and compilation of data and make recommendations on needed modifications
or extensions of experimental techniques.

Data publications of the NSRDS take a variety of physical forms, including books, pamphlets,
loose-leaf sheets and computer tapes. While most of the compilations have been issued by the
Government Printing Office, several have appeared in scientific journals. Under some circum-
stances, private publishing houses are regarded as appropriate primary dissemination mechanisms.

The technical scope of the NSRDS is indicated by the principal categories of data compilation
projects now active or being planned: nuclear properties, atomic and molecular properties, solid
state properties, thermodynamic and transport properties, chemical kinetics, colloid and surface
properties, and mechanical properties.

An important aspect of the NSRDS is the advice and planning assistance which the National
Research Council of the National Academy of Sciences-National Academy of Engineering provides.
These services are organized under an overall Review Committee which considers the program
as a whole and makes recommendations on policy, long-term planning, and international collabora-
tion. Advisory Panels, each concerned with a single technical area, meet regularly to examine
major portions of the program, assign relative priorities, and identify specific key problems in
need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs, the present state of knowledge, and existing data
resources as a basis for recommending one or more data compilation activities. This assembly
of advisory services contributes greatly to the guidance of NSRDS activities.

The NSRDS-NBS series of publications is intended primarily to include evaluated reference
data and critical reviews of long-term interest to the scientific and technical community.

A. V. AsTIN, Director.
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Hydrogenation of Ethylene on Metallic Catalysts

Juro Horiuti and Koshiro Miyahara

Reaction rate data for the catalyzed hydrogenation of ethylene, primarily in the presence of un-
supported metallic catalysts, are cirtically reviewed. Reaction mechanisms are discussed in detail,
and a statistical mechanical treatment of the reaction is given, according to the generalized theory
of reaction starting from the well-known procedure of Glasstone, Laidler, and Eyring. Data for single-
element catalysts and alloys are included and interpreted, as aré—data illustrating differences due
to the physical form of the catalyst (film, foil, wire, powder, and some supported systems). Problems
are discussed concerning reproducibility of experimental results over repeated runs, and as a function
of catalyst pretreatment. The data is analyzed in 29 graphs and 29 tables, some of which are very

extensive. The bibliography includes 141 references.

Key Words: Critical data, ethylene, hydrogenation, metallic catalysts, reaction mechanisms,

reaction rates.

1. Introduction

The catalyzed hydrogenation of ethylene in the
presence of metallic catalysts, especially nickel,
has been a subject of intensive investigations, as
a prototype of catalyzed hydrogenations of the sort,
since its discovery by Sabatier and Senderens [1].!
The catalyzed hydrogenation was found to be
associated with parahydrogen conversion [2], which
turned out to be a useful profile of the reaction.
In 1932 deuterium appeared as a powerful tool for
revealing further profiles of the reaction. These
profiles were traced in the early days by following
the parahydrogen content as well as deuterium
content in hydrogen by means of the thermal con-
ductivity method developed by Farkas, Eley, and
others {3, 4]; the deuterium content was at that
time also determined by measuring the density of
water to which the hydrogen of samples in question
was converted [5]. The research work has been
substantially facilitated since 1950 when the
infrared and mass spectrometers came into daily
use for investigations of adsorbed states and for
the determination of deuterium content as well
as the relative amounts of different deutero-
compounds.

Notwithstanding this progress in experimental
techniques, there remained a serious, unresolved
difficulty in exploring the catalyzed hydrogenation
of ethylene. Rates of the catalyzed hydrogenation
as well as of the associated reactions decline
markedly and apparently uncontrollably on repeti-
tion of the runs over the same sample of catalyst.
Few data are thus available, as they stand, for
analysis of the catalyzed hydrogenation. It has
been found, so far, that the decline in rate is caused,
not only by impurities in the reactants, e.g., mercury
vapor, or in catalysts which have escaped their pure
preparation, but also by products of a side reaction
of ethylene, i.e., its polymerization or dehydro-
genated adsorption on the catalyst.

!Figures in brackets indicate the literature references at the end of this paper.

The character of catalyzed hydrogenation depends
further on the form and condition of the catalyst,
i.e., differs for evaporated films, powders, wires,
and plates or catalyst supported on some dispersed
medium, e.g., alumina or silica gel. For instance,
ethylene is polymerized over nickel catalyst sup-
ported on kieselguhr but not over unsupported
nickel powder. Moreover, some alloy catalysts are
considerably more active than either of their
components.

Films of various metals evaporated on glass walls
were introduced by Beeck [6] in 1945 for the inves-
tigation of catalyzed hydrogenation. The evaporated
film had been accepted at that time as the cleanest
possible surface, and this piece of work hence raised
lively hopes of correlating the catalytic activity and
the characteristics of catalyst metals in view of the
associated difficulty mentioned above. For this
reason, more emphasis should be laid on unsup-
ported catalysts than on supported catalysts, which
might be associated with additional complications.

We deal in this monograph mainly with the cata-
lyzed hydrogenation in the presence of unsupported
catalysts, especially of evaporated films of pure
metals, and shall refer to supported catalysts just
for reference. Experimental data on the decline of
catalytic activity are first reviewed, describing
relevant methods of the experimental investigation.
Summaries are then given of the observed kinetics
of the catalyzed hydrogenation and of the different
phases of profiles of the reaction. Attempts to for-
mulate a mechanism of the phenomena in question
are next reviewed, and finally the experimental
results are accounted for systematically on the basis
of the associative mechanism [7-11].

References are ofien made to the optimum, i.e.,
the point of maximum rate of the catalyzed hydro-
genation with respect to temperature at given partial
pressures of ethylene and hydrogen. For the sake
of clear and concise presentation, protium and
deuterium atoms are denoted by 'H and D when they
are discriminated. When they are not, either of



them or their mixture is denoted by H and called
hydrogen atom. Likewise, any of 'Hs, 'HD, and D,
or their mixture is then denoted by H; and called
hydrogen. Cy'Hy_,D, is called deuteroethylene
where n # 0, or ethylene-d, inclusive of light ethyl-
ene for which n=0; any of them or their mixture
is denoted by C,H4 and called ethylene, where no

discrimination is made. A similar terminology is
used for ethane. The catalyzed additions of 'H, and
Dy to ethylene are called hydrogenation with light
hydrogen and deuteration, respectively, when dis-
criminated, and both of them are called hydrogena-
tion when not discriminated.

2. Reproducibility of Observations

The catalytic activity declines, as mentioned in
the introduction, when a run of catalyzed hydro-
genation of ethylene is repeated with the same
sample of metallic catalyst. This effect is especially
pronounced in case of unsupported catalysts. It is
prerequisite for a reasonable study of the catalyzed
hydrogenation to elucidaie the nature of this
decline. The present knowledge about it is reviewed
in the following in terms of experimental results
and comments upon or inference from them; ex-
perimental results are numbered as 2.1, 2.5.1, etc.,
and comments or inferences are denoted similarly
except that the second figure of the mark is replacec
by a Roman capital letter, e.g., as 2.A, 2.D.1, etc.

2.1. Beeck [6] used metal films evaporated on a
glass wall kept at —183 °C and showed that, when
the films were contacted preliminarily with ethylene,
the rate of the catalyzed hydrogenation at 0 °C
decreased, on the metals indicated in parentheses,
to 10 percent (Ta}, 20 percent (W), 40 percent (Ni),
or 95 percent (Pt, Rh) of the rates without the pre-
liminary contact in the respective cases.

2.2. The rate of the catalyzed hydrogenation depends
on the sequence in which reactant gases are
introduced over the catalyst. Toyama [12] observed
the rates of three consecutive runs conducted over
a sample of nickel powder reduced from its oxide
(termed reduced nickel in what follows), introducing
in the first run hydrogen and ethylene simultane-
ously, in the second hydrogen in advance and in
the third ethylene in advance; each run was con-
ducted after evacuating the product of foregoing
run. In the second and third runs, the catalyst was
left overnight at room temperature in contact with
the reactant gas introduced in advance before the
other was admitted. The second run gave a rate
higher than the first, while the third run gave a rate
lower than both the first and second.

2.A. The third run of 2.2 confirms 2.1 in the case of
nickel, whereas the second run of 2.2 indicates a
regeneration of catalytic activity by the hydrogen
treatment. The features of the decline may be
gathered from the results described next.

2.3.1. The following qualitatively coincident results
were obtained when admitting repeatedly small
doses of ethylene over films of Ni [6, 13, 14], Pd [15],
W [16], or Ir [17] evaporated on a glass wall of a
vessel kept at room temperature [18]. No gas what-
ever was detected inside the vessel until the total
sum, Q, of the number of molecules of ethylene ad-
mitted exceeded a certain value 4, when ethane

alone began to appear with further increase of Q.
When Q exceeded a certain other value B (> A4),
ethylene began to appear in the gas phase. Now,
both the number of ethane molecules and the num-
ber, Q', of adsorbed ethylene molecules (Q minus
the total number of ethylene and ethane molecules
in the gas) increased until @ exceeded a certain
third value, C (> B), beyond which both Q' and the
number of ethane molecules remained, respectively,
constant.

Number A4 corresponded to 30 percent coverage
of the surfaces at room temperature provided that
the number of hydrogen atoms adsorbed at — 183 °C
[13] equaled the number of their adsorption sites
and each ethylene molecule occupied two such
sites. The number of ethane molecules formed at
Q=B approximately equaled Q' at that point.
The above results are shown in figure 1 [18], where
the respective values, of Q, A, B, and C, are indi-
cated with vertical broken lines.
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FiGURE 1. Behavior of ethylene on evaporated nickel films [18).

C.H, adsorbed: C;H; admitted minus CoH,+ CoH; in gas.

2.3.2. Mckee [19] found by the use of reduced
nickel of 1.41 m? BET area that the number 4 in
2.3.1 increased with fall of temperature from



2X 10" CsHy molecules at —22 °C to 13 X 107
C:H4 molecules at —78 °C, which corresponded to
the increase of coverage from ca. 3 to 20 percent of
the surface.

2.4. Ethylene in contact with a metal film left on
it compounds of a composition which varied with
the temperature during contact, the extent of evacu-
ation after contact and the sort of metal. The compo-
sition of the compounds was CsHyg at 25 °C [14]
and C at 170 °C [13] on nickel film and CyH36- 3.0
at 100 °C on Ir [17]. This process is called dehydro-
genated adsorption and the compound termed
adsorbed complex in what follows.

TABLE 1. Rates of removal of adsorbed complex from evaporated

metal films by treatment with hydrogen [18]

Metal | Temp. °C [Reaction time, |% Removed Authors
min
Rh 23 1 60 Beeck [14]
Rh 23 long 100 | Beeck [14]
Pd 0 5 50 ~ 60 | Stephens [15]
Ni 20 | 60 20 | Beeck [14]
Jenkins and
Rideal {13]

The product of the treatment in case of Rh was almost ex-
clusively ethane, while in case of Ni 90 percent of the product
were saturated hydrocarbons of carbon number 4 to 8.

2.5. The adsorbed complex can be removed from
the surfaces by hydrogen treatment around room
temperature as shown in table 1. The adsorbed
complex is not so readily removed from nickel as
it is from iridium. The removal from nickel is, on
the other hand, appreciably slower than the cata-
lyzed hydrogenation on the same metal, by a factor
of several hundreds [13]. This aspect contrasts
with that of preadsorbed acetylene which cannot
by hydrogenated off nickel at 23 °C, whereas 40
percent of it can be hydrogenated off rhodium at
the same temperature in 1 hr [14].

2.6. Thomson and Wishlade {[20] saturated an
evaporated nickel film with radioactive “C.Hy at
20 °C, evacuated it subsequently a little while and
followed its removal by different treatments with
radioactivity measurements. 2 percent of the radio-
activity were thus lost by contacting the saturated
film with nonradioactive ethylene, another 10 per-
cent were lost by allowing this film to catalyze the
hydrogenation of 10 cm Hg nonradioactive ethylene
with equimolar hydrogen, and the radioactivity still
remaining was further diminished by 30 percent
by a hydrogen treatment. The 58 percent radio-
activity thus left could not be reduced further when
allowing the film once again to catalyze the hydro-
genation of nonradioactive ethylene of partial
pressure around 9 cm Hg with equimolar hydrogen.

273-052 O - 68 - 2

These results contrast with those obtained by

Cormack, Thomson, and Webb [21] for alumina-
supported catalysts of Ni, Rh, Pd, Ir, and Pt
saturated with *C.H, which lost, respectively, 36.5
percent (Pd), 76 percent (Ni), 77.5 percent (Rh),
84 percent (Ir), and 93.5 percent (Pt) of the radio-
activity as they catalyzed the hydrogenation of
nonradioactive ethylene.
2.B. Results 2.1, 2.2, and 2.3.1 are accounted for by
assuming that adsorbed complex poisons the cata-
lyst, and hydrogen atoms formed by the dehydro-
genated adsorption of ethylene are combined with
ethylene from ethane. The number of ethané mole-
cules at Q = B would then approximately equal Q' as
in 2.3.1, if the adsorbed complex is of composition
C:H,, i.e., an acetylenic complex [6], in other
words ethylene sub]ected to dehydrogenated ad-
sorption gives off equimolar hydrogen which is
combined with another ethylene molecule to form
ethane.

Result 2.3.2 indicates that at lower temperatures
the quantity of adsorbed ethylene has to be en-
hanced in order to provoke the dehydrogenated
adsorption coupled with the hydrogenation.

Result 2.4 shows that ethylene is stripped of its
hydrogen to a far greater exient over nickel than it
is over iridium, while 2.5 and 2.6 show that the
adsorbed complex is less readily removed with
hydrogen treatment from nickel than from iridium.
This great difference in ease of removal is compared
with the contrasts in results 2.1, viz., that the
adsorbed complex is more inhibitive of the cata-
lyzed hydrogenation on nickel than on platinum
metals.

2.C. Ethylene molecules may exchange their hydro-
gen atoms by way of the hydrogen atoms given
off by dehydrogenated adsorption according to the
associative mechanism [7-11] (cf. sec. 9.2) through
the half-hydrogenated state ‘C;Hj(a) attained by
the step

C:Ha(a)+ H(a) = CzHs(a),

where (a) signifies an adsorbed state. The hydrogen
atom which has combined with CyH,(a) to form
C2Hs(a) shares, according to the associative mecha-
nism, chemically equivalent positions with two
hydrogen atoms from a methylene group of C2Hy(a),
and each of the latter two gains, therefore, the
probability 1/3 to become H(a) in the reverse of the
above step, and hence to find its way into another
ethylene molecule, as evidenced by the following
result.

2.7. A rapid exchange between ethylene-d; and
light ethylene was observed by Miyahara [22] on a
freshly evaporated nickel film even at —23 °C, con-
trary to a negative result reported by Conn and
Twigg [23]. Flanagan and Rabinovitch [24], tracing
the experiment of Conn and Twigg [23], were able
to observe an exchange reaction at 60 °C by using
much more nickel wire than Conn and Twigg.

2.8. Results given next show that the dehydrogen-
ated adsorption of ethylene occurs even in the pres-



ence of hydrogen, i.e., under the normal condition
of the catalyzed hydrogenation.

2.8.1. Jenkins and Rideal [13] observed the cata-
lyzed hydrogenation of 20 mm Hg ethylene with
equimolar hydrogen at 20 °C over evaporated nickel
film for 10 min, evacuated the product and repeated
the experiment consecutively. The rates of total
pressure decrease found were 3.50 mm Hg/min in
the first run, 1.90 mm Hg/min in the second run
and 1.30 mm Hg/min steadily in the third and sev-
eral subsequent runs. When they contacted the
evaporated film preliminarily with ethylene, the
steady value (1.30 ~ 1.60 mm Hg/min) was obtained
throughout from the first run on.

2.8.2. The catalytic activity of metal films is appre-
ciably reduced by impurities, especially mercury
[25] and oxygen [22, 27]; the former also diminishes
the adsorption of hydrogen on metal films. Mercury
is liable to-be introduced into a reaction vessel
along with reactant gases [26] and in consequence
accumulates on the metal film. A trace of oxygen
amplifies the decline of catalytic activity when the
run of catalyzed hydrogenation is repeated [22],
creating, besides, an induction period as seen in
figure 2(a) {22]. Figure 2(b) [22] shows that a nearly
reproducible rate of hydrogenation is secured by
removing the impurities.
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FIGURE 2(b). The.courses of repeated hydrogenations of ethylene

with ca. equtmolar pure hydrogen at 50 °C over evaporated
nickel film [22]; mercury excluded.

TABLE 2. Number of moles of ethylene (Qg) and hydrogen (Qy)
adsorbed on evaporated nickel films ir course of hydrogenation
of ethylene by equimolar hydrogen [26].

Initial total pressure: ca. 0.1 mm Hg

Temp. °C | Surface of evaporated

Ni film
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FIGURE 2(a). The courses of repeated hydrogenations of ethylene
with ca. equimolar hydrogen contaminated with oxygen at
50 °C over evaporated nickel film [22]; mercury excluded.

2.8.3. Miyahara [26] determined, under the pure

conditions attained in 2.8.2, the quantities, Qz and

Qu, of ethylene and hydrogen adsorbed, respec-

A given run of catalyzed hydrogenation were conducted over
nickel films evaporated on the wall, kept at 200 °C, of a reaction
vessel of 120 cm? capacity, by admitting the reactant gas mixture
into the reaction vessel. Such a run was followed in some cases
by another on evacuation of the product of the foregoing run.
The films thus used were kept at 500 °C in H, of few mm Hg for
an hour, evacuated at the same temperature to 10~ mm Hg and
then coated with new evaporation of nickel, and one or two runs
were similarly conducted over the newly coated films. The sur-



face of a film either freshly evaporated or freshly coated is signi-
fied by F, and that used once as above by S; C refers to a surface
used several times consecutively at 200 °C, each such run was
preceded by an evacuation at the same temperature, until the
rate decreased from that over F by a factor of several tens.

QO and Q4 were determined, as the excess of the number of
moles of ethylene and hydrogen initially introduced into the
reaction vessel over that of ethylene and hydrogen remaining in
gas plus that combined in ethane, on the basis of the experimental
result [61] that the adsorption of ethane is inhibited by ethylene.
Gas mixtures were sampled for Q- and (Qy-determinations
immediately after the measurement of the initial rate of total
pressure decrease, which lasted a few seconds just after the
introduction of the reactant gas mixture, except in a run marked
with asterisk; gas mixture was sampled in the latter case toward
the end of the run, when the total pressure decreased no longer
perceptibly.

tively, in course of the progress of catalyzed hydro-
genation, as shown in table 2. F and S in the table
refer to the surfaces of freshly evaporated films or
those once used for a run of hydrogenation, and C
refers to surfaces used several times consecutively
at 200 °C until the rate of hydrogenation over them
decreased from that over F by a factor of several
tens. C exhibited every characteristic of the. “car-
bided surface’ [13] which was obtained by exposing
a freshly evaporated film to ethylene at 200 °C for
10 min.

2.D. The dehydrogenated adsorption of ethylene in
the presence of hydrogen is evidenced by the nega-
tive value of Qy in table 2, which indicates a net
evolution of hydrogen, its absolute value being a

lower limit to the amount of hydrogen evolved by
dehydrogenated adsorption. A negative Qy was
observed over F as well as over S surfaces at tem-
peratures above the optimum temperature, 30 °C, as
seen in the table [26). It follows that dehydrogenated
adsorption occurs side by side with the catalyzed
hydrogenation above the optimum both over F and
S surfaces.

2.9. The following further data on the dehydrogen-
ated adsorption of ethylene are available.

2.9.1. Miyahara [26] observed the distribution of
deuterium in ethylene and hydrogen in the initial
stage of catalyzed deuteration of light ethylene as
shown in table 3 under the pure conditions estab-
lished in 2.8.2. The optimum temperature for an
equimolar mixture of ethylene and deuterium of
0.1 mm Hg initial total pressure was found 50 °C in
this case. 'H; was evolved in case of F but not ot S
at temperatures below the optimum (—45 and
—23 °C), whereas 'H, was evolved above the opti-
mum in both the cases.

2.9.2. Formation of ethane from ethylene caused
by its dehydrogenated adsorption on reduced
nickel was almost suppressed, according to Hirota
and Teratani [28], by a preliminary adsorption of
CO;, which covered 30 percent of the BET area
of the reduced nickel, whereas the same preliminary
adsorption on the same catalyst was almost ineffec-
tive with respect to catalyzed hydrogenation.

TABLE 3. Relative amounts of ethylenes-d, = E, and hydrogens-d, = H,, in the product of deuteration of light ethylene over evaporated
nickel films [26]

Relative amounts
Deuterium atom
React. | State of |Deuterated | Deuterated fraction in
temp. °C ﬁlm % Cqu % C2H4 En in C2H4, % Hn in Hz, %
surface min~1!
Eo E, E. E; E, H, 'HD D; C:H, H,
—45 F 4 9.7 63 31 7 0 0 85| 225 | 69 0.112 0.803
S 2 3.5 93 7 0 0 0 0 1.6 | 984 0.017 0.992
—23 F 15 31.8 57 34 9 0 0 10 25 65 0.130 0.775
S 10 18.2 90 10 0 0 0 0 1.6 | 984 0.025 0.992
0 F 35 74.3 44 36 18 2 0 11 26 63 0.195 0.760
S 20 56.9 64 30 6 0 0 0 6 94 0.105 0.970
28 F 40 110.3 45 38 14 2 0 11 30 59 0.180 0.740
S 43 98.0 66 28 5 1 0 2 10 88 0.103 0.930
32 F 45 129.7 49 34 11 7 0 11 22 67 0.165 0.780
S 41 107.1 40 36 20 4 0 10 19 71 0.220 0.805
75 F 40 102.1 21 35 28 13 3 30 42 28 0.355 0.440
S 38 97.0 29 38 24 7 2 30 29 41 0.263 0.695
110 F 18 54.0 16 32 32 16 4 11 39 50 0.400 0.695
S 21 50.2 21 29 37 10 2 14 39 47 0.340 0.665

“Deuterated percent C:H,” in the third column represents the percentage decrease of the sum of the numbers of moles of

4
C;Hs= 2 E, from the sum at the beginning of the catalyzed hydrogenation, when C:H, is practically exclusively C2'H,. F denotes

=0
the surf:xce of freshly evaporated film and S that used once for a run; cf. legend of table 2.
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2.E.1. The dehydrogenated adsorption will lead to
an evolution of 'H; as in 2.9.1, if it consists simply
of a release of hydrogen molecules into the gas. If
it supplies, on the other hand, hydrogen in an
intermediate state of the catalyzed hydrogenation,
e.z., H(a) directly, then 'H, will also appear in the
gas as a product of conversion of this intermediate,
unless steps consuming it are rapid enough to
suppress the conversion, e.g., to inhibit the recom-
bination of the H(a)’s by lowering their activity.
It follows now from the observed absence of 'H;
evolution over S surfaces below the optimum that
dehydrogenated adsorption occurs neither under
immediate release of hydrogen molecules nor to
evolve them through the intermediate state. Under
the latter conditions the dehydrogenated adsorption,
if any, may be traced by a deviation from the
stoichiometry of normal hydrogenation; the total
pressure would not then decrease, in case of cata-
lyzed hydrogenation of ethylene with excess hydro-
gen in a constant volume, as far as corresponding
stoichiometrically to the exhaustion of the ethylene.
On account of absence of such a deviation (cf. 4.1),
the dehydrogenated adsorption is concluded to be
practically suppressed on S surface.

The validity of the above arguments rests upon
the postulate that the hydrogenation and the de-
hydrogenation of ethylene are exclusively reactions
occurring on metallic catalysts. This is assumed
throughout in what follows.

2.E.2. Tt follows from the preferential inhibition of
dehydrogenated adsorption observed in 2.9.1 that
the two reactions do not occur on the same site,
insofar as both reactions on their respective sites
are admitted to be blocked solely by the product,
adsorbed complex, of dehydrogenated adsorption.
It is induced from this conclusion and 2.9.2 that the
nickel catalyst’s surface consists of two parts, (d)
and (h), which catalyze the dehydrogenated adsorp-
tion and hydrogenation, respectively;? the former
remains poisoned by adsorbed complex if it is on an
S surface below the optimum (2.9.1) and also by
CO- (2.9.2) [28].

2.10. Experimental results are reviewed next from
which diverse theories are derived on the state of
catalyst’s surface.

2.10.1. Crawford, Roberts, and Kemball [29] an-
nealed nickel films, evaporated on glass walls kept
at —195 °C, at different temperatures from 0 to
400 °C and observed their activity in catalyzing
both the hydrogenation with 'H; and the deuteration
of light ethylene. The rate of hydrogenation with
tH, decreased when the runs were repeated on the
same surface but their rates per unit BET area
remained constant for a definite annealing tempera-
ture and decreased only with rise of the annealing
temperature. Both the activation heat of hydro-
genation with 'H, and the deuterium distribution

2 The two parts may be attributed to different lattice planes exposed on the catalyst
surface; cf, 2.11.1.

in the ethane formed by the deuteration remained
unchanged throughout [29].

2.10.2. The BET area referred to in 2.10.1 decreased
by a little over 40 percent when contacting the film

with ethylene as shown in table 4, irrespective of
the annealing temperature.

TABLE 4. Change of BET area of evaporated nickel film by
adsorption of C2:Hy at — 80 °C {29]

BET area cm?x 102 o
Annealing [Volume of CoH4 j
temp. °C | adsorbed cm? !
(S.T.P.)x10® | Before adsn., | After adsn.,
A Ay
0 20 23.2 12.8 0.55
25 12 19.6 11.0 0.56
100 8 13.4 7.8 0.58

2.10.3. Campbell and Duthie [30] found that the
BET area of nickel film decreased to the same
extent when allowing the film preliminarily to adsorb

NZO, 02, or Hg.

2.10.4. Jenkins and Rideal [13] found that nickel
surface covered by acetylenic complex and pre-
liminarily evacuated, evolved hydrogen, amounting
to be equimolar with the acetylenic complex,
as temperature was raised gradually from 20 °C
up to 170 °C in a closed space. On cooling it down
to room temperature the evolved hydrogen was
absorbed, but not completely.

2.10.5. Foss and Eyring [27] found the rates of
consecutive runs of hydrogenation to be reproduci-
ble on a carbided nickel surface® when this was
treated with 5 em Hg hydrogen at 250 °C for 30 min
before every run. The reproducible rate thus estab-
lished was about one half that on a freshly evapo-
rated film but was several tens of times larger
than that on a carbided surface (see footnote 3)
not treated with hydrogen.

2.10.6. A preliminary contact of the catalyst in
2.10.5 with ethylene retarded the hydrogenation
in the beginning of its course, but did no longer
so several minutes later [27].

2.F. Kemball et al. [29], attributed the decrease of
BET area in 2.10.1 and 2.10.2 to a sintering of the
catalyst’s surface caused by the heat of hydrogena-
tion or adsorption but did not take into account the
effect of adsorbed complex. Campbell and Duthie
[30] referred the effect, on the basis of 2.10.3, to
the adsorbed complex, which was suggested to
decrease the quantity of krypton adsorbed in BET
measurements, thus simulating a reduction in BET
area, although their reason why it should decrease
the adsorption of krypton does not appear clear.

Result 2.9.1 speaks definitely against sintering
as responsible for the rate decrease. The decrement

3Cf. 2.8.3.



of the rate between F and S in 2.9.1 becomes
monotonously smaller with rise in temperature; it
falls from 64 percent at —45 °C to 8 percent at
110 °C, as seen in table 3. If sintering was respon-
sible for the decline in rate, its extent and in
consequence the rate decrement ought to be the
greater, the higher the reaction temperature and
the greater the rate of heat evolution, i.e., the
reaction rate times reaction heat per mole. The
reaction rate increases from —45 to 32 °C monoto-
nously by a factor of more than ten, as seen in the
same table, and the reaction heat per mole, though
slight, increases as well. The decrement of rate
should hence increase monotonously with rise of
temperature. This is quite contrary to the experi-
mental result, and the sintering can, therefore, not
be responsible for the decrease in rate.

It appears, however, necessary to regard 2.10.1,
2.10.2, and 2.10.3 with caution, in view of 2.8.2,
because of a possible intrusion of mercury, which
has been positively evidenced under similar experi-
mental conditions [31].

Jenkins and Rideal [13] attributed the result of
2.10.4 to the migration of carbon atoms from the
surface into the bulk of metal so that a clean metallic
surface, available for adsorption of hydrogen,
was regained. However, results 2.10.5 and 2.10.6,
backed by 2.5 and 2.6, indicate the substantial
effect of hydrogen in recovering a catalytically
active metallic surface from the carbided surface.
These results lead to the view, amplifying upon
2.E.2, that the treatment before every run in 2,10.5
released part (h) from the poisoning due to the fore-
going run, leaving part (d) steadily poisoned so as to
secure the reproducibility of the results.

2.11. The following results might provide further
informations relative to the dual catalyst surface
advanced.

2.11.1. Cunningham and Gwathmey [32] observed
the activity of individual lattice planes of nickel
single crystal in catalyzing the hydrogenation of
ethylene from 50 to 200 °C, preliminarily treating
the lattice planes with hydrogen at 500 °C. They
found that (321) > (111) and (110) > (100) as shown
in figure 3, where the Miller indices represent the
relevant activities. They also observed that lattice
planes other than (111) and (100) lost their metallic
luster by contact with ethylene at 450 °C, which
they termed carbon deposition.

2.11.2. Farnsworth and Woodcock [33] observed
effects of heating in high vacuum, bombardment
with Ar+ ions etc., on the activity of nickel and
platinum plates in catalyzing the hydrogenation of
ethylene with equimolar hydrogen at 0.1 to 1.0 mm
Hg total pressure. The results are shown in table 5,
where the catalytic activity is given in terms of the
first order rate with respect to hydrogen partial
pressure. The table shows the enhanced activity
due to heating in high vacuum and bombardment
in treatments (1) and (3), which is all but lost again
by annealing at 550 °C as seen in treatments (2),

(4), and (5).

TABLE 5. Rates of hydrogenation of ethylene over catalysts of
diverse pretreatments [33].

Activity (arbitrary units)
Pretreatments
Ni catalyst | Pt catalyst
(1) Heat-treated and quenched........ 45+5 2400 =+ 200
(2) Heat-treated, quenched, and 17x£2 75030
annealed.
(3) Bombarded with positive argon 700100 2200 =200
ions.
(4) Bombarded and annealed.......... 8+2 200+ 30
(5) Bombarded, heat-treated, 7+2 225+ 30
quenched, and annealed.

Approximate temperature of: heat-treatment of nickel, 850°;
annealing nickel, 500 to 550 °C; heat-treatment of platinum, 1050
to 1350°; annealing platinum, 700°. Quenching was always pre-
ceded by an induction heat-treatment of at least one-half hour to
insure uniformity in surface structure of the catalyst preceding
the quenching. The quenching was accomplished by suddenly
stopping the induction heating current and allowing the catalyst
to cool in vacuum to room temperature.

Farnsworth and Woodcock attributed the en-
hanced activity to lattice defects created by the
treatments (1) and (3) in table 5 [33].

2.G. The following are general conclusions regard-
ing the reproducibility of observations on the
catalyzed hydrogenation.

The decline of catalytic activity, though consid-
erably reduced by purification of reactants, persists,
even in the case where purest reactants are used,
which is attributed to a poison produced by dehy-
drogenated adsorption of ethylene, i.e., adsorbed
complex, termed acetylenic complex [6], carbide
[13], coke [34], or polymer [34]. It is induced from
experimental results that the catalyst surface
consists of two parts: one part (d) causes the dehy-
drogenated adsorption of ethylene, is readily
poisoned by adsorbed complex and is not readily
recoverable; the other part (h) catalyzes the hy-
drogenation, is but slowly peisoned and readily
recoverable.

The carbided surface [13] shows no decline of
catalytic activity at all, which might hence appear
pertinent to the investigation of the catalyzed
hydrogenation. The carbided surface might, how-
ever, be substantially degenerated from the genuine
metallic surface, on account of the considerable
differences in their properties as discussed in sec-
tion 8. To the best of our present knowledge it
appears that catalyzed hydrogenation on a genuine
metallic surface is observed with an S surface below
the optimum, provided that the reactant gases are
rigorously freed from impurities, especially mercury
and oxygen. Above the optimum, where hydrogena-
tion and dehydrogenated adsorption are simultane-
ously going on, it would be necessary for the
elucidation of the catalyzed hydrogenation to find
a reasonable way to analyze the observed overall
reaction with respect to the two individual reactions.
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FIGURE 3. Activities of crystal planes of Ni in catalyzing the hydrogenation of ethylene [32].

Much more work will be necessary before hydro-
genation which is associated with dehydrogenated

adsorption can be reasonably discussed on the level
of lattice planes and lattice defects of catalysts.

3. Catalytic Activity of Various Pure Metals and Alloys

The rate of catalyzed hydrogenation of ethylene
is very sensitive to the preliminary treatment of
the catalyst metal, apart from the working condi-
tions as reviewed in 2, and this treatment must be
precisely specified, should the informations gained
be of any significance. Informations on catalytic

activities which are more or less significant in this
sense are reviewed next, if not immediately assign-
able to intrinsic properties of the catalyst material.
3.1. Beeck observed the activity of evaporated films
of various metals in catalyzing the hydrogenation
of ethylene comparatively at 0 °C [6, 14]. The rates



were strictly proportional to hydrogen pressure
and independent of ethylene pressure, according
to Beeck, although no data are given [6, 14] of their
absolute magnitude. The results are shown in figure
4 and table 6 in terms of activity A, percent d-
character of metallic bonds and adsorption heat of
reactants on the metals. The quantity \ is the ratio
between the first order rate with respect to hydro-
gen per unit BET area on a given metal and that on
rhodium. Figure 4(a) shows that the activity in-
creases generally with the percent d-character of
metals and that the activity of a Ni film withi the
preferred orientation of the (110) lattice plane
parallel to the glass base, marked with (110), is ca.
four times as large as that of a Ni film with random
orientation of crystallites. Figure 4(b) shows that
Rh is the metal at the maxima of both the activity
and percent d-character and at the minima of the
adsorption heats of both ethylene and hydrogen.

The results obtained by Beeck [6, 14] have been
commented upon from a variety of aspects as below.

3.1.1. Phenomenologically, a linear relation was
advanced by Schuit [35] between log;o A observed
by Beeck [6, 14] and the product of percent d-char-
acter and the valency of metals according to Pauling
[36], as shown in figure 5.

3.1.2. The closest distance between two Rh atomg
is 2.69 A in its f.c.c. crystal of lattice constant 3.80
indicated in figure 4(b). This closest distance is
nearly coincident with the ideal metal-metal dis-
tance, 2.73 A, for the associative adsorption* of
ethylene w1th0ut strain as calculated by Twigg and
Rideal [37] assuming the carbon-metal distance to
be that in nickel carbonyl, 1.82 A. Notwithstanding
this nice agreement, our present theoretical equip-
ment appears not replete enough to afford a consist-
ent explanation of the maximum activity at rhodium
in this way.

3.1.3. Beeck [14] suggested that the rate of catalyzed
hydrogenation was controlled by the process of
hydrogenated desorption, e.g., the reversal of dehy-
drogenated adsorption, of the adsorbed complex
which makes room for adsorption of hydrogen. This
can hardly be the case, however, since the catalyzed
hydrogenation is progressivelv poisoned by adsorbed

4 Ethylene is assumed [37] to be held by two adjacent metal atoms breaking its 7-bond
and forming two carbon-metal bonds, and all bonds of the carbon atoms are tetra-
hedrally disposed like those of ethane.

TABLE 6. Catalytic activities in hydrogenation of ethylene, adsorption heats of light ethylene, —

complex in its course as elucidated in section 2.,
and moreover, the hydrogenated desorption is far
slower than the catalyzed hydrogenation [13] as
mentioned in 2.5.

3.1.4. Ethylene is subject to the dehydrogenated
adsorption as concluded in 2.4 and 2.B and, as seen
from tables 1 and 6, the less active catalyst is that
which is not easily rid by hydrogenated desorption
of the adsorbed complex thus formed and associated
with a high initial heat of adsorption [14].

3.1.5. The activation heat of the catalyzed hydro-
genation over different metals amounts uniformly
to 10.7 kcal, except in the case of tungsten where
it is 2.4 kcal/mole [6]. It follows that the catalytic
activity is proportional to the preexponential factor
for all these metals except tungsten [6, 14].

3.1.6. An exception similar to that in 3.1.5 is found
in case of tungsten by a statistical-mechanical
analysis of kinetic data [38]. We obtain 10'5 cm~2
as an order of magnitude for the number of sites of
the critical complex ® per unit area of the catalyst’s
surface from an analysis of kinetic data of the reac-
tion involving no hydrocarbon over tungsten, which
is in the line with the number derived from almost
all available date of more than 60 cases of reactions
over other metallic catalysts; but the number was
found exceptionally low, around 108 ¢cm-2, in case
of the exchange reaction between methane and
deuterium over tungsten.

3.1.7. The above results, 3.1.4, 3.1.5, and 3.1.6,
are accounted for on the basis of the following theo-
retical results. Toya [39] has shown by first princi-
ples of quantum mechanics that hydrogen adatoms
exist in r- and s-states and that the hydrogen
adsorbed first on nickel exists predominantly in
the r-state, adatoms in the s-state increasing with
further increase of the adsorbed amount. The.
r-state is that of adatoms in the usual sense, whereas

8 The critical complex is the system of a step, i.e., the set of particles involved in
the step, at a particular configuration with its representative point on the critical
surface. The critical surface partitions the configuration space appropriate to the
initial system of the step from that to the final system and is situated so as to minimize
the rate of transit of representative points of the relevant canonical ensemble in either
direction; the initial or final system is the same set of particles at the state before or
after the occurrence of the step, respectively. The critical complex includes as its
special case the activated complex as defined by Eyring et al. [H. Eyring, J. Chem.
Phys. 3, 107 (1935); W. F. K. Wynne-Jones and H. Eyring, ibid. 3, 492 (1935); M. C.
Evans and M. Polanyi, Trans. Faraday Soc. 31, 875 (1935); 33, 448 (1937); M. Polanyi,
J. Chem. Soc. 629 (1937)] with special reference to the saddle point of the potential
energy of the system of the step. In cases where there exist interactions between
systems of the slep and other particles, the appropriate conﬁgursuon space and the
T ble should be those of the assembly compnsmg all the inter-
aCtlng specles [cf. ]. Horiuti and T. Nakamura, Advances in Catalysis 17, (1966),
section ILA.L

AHg, adsorption heat of light hydrogen,

— AHy, and percent d-character of metals {6, 14]

X is the ratio between the value of kx = vp/Py; at 0 °C of a given metal catalyst and that of Rh.

Rh Pd Pt Ni Fe W Cr Ta
logio A 0 | —08| —1.65 —2.6 —3.0 —4,0 | —4.2 —4.4
— AHg kcal/mole 50 58 68 102 102 138
— AHy kcal/mole 26 27 28 29 ~ 32 32~ 36 45 ~ 52 45 45
% d-character 50 46 44 40 39.7 43 39 39
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FIGURE 4. Catalytic activity, \, of evaporated metal films and
the properties of the metals [14].

Films were evaporated in high vacuum and in case of Ni, in 1 mm Hg N; as well on
glass wall kept at —183 °C; “Random” and “110” refer to the random orientation of
crystallites and a preferred orientation of (110)-lattice planes parallel to the basic
wall, respectively, as observed by electron diffraction of the Ni film evaporated in high
vacuum or in 1 mm Hg N,. A is the ratio between the first order rate at 0 °C with respect
to hydrogen pressure per unit BET area of a given metal and that of Rh.

the s-state is that of H atoms dissolved in the metal
but retained between the electronic surface of metal
and a plane through the centers of the metal atoms
in the first layer. Observed variations of electric
resistance [40] and work function [41, 42] with
amount of hydrogen adsorbed have been adequately
explained on this basis, and it was inferred that [43]
the r-state on tungsten is of an extremely low
energy so that the s-state does not practically exist
on tungsten, that hydrogen is irreversively ad-
sorbed [44], and that hydrocarbons are stripped of
hydrogen atoms to leave carbon deposit on tungsten.
Methane will thus diminish the number of sites of
the critical complex as in 3.1.6.

It would be of some interest to decide whether
adatoms of - or s-state partake in the hydrogenation
reaction. Takeuchi and Asano [45] allowed nickel
oxide reduced at 200 °C to adsorb one after the other
small quantities of tritium and protium. Then, ethyl-
ene was admitted over the catalyst. The ethane thus
formed was found less radioactive when protium
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\ is the ratio between the first order rate at 0 °C with respect to hydrogen pressure
per unit BET area of a given metal and that of Rh; cf. Beeck [14].

was admitted first: hence, that decided which the
initially adsorbed hydrogen was active in hydro-
genation. It would follow from this' experimental
result, with reference to Toya’s theory, that only
hydrogens in the r-state were catalytically active.
Since nickel might not, however, be sufficiently
reduced and evacuated at 200 °C, it is desirable to
confirm the result with nickel reduced and evacu-
ated at higher temperature or with a clean surface
of evaporated nickel film.

3.2. The close correlation of the catalytic activity
with properties, of metals as seen in figures 4(a)
and 4(b) would suggest an investigation of alloys
whose properties vary continuously with composi-
tion. The theory of catalysis of Dowden [46] predicts,
in particular, that Ni alloyed with more than 60 per-
cent Cu has its d-holes filled by electrons from Cu
and is deprived of its catalytic activity. A lively
interest has been aroused by this state of affairs
in the catalytic activity of alloys for ethylene hydro-
genation which has, however, been earlier explored
by Riendcker and his co-workers [47-51].

3.2.1. Rienacker’s work provides the following
information.



3.2.1.1. Alloys of transition elements with Cu, i.e.,
Ni-Cu [47], Pd-Cu [48], and Pt-Cu [48, 50], were
prepared in the form of thin plates, which by means
of x-ray analysis were confirmed to be disordered
when flashed or flashed and quenched but ordered
with a superlattice when alloys of the appropriate
atomic ratio were annealed. In their experiments
runs were conducted by allowing an equimolar
mixture of ethylene and hydrogen of 1 atm total
pressure to flow through a catalyst bed and by
analyzing the effluent gas for the ethane-yield; the
absence of methane in the effluent gas was there-
withal confirmed. The results are shown in figure 6
in comparison with the extent of parahydrogen
conversion effected by the same catalysts. The
following comments are remarked [50, 51, 48]

The activity of these alloys in catalyzing the hydro-
genation increases, as seen from figure 6 with their
content of Ni, Pd, or Pt only up to a certain small
value of the content and the remains constant,
closely in parallel with their activity in catalyzing
parahydrogen conversion [50].
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FIGURE 6. Activity of alloys in catalyzing the hydrogenation of
ethylene in comparison with that in catalyzing parahydrogen

conversion [51).

An equimolar mixture of C;H, and H; was allowed to flow with a rate of 20 cm*/min
and 50 cm length at 1 atm total pressure. The catalyst was conditioned at 650 to 800
°C in a flow of hydrogen for several dozens of hours before every run. The content of
ethane in the effluent gas was determined, hence the percentage conversion. Para-
hydrogen conversion was observed with the same catalysts statically at 235 mm Hg
hydrogen pressure by means of the thermal conductivity method.
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Alloys with superlattice have lower activation
heats, although their activity is much the same as
that of disordered alloys [47, 48, 49].
3.2.1.2. The catalytic activity of Cu-Ag alloy was
observed by Riendcker and Bommer [49] at 550 and
700 °C, but its dependence on composition was
found imperceptible.

3.2.2. Further data are provided on the dependence
of the activity of alloys on their composition.
3.2.2.1. Kowaka [52] observed at 100 °C a pro-
nounced activity of Ag-Pd alloys of Pd content above
40 atom percent in hydrogenation of ethylene but
practically none below 40 atom percent.

3.2.2.2. Best and Russell [53] have observed the
activity of Cu-Ni alloys in catalyzing the hydro-
genation of ethylene from —70 to above 100 °C;
the results indicate that the activity of the alloys
outweigh that of any pure component, in contrast
with the results at 500 °C shown in figure 6.

3.2.2.3. Farnsworth et al. [54, 55], observed the
hydrogenation of ethylene over Cu-Ni alloy plates
subjected to bombardment with Ar+. Figure 7 shows
the results obtained at 40 °C in terms of the first
order rate with respect to hydrogen pressure. The
activity of these alloys attained a maximum at a
certain value of bombarding current, whereas such
is not the case with pure nickel. The figure shows
the maximum exaltation of activity at 60.5 percent
Cu content. Figure 8 shows the relative activity at
40 °C of catalyst plates bombarded and then
annealed at different temperatures. The activity of
pure nickel decreases gradually with increase of
annealing temperature, whereas the activity of
alloys keeps constant until the annealing tempera-
ture attains 400 °C, beyond which it decreases
steeply. Farnsworth et al. [54, 55], attributed the
latter, steep decrease to the migration of copper
atoms from inside the alloy to the part of surface,
which originally is rich in nickel and lattice defects
created by the bombardment.
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Catalytic activity is given in terms of first order rate with respect 1o hydrogen pres-
sure. Alloy plates were preliminarily evacuated to 10-8 mm Hg at 900 °C.
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of figure 7 and bombarded with 120 pA current at 500 V for 10 min.

3.3. Important contributions have recently been
made by application of the microcatalytic method
[56] developed by Emmett’s school to the studies
of promotion and poisoning effects of preadsorbed
hydrogen on the hydrogenation of ethylene, para-
hydrogen conversion and 'H,—D, equilibration
over Cu-Ni alloy catalysts. In the microcatalytic
method, helium is allowed to flow, as a carrier,
through a differential reactor packed with 5 cm?
catalyst which is directly connected with a gas
chromatograph. A slug of reactant gas mixture,
60 percent Hy+ 40 percent C:H,, was passed over
the catalyst and then directly through the chromato-
graphic column.

3.3.1. Hall et al. [57, 58, 59], observed the above
mentioned reaction at 200 °K with the catalysts
pretreated in two ways, lLe., ‘“Hj-treated” and
“He-treated,” with a view to find the expected effect
of preadsorbed hydrogen diminished in case of
“He-treated,” as compared with that of ‘“H,-
treated.” The catalysts were reduced in a flow of
hydrogen overnight at 350 °C and, in case of ‘“‘H,-
treated,” cooled in the same flow down to the reac-
tion temperature or, in case of “He-treated,” kept
in a flow of helium at 350 °C for 30 to 45 min and
then cooled in the same flow of helium down to the
reaction temperature. Figure 9 shows the catalytic
activity of the alloys against their composition; the
“Hy-treated” catalyst is more active for hydro-
genation of ethylene than the “He-treated” one
except for pure nickel, where the reverse is the
case, Hall and Emmett [58] thus found that the
conversion (i.e., formation of ethane) over pure
nickel was increased from 50 percent for “H.-
treated” t6 95 percent for “He-treated.” “H,-
treated” copper was found 12 times as active as
the “He-treated’ one. Figure 9 shows the results
of Hall and Emmett [58] side by side with the new
results of Hall and Hassel [57].
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The catalysts were reduced at 350 °C in a flow of hydrogen overnight and then, in
case of “Hy-treated,” cooled in the same flow down to the reaction temperature, or,
in case of “He-treated,” kept in a flow of helium at 350 °C for 30 to 45 min and then
cooled in the same helium flow down to the reaction temperature. The catalytic activity
is given in terms of percent hydrogenation at 200 °K per m* BET area as observed by
passing 3 8 cm® NTP slug of 60 percent Hy+40 percent CoH, in the helium carrier
of 50 cm¥/min flow rate.

The conversion over “He-treated” nickel was
reduced to 82 percent by passing slugs of the same
composition 16 times consecutively. In case of
Cu-Ni alloys, Hall and Emmett [58] found that the
conversion over ‘“Hj-reated” (cf. legend of fig.
10) catalyst was unchanged by passing slugs re-
peatedly, whereas that over the ‘“‘He-treated” one
(cf. legend of fig. 10) thus gradually increased.
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FicURe 10. Effect of pretreatments on Cu-Ni alloy of 34.3 atom
percent Ni [58].

Both in the first and the second experiment the catalyst was preliminarily He-treated
as described in 3.3.1. and slugs of 60 percent H, +40 percent C,H, were passed over
the catalyst at —42.5 °C successively. After the third slug had passed over the catalyst
in the first experiment, the hydrogen stream was turned back over the catalyst at
—42.5 °C for 30 min, following which it was swept out with helium carrier gas and the
catalytic activity redetermined with the next three consecutive slugs. The catalyst
was treated similarly after the sixth slug with purified ethylene and its effect was ob-
served with the seventh and eighth slugs.

In the second experiment the catalyst was kept in hydrogen flow at 350 °C for 30
min. (Hs-treatment in the figure) after the third slug and kept in helium flow at 350 °C
(He-treatment in the figure) after the fifth slug, respectively. The first and second ex-
periment were conducted with the same charge of catalyst successively with the
He-treatment described in 3.3.1 applied inbetween. Reproducible results were obtained
as shown in figure 9.



They hence concluded [58] that the poisoning
by absorbed complex referred to by Beeck [6, 14]
and Jenkins and Rideal [13] is a relatively minor as
compared with that of preadsorbed hydrogen.

Hall and Emmett [58] found that the activity of
“He-treated” alloys in terms of log (% conversion
at 200 °K per m? increased monotonously with
the mean valency of metal atoms in the alloy ac-
cording to the valence bond theory of Pauling [36]
as well as with percent d-character over the region
of its composition, where the catalytic activity varied
linearly with atom percent of nickel as seen from
the curve “He-treated” in figure 9.

The activation heat of catalyzed hydrogenation
at temperatures around 200 °K was found [58],
irrespective whether “He-treated” or “Hs-treated,”
to be 8 kcal for pure Cu, ca. 5 kcal for a Cu-7.8
percent Ni alloy and 4 kcal for Cu-alloys of Ni
contents of 14.7 percent and above, including pure
nickel.

3.3.2. Hall and Hassel [57] observed in the case of

other catalysts the ratio between the activities of

“H,-treated” and ‘“He-treated” samples in the

hydrogenation of ethylene as below:

G-Fe-51 (pure iron catalyst from M. K. Re-
search & Development Co., Pittsburgh,
Pa

G-Co-51 (cobalt oxide catalyst from the same
company as above)................

P-2007 (singly promoted iron-synthetic am-
monia catalyst containing 3 weight %
ALO;, from U.S. Bureau of Mines)

89 EE (cobali-thoria-magnesia-Kieselguhr cat-
alyst of the composition 100: 6 : 12 : 200 in
weight, from U.S. Bureau of Mines).........

and

Ni(0104) (nickel-kieselguhr catalyst contain-
ing 59 wt % Ni, from Harshaw Chem.
L0730 SOOI

The “Hs-treated” catalysts are thus less active than
the “He-treated” ones with the exception of 89 EE.

0.1

0.4
0.4

>1

<1

3.3.3. Hall, Lutinski, and Hassel [59] have investi-
gated comparatively the effects of an alternative
set of pretreatments, i.e., “outgassed” and “H,-
cooled,” on the catalytic activity in hydrogenation
of ethylene, parahydrogen conversion and 'H,—D,
equilibration at 200 °K with Cu-Ni alloys. The cata-
lysts were reduced at 350 °C for 2 hr, at 500 °C for
2 hr and then again at 350 °C for 12 hr. In the pre-
treatment ‘“‘outgassed,” the reduction at 350 °C
overnight was followed by evacuation at the same
temperature and then by cooling down to the reac-
tion temperature. The pretreatment “Hs-cooled”
is the “Hj-treated” one followed by an evacuation
at the reaction temperature for 30 min. The amount
of preadsorbed hydrogen is expected to be dimin-
ished in case of “outgassed” relative to that of
“Hs-cooled.” It was thus found that the activity
of “Hz-cooled” Cu-Ni alloys was two to three times
that of “outgassed” alloys uniformly for all three
reactions, while the reverse was again the case with
pure nickel.

It is remarkable that parahydrogen conversion

as well as 'H,—D, equilibration over a Cu-Ni alloy
of 72.4 atom percent Ni is accelerated severalfold
by the preliminary passage of a slug of ethylene in
both cases of pretreatment, although the reactions
are retarded by coexistent ethylene. The activation
heat of parahydrogen conversion was found 4.2
kcal in either case of pretreatment, whereas the
preliminary passage of an ethylene slug reduced
it to 3.9 kcal for the “outgassed” and 3.0 kcal for
the “Hs-cooled” catalyst, respectively. The activa-
tion heat of 'H»—D. equilibration was 5 keal in
either case of pretreatment.
3.4. Ru-Pt binary catalysts of 20~40 percent Ru con-
tent being not specified whether being alloyed or not,
are known to exhibit an activity 2 ~ 6 times larger
than that of pure platinum [60] in catalyzing the
hydrogenation of such polar compounds as nitroben-
zene, cyclohexanone, maleic acid, and methyl bu-
tynol, whereas no contribution appears to have been
made toward the study of its catalytic activity in
hydrogenation of ethylene.

4. Reaction Kinetics of Catalyzed Hydrogenation

The reaction kinetics of the catalyzed hydro-
genation was extensively investigated over a variety
of simple metals as catalyst, whereas work on
alloys was limited so far to studies on the de-
pendence of kinetic parameters, e.g., rate and
activation heat, upon the composition of alloys
under suitably selected conditions as reviewed in
section 3. A detailed account of the reaction
kinetics is hence given next, with special reference
to catalysts of simple metals for hydrogenation of
ethylene.

4.1. The rate vy of the hydrogenation is determined
on the basis of the material balance in accordance
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with the stoichiometric equation

C2H4 + H2 = C2H6. (41)

The applicability of the material balance has been
verified by Riendacker and Bommer [47] at 596 °C
by a flow method. Miyahara, Teratani, and Tsu-
mura [61] has shown mass-spectrometrically that
the equimolar gas mixture of reactants of 0.1 mm
initial total pressure over evaporated nickel film
was converted exclusively to a mixture of ethylene,
hydrogen, and ethane. Miyahara [22] observed that



the total pressure of a 0.93:1 mixture of ethylene
and hydrogen decreased from its initial value
of 30.0 mm Hg ultimately down to 15.6 mm Hg
in a constant volume over evaporated nickel film
coincidently at 91, 114, and 129 °C, which verified
the conclusion from the material balance of eq (4.1)
that the final total pressure should be 30.0 mm Hg
X 1/(14+0.93)=15.6 mm Hg. We have seen, on the
other hand, in section 2, that a small amount of
ethylene is subjected to dehydrogenated adsorption,
which may cause a deviation from the above mate-
rial balance (cf. 2.E.1); it is inferred from these re-
sults that the disturbing effects of the dehydro-
genated adsorption are negligible for sufficient
amounts of reactant gases.

4.2. Table 7 shows the kinetic parameters of the
catalyzed hydrogenation in the presence of metallic
catalysis. The first row shows the kinetic parameters
of the uncatalyzed homogeneous hydrogenation in
gas as observed by Pease [62] for reference, which
ought to be excepted from the following illustration
of columns referring to the catalyzed heterogeneous
hydrogenation. Every blank indicates the lack of
relevant description in the original paper, whereas
“none” means that an appropriate process is not
applied according to the original paper.

The column I gives the isotopic specification of
the hydrogenation of ethylene, protium, deuterium
and their mixture which are denoted by 'H, D, and
H, respectively, in accordance with the symbolism
noted in section 1.8

The column II indicates the species of metal
used as catalyst and the column III the form
(and/or condition) of the catalyst, i.e., powder,
foil, plate, wire, thimble, evaporated film or sup-
ported; when supported, the description is given,
e.g., as 1 percent on Si0O;, indicating the weight
percent of the catalyst metal and the material of
supporter.

The column 1V gives the procedures of prepara-
tion of the catalyst in order of their application.
The column V presents, in distinction from the
“preparation” in column IV, the pretreatment of
the catalyst for conditioning the catalyst in order
to secure reproducibility. “None” means that no
such treatment is applied except the evacuation of
the product of the foregoing run, in cases where the
reaction is followed in a closed space as commented
upon below.

The column VI gives temperature and column
VII shows the initial values, Pgo and Py, of
partial pressures of C.H, and H. Py and Py,
respectively.

The column VIII gives three points of specifi-
cation of the “modes of measurement.” The first
point specifies whether the “static,” “stir,” “circu-
ation,” “thermal siphon,” “flow” or “flow-circu-
lation” method of following the reaction was used.

® Hydrogen atoms of approximately 99 percent D content is denoted by D, light
hydrogen with natural D content by 'H, respectively, but hydrogen gas of intermediate
D content is denoted by H in this table.
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In the “‘static” or “stir” method, the reactant gas
mixture is kept statically or stirred by means of a
stirrer in a closed vessel over the catalyst, while in
“circulation” the reactant gas mixture is driven by
a circulation pump through a closed circuit over the
catalyst. In the “thermal siphon’ method, the circu-
lation is effected by thermal siphon instead by
means of a circulation pump. In the “flow” method,
the reactant gas mixture is allowed to pass through a
catalyst bed toward an open space. In the “flow-
circulation” method, the gas mixture is rapidly
circulated over the catalyst through a circuit, which
is fed slowly with reactant gas mixture at one spot
while the circulating gas is led out from the opposite
spot of the circuit. The second point specifies that
“hydrogen” or “‘ethylene” is brought into contact
first with the catalyst, and the other reactant sub-
sequently, or else that a homogeneous “‘mixture” of
reactants is admitted over the catalyst. The third
point specifies the modes of following the rate law.
In case of ““static,” “stir,” “‘circulation,” or “thermal
siphon,” where the whole gas mixture is kept in a
closed space, the rate law is determined either by
measuring the “initial” rate, i.e., the rate of reaction
at the moment of contact of reactant gas mixture
with the catalyst at different partial pressures of
reactant gases, or by following the “course” of the
reaction by decrease of reactants or increase of
products or both. In the former case, enough accu-
racy of measurements and reproducible experi-
mental conditions have to be secured, whereas in
the latter case it should be guaranteed that the
course is not associated with such an advance of
poisoning that distorts the coherence of data. The
coincidence of the rate laws deduced by these
alternative methods is a necessary condition for
them being reality. The ‘‘nitial” rate and the
“course” method with the whole gas mixture kept
in a closed space correspond, respectively, to the
differential rate measurement by means of differ-
ential reactor [111] and the analysis of integral-
conversion data {112] in case of the flow method,
which are denoted in the Table by “differential”
and “integral,” respectively. In the “flow-circula-
tion” method the conditions of differential reactor
is secured by the rapid circulation.

The column IX shows the rate law, on PP of
the catalyzed hydrogenation in terms of m =9 In
vnld In Py and n =9 In vs/d In Py, where vy is the
rate. Attached figures, if any, indicate the range
of application of the rate law. The column X gives
the optimum temperature referred to in section 1,
if observed at all.

In case of the “static,” “stir,” *“‘circulation,”
or ‘“‘thermal siphon” methods, where the whole
gas mixture is confined in a closed space, vy of
reaction (4.1) is determined, either by change of
the total pressure in the closed space or by the C.Hg-
yield, whereas in case of the flow method the rate
is determined preferentially by C;Hg-vield rather
than by the decrease of C,H, or Ha.
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cases are as follows.

respectively. “Mixture,”

were first admitted into the closed space and allowed to contact with the catalyst. *

In the former case, (he gas mlxture was kept either “static’ or dynamic by “‘stir” with a stirrer, by * lhermal slphon
“ethylene” and *‘hydrogen” mean that at the beginning of a run in the measur

TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene. —Continued

The reactant gas mixture was either confined in a close space over the catalyst or allowed to flow through a catalyst bed toward an open space. “Modes of measurement” in the respective

or by “circulation” through a close circuit with a circulation pump,
“mixture of reactant gases, ethylene or hydrogen, respectively,

rate at different partial pressures of reactant gases or by following the change of composition of a charge of reactant gas mixture with time, respectively.

The latter case, signified by “‘flow,”

is classed as “differential” or ‘“‘integral.”

In the differential method the conversion through the catalyst bed is restricted to practically infinitesimal

an extent, so that the observed rate can be directly referred to practically unchanged partial pressures. In the “integral” method finite changes in partial pressures are observed as functions

‘Initial” and *“‘course” refer to the mode of observing the kinetics of the reaction by measuring the initial

of flow rates to analyze them for the rate as a function of the partial pressures. In the “flow-circulation” method a gas mixture reacting over a catalyst bed is rapidly circulated through a circuit,
which is steadily supplied with reactants while the circulating mixture is constantly led out for analysis; the results give directly coherent data of rate and partial pressures.

11 I v \Y V1 VII VIII 1X X XI XII
Reaction Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (Py o) and Modes of measurement ; . x 2C(=Tx °’K—273) Activation heat kcal - mole ! Authors
hydrogen (Py.0) mm Hg 9lno dIn o _ Given by the authors
H d In Pg dln Py, ™ y )
. PH}O/PE‘(]:1,2,3
Homogeneous reaction 475 ~ 550 total pressure = 760, In P 1 1 43.15 (62]
380, 190 n Pyrex glass vessel
Nitrate formed
on the surface Py .0o=30
decomposed by Evac. to less 73 ~ 200 Py 0=1730 Static, mixture, course 1 137 1.8 (T<Tx) [63]
heating and than 0.1 mm Hg
reduced in H,
at 270 °C
..... do..ooviiiininndenndon | 100 ~ 192 Pe. o=1730 veedo 1 [63]
F l PH. 0= 30
oi
700 °Cin B 400 ~ 600 ﬁg v +}f: o= et Flow, differential 5.0 (400 ~ 500 °C) [47]
Cy'H,+ 'H, Ni ' :
, 0 1
Reduced at 200 °C —-10~ 130 Py 0=0.03 Static, ethylene, course (T < Tx) 60 4.6 (T<Ty) [64]
Py 0 <0.04 1 1
(T >Tx)
11.0+0.3 (Ar* ion bombard-
ment)
10.7 0.2 (Outgassing and
Outgassed at annealing)
Plate 900 °C in ultra- 35~ 85 Pu.o>Peo Static, hydrogen, course 0~—1 1 120 (Pe=2~4) 9.0 0.6 (Outgassing and [65]
high vacuum =0.02~21.7 quenching)
7.9%+0.5 (Ar* ion bombard-
ment and annealing)
6.0+ 0.4 (Contamination at
elevated temp.)
600 °C in air 300 °C in H. 50 Peo=Pyo=113 Circulation, mixture, 0.8 (initial) 66}
and 300 °C in H, for 20 hr course 0 (fnal)
Wire
600 °C in air 200 °C in H, 0~ 200 Py o=1~5 - . d In vy _ 140 (Pp,=3, P,=5)
and 330 °C in H, P o=2~8 Static, mixture, course T (Pat P =0 [67]
Cy'Hy+ Dy Ni Wire  |..... dooeeveniniiiii o do.oviii e, doooooooiiiiennes doeeiii doeeii L doeeeoreiii 160 (Py=3, Py=5) 8
Cs'H,+ 'H. Ni Wire 600 °C in air 20 ~ 155 Ppo=7~20 Static, mixture, course | | ... doe i [2]
and 300 °C in H, Py o=10~30
600 °C in air None 70 ~ 207 Pg. ¢=20.5~113 Static, ethylene, initial 0 1 14 (70 ~ 100 °C) [68]
and 330 °C in H; Py 0=82.4~159 (156 °C) 0~—1 (207 °C)
Cg'H; + D-_g Nl Wire
...... doooovvievndiiidon i 35~ 120 Static, ethylene, initial 0 1 8.2+0.5 [69]
600 °C in air, Py o=0.02 ~0.15 ‘ initial 0 0.7 60
300 °C in H, and |300 °C in H» —45~ 95 Static, mixture, 5.3+02(T<Ty) [70]
annealed at 600 °C Py 0=0.02 ~0.15 course (—45°C, 0°C) (P:=0.03. P,=0.09)
Cg‘[’l + IH-_) Nl Wire
‘ Red-heated in air Outgassed at 99 ~ 165 Py o=10~130 Static. mixture, course — Pylg 0 (=RT?* In k(/oT) [71]
and 360 °C in H. at 200 °C [n 0=10~ 160 Y14 kP




TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene.— Continued

I II 111 IV \% VI VII VIII IX X X1 XII
. .. Rate law .
Reaction Initial pressures of Optimum temp. o
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (P, o) and Modes of measurement ty °C(=Tx °’K—273) Activation heat kcal - mole ~! Authors
hydrogen (Py. o) mm Hg 9 In vy =m 9 1In v, =n Given by the authors
H.o 9 In Pg aln Py y
Heated in air 300 °C in H, 83 ~ 190 Py 0o=20~ 360 Static, initial 1.2 ~ 0.5i: 0.7 180 5 [72]
and in H, 0.5 hr Py, 0= 50 ~ 400 (135 °C) (Pg=1.1, Py=3.7)
Wire
850 ~ 1150 °C in Py o= 380 ~ 3040 Stir, hydrogen, initial 0 | 0.97+0.07 13.4 (Porou_S, active)
air, 300 ~ 420 °C 62 ~ 201 Py, o= 380 ~ 6080 (135 ~ 188 °C) 15.5 (Reactivated by reduction) [73]
in H 11.3 (Smooth)
Ni(NOy). decom- Pg,0=100 ~ 400 Static, mixture {‘C'(‘)‘l‘l‘r""sle —0.6 0.98 oy & PgPy _
posed at %:00 °C Evac. 2 hr —78~0 Py, 0=100 ~ 400 (A +HEPyHEP)? 6 [12, 74
and 480 °C in H,
PE. 0= 253
NiO reduced at 250 °C in H, —78 ~125 Py, o=507 Flow, differential 4 [58]
350 °C in H. overnight
0.6 0.55 o PPy
H,+ 'H. Ni Powder NiSi alloy Pg. o+ Py 0o=50~ 250 Thqn}rlnal mixture, course . v (1+kPy+ k' Pg)
refluxed 300 °C in H, 0~ 180 siphon, Calculate by the rate law given 18.7%1 (100 ~ 150 °C) [75]
(Raney Ni) by the author for Py=Py =100 k=10.030, k'=0.027
128 °C 128 °C
Ni(NQj3), decomposed
at 400 °C, 500 °C 100 °C in H, 53 ~ 123 PH, O/PE, o—=1.2 Flow, differential
in Hg 10 hr and 1 hr PE.0+PH.0: 760 8.1 [53]
350 ~ 500 °C in
Hz 15 hI‘
None —80 ~ 150 Circul. 0 1 10.7 [6]
190 °C in C,H, Pg o=2~10 Circul., mixture, initial 0 1 o PPy (165 °C) 165
Evaporated 0.5 hr None 20 ~ 180 Py 0o=2~10 (114 °C) L s kPg (Pe.=Py=50) 10.2 (T < Ty) [13]
film
190 °C in C:H, 250 °C in H, 0~96 Pz o+ Py, 0=0.03 ~ 300 Static, mixture, course 0 1 8.0 (Py+Py=3) [27]
0.5 hr 0.5 hr
'Hy+ D, Ni Evaporated None —120~—100 | P, 0=2.7 Static, initial 0 0.5 7 [76]
f]lm PH, 0= 8 l
None —40 ~ 40 P o=49
Py 0o=98 Static, mixture, course 0 1 9.1 ~10.3 [29]
Static, ethylene, initial —0.4 (32.3 °C)
—0.2 (80 °C) 10.0 (Pg=153, Py=255)
Decreases with
Static, mixture, initial Py, from 1
'H, + 'H, Ni Evaporated 32.3 °C in 100 mm 32.3 °C in 100 mm 30 ~ 80 2e 0=10 ~ 300 to 0.7 7.8 (P, =48, Py=58)
) film Hg C,H4, 0.5 hr Hg H., 0.25 hr Py 0=10~ 300 [77]
Initially 0, then | Decreases from
Static, mixture, course 2.3 and then ] 1 to 0.7 with
with decrease Py(< Pg)

of Pg(<€ Py)




TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene.— Continued

I II II v \Y Vi VII VHI IX X XI XII
Reaction Initial pressures of Rate law o Optimum temp. )
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (Pg o) and Modes of measurement o o ty °C(=Tx °K —273) Activation heat kcal - mole 1 Authors
hydrogen (P4, ¢) mm Hg L=m DU = p Given by the authors
dln Py dIn Py
250 ~ 300 °C . .
in H, 40 min, Py o/Pg,0=1 Static, mixture 6~8 (78]
evac. at —15~15 | PeotPuo=~15
reaction temp.
33? ;Chin H, .—98.5~ 70 [F;h (:)i ig = gg(()) Static, mixture, initial —0.5 0 °C) 0.9 7(Py=Py=45) [79]
.5 hr HO=
Evaporated None 0~2001 Pe.o=15 Circul., mixture, initial 130 5.6 (T<Ty) [22]
film Py o=15 =95 (T>Ty)
..... do.ooveinnnn. —45 ~ 200 55. 0= 8'82 Static, mixture, initial 35 5(T<Ty) (61
H, 0= — U
NG do..oooin, —40 ~ 220 | Pe.0=0.03~100 ; 1_ 1 3.3~5.5(T<Tx)
' ¢ gt“‘t’."l'} mixture, initial T, ~ 5300 (14>~ log Py) [80]
Py 0=0.03 ~ 20 ahe —5~—14 (T>Tx)
Supported
2.94% 500 °C in H, —78~0 . ) o —0.08+0.12 0.67=0.10
on Si0, Circul., mixture, initial c 8.4+0.5 [81]
(=40 °C)
Ni(NOs), calcined
at 400 °C 10 hr, Pg. o= 137 ~ 2090
~o'Hy+ 'H. reduoced in Hy o None 32~80 | p, ,=326~ 3260 Flow. dift -
250 °C 24 hr, Pyo 0.40 ~ 0.90 ow, differentia :
Supported 170 °C in PeotPro . 0.33 0.93 11.6(Pg = 550, P,;=200) [82, 83
on ALO, H.+ excess C,H, ’ ’ o '
(90 °C)
Ni(NOs), calcined, Oxidized in air
700 °C in Hz 2 hr gf(:)((i)uo(gdz ailtr 80 ~ 140 Pg o+ Py.0o=760 Flow, differential 8.9 (84]
< >0 o
Platinized Py o=20~111 initial 0 (25 °C) 160 (P, =40, P,=20) 10 (0~ 78 °C)
foil None 0~ 236 Static, mixture g:)lltllrase = : [85]
PH,():20~67 il lll Uh/a hl (I)E+PH):1
200 °C in H, 0~52 | Pg o=50~150 Static, ethylene, initial —0.5 1.2 (86]
12 hr Py.0=50~ 150 (0 °C)
" Foil 65(1)2°(}]1rin H, 70 ~ 130 | Pg o= Py, 0«=380 Flow, differential 45 [48]
400 °C in air
20 ~ 30 min, Pg.0=20~80 —0.5 1.2 240
Wire 400 °C in H, 300 °C in H, Py, 0=20~ 100 (T<Ty)
20 ~ 30 min, 30 min Circul., mixture, initial 0 | 1 (Py=26, P,=116) 10 (T < Tx) (87]
200 0C in C2H4

30 min
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TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene. — Continued

I I III 1AY A% VI VII VI X X XI XII
Reaction Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (Pg.o) and Modes of measurement a1 gl ] tx °C(=Tx °K—273) Activation heat kcal - mole -! Authors
hydrogen (Py,») mm Hg MUy =, £ -, Given by the authors
d In Pg dIn Py
H,PiCl; heated Reduction for _
Supported in vac. at 200 °C shorter time Pg. 0o=50~ 200 —0.5 1.2 9.9x0.5 (0 ~ 50 °C) [88]
C,'H,+ 'H, Pt 1% on and reduced in than in “prepa- —18 ~ 52 Static, ethylene, initial
ALO; H, at 200 °C ration,” as ac- Py.o=20~200 0 °C)
12 hr tivity decayed
Pg.o=50~ 200 —0.5 1.2
C:'Hs+ D, | S S do.eooooifinennn. do..vvveeiiiini e, (ST -18~52 | L. do..oeiveiiiiiiiis 10.9+0.5 (0 ~ 50 °C)
Py o=20~ 200 0 °C)
H,PtCls reduced [89]
in H; at 400 °C, Pg, 0=100 ~ 250 —0.3x0.1 1.0x0.1 152 (0 ~ 40 °C)
C.'Hy+ Dy Pt Supported exposed to air -20~50 | 1. doeiiii
on Al,O; at room temp., Py 0=50~ 100 (0 °C) (Pg=Py=100)
200 °C in H,
0.5 hr
H:PtCls heated Reduction for Pg, =100 ~ 250 —0.5 1.2
Supported in vac. at 200 °C, shorter time | | - L. doeeeeiiiiiiii ~
1% on reduced in H, at than in “prepa- 0~ 52 Py, ¢=50~100 0 °C) [88]
Si0, 200 °C 12 hr ration,” as ac-
tivity decayed
Supported “Davisen” gel 0.25+0.07 0.77+0.07
on SjO, impregnated with _Circul., mixture, initial , o 8.4+0.4 [81]
H,PtCls ‘ (—40°0)
H,PtCls calcined
Supported at 538 °C in air 10 min in Pg,0=5.3 ~ 302 0 0.5 16
0.05% oni 1 hr, reduced H.-flow at 45 ~ 93 Flow, differential {90]
Si0, in H, at 500 °C reaction temp. - Py.o=11.4~ 760 (97°, 45 °C) (77°, 45 °C) (Pg=22.8, P4y=152)
Pt 3 hr ‘
H:PtCls reduced Reduction for
Supported in H, at 400 °C, shorter time Pg 0o=50~290 —0.5 1.2
1% on exposed to air than in “prepa- 0~178 Static, ethylene, initial [88]
C,'H,+'H, SiQ, — at room temp., ration,” as ac- Py, 0=50~ 160 (0 °C)
ALO; 200 °C in H; tivity decayed
0.5 hr
. H.PtCls reduced
Supported in H, at 400 °C, Pg.0=20~150 —-0.5 | 1.2
1% on exposed to air  |..... doe.eenni il —-18~50 | - Static, ethylene, initial [88]
pumice at room temp., : Py.0=20~100 0 °C)
200 °C in H; !
0.5 hr
300° ~ 380 °C Pg. o=100 ~ 500 0 1 ‘
Plate in air, 250 0~ 209 Flow-circulation (22 °C) 10.6 (0~ 42 °C) [91]
°C in H, Py, 0=100 ~ 500 0.5 I 1 1.2 (102 ~ 209 °C)
8 hr - (176 °C)
Pd f
400 °C in air
20 ~ 30 min, Pg. 0=20~ 80 0
Foil 400 °C in H, 300 °C in H, 100 ~ 300 Circul., hydrogen, initial | 7 < Ty 230 (87]
20 ~ 30 min, 30 min Py 0o=20~100 1 (Pg=2.6, Py=117)
200 °C in C2H4 T> TX

30 min




TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene. — Continued

I II I Iv Vv VI Vil VIII IX X XI XII
' Reaction Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (Py. 4) and Modes of measurement 9 n v . o ty °C(=Tx °’K—273) Activation heat kcal - mole ! Authors
hydrogen (Py.0) mm Hg - =m L =p Civen by the authors
dIn Py d In Py :
65(1)2"(}31 in H, 70~ 130 | Pg o=Py, 0=380 Flow, differential 10 ~ 14 [48]
r
Foil A ed o P, 0=100
nnealed at 800 400 °C in H, Static, mixture, course 1 ~
°C 2 hrs in 1 min 0~180 | Py =100 >3758 1521
vac.
Pg. 0o=100
Evac. 1 hr = Stir, hydrogen, course 0 1 5.1 (Pure Pd)
Thimble at 350 °C 0~98 | Py o=100 ’ 6.1 (H; treated) [92]
: 7.3 (C2H, treated)
PdCl,; reduced 200 °C in O; Peo=17~11.0 1 1
witvh KOH and o 70 ~ 120 Static, hydrogen, initial —2.9 [93]
- . I HCHOagq. 200 °C in H, Pi.0=0.9~64 (a-phase) '
2 1 2
v | 200 °C tn O 75— 105 Pg 0=49.2 ~ 151.0 J ~2.4 ~—2 p
..... L ~ B o L o o B puly 1 PH)
200 °C in H, Py, o= 199 ~ 560 (B-phase, 75 °C) eyt 14 B3l
Supported “Davison” gel —0.03+0.07 0.66 + 0.55
on Si0; impfegnated with Circul., mixture, initial 8.4+0.4 [81]
Pd4Cl, (—30 °C)
Reduced from a
convenient salt Pe 0o=25~200 0 1 11.4+1.0 (50 ~ 77 °C)
. ” . 0 o . - — - . “u ° - : .
Sug)rf)(j{ieg :31; Ii_sg(tj [:ooaifz,u 36~ 177 b s 350 Static, ethylene, initial . [94]
= ro(‘))m temp., 200 s 1870 (Pe=Pu=100)
°C in H 0.5 hr
Evaporated Pgo=2.7
Co'Hy+ Ds Rh film None —120~—100 Static, initial 7 [76]
Py 0=8.1
Supported “Davison” gel —0.74+0.18 0.85+0.11
C.'H,+ 'H, Rh on Si0; impfegnated with Circul., mixture, initial [81]
RhCl; - 3H:O (— 76 °C)
Reduced from a
convenient salt Pg.o=50~ 100 0 1 ~ °
C>'H,+ D2 Rh Supported in H, at 400 °C, —18~110 = Static, ethylene, initial =2 (3= 10T (94]
on Al,O, :():(;)):;lsttagn:g ai2rOa(l)t Py, 0=26 ~ 250 (79 °C) (Pg=Py;=100)
°C. in H 0.5 hr
Supported Ru(l; - 3H,0 Pg 0=28~ 100 —0.2 1 ~80°
Co'Hy+D: Ru 5% on reduced in Hy o~8 | .. 0urere oo 87205 (327807C) (95]
Al,O; at 200 °C 5 hr Py, 0=54 ~ 165 (Pe=15, Py="16)

(54|°C)
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TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene.— Continued
| 11 111 1A% \% VI VII VIII IX X X1 XII
‘ Reaction Initial pressures of Rate law Outi
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (P o) and Modes of measurement 51 - ¢ on(tl_mTlvm})It(emé)—}?)) Activation heat k
dIn vy, , o = - tivat . -t
hydrogen (Py.0) mm Hg 9 Tn [)IE = ((, ]: ;))'” n Civen by the authors X e ctivation heat kcal - mole Authors
Supported “Davison” gel
Ru on Si0, Enpgfgn;}tle((i)wnh Circul., mixture, initial —0.95+0.08 10.95 = 0.05 8.4 0.4 [81]
uCl; - 2 T
:31H4 + ng (_ 70 OC)
Ammonium
chlorciridate
Ir Supported reduced in H, at - 20~ 150 —-0.4x0.1 1.6=0.1
on AlOy 400 _°C,2(e)())(P(E:S<_3d Static, ethylene, initial ' 13.8£1.0 (80 ~120°C) (89]
to air, 200 °C in o
H, 0.5 hr (60 ") (Py=50, Py=100)
Supported Ammonium , h
2'Hy+ D2 Os 5% on chloroosmate 0~ 80 Py 0=50 1 o
ALOy reduced ‘in H. , Static, ethylene, initial 8.520.5 (17~47°C)
at 200 °C 5 hr Py, o=27~203 (24 °C) (P, =P, =50) (95]
E=lu=
700 °C in H.
Foil 24 hr 550 ~ 700 | Pe.ot Pue=T60
Py o=176 ~ 380 Flow, differential 19.5 [47]
250 ~ 300 °C in —
Kvaporated H; 40 min, Py olPgo=1
film evac. at Static, mixture, course 0 0.4 6~8
reaction temp. Pe ot Py o~15 (78]
Cu reduced and Py o= 340 ~ 440
annealed at 150 ~ 275 oo Stir 12.0 (150 ~ 200 °C)
250 °C | hr Pii0=190 ~ 440 | I (1)'3 ggg N 52‘5’ 8 (%6
Cu reduced in Hy )
200 °C 30 ~ 40 0~ 20 Py ofPg 0=0.5, 1.2 - 0.4 0.8
h:, e?l!lealed at Static, mixture, initial
450 °C; 1.5 hr P o+ Py o= 380 ~ 760 (0 °C) 7.8 [97]
2'Hy+'Hs Cuw CuQ reduced in Hs
at 200 °C 0.66 0.8
Powder 30 40 hr, 150 ~ 250 |.....  FSRRUUURUTRUITEN PO 0w, 10.8 (150 ~ 200 °C)
anncaled at 200 °C 7 (200 ~ 250 °C)
50 ~ 550 °C ( ) (Pg=1507, Py=253) (98]
Cul :();1 deCOm' [)I‘Z, o= 253
posed, reduced 200 °Cin He - 73 ~125 Flow, differential
in H, at 350 °C overnight Py 0=507 8 (58]
(:ll(N();;)g decom-
posed at 400 °C, Py o/Py o=1.2
il(l l’}{g 5'001-;(: l()(l) ‘I’(I in H, - 10~25 Flow, differential
> ) —
350 500 °C ! Pe.vt Puu=760 7.9 53]
15 hr
Powder CuQ, MgO mix- T
mixed ture reduced 9~179 Pg.o=36 ~512
with 50 in H, at 250 °C Flow, integral 0 |
:\])l“l(‘; “ Pi o+ Py 0=T760 13.32 [99] -
My




TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene. — Continued

I 11 111 1AY Vv VI A1 VIII X X XI XII
. . Reactign Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C N gthylenegl’l-;. o) andH Modes of measurement a1n v 210 v ] T °C(=Tx °)K—273) Activation heat kcal - mole ! Authors
ydrogen (Py,0) mm Hg In [)FE 1 TP Given by the anthors
< H
Cu(NO,); decom- Pg v=95~ 570 0 1 }gg fnot anlnzaé%d 01~0 605)(3) (100]
Supported posed at 200 °C 0~ 100 . . N .2 (anneale ~ 100 °
ek b }%(’) a:mé:a}}ed P,y =95 ~ 570 Static, mixture, initial (100 °C) (Pz=P,=380)
at 500 °C r
Supported Cuprous Pg0=253~507 |..... do.ooooiiiiii 1 1
on glass hydroxides 194 ~ 220 —p -
beads reduced Py 0=253 ~ 507 (220 °C) 6 (Pp=P,=2380) [100]
JH, + TH, Cu Supported “Sorpsil” silica 0.06+0.12 0.69 + .09 ‘
on Si0O. ii{l:n(u:(%gz;fd Circul., mixture, initial 80 °C) 8.4+0.4 [81]
Supported Pg =76 ~ 532 P ’ p
o g A 5] ~ . . My
Kl?gi on 275 °C in Ha 5]l ~ 69 Py =152 ~ 532 Circul., mixture, course vy & 0 /l;:r:)T > 14.1 [101]
L 05
P 2 0= 46
Supported Cu(NOy): reduced & Circul., mixture, course (T<T ~ 20 102
on at 300 °C in H» 109 ~ 258 Py o=113 ’ 1 0 " "
iesel
kieselguhr (T>Ty)
2 Hy+'H, Powder 4 : | mixture of Pg.0o=50~ 100 11.8 (C.'Hy)
Cu mixed Mg(OH)., — 20~ 40 Static, mixture, course 3(C.Dy) 0
2D+ 'H, with MgO Cu(OH); reduced Py =50~ 100 ' , 1}33-(%D4_) 50) (03]
ET £ H™
Evaporated Pgo=2.1
WIH, + De Fe film None —120 ~—100 Static, initial 7 [76]
[JH. 0= 8.1
- o ~0.6 0.87
initial 323 °C) 7.3(Pg=>55, Py=52)
) Static, ethylene D f;
S2'Hy+ "H Fe Evaporated [32.3 °CC in C,'H,4 32.3°C in 30 ~ 80 1jE~ v= 10 ~ 300 e e()c.lir}%atsjo.rl%n;s [77]
film 0.5 hr H., 15 min Py.v=10~ 300 course Pg increases 0.84
(32.3 °C)
Static, hydrogen, course 0.94
32.3 °C)
Fe(11) oxalate Evac. at 360 °C
Powder r(-duct_ed, sin- 2 hr 0~ 175 Static 8.4 (30 ~ 75 °C)
tered in vac.
HL+D 3 Powd | d d od
~'Hy+ Dy ¢ owder  |..... dooovi [ TP TR ST L Y N SO doweere 8.3 (30 ~ 50 °C)
_ 12.5 (55 ~ 75 °C)
, Powder, 425 ~ 450 °C in H. Pg =80~ 585 0 1~0.5 5.1
Co'Hy+'H. Ve 0.15% 60 hr and 525 °C | 450 °C ir} H,1 hr,| —89~—40 Static, mixture, course ) [105]
ALO; as 8 hr evac. 2 hr Py.»=110~ 335 (=79 °C) (—89 ~—179 °C, Pg=Py=240)

impurity
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TABLE 7.

Reaction kinetics of catalyzed hydrogenation of ethylene. — Continued

11

111

v

VI

VII

VII

IX

X XI XII
Reaction Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C " gthylenefgl’g‘o) andH Modes of measurement 9 1n v ol o } ty °C(= Ty °K —273) Activation heat keal - mole - Author:
ydrogen (Py.0) mm Hg 31n P;Em’ Tl',, =n Given by the authors
Powder, 450 ~500°Cin H: | 450°CinHy 1hr | —89~—40 | Pg o+ Py 0=450 Static, mixture, course .
159% K.0 | 80 hr evac. 2 hr R 5.3(—50 ~ —40 °C) [105]
1.3% AlLQO,
0.6
Powder, Fe oxide reduced P =100 ~ 400 initial {345 °C) 42(Pg=Py=
0.15% a1 400 ~ 440 °C | 400 °C in Hs B0 Circul., mixture . (Pe=Py=200)
ALO; as 59 hr and 515 1 hr —50~—20 | Py o=>50~ 300 course ] 1.0
impurity 532 °C 8 hr [106]
in H, ( 35°0)
<2'Ha+He e I'e nitrate
calcined at 350 Py 0=253 ~ 507 ~0 -0
Sué)r?(l))rrtii(l‘( 400 °C, reduced 0~ 20 Static, mixture, initial 6.2(Pg= Py, =380) {107]
’ il-l Hg a(ti 4'505:)8,0C I)”' 0— 253 -~ 507 (() "( :)
sintered at ‘|
Supported “Sorpsil” impreg- . o 0.04+0.13 0.91= 0.1]
on Si0O, nated with Circul., mixture, initial 8.4+04 [81]
i Fe(NO3)s (30 °C)
Supported “*Sorpsil” impreg- —0.19+0.10 0.552 0.66
Co on Si0:. mated with | 0 | doreneii ) 8.4+0.4 [81]
(:O(NO;;)g { 60 C)
Pg 0o=2.7
Evaporated None —120 ~~100 B0 Static, initial
:g]H.;'Jr‘Dz 7\*4 film PH,0:8-1 >~6 [76]
. Py o+ Py, o= 760 '
: 700 °C in H: E. 00410
Foil oa b 550 ~ 700 Flow, differential
Py.o=103 ~ 388 27.1 [49]
Ag
AgNO; calcinedC Pg ¢=253 ~ 507 0 |
Supported at 350 ~ 400 °C, 50 ~ 100 Static, mixture, initial b
on brick 150 ~ 250 °C Py, 0= 253 ~ 507 (100 °C) 98 (Py=Py=2380) [107)
in H2
PE‘1)+ PH‘OZ 760
700 °C in Hs 400 ~ 600 Flow, differential 25 (47
24 hr Pro=114~39 (max. at ca 5(). atom % Ni) !
Foil . . m % Ni
C,'Hy+ 'H. Outgassed in ultra Pu.o>Ps. o
high vacuum Ar* bombard- 35~85 Static, mixture, initial 1 651
at 900 °C ment Py 0=0.02 ~ 21.7 [
Evaporated Y.vaporated from 250 ~ 300 °C in Pu.o/Pgo=1 0 0.1
Cu-Ni film (Cu and Ni wires, H; 40 min —15~15 Static, mixture, course 6~ 8 -3
alloy annealed in thal Py o+ Py o=~ 15 (74.2 ¢ Ni) [78]
300 °C overnight
Evaporated Py =10~ 300 —0.3 0.9
film F.vaporated from 350 °C in H» —28.5~170 Static, mixture, initial 8.9 (P.—
54.6 atom alloy pellet 1.5 hr Py 0=10~ 300 (0 ") 9 (Pp=Py=45) [79]

% Cu




TABLE 7. Reaction kinetics of catalyzed hydrogenation of ethylene. — Continued

I I1 11} 1AY \Y Vi VII VIII IX X XI XII
Reaction Initial pressures of Rate law Optimum temp.
Reaction Metal Form Preparation Pretreatment temp. °C ethylene (/’; o) and Modes of measurement 4 1n v 9In v ty °C(=Tx °K—273) Activation heat kcal - mole ! Authors
hydrogen (Py.4) mm Hg - ," =m L= =p Given by the authors
dln Py dln Py
Carbonates decom- | 250 °C in H. Py.o/Pg. 0o=1.5
posed, red. in H: overnight —73~125 | Pg ot Py o=760 Flow, differential 4 [78]
at 350 °C
Cu-Ni Nitrates decom-
alloy | Powder posed at 400 °C,
in Hs 500 °C 10 100 °C in H: Pu.o/Pe.o=1.2 9.3 (=70 ~—41 °C, 90 % Cu) [53]
hr, in Hs 1 hr —75~41 Pg o+ Py.o=760 Flow, differential 9.7 (—75~—63 °C, 63 % Cu)
350 ~ 500 °C
15 hr
Ni-Fe Evaporated Evaporated from 350 °C in H: —28.5~70 | Pg =10~ 300
alloy film alloy pellet of 1.5 hr Py 0o=10~300 Static, mixture, initial —0.3 0.8 8.9 [79]
10.8 atom % Fe (0 °C)
Ni-Pd Evaporated Evaporated from
alloy film alloy pellet of  {..... do.eein o, do.eeioiifoennns doeeeniii do.iiiii —-0.2 0.6 7 [79]
5.5 atom % Pd (—28.5 °C)
Cu-Ag Wire 700 °C n H. 550 ~ 700 | Pz o+ Py o=760 Flow, differential -
alloy 24 hr Pg.o=106 ~ 388 17 ~16 (3 ~92 % Ag) [47)
JH, + 'H,
Cu-Pt Foil 650 °C in H. 70 ~130 | Py o/Pe o=1 Flow, differential 5.4~ 14 (48]
alloy 12 hr Py o+ Py o=760
CuPd |Foil |  |.. dooeeveiinee ] do.......... Loidon e O 10 ~ 14 [48]
alloy
Pd-Ag Folil Annealed at 800 °C 400 °C in H, 0~400 | Pg o=100 Static, mixture, course ~ 5.2 (20 ~ 50 % Ag) [52]
alloy 2 hr in vac. 1 min Py.0o=100 8 (60 % Ag)
NaH Lump Evac. at 200 °C 100 ~ 200 | Pg o= Py.0o=300 Static, mixture 8 [108]
2 hr
LiH Lvmp |} | do..ooooeeri i do.eoooiiifoii s (s YOR P SR do.eer i 17 [108]
Ta From positive
hydride | Powder ‘Evac. at 800 °C 200 ~ 500 | Pg.o=50 ~ 500 Static, hydrogen, initial 1 to negative as | < 0 (Py < 80, 250 ~ 300 °C) [109]
Py.o=50~ 500 Py, increases >0 (Py > 80, 250 ~ 300 °C)
(250 °C and 300 °C)
1 I '
Pe. o= 50 ~ 500 (Pg < 100, 0 ~ 50 °C) 200 1.4 (0 ~ 150 °C)
CaH., Powder Evac. at 450 °C — 78 ~ 450 Static, mixture, initial 0 1 (Py=41.6, Ph=41.7) (Pe=41.6, Py=41.7) {110}
1 hr Py 0=50~ 500 (Pg > 100, 0 ~ 50 °C)
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The catalyzed hydrogenation is throughout
approximately first order with respect to hydrogen
partial pressure, as seen from table 7, irrespective
of the catalyst metal, preparation and pretreat-
ment, whereas the dependence of its rate upon
ethylene partial pressure varies considerably with
catalyst metal, etc. The linear relation between
In vy and In Pg is rather poor in many cases, hence
the values of m =9 ln vx/d In Pg in the table are
just as much inaccurate.

4.3. Detailed comments will be made below upon
the representative case of nickel.

4.3.1. Zur Strassen [64] has introduced hydrogen
over nickel wire environed preliminarily by ethylene
under its own vapor pressure (0.03 mm Hg) at liquid
air temperature, and observed the decrease of total
pressure, which was identified with rate vy of reac-
tion (4.1). He thus found that the reaction was first
order with respect to hydrogen throughout. The
quotient vs/Py was found to vary with partial pres-
sure Py of ethylene as [64]

vp/Py < Pg/(1+ k' Pg), 4.2)

where k' is a constant at constant temperature, de-
creasing rapidly with increase of temperaturey £'Pg
passing unity around the optimum temperature, so
that m = 0 In vs/0 In Pg is zero or unity sufficiently
below or above the optimum temperature, respec-
tively.

4.3.2. In the above experiment of zur Strassen [64],
the catalyst was initially contacted with ethylene
as denoted by “ethylene” in column VIII of table
7. Masuda [70] recently observed the hydrogenation
rate in the presence of nickel wire over approxi-
mately the same ranges of partial pressures, intro-
ducing a homogeneous mixture of reactant gases
over the catalyst. The reproducibility of catalytic
activity was secured within 15 percent by a pre-
treatment at 300 °C in hydrogen of 15 to 20 mm Hg
pressure for 1 hr followed by evacuation to 108
mm Hg. The initial rate was thus found proportional
to P2PY%7 from — 45 to 0 °C. Figure 11(a) shows the
dependence of the initial rate on Py. It follows that
PY;® decreases linearly with time, provided the above
rate law holds throughout the course of catalyzed
hydrogenation, which is verified as shown in figure
11(b), fulfilling the necessary condition, referred
to in 4.2., of the real rate law.

4.3.3. We see from table 7 that m =0 and n =1 at
temperatures below the optimum, while m =n =1
above the optimum in most cases, in accordance
with eq (4.2). However, v, depends perceptibly
upon Pg even at temperatures appreciably below
the optimum in those cases where the total pressure
of the catalyzed hydrogenation is higher than 1
atm [82], where the catalyst is preliminarily treated
with ethylene of much higher pressure [82, 101]
than in the case of the experiment of zur Strassen
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FIGURE lla. Dependence of the initial rate, vy, o, of hydrogena-

tion over Ni wire upon Py o [70].
vn, o is the initial value of v given in hydrogenated percent CoH; min~! at Py =0.049
mm Hg.
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FIGURE 11b. Partial pressure of hydrogen, Py (in mm Hg), in

course of a run of catalyzed hydrogenation in the presence of
Ni wire [70].

O: 0°C. ©: 25 °C. S 40 °C.

[64], and where the reaction vessel is preliminarily
only incompletely evacuated. Even a negative value
of m is reported [71, 74] with nickel powder, as
shown in table 7. According to Schwab [113],
however, this negative value of m disappears when
the catalyst and the reactant gases are purified.

4.3.4. Tucholski and Rideal [67] as well as Farkas,
Farkas and Rideal [2] reported that the catalyzed
hydrogenation in the presence of nickel was zeroth
order with respect to total pressure, whereas their
experimental results could be fitted adequately to
the rate law with m=0 and n=1, the first order
rate (1/¢) In (Py, 0./Py) remaining fairly constant as
shown in table 8, where Py ¢ is the initial value of
PH-
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TABLE 8. Hydrogenation of light ethylene over Ni wire [2]

Partial pressures,

React.| Time ¢ mm Hg kn=(1/t)In | Atom % of
temp. | min (Py, o/Pu), | deuterium in
°C min~! hydrogen

PE PH
20 0 21.5 32.5 30.6
10 13.5 24.5 0.0123 30.0
25 5.5 16.5 .0118 33.2
37 1.0 12.0 0127 33.8
155 0 20 24 62
? 13 17 22
155 0 13 16 0
? 10 13 13

4.3.5. The observations on activation heats are no
less divergent than the rate laws. Tuul and Farns-
worth [65] have observed the catalyzed hydrogena-
tion of ethylene in the presence of a 2.5 cm? nickel
plate subjected preliminarily to different pretreat-
ments. The results are, as shown in figure 12, that
the activation heat varies between 3.6 kcal and 12
kcal, revealing the so-called compensation effect.
The activation heat was derived from rate constants
kxn at 35, 55, and 85 °C as deduced from experimental
results assuming the rate law, m=0, n=1. The
linearity of In &, to 1/T is, however, rather poor,
hence the activation heat is just as much inaccurate.
The cleanest surface is, according to them [65],
that bombarded by Ar* ion, which reveals the high-
est activation heat, 12 kcal.

This high value activation heat coincides, how-
ever, with that on the carbided nickel surface
[13, 82, 114]. Moreover, Tull and Farnsworth’s ob-
servation of the optimum temperature, Ty, in con-
junction with partial pressure of ethylene, Py, falls
into the characteristic correlation between Ty and
Pg, referred to below, of the carbided surface. It is
possible that adsorbed complex on the nickel plate,
which was used for every experiment as mentioned
above, is decomposed by the bombardment to
form the carbided surface. On the basis of the argu-
ments in section 2, the most adequate value of the
activation heat below the optimum is 5 to 6 kcal as
obtained by Miyahara and others [22, 26, 61, 64,
70, 80] with equimolar mixtures of the reactant
gases over evaporated nickel film.

4.4. An optimum temperature is observed, as seen
from table 7, not only for nickel catalyst but also for
platinum, palladium, iron, and copper catalysts.
Tuul and Farnsworth [65) advanced and empirical
relation, in case of nickel, between the optimum
temperature tx(°C) and Pg (in mm Hg) as tx=30
log 10Pg+ 105. Sato and Miyahara [80] found linear
relations between log;oPg and the reciprocal of the
absolute temperature of the optimum, Tx,to hold for
reduced nickel wire, freshly evaporated surfaces or
carbided surfaces of nickel film, respectively as
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FIGURE 12. Compensation effect in the catalyzed hydrogenation
of ethylene over a nickel plate subjected to different pretreat-
ments [65].

shown in figure 13; the latter two surfaces have been
denoted by F and C, respectively, in 2.8.3. The
linear relation over surface F is analytically [80]
(Pg in mm Hg)

1/Tx =(1/5300)(14.5 — logioPg). (4.3)
The optima observed by Tuul and Farnsworth [65]
fall on the linear relation over surface C observed
by Sato and Miyahara [80] as mentioned above.
4.5. Reference is made to the interesting work of
Apel’baum and Temkin [91] on the catalyzed
hydrogenation on palladium membrane. The ap-
paratus used was separated into a hydrogen cham-
ber, A, and a reaction chamber, B, by a 0.3 mm
thick palladium membrane, as shown in figure 14.
The membrane had an area of 15.7 ¢m? on the side
of the reaction chamber. A mixture of hydrogen
and ethylene was circulated through the reaction
chamber by means of a circulation pump, C, at a
rate of 2 liter/min through a circuit which was
steadily fed with reactant gas mixture at a rate of
25 cm?®/min, while a corresponding amount of cir-
culating gas was led out simultaneously. The reac-
tion was followed by measuring the amount of
ethane in the gas led out. ApelI’baum and Temkin
have thus investigated the kinetics of the catalyzed
hydrogenation, simultaneously following the
fugacity of adsorbed hydrogen on the side of reac-
tion chamber, which was identified with the hydro-
gen pressure P, in the hydrogen chamber adjusted
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2.2 24 2.6 2.8 3.0
10%/ Tyok
FIGURE 13. Dependence of optimum temperature, Ty, on eth-

ylene partial pressure, P, in catalyzed hydrogenation of ethyl-
ene in the presence of nickel [80].

O: Freshly evaporated surface, F, of evaporated film or pretreated foil.
[J: Carbided surface, C, of evaporated film.
A: Pretreated wire.

Annexed figures refer to respective authors as

1: Jenkins and Rideal [13], 2: Rideal [63], 3: Tucholski and Rideal [67], 4: Miyahara
and Narumi [114), 5: Tuul and Farnsworth [65], 6: zur Strassen [64], 7: Miyahara
[80], 8: Sato and Miyahara [80].

TABLE 9. Catalyzed hydrogenation of ethylene over palladium,
with fugacity of adsorbed hydrogen followed simultaneously [91]

vn, z=0: Hydrogenation rate, v, at x=0.
x: Diffusion rate of hydrogen through the Pd-membrane.

Partial pressure,

No. of mm Hg in reaction Fugacity of | v, z=0
Tem. experi chamber adsorbed [C.Hs cm?®
°C. | ment hydrogen, | NTP/hr

A
C:H, |[C:Hs H: mm Hg

22| 15 231 84.5 | 424 165 156

16 239.5 71.5 439 205 141

18 254.5 59.0 | 456 235 107

20 263.5 35.5 453 64 70

176 1 15 242 496 492 186

2 184 345 227 224 456

4 26 231 504 500 350

7 85 332 336 327 470

8 111 290.5 357.5 353 419

5 L]

Farkas, Farkas, and Rideal [2] discovered that
the catalyzed hydrogenation of ethylene is accom-
panied by parahydrogen conversion and exchange
of hydrogen atoms when they followed the para-
hydrogen content and deuterium content in hydro-
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FIGURE 14. Apparatus for simultaneous observation of the cat-
alyzed hydrogenation of ethylene over Pd and of the fugacity
of adsorbed hydrogen [91].

A: Hy-chamber, B: reaction chamber, C: circulation pump, T: cold trap at — 78 °C,
M: Hg-manometer.
to zero diffusion rate of hydrogen through the mem-
brane. The conditions of experiments and observed
kinetics are shown in table 7 and the associated
observations of P,-values in table 9.

We see from table 9 that Py =P, at 176 °C but
Py>P, at 22 °C, which shows that adsorbed hy-
drogen is in equilibrium with hydrogen in gas or
adsorption and desorption are so much rapid at
176 °C but not at 22 °C.

Apel’baum and Temkin observed further the
rate vp, of hydrogenation in conjunction with the
rate x of diffusion of hydrogen through the mem-
brane to find the increment in number of ethane
molecules per diffused hydrogen atom, i.e.,

Unh— Uh, x=0_
X

n=—

The result, n = 0.01 at 176 °C and n = 0.5 at 22 °C.
indicates that the hydrogen used in the catalyzed
hydrogenation originates almost all from gaseous
hydrogen in the reaction chamber at 176 °C but
from diffused hydrogen at 22 °C in conformity with
the above conclusion on the adsorption.

Reactions Associated With the Catalyzed Hydrogenation

gen by means of the thermal conductivity method.
Since 1950, relative amounts of different deutero-
ethylenes and deuteroethanes in the deuteration
product of ethylene have become traceable by means
of mass spectrometry. Infrared spectrometry has



also become popular in the analysis of deutero-
compounds. The profiles thus disclosed of the
catalyzed hydrogenation impressed an unexpected

complexity of the problem on the one hand but
promised to be powerful tools of solving it on the
other hand.

5.1. Experimental Methods

Such profiles of the reaction which are traceable
by means of the thermal conductivity gage alone
are dealt with in 5.1, and those extended by means
of mass and infrared spectrometry in 5.2.

5.1.1. Farkas, Farkas, and Rideal [2] followed the
parahydrogen conversion or the deuterium atom
fraction in hydrogen in course of the hydrogenation
of ethylene at 20 °C in the presence of nickel wire

20

Pg,mm Hg

% PARAHYDROGEN
3
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|
¢} 20

25

TIME, min
FIGURE 15. Parahydrogen conversion associated with catalyzed
hydrogenation of ethylene [2].

Pe.0=19 mm Hg, Py.0=23 mm Hg, 20 °C.

preliminarily oxidized at 600 °C and reduced by
hydrogen at 300 °C, grew distinctly rapid as soon
as ethylene was exhausted by hydrogenation,
as seen in figure 15, (1) its rate being approxi-
mately equal to that in the absence of ethylene
[2]; (2) that the rate of parahydrogen conversion
at 20 °C of 25 mm Hg parahydrogen was unchanged
by admixture of 17 mm Hg ethane, (3) that the par-
tial pressure of ethylene due to catalyzed hydro-
genation decreased linearly with time at 20 °C
for the first 30 min as seen in figure 15, and (4) that
such a linear decrease was no longer observed
above 60 °C. By means of deuterohydrogen they [2]
observed (5) that the deuterium content of hydrogen
at 20 °C remained nearly constant during the whole
course of hydrogenation, or it even Iincreased
slightly, as seen in table 8 until ethylene was almost
exhausted, and (6) that at 155 °C the deuterium con-
tent in hydrogen decreased rapidly, in contrast
with (5}, (see table 8) from 66 to 22 atom percent
while light hydrogen, by which the residual hydrogen
was replaced, regained 13 percent deuterium from
the ethylene during just a slight progress of hydro-
genation as seen in table 8.

The exchange reaction is practically arrested at
22 °C but released at 155 °C as seen in results
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(5) and (6). The slight increase in deuterium content
at 22 °C can be attributed to the isotopic effect on
the reaction rate, which enriches deuterium in
hydrogen.

5.1.2. Twigg and Rideal [68] observed the cata-
lyzed deuteration of light ethylene with equimolar
pure deuterium in the presence of the same nickel
catalyst as used by Farkas, Farkas, and Rideal [2]
with special reference to the deuterium content of
hydrogen. Successive measurements of hydrogena-
tion and exchange rate conducted without pretreat-
ments were corrected for an appreciable decay of
catalytic activity by measuring the hydrogenation
rate at a fixed temperature and the partial pressures
of reactants just before every run; then, the hydro-
genation rates and exchange rates measured were
multiplied by the correction factor ri/r,, where r
and r, are the hydrogenation rates observed at the
fixed conditions just before the first and the nth
run, respectively. Twigg and Rideal [68] observed,
on the one hand, the initial rate of hydrogena-
tion and the initial rate of hydrogen exchange
Vex,u = — dxy/dt,-at 156 °C at different partial pres-
sures of reactants, finding that both reactions were
first and zeroth order with respect to hydrogen and
ethylene pressure, respectively. They followed, on
the other hand, the course of deuteration by deter-
mining the deuterium atom fraction, xy, in hydrogen
and the nonequilibrium fraction, 1 —u, of hydrogen,
where u =['HDJ/['HD],, is the ratio between the
actual concentration, ["HD|, of 'HD and the con-
centration ['HD]., which would result, were the
existent hydrogen equilibrated, i.e., brought to
equilibrium with respect to the reaction, 'H,+ D,
=2'HD. The nonequilibrium fraction 1—u is plotted
against xy in figure 16.

The activation heat of hvdrogen exchange
RT?) In vey, u/0T was found to be 18.6 kcal over
the range of temperatares from 84 to 100 °C, and
to decrease gradually with increase of temperature
down to 4 kcal at 207 °C. It was in excess of the
activation heat of hydrogenation, RT2d In v/aT,
by 4~5 kcal throughout. Twigg and Rideal [68]
remarked that the equilibration was much faster in
the absence of ethylene than in its presence and,
with reference to the result of figure 16, that the
plots of 1—u against x at 156 °C and below ac-
cumulated around one straight line (indicated by a
broken line in fig. 16) which passed a point xy
=0.33 on the axis of abscissa; other straight lines
were obtained at higher temperatures, and these
intersect the first line on the axis of abscissa.
Horiuti [8, 9] has accounted for these experimental
results by theoretical calculations on the basis
of the associative mechanism and predicted, as



.0 T T T T T T T
- TDC 4
+ 84
08F o 92 -
+ 7/
| -0 105 o D/ |
o 120 e
a
0.6k © 156 40 /
Ve
. X 175 ;}, o
- 207 -
L ° ’ X
0.4}
0.2F
-
0 1

FIGURE 16. Nonequilibrium fraction 1—u wversus_deuterium
fraction xy of hydrogen in course of catalyzed deuteration of
light ethylene over Ni-wire [68].

« =['"HD)/['HD].,. ['HD}: concentration of HD. ['HD],: concentration of 'HD

which would result if existent hydrogen were brought to equilibrium with recpect to
the reaction 'H,+ D.= 2HD.

elucidated in 14.4, that the slope of curves such as
those indicated by broken lines in figure 16 against
xy-axis increase considerably when the temperature
is lowered below those in the experiments of Twigg
and Rideal [68], so that curves run down almost
vertically along a perpendicular at x;; = 1. Matsuzaki
[115] confirmed the results of Twigg and Rideal’s ex-
periments by tracing them, on the one hand, and
observed relations between 1 — u and xy at tempera-
tures as low as 0 or —25 °C as shown in figure 17,

0.8 T T T T T T T

FiGURE 17. Experimental results on the relation between 1 —u
and xy in course of deuteration of light ethylene over nickel
[115).

Pg.o=Py.¢=10 mm Hg.

273-052 O - 68 - 4

on the other hand, in semiquantitative agreement
with the theoretical prediction of Horiuti [8, 9] as
described in 14.4.

5.1.3. Farkas and Farkas [85] experimented with
platinized platinum foil on the parahydrogen con-
version associated with the catalyzed hydrogenation.
Table 10 shows the half-life values 7. and 75, re-
spectively, of parahydrogen conversion and cata-

TABLE 10. Parahydrogen conversion associated with hydrogena-
tion of ethylene over platinized platinum foil [85]

Initial partial
Reaction| pressures, mm Hg Half-life time, min.
temp. °C
Pi o Pyyo Parahydrogen | Hydrogena-
i conversion, Te tion, T
25 40 21 80
25 0 21 14
0 0 21 72
0 0 40 6
0 19 40 50
23 0 15 8 |
24 42.5 17.5 45 45
27 0 12.5 16 | .
27 36.5 12.5 45 45

lyzed hydrogenation from 0 to 27 °C. We see from
the table that the presence of ethylene retards the
parahydrogen conversion as in the case of nickel and
that 7. and 7, are the same in the presence of excess
ethylene, whereas 7. is much greater in the presence
of excess hydrogen, or the relative rate of para-
hydrogen conversion is much smaller than that of
hydrogenation.

The optimum temperature was found at 160 °C
for 20 mm Hg ethylene and 40 mm Hg hydrogen,
and the activation heat of the catalyzed hydro-
genation below the optimum 10~ 11 kcal [85],
which equaled the activation heat of parahydrogen
conversion in the absence of ethylene [85]. The
activation heat of the exchange was given as 22 kcal
by them.

TaABLE 11. Exchange equilibrium between ethylene and hydrogen
in course of catalyzed deuteration over platinized platinum

foil [85]
Pg,0=20 mm Hg, Py, =40 mm Hg

Xu, obs: Deuterium atom fraction in residual hydrogen at the exhaustion of ethylene.

Xy, care: Deuterium atom fraction in equilibrium distribution between hydrogen and

ethylene.
% Deuterium in residual hydrogen| % exchange
Temp. °C 1 — Xy, obs
=—"" %100
100x, ops 100x4, cate 1 — %y, cate
25 99 37 1.5

54 95 40 8
79 80 41 34
100 75 40 42
120 63 41 63
146 59 42 70
187 51 43 86
235 48 44 93




5.1.4. Farkas and Farkas [85] observed the hydro-
gen exchange associated with deuteration of light
ethylene in the presence of platinized platinum
foil. Since, however, the deuteration was quite
rapid under the conditions where the hydrogen
exchange proceeded with measurable rate, the
deuterium content in residual hydrogen was meas-
ured on exhaustion of ethylene. Starting from a
mixture of 20 mm Hg ethylene and 40 mm Hg
deuterium, they obtained the results shown in
table 11. The values xy ops are atom percent of

deuterium in the residual hydrogen, xy, cq those
in exchange equilibrium calculated allowed for
the isotopic =ffect, and percent exchange is the
percent amount of exchange accomplished. Since
there occurs no hydrogen exchange between hydro-
gen and ethane under the experimental condi-
tions [85], one can take from table 11 that the
exchange between ethylene and hydrogen is so
rapid at around 230 °C that they practically attain
the exchange equilibrium.

5.2. Modern Observations

5.2.1. Twigg [116] has catalytically hydrogenated
107 mm Hg light ethylene over nickel-kieselguhr
catalyst at — 78 °C either with 120 mm Hg equimolar
mixture of 'H, and D: or with 120 mm Hg equili-
brated mixture of 'Hy, '"HD, and D, to the exhaustion
of the light ethylene. He thus found that the infra-
red adsorption spectrum of the product, (A), of
hydrogenation of the light ethylene with equimolar
mixture of 'H, and D, was identical with that of the
product, (B), of hydrogenation with an equilibrated
mixture of H,, 'HD, and D., and that the identical
spectra of (A) and (B) were different from the infra-
red absorption spectrum of an equimolar mixture,
(C), of Cy'Hg and Cz'H4Ds. He found [116], more-
over, that the conversion of 75.8 mm Hg parahydro-
gen over the same catalyst at the same temperature
was almost inhibited by coexistent 48.9 mm Hg
ethylene and that deuteroethylene was scarcely pro-
duced by catalyzed deuteration of light ethylene at
—37 °C over the same catalyst.

The result that (A) and (B) have the same infrared
absorption spectra but that of (C) is different ex-
cludes the possibility of hydrogenation being
effected by a single act of addition of a hydrogen
molecule to ethylene but verifies the mechanism of
hydrogenation through dissociated hydrogen atoms.
5.2.2. Turkevich, Bonner, Schissler, and Irsa [117]
followed the catalyzed deuteration of light ethylene
over nickel wire by mass-spectrometric analysis
of the product in several stages of the progress of
deuteration. The catalyst of nickel wire was mounted
in a reaction vessel, oxidized at 600 °C, reduced at
330 °C and, before every run, pretreated in deuteri-
um gas at 300 °C. The reaction vessel was kept at
0 °C, deuterium was first, light ethylene subse-
quently admitted over the catalyst. The reaction
was started by applying an appropriate current to
the wire to keep it at 90 °C for a recorded time, and
the product thus obtained was analyzed. The results
are shown in figure 18, where any curve, A, or E,,
gives the partial pressure of ethane-d, or ethylene-d,
against percent of ethylene deuterated. C;'Hg was
the predominant initial product of deuteration, as
seen in the figure, contrary to the expectation of
the authors [117] of finding C3'H4D; instead.

5.2.3. Kemball [76] followed the deuteration of light
ethylene at — 100 °C over films of Ni, Fe, Rh, and W,
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respectively, evaporated on glass wall kept at liquid
nitrogen temperature, by analyzing the reacting
gas that leaked steadily theough a capillary into a
mass spectrometer. Table 12 shows the relative
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FiGURE 18.  Product of deuteration of 10 mm Hg light ethylene
with 20 mm Hg D, over Ni wire at 90 °C {117).
Py PE": partial pressures of Ay =C;'He_nD, and E, = C,*H,_,D,.



TABLE 12, Relative amounts of ethylenes-d, = E, and ethanes-
dn= A, in the initial product of deuteration of 2.7 mm Hg
light ethylene with 8.1 mm Hg deuterium over evaporated metal
Sfilms [76].

Evaporated film Ni Fe Rh W
React. temp., °C —100 |—100 [ —100 |[—100
E. E, 46.7 55.5 34.4 7

E. 13.2 9.4 7.0 0
E; 2.7 1.3 1.7 0
E, 0.7 0.2 0.9 0
A, . 7.8 13.7 8.4 3.1
Ay 12.5 9.2 14.4 14.7
A, 9.5 6.6 15.8 69.8
Ay 4.0 2.4 74 4.5
A, 2.0 1.0 5.0 0.7
A; 0.8 0.5 3.6 0.2
A 2 2 1.4 0

amounts of different ethylenes-d, and ethanes-d,
in the initial stage of the deuteration. In case of
tungsten, deuterium is hardly taken up at all by
ethylene and the result is marked by the maximum
abundance of C:'H4D2 among the ethanes-d,,.

It was found [76] that the total number of moles
of ethane as well as the number of deuterium atoms
taken up by a definite amount of ethylene increases
proportional to the time of reaction. Table 13 [76]
shows initial values of rate of ethane formation, vy,
and exchange rate of ethylene, vey, g. The kinetics
of both reactions was found to correspond to m=0
and n=0.5. The activation heats derived as usual
from both rates are approximately uniformly 5~ 6
kcal for W and 7 kecal for Ni, Fe, and Rh. Table 14
shows the relative amounts of ethanes-d, on ex-
haustion of ethylene by deuteration [76].

5.2.4. Miyahara and Narumi [114] conducted a com-
plete analysis of the product of catalyzed deutera-
tion of light ethylene in the initial stage of deutera-
tion over freshly evaporated nickel surface F (cf.
2.8.3) as shown in tables 15 and 16. “Deuterated
percent C;H,” is the amounts of ethane in percent
of the initial amount of ethylene which were
identified with the decreases of total pressure
in percent of the initial partial pressure of eth-
ylene. Tables 15(b) and 16(b) show the mass
spectra of run 2 in table 15(a) and run 12 in table
16(a), respectively, as observed at various stages
of deuteration. The first column of these tables
shows the mass spectra of gases sampled imme-
diately after the introduction of the reactant
mixture into the reaction vessels, which were
assured free from ethane. The considerably high
values of M, and M; are interpreted as due to an
appreciable dehydrogenated adsorption of light

7 The previous result 2.9.1 over the F surface contrasts with the present one, which
is ascribed to a faster conversion of the F surface into an S surface in the present case,
caused by the higher partial pressure of ethylene (10 mm Hg) than in 2.9.1 (0.05 mm
Hg partial pressure).
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TABLE 13. Rates of deuteration and hydrogen exchange of eth-
ylene, vy, and vey, g, on evaporated metal films [76]

va: Percent C,H, deuterated per min per 10 mg film.
vex, g Number of deuterium atoms transferred per 100 C,H, molecules per min per

10 mg film.

Metal Reacto.ctemp. n Von. &
Fe — 100 1.54 3.60
Ni —100 2.30 5.25
Rh —104 18.0 18.2
w -99 3.42 0.26

ethylene on the fresh surface, F, as described in
section 2, which is enhanced at the higher tempera-
ture in the latter case.

It is concluded from tables 15 and 16 with ref-
erence to the optimum temperature, 137 °C, as
inferred from the result in figure 19 (cf. 6.2), (1)
that the predominant product of deuteration at
0 °C, amply below the optimum, is C;!'Hg; as in the
case of Turkevich et al. [117], but switches over to
C2'HyD. as the partial pressure of deuterium is in-
creased, (2) that 'H; or '"HD is hardly evolved at
all in course of the catalyzed deuteration of 10 mm
Hg light ethylene with equimolar deuterium below
the optimum, as seen from table 15(b), or, in other
words, that protium atoms from light ethylene hardly
enter hydrogen gas,” (3) that at 200 °C, in contrast
with the latter result, the predominant initial prod-
uct of deuteration is C2'HyD», while great quantities
of 'H; and 'HD are evolved from the beginning of
catalyzed deuteration as seen from tables 16(a)
and 16(b), and (4) that an appreciable amount of
deuteroethylene is evolved both at 0 and 200 °C.

5.2.5. Data are compiled in table 17 from table 3
with special reference to the catalyzed deuteration
over an S surface of nickel {26], where the dehydro-
genated adsorption of ethylene is substantially in-
hibited. Parenthesized figures show the percentages
of the respective compounds-d, in a random distri-
bution of isotopes as calculated on the basis of the
total deuterium atom fraction in ethylene or in
hydrogen. It is concluded from table 17, referring
to the fact that the observed value 0.992 of yy is
Just that of original deuterium gas, (1) that hardly
any protium appears in hydrogen gas in course of
the catalyzed deuteration at —45 or — 23 °C, tem-

TABLE 14. Relative amounts of ethane-d, = A, produced on ex-
haustion of light ethylene by deuteration over evaporated metal
Silms [76]

Initial partial Ethanes-d., %
pressures React.

Metal temp.

Peo | Puo | °C

mm Hg | mm He Ao A, Ay A; | Ad|As| As
Rh 2.7 8.1 -104 | 11.5 | 27.2 (29.1 | 13.7]9.1]6.8]2.6
Fe 2.7 8.1 —100| 20.1 | 28.4 [ 22.1 |12.7(8.6}5.2{2.9
W 2.7 8.1 —~99 48155 (705 | 6.7|1.6|0.5]0.1
Ni 2.7 8.1 | —100]| 179 26.8 [23.2 |14.019.6[5.912.6
Ni 2.7 24.3 —92 124299 | 254 |14.3{9.7{59]2.4
Ni 8.1 24.3 —81|17.1] 30.5 [20.7 | 13.8}19.416.2| 2.3




peratures which are amply below the optimum at
ca. 30 °C as gathered from the table, whereas
above the optimum, 'Hs and 'HD appear approxi-
mately in accordance with a random distribution
of isotopes, (2) that ethylenes-d, appear in accord-
ance with the random distribution of isotopes ir-
respective of temperature and (3) that the activation
heat of catalyzed deuteration varies only slightly
with the total pressure as indicated by its value

TABLE 15(a). Relative amounts of ethylenes-d,=E, and
ethanes-d, = A, in the deuteration product of 10 mm Hg
light ethylene at 0 °C over a freshly evaporated surface F of
nickel film [114)

Initial
No.| partial |Deuter-
of {pressure|ated % | Relative amounts of hydrocarbons-dn, %
run| of D» | CoH,4 —
mm Hg Ei |E:| Es| Es| Ao| A1) As| As | Ay A5 Ag
2 10 33 13f1j0|0}45{23|18]/010j0]| O
3 10 45 12|11(0|0]|35[28[19]4|1]0} 0
4 43 12 27{3({0(0(40({24y 3{2(0 0 0
5 107 29 29|15 (20(23]19]13l4f2 110
7 138 36 1411701 0127720(36| 7 (2 [|1]1

TABLE 15(b). Mass spectrum of reacted hydrogen gas of run 2

in table 15(a)

Deuterated %
C,H, 0 15 20 27 33
Relative M, 4 5 5 7 5
heights M 2 2 2 2 2
of peaks | M, 94 93 93 91 93

TABLE 16(a). Relative amounts of ethylenes-d, = E, and ethanes-
d, = A, in the deuteration product of 10 mm Hg light ethylene
with equimolar deuterium at 200 °C over a freshly evaporated
surface F of nickel film [114]

No. |Deuter- Relative amounts of hydrocarbons-d,,, %
of |ated %
run | CoHy

Eil E2 | Es| Es| Ao| Ar |Ax | As| As| As | As

11 20 38( 27|13

0t4]6 |7
12 31 251 25111 3

318 |12

TABLE 16(b). Mass spectrum of reacted hydrogen of run 12 in
table 16(a)
Deuterated % C,H, 0 13 31
Relative M, - 11 35 47
heights M, 5 31 27
of peaks M, 84 34 26

7.2 kcal at 0.1 mm Hg total pressure, derived from
its rate given in table 17, and 8.4 kcal at 20 mm Hg
total pressure, as indicated in figure 19.
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5.2.6. Kazanskii and Voevodskii [119] analyzed
mass-spectrometrically the products of catalyzed
deuteration of ethylene at 90, 135, and 185 °C in
the presence of palladium plate. Deuteroethylenes
were hardly found at all at 90 °C but at higher tem-
perature they were present in large amounts, as
shown in figures 20(a), 20(b), and 20(c). The amounts
of deuteroethylenes produced at 135 °C, if repre-
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LOG, Uy, , (DEUTERATED % CzH g4 per min)

C, 11.0 keal
1ol i
-2.0 ' ' .
35 3.0 2.5 2.0
103/ T °K

FIGURE 19. [Initial rate, vy, of hydrogenation of light ethylene
with protium (O, A, O) or deuterium (@, A, W) over fresh (F),
once used (S) or carbided (C) surface of evaporated nickel
film[114).

Pe o="Fy =10 mm Hg.

vn,o is the initial value of vy, i.e., deuterated percent of ethylene per min. Each
curve is specified by the surface state, F, S, or C, and the activation heat derived from
the curve at lower temperatures. The optimum points for the F, S, and C surfaces are
indicated by vertical arrows.

sented by the respective molecular formulas, are
in the order Of Cle:;D > ClegDz > CngD3>C2D4
throughout the reaction and attain their respective
maxima approximately at the same percentage of
deuteration of ethylene, whereas at 185 °C the
maximum shifts towards the greater percentage of
deuteration of ethylene the higher the number n of
Co'Hs—nD, as seen in figures 20(a) and 20(b). The
distribution of ethanes-d, over n does not vary with
temperature or the progress of deuteration and
reaches a peak at C;'H,D. as seen in table 18.

5.2.7. Matsuzaki and Nakajima [120] showed by
adding the product of catalyzed deuteration of light
ethylene to a mixture of light ethylene and hydro-
gen, that the mass spectrum of deuteroethanes, i.e.,
the relative heights of peaks of mass numbers
greater than 30 remained unchanged, even if the
light ethylene and hydrogen are allowed to be cata-
lytically combined in ethane, which verified that



TFABLE 17.  Relative amounts of ethylenes-d, = E, and hydrogens-d, = H, in the reaction product of equimolar mixture of Cy'Hy and D, of
0.1 mm Hginitial total pressure over S surface of nickel [26, 118} (compiled from table 3 [26])

E., % H,, % Deuterium atom
React. | Deuterated | Rate of hydrogenation fraction in
temp. % C2H, deuterated % C,H,
°C min~!
Eo E; E. E; E4 H, 'HD D, CzH,4 H,
—45 2 35 93 7 0 0 0 0 1.6 | 98.4 0.017 0.992
(93 7 0 0 0) (0 1.6 | 98.4)
—23 10 18.2 90 10 0 0 0 0 1.6 | 98.4 0.025 0.992
(90 10 0 0 0) 0 1.6 | 98.4)
0 20 56.9 64 30 6 0 0 0 6 94 0.105 0.970
(64 29 5 2 0) (0 6 94)
28 43 98.0 66 28 5 1 0 2 10 88 0.103 0.930
(65 30 5 0 0) 0 {13 87)
32 41 107.1 40 36 20 4 0 10 |19 71 0.220 0.805
(37 42 18 3 0) (4 31 65)
75 38 97.0 29 38 24 7 2 30 29 41 0.263 0.555
(30 42 20 5 3) (20 49 31)
110 21 50.2 21 29 37 10 2 14 39 47 0.340 0.665
(19 30 | 38 10 2) (11 45 44)

Parenthesized figures show the relative amounts of E, and H, calculated assuming random distribution of deuterium. Those of E. were calculated according to eq (12.32) with
Xg(a) derived from observed values of XE"(,,)‘S by eq (12.21.x). Those of H, were similarly calculated.
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TaBLE 18. Relative amounts of ethanes-d, = A, in the product
of catalyzed deuteration of 50 mm Hg C;'Hy with 200 mm Hg
D over Pd plate at 135 °C [119}

Deuter- Relative amounts of ethanes-d,, %
ated %
C.H,
AO Al A2 A'} A-l A5 Aﬂ

10 0 25 50 12 8.5 3 1.5
25 0 25 50 12.5 8 3 1.5
37 0 20 49.5 13 10.5 5 2
50 0 24.5 | 46 14 10.5 3.5 1.5
70 0 26 415 | 135 | 12 5 2

ethane was not involved in the catalyzed hydro-
genation.

5.2.8. Kowaka [121] has investigated the effect of
protium and deuterium diffused through palladium,
in advance of Apel’baum and Temkin [91], upon
Co'Hy, or a mixture of C:!Hy4, and 'H;, or a mixture
of Cs'Hy and D., respectively, contained inside a
palladium thimble, by analyzing mass-spectromet-
rically the product. The palladium thimble was
evacuated, before use, at 800 °C for 2 hr, corroded
with aqua regia on both sides and again evacuated
at 800 °C with the aim of removing occluded hydro-
gen. Protium or deuterium were now let diffuse
toward the inside by electrolyzing protium or deu-
terium oxide, using the external surface of the
thimble as a cathode.

TABLE 19. Effect of deuterium diffused through palladium upon
C21H4 or C21H4+1H2 [121]

Substance Composition of product, mole %
upon which | React.] React.

deuterium is { temp. | time -

diffused °C min |ethyl-| "Hy | 'tHD | D, | eth-

ene ane

100 mm Hg 40 30 1525 6.7{ 09162 23.7

Cy'Hy 65 30 144.0| 8.2] 7.0|14.3] 26.5

90 17 1475 (189} 52| 0 28.4

90 30 0 21.3| 24.2 | 15.0 | 39.5

100 mm Hg 40 30 55.8 ] 6.7| 0.8 11.0| 25.7

Co'Hy+ 50 65 30 29.0 | 18.0 7.0 | 5.5 40.5

mm Hg 'Hy | 90 10 {654 1211 25| O 11.0

Table 19, figure 21(a) and figure 21(b) show the
effects of diffused deuterium upon 100 mm Hg
C:'H, and upon a mixture of 100 mm Hg C.'H,
and 50 mm Hg 'H; inside the thimble, and figure
21(c) that of diffused protium upon a mixture of
100 mm Hg C.'H, and 50 mm Hg D.. An appreci-
able amount of protium, to be traced back to light
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ethylene, is evolved as 'H; or 'HD, as seen in table
19, although the 'HD-evolution is suppressed at
lower temperature. As shown by figures 21(b) and
21(c), diffused hydrogen is considerably active,
and it is remarkable that in the former case the
maximum abundance switches over from C,'Hg to

C>'HsD; through the decrease ot temperature just
by 25 °C.
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(a)

Pe,0=55,Pu 0= 200 mm Hg, 185 °C

(b}

20
Pg,0=65, Py o= 121 mm Hg, 185 °C

PARTIAL PRESSURES,mm Hg

DEUTERATED % CaHg4

FIGURE 20. Ethylenes-d,=E, in the product of catalyzed
deuteration of light ethylene {119).
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Ficure 21.

Relative amounts of ethane-d, = A, in the product of hydrogen atom diffused through

Pd upon C,'Hy or Co'Hs+H, [121].

6. Isotopic Effect on Hydrogenation Rate

The isotopic effect on hydrogenation is defined as
a=uvn("Hz) [vn (D2)

where vn('Hs) and v(Ds) are the rates of hydrogena-
tion of C.'Hy with pure protium and deuterium,
respectively, of the same partial pressure under
_otherwise identical conditions.

6.1. Tucholski and Rideal [67] observed the rates,
vp(*Hs) and wp(Ds), of catalyzed hydrogenation with
'H, and D, respectively, in the presence of nickel
wire oxidized at 600 °C and reduced at 330 °C.
Activity lost by prolonged use was restored by keep-
ing it at 200 °C in ca. 0.1 mm Hg protium or deu-
terium. The results are shown in table 20. The
optimum temperature is around 139 °C both in
the cases of vx('Hz) and wn(Dy), as seen from the
table, whereas the optimum of vx(D;) was repro-
ducibly located at 160 °C in another series [67]
of experiments by the same authors [67]. Table 20

TABLE 20. Isotropic effect a = vy(*Hz)/vy(Ds) on hydrogenation
rate of light ethylene on Ni wire [67]
vi('Hz), va(Dy): rate of hydrogenation with 'H. or D.. Pg,0=3 mm Hg, Py =5 mm Hg.

React. temp.,°C| 0 17 120 | 139 | 165 | 180 | 198
vn('Hz) mm Hg | 0.40 | 0.58 | 3.1 3.36 [ 1.90 | 1.01 | 0.81
min~!
on(D) mm Hg | 0.24 | 0.38 | 2.25 | 2.54 | 1.84 1.34 | 0.54
min~!
a 1.66 | 1.52 1 1.38 | 1.32 | 1.03 | 0.75 | 1.5
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shows that « decreases gradually with rise of tem-
perature down to unity or below around the optimum
and increases with temperature above it.

2.0F

D,,C,2.5 keal

-1.0 1 1 1 !
4.5 4.0 3.5 3.0 25

1077 °k

FIGURE 22. [nitial hydrogenation rate, vy, of light ethylene
with equimolar protium or deuterium versus 103/T °K [118].

Pe o+ Py.0=0.1 mm Hg.

vp. 0 is the initial value of vy given in hydrogenated percent C;H, min-'. 'H,. S, 4.8
keal, etc., on the curves signify the hydrogenation with protium over S surface and the
activation heat determined at lower temperatures 4.8 kcal/mole, etc., respectively.

6.2. Miyahara and Narumi [114] and Miyahara [118]
observed the initial rates, v, o('Hs) and vn, o(D2), of
hydrogenation of light ethylene with equimolar
protium or deuterium over a surface of evaporated
nickel film at surface state, F, S, or C (cf. 2.8.3), at
different temperatures and at different initial total



pressures. Figures 19 and 22 show the results ob-
tained at 20 mm Hg [114] and 0.1 mm Hg [118]
initial total pressure, respectively. The values
of a derived in both cases of total pressure are
shown in figure 23, with curves marked with S,
0.1 mm Hg, etc., which indicate the surface states
of the evaporated nickel film and the initial total
pressures. The optimum temperatures of hydro-
genation with 'H, respectively appropriate to the sur-
face states and the total pressures are shown by
vertical chain lines traced, respectively, up to the

250

F[GURE 23. Isotopic effect o versus temperature [118).

S and C signify the surface states of evacuated nickel film over which the initial
value of hydrogenation rates with protium and deuterium, v,{'H,) and v{(D:), were
determined, and the associated figures the initial total pressure of the equimolar
reactant gas mixutre. The optimum temperature is shown by a vertical chain line traced
up to the corresponding a-curve, which is relevant to the same surface state and

initial total pressure as is the optimum temperature, in accordance with the results
of figures 19 and 22.

relevant a-curves. The values of «a over the S sur-
face decrease with temperature down to a minumum
at the optimum and then increase qualitatively in
accordance with the result 6.1. The a-values of
carbided film are much higher than those over S
surfaces as seen in figure 23.

TABLE 21. Activation heat and optimum temperature of cata-
lyzed hydrogenation of light ethylene with equimolar protium
or deuterium over evaporated nickel films [26, 114, 118]

Surface state | Initial total | Activation | Optimum
of evaporated| pressure |Hydrogen heat temp. °C
Ni film mm Hg kecal/mole

H, 4.8 30

S 0.1 D, 7.2 50

'H, 6.0 105

S 20 D, 8.4 137

H, 2.5 66

¢ 0.1 D, 2.5 110

H, 11.0 137

¢ 20 D, 1.0 165

Table 21 summarizes the results shown in figure
23. The optimum temperature of deuteration is
20 ~ 40 °C higher than that of hydrogenation with
protium over either surface.

PRESSURE DECREASE, mm Hg

TIME, min

FIGURE 24a. Catalyzed hydrogenation of ethylene over

Cu(+MgO) in four isotopically different cases [103).
Pg,o=Py, o="50 mm Hg, 40 °C.

FIGURE 24b. Catalyzed hydrogenation of ethylene over
Cu(+MgO) in cases of Co'Hy+'H, (broken line) and CsD,
+'He (full line) at different temperatures [103)].

Pg, o= Py, 0="50 mm Hg.



6.3. Table 22 shows the results obtained by Klar
[104] with an iron catalyst prepared by thermal
decomposition of iron oxalate followed by reduction

different temperatures, as shown in figure 24(b).
The ratio of the initial rate of Cy'Hs—+ 'Hy to that
of C.'Hy+D; was found unity at 20 °C with a fresh

TABLE 22.  Ratio, o = vy("Hy)/vy(D2), between the hydrogenation rates of light ethylene with
protium vy('Hy), and that with deuterium vi(D2) over iron catalyst [104]

React.

temp., 0 25 40 55 75 100 125 150 175
°C

vr(*Hy) | 0.005 | 0.0127 | 0.0253 | 0.0517 | 0.110 | 0.207 | 0.271 | 0.217 0.18
o 2.5 1.69 1.58 1.67 1.22 0.98 0.79 0.56 0.51

of the resulting oxide. The observations were con-
ducted with equimolar mixtures of ethylene and
hydrogen of ca. 2 mm Hg total pressure. It is re-
markable that « is smaller than unity, indicating
that deuterium reacts faster than protium, above
100 °C. It is inferred from the table that the opti-
mum temperatures of hydrogenation are 125 and
150 °C with protium and deuterium, respectively,
and the activation heats of hydrogenation with pro-
tium and deuterium are 7.5 and 9.5 kcal/mole,
respectively, below the optimum. No description
is given in the original paper [104] of the unit of rate.
6.4. Table 23 shows the isotopic effect on the hydro-
genation rate of light ethylene over copper catalyst
[122]. The isotopic effect on the homogeneous hydro-
genation rate is appended for reference. The catalyst
Cu(+MgO) was the reduction product of a mixture
of oxides of Cu and Mg. In the presence of the latter
catalyst, Joris, Taylor, and Jungers [103] observed
the course of hydrogenation of ethylene in four
isotopically different cases at 40 °C, as shown in
figure 24(a), and also the course of hydrogenation
of Co'Hs+'H: and of C,Ds+'H: comparatively at

catalyst but 0.75 over a catalyst whose activity had
declined with 20 repeated uses. The activation

TABLE 23. Ratio, a = vi('Hp)/vy(D,), between the hydrogenation
rates of light ethylene with protium, vy(Hy), and that with
deuterium, vy(Dy) over copper catalyst [122]

Initial partial
React. temp. | pressure mm Hg| «
Catalyst °

Cu [123] 0 375 375 2

20 50 50 2
Cu (+ Mg0) [103] 40 50 50 |25
Homogeneous reaction 534 ~ 567 190 580 2.5

[123]

heats of the reactions of C2*Hy+'H, and C,'H,+ D,
were found to be 11.5 and 12 kcal/mole, respectively,
over a fresh catalyst.

7. Supported Catalysts

7.1. Nickel-kieselguhr catalyst is of frequent prac-
tical use for hydrogenation but its behavior is
remarkably different from that of unsupported
nickel catalysts in the following points.

(1) Ethylene or propylene does not polymerize
over unsupported reduced nickel powder at 100 °C
for several tens of hours but does perceptibly so
over 15 percent nickel kieselguhr at 0 °C within
1 hr [124].

273-052 O - 68 - 5

(2) The exchange of hydrogen atoms between
Cs2'Hy and CsDy at room temperature [24] is barely
perceptible over nickel wire of 730 cm? area, and
even at 300 °C it takes more than 3 hr to attain an
exchange equilibrium over nickel wire of 990 cm?
area [125], whereas the exchange is completed at
room temperature within several minutes over
17 ~ 19 wt percent nickel-kieselguhr catalyst [125].

(3) No deuteroethylene was produced in course
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of catalyzed deuteration of light ethylene over 60
wt percent nickel-kieselguhr catalyst both at —50
and + 50 °C [126] as shown in table 24, in contrast
with the result 5.2.4 (4), which showed that an ap-
preciable amount of deuteroethylene was evolved
over unsupported nickel. A mere 0.45 or 5.2 atom
percent protium were found [126] in hydrogen gas
at —50 or 50 °C, respectively, at the end of the
experiments. The absence of deuteroethylene in
the deuteration product of light ethylene was also
observed by Twigg [116] in the presence of nickel-
kieselguhr catalyst as mentioned in 5.2.1.

(4) Table 24 shows no preferential evolution of
C;'Hg in the initial stage of deuteration as found
by Turkevich et al. [117] in the presence of unsup-
ported catalyst but constant relative amounts of
ethanes-d, in the deuteration product, with a maxi-
mum at n=2 (Cy'HyD») irrespective of temperature
and extent of deuteration.

7.2. No such distinct differences are found between
supported and unsupported catalysts of metals of
the platinum group, which cause less dehydrogen-
ated adsorption of ethylene as seen in section 2.
Bond [88] investigated the kinetics and the distri-

bution of compounds-d, in the deuteration prod-
uct of Co'H, in the presence of platinized Pt, 5 weight
percent Pt-pumice, 1 weight percent Pt-alumina,
1 weight percent Pt-silica and 1 weight percent Pt-
silica-alumina. One gram of each catalyst was dried
in air, evacuated at 200 °C in a reaction vessel of
45 c¢m?® capacity, pretreated in hydrogen at 200 °C
for 12 hr and evacuated. Admitting Cs'H, first and
D, subsequently over the catalyst, the deuteration
was followed by total pressure decrease and by
mass-spectrometric analysis of the product at dif-
ferent temperatures and partial pressures of reac-
tants. The results indicated, as shown in table 25,
that no significant difference exists between the
five different platinum catalysts, except that Cs'HsD»
is distinctly predominant only in the cases of 1
weight percent Pt-silica-alumina and 1 weight per-
cent Pt-silica. Neither is there any distinct difference
between the distributions of ethanes-d, at 50 and
100 deuterated percents of ethylene under simi-
lar conditions of partial pressures as seen in table
24 of nickel-kieselguhr catalyst. Bond et al. [88, 89,
94], also dealt with rates of hydrogen exchange,
which is not reviewed here, however, as this was
quite unintelligible to the present writers.

TABLE 24. Relative amounts of ethylene-d, = E, and ethanes-d, = A, in the product of catalyzed reaction of 1:10 molar mixture of
light ethylene and deuterium over 60 percent Ni-kieselguhr [126]

P v=44.7 mm Hg (—50°C), 64.8 mm Hg (50 °C) (partial pressures computed from reported experimental conditions).

Reacto. temp. React.. time deuterated % Relative amounts of hydrocarbons-d,, %
min C.H, -
EOT E, Ap Ay -As Ay Ay As Ag
—50 5 22 78 0 4.7 6.6 6.5 3.3 0.9 0 0
15 59 41 0 12.5 14.0 16.5 8.7 4.7 2.6 0
35 87 13 0 15.6 22.2 24.0 13.6 7.0 3.5 1.3
80 99 1 0 15.8 24.0 28.4 16.8 9.3 3.9 1.8
185 100 0 0 17.8 25.6 27.4 16.1 7.8 3.6 1.5
50 5 39 61 0 1.8 5.8 11.9 7.3 6.1 3.8 2.3
15 83 17 0 5.0 14.7 24.2 15.8 11.7 7.6 4.0
60 94 6 0 7.2 16.5 26.4 17.0 10.0 9.1 79
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TABLE 26. Relative amounts of ethanes-d, = A, and ethylene-d, = E, in

Metal Pt Ir
—

temp. °C 0 25 54 102 150 150 |—16 |—16 |-16 9 86 124 152

Py, o mm Hg 99 | 51 | 99 | 99 | 99 52 {100 | 99 | 50 |100 |100 |100 | 100

Py, 0o mm Hg 98 60 98 98 98 188 100 26 237 100 100 100 100

Deuterated % C.H, Less than 10 for all cases Less than 15 for all cases
jr—_l

Ay 10.0 19.2 19.3 9.5 4.9 8.2 5.7 4.4 0 0 3.5 4.6 1.7 0
Ay 32.6 27.2 28.2 24.3 11.2 13.0 11.1 30.1 32.0 32.8 32.0 25.7 21.3 18.5
A, 37.8 23.2 25.6 26.8 23.9 14.6 28.2 36.9 37.5 40.0 39.6 30.0 28.9 27.0
Aj 6.8 10.5 8.7 7.5 4.3 2.2 5.2 14.7 13.8 14.4 12.0 12.5 11.0 9.8
Ay 3.3 6.4 4.9 4.2 2.9 0.5 2.4 7.2 9.1 8.2 7.5 9.4 9.3 8.1
Relative As 1.9 3.0 2.3 1.5 1.7 0.3 1.3 2.2 3.3 2.7 1.7 4.8 5.8 3.9
amounts % As 0.8 0.5 0.4 0.5 0.2 1 0.9 0.4 0.4 0.4 0.2 1.2 1.4 0.8
E; 6.0 7.4 9.2 19.6 36.5 .0 32.8 2.9 3.1 1.1 2.9 8.1 14.5 19.6
E. 0.8 2.9 1.2 4.5 8.6 4 6.6 0.6 0.4 0.2 0.4 2.8 4.3 7.9
E, 0 0.8 0.2 1.3 3.9 .7 3.4 0.4 0.4 0.1 0.2 0.7 1.4 3.4
E; 0 0 0 0.3 2.1 .0 2.4 0.2 0 0.1 0 0.2 0.4 1.1

Bond et al. [89, 95], conducted similar experi-
ments with 5 mole percent metal-alumina catalysts
of Pt, Ir, Os, and Ru comparatively; the results are
shown in table 26. The distributions of ethanes-d,

and ethylenes-d, are similar for the supported cata-
lysts of Ir and Pt but those observed on the sup-
ported catalysts of Os and Ru differ from the former
and between each other.

8. Carbided Catalysts

The activity of metallic catalysts, especially
nickel, declines in general irreversibly, as mentioned
in 2, on account of adsorbed complex produced by
dehydrogenated adsorption of ethylene. Jenkins
and Rideal [13] prepared a carbided surface by
keeping an evaporated film in ethylene at 190 °C
for 30 min. They found that the rate of hydrogenation
over the.carbided surface was quite reporducible,
although smaller than that over the freshly evapo-
rated surface by a factor of several tens. Taking
advantage of this reporducibility they investigated
the rate law on the carbided surface and discussed
the mechanism of hydrogenation. This procedure
has been extended to supported Ni [82, 83], Pd foil
[87] and Pt wire [87], but it is questionable whether
the carbided surface preserves any intrinsic prop-
erty of the basic metal surface.

8.1. Miyahara [26, 118] observed the adsorption of
ethylene and hydrogen by the catalyst in the course
of the hydrogenation of light ethylene, the kinetics
of the hydrogenation, the hydrogen exchange be-
tween ethylene molecules and the distribution of
deuterium in the product of catalyzed deuteration
over I (fresh), S (once used for a run of hydrogena-
tion) and C (carbided) surfaces of evaporated nickel
film; the conclusion was that F and S behaved simi-
larly to each other, except that the dehydrogenated
adsorption of ethylene was inhibited over S, while
C behaved quite differently from both F and S. The

activity of C is smaller than that of S by a factor of
several tens; apart from that, C differs from S in the
following points:

(a) Ethylene is adsorbed by S and C approxi-
mately to the same extent in course of the catalyzed

T T

0.67mm Hg
=
o 1.20 mmHg
3
3 -5 4
-2.0 i I
4.0 3.5 3.0 2.5
10%/T°K
FIGURE 25. Initial hydrogenation rate, vy o, of light ethylene

with equimolar protium over carbided surface versus 10%/T

°K (11 8].

vr.o 15 the initial value of v, given in hydrogenated percent C,H, min~'. Figures
attached to a curve indicate the initial total pressure and the activation heat deter-
mined from the part of the curve over the range of lower temperature.
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the deuteration product of light ethylene over 5 mole % metal-y alumina [89, 95}

Ru Os
54 54 54 54 32 64 80 24 24 24 24 17 36 4
100 100 27.5 100 75 75 75 50 50 50 50 50 50 50
54 165 50 50 76 76 76 27 50 152 203 50 50 50
5.5 5.5 10.9 11.2 7.3 7.3 7.3 16 16 16 16 15 15 15
2.6 0.7 2.1 2.6 2.2 2.9 4.1 3.1 0 0 0 1.0 3.2 0
9.9 11.3 10.0 11.0 10.4 9.7 10.7 14.2 14.3 11.3 10.6 9.8 15.1 12.3
29.0 35.7 29.5 29.3 41.6 26.8 259 46.8 52.0 55.4 62.8 59.0 41.3 44.4
2.5 3.1 2.4 2.5 2.1 2.6 3.5 6.1 8.1 7.7 6.0 6.4 6.2 7.0
0 0 0 0 0 0 0 2.5 3.5 3.3 1.8 3.0 3.2 3.0
0 0 0 0 0 0 0 0.6 0.7 1.0 0.9 0.7 1.0 0.6
0 0 0 0 0 0 0 0.6 0.7 0.9 0.9 0.7 0.8 0.6
52.1 45.1 52.3 51.7 42.8 54.0 49.8 24.8 18.2 18.9 15.9 18.9 27.5 30.7
3.9 4.1 3.7 2.9 0.9 4.0 6.2 1.6 2.4 1.6 1.1 0.4 1.7 1.5
0 0 0 0 4] 0 0 0 0 0 0 0.1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0

hydrogenation, whereas hydrogen is appreciably
adsorbed only by S but not by C (cf. table 2) [26].

(b) The optimum temperature of hydrogenation
over C is ca. 30 °C higher than that over S (cf. figs.
13, 19, and 22 and table 21) [118].

(c) The activation heat over S at temperatures
below the optimum is 5~ 6 kcal/mole and prac-
tically independent of the total pressure of the
reactant gas mixture, whereas that on C below the

optimum increases from 2.5 to 11 kcal/mole with
increase of the total pressure from 0.1 to 20 mm Hg
[118] (cf. table 21 and figs: 19, 22, and 25).

{(d) The distribution of deuterium in hydrogen in
course of the catalyzed deuteration of light ethylene
is equilibrated over C, whereas it is not over S,
although the deuterium in ethylene is of random
distribution in both the cases [118] (cf. tables 17
and 27).

TABLE 27. Relative amounts of ethylenes-d, = Ey and hydrogens-d, = H,, formed by deuteration of light ethylene by equimolar deuterium
on carbided nickel film at ca. 0.1 mm Hg initial total pressure [118]

D .
React. Rate of deuteration E., % H., % aton‘fﬁzzltlil::l in
temp. |Deuterated deuterated %
°C % CoHy C,H4 - min—!?
Eo E, E. E; Es H, HD D, C.H,4 H.
—23 1.2 0.86 88 12 1 0 0 2 4 94 0.032 0.970
(87.8 11.6 0.6 0 0) 0.1 5.8 94.1)
0 1.0 1.26 80 18 2 0 0 3 6 91 0.055 0.956
(79.7 18.6 1.6 0.1 0) 0.2 8.4 91.4)
70 6.4 3.16 16 32 32 15 4 53 40 7 0.368 0.272
(16.0 37.1 32.4 12.6 1.9) (53.0 39.6 7.4)
110 3.1 3.75 19 32 32 14 3 53 40 7 0.340 0.272
(19.0 39.1 30.2 10.4 1.3) (53.0 39.6 7.4)
160 3.1 2.12 21 32 31 13 3 50 42 8 0.323 0.293
(21.0 40.1 28.7 9.1 1.1) (50.0 41.4 8.6)
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9. Reaction Mechanisms

Representative mechanisms are here reviewed
which have been selected from those put forward
up to now for the catalyzed hydrogenation in the
presence of metals, especially nickel. It is the con-
cept of the rate-determining step, that is indis-
pensable in dealing with mechanisms. Confusions

arise often, however, by giving it an ambiguous
definition and unconvincing applications. There-
fore, a definition of the rate-determining step is
advanced and its application illustrated by mecha-
nisms here.

9.1. Dissociative Mechanism

Farkas and Farkas put forward a mechanism on
the basis of experimental results of the catalyzed
hydrogenation as well as of the associated reactions,
i.e., parahydrogen conversion and 'Hy—D, equilibra-
tion, over nickel [2] and platinum catalysts [85].
They [2, 85] assumed that the rate-determining step
of the catalyzed hydrogenation as well as of para-
hydrogen conversion® was the dissociative adsorp-
tion of hydrogen molecules, i.e.,

H, — 2H(a), (9.1)
on the grounds that hydrogenation and parahydro-
gen conversion had activation heats of the same
magnitude, i.e., 10 ~ 11 kcal/mole, and a constant
ratio of rates throughout in spite of a widely varying
activity of platinum catalysts [85].” Ethylene was
assumed, on the other hand, to be adsorbed as

C:H;— C.Hi(a) 9.2)

and combine with 2H(a) so as to complete the
hydrogenation thus

The exchange reaction of ethylene was assumed
by them to occur separately, through a step of
dissociation of ethylene, i.e.,

C;Hs(a) —— C,Hs(a)+ H(a), (9.4)
(hence the name “dissociative mechanism”), on
the grounds that the activation heat of exchange
was greater than that of catalyzed hydrogenation
both over nickel [2] and platinum [85] as reviewed
in 5.1.2 and 5.1.3, respectively.

They attributed [85] parahydrogen conversion
and 'H.—D: equilibration to step (9.1) and its
reverse, on the one hand, and their inhibition to the
preoccupation of sites of these reactions by ethylene,
on the other hand. However, the inhibition follows
necessarily from the proposed rate-determining
step (9.1) irrespective of the preoccupation, since
ethylene consumes the ‘“moving spirits,” H(a)’s,
of the reverse of step (9.1) through step (9.3) at a
rate greater than that of the proposed rate-deter-
mining step (9.1).

9.2. Associative Mechanism

9.2.1. Horiuti and Polanyi [7] found that the rate
of exchange between ethylene and water was
smaller than that between ethylene and hydrogen
by a factor of ca. 10° and that the exchange rate
between ethylene and benzene under the same
conditions was still smaller [7] by orders of magni-
tude. On this experimental basis, they discussed
step (9.4) as proposed to be responsible for the
exchange. Let step (9.4) be in partial equilibrium;
C:Hy(a) is admitting H(a)’s through its reverse
including such ones originating from other mol-
ecules. The rate of the picking up is that of the
reverse of step (9.4), which equals the rate of step
(9.4), i.e., a “unimolecular” dissociation; the rate of
the latter is constant irrespective of the activity of
H(a), apart from the effect of adsorption, hence the
rate of picking up H(a) is constant as well. Step (9.4)
can hence not be responsible for the exchange,

#Cf.9.2.2 and 9.2.2.1.
*Cf. 5.1.3.
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insofar as the absorption does not make a difference
of orders of magnitude such as observed.

Horiuti and Polanyi [7], thus put forward with
reference to the experimental results [7], of the
wandering of the double bond, the scheme

C2H4 _Ia—’ C2H4(a)
H(a)

L’ Csz(a)

Ly

Hz—'_’

1
I_I_—) C2H69

9.5)

where C:;Hi(a) represents so-called associatively
adsorbed ethylene, in which the m-bond of ethylene
is broken and two carbon-metal bonds are formed,
and C.Hs(a), termed half-hydrogenated state by
them [7], is an ethyl radical linked with the metal
by its methylene radical. The two hydrogen atoms



from a methylene radical of C;Hi(a) and one from
H(a) assume equivalent positions in the methyl
radical of CsHs(a), so that the exchange results on
reversal of steps II.

Step II in partial equilibrium is accelerated by
increase of the activity of H(a), hence its backward
act must be likewise accelerated. The rate of C.H,(a)
embodying hydrogen atoms from H(a) depends in
consequence on the activity of H(a), in distinction
from the case where dissociation (9.4) is responsible
for exchange. The exchiange rate of hydrogen atoms
between ethylene and water or benzene is hence by
far smaller. than that between ethylene and hydro-
gen, as observed, owing to their widely divergent
capacities of sustaining the activity of H(a).

G.2.2. Scheme (9.5) is now discussed with special
reference to the rate-determining step of the rele-
vant overall reaction. The rate-determining step is
defined only for such an overall reaction where each
of the constituent steps has unique, definite stoichio-
metric number [127].' The constituent step r of a
stoichiometric number different from zero, is de-
fined as rate-determining if the steady rate of the
overall reaction is given practically as that in the
equilibria of all constituent steps but r. These
partial equilibria determine the activity products,
a; and ag, of the initial and the final system of r,
irrespective of the kinetic particulars of any step.
The net rate of ris kja;— kpar or kf{a;— ag/K), where
K=Ik/kg is the equilibrium constant of r, which is
thermodynamically definite irrespective of the
kinetic particulars of r.'' The steady rate of the
overall reaction is thus proportional to #4;, which
alone involves the kinetic particulars of r, while
the other factor, a;— ag/K, of the net rate is thermo-
dynamically defined by the system '? of step r and
the conditions of the assembly in which the reaction
in question is going on. Step r thus literally deter-
mines the steady rate of the overall reaction through
its kinetic particulars which are exclusively in-
corporated in £

9.2.2.1. A rate-determining step cannot be defined
in this way, e.g., for parahydrogen conversion in
gear with the overall reaction. Neither is it necessary
to assign a similar concept to this conversion, as
seen later. We should admit a wording like “‘the
rate-determining step of parahydrogen conversion,”
if this occurs in gear with the hydrogenation, as
designating a step assumed (by the broacher of the
wording) to have the same rate as the parahydrogen
conversion in question.

The rate-determining step of scheme (9.5) is
now discussed on this basis. It is noted that step
III may be rate-determining, but it can never be in

10 The number of times a step occurs for every completion of the relevant overall
reaction in the steady state. The set of steps, H* +e~ — H(a), 2H(ay—— H, and
H(a) +H' + e~ — H, has the stoichiometric numbers, (2, 1, 0) or (1, 0, 1) as given
in the order of the steps for the overall reaction, 2H* +2e~=H,, where H* is hydrogen
ion in solution and e~ metal electron. The stoichiometric number of each step of the
above set is not unique. The stoichiometric number of every constituent step of scheme
(9.5) is unity uniquely for the overall reaction of eq {4.1).

1 All steps, heterogeneous or homogeneous, which have common I and F, have the
same K quite independently from their rates, i.e., kinetic particulars, provided that all
activities involved are referred to common standard states.

12 A set of particles involved in a step.

partial equilibrium since it practically lacks back-
ward acts, as verified by result 5.2.7 that ethane is
never involved in any constituent step of the cata-
lyzed hydrogenation of ethylene. Nevertheless, any
step other than III, e.g., I, may be qualified as rate-
determining, if kpap is diminished by an amount
which is ignorable as compared with ka;— kpap,
by reducing all steps but I}, (inclusive of III) from
the actual steady state to equilibria.

9.2.2.2. Let III be rate-determining, leaving the
other three steps in their respective partial equilib-
ria. A step is kept in partial equilibrium notwith-
standing the progress of the overall reaction, which
of course imposes a finite amount of net rate upon
the step, insofar as its forward and backward rates
are large enough as compared with their difference,
i.e., the net rate. There hence occurs a lively ex-
change of hydrogen atoms between gaseous ethylene
and hydrogen, as seen readily by tracing scheme
(9.5) with step III supposed to be arrested. Para-
hydrogen conversion and 'H;-D; equilibration
proceed just as in the absence of ethylene, apart
from the effect, if any, of preoccupation of sites by
adsorption. Deuterium atoms are randomly dis-
tributed over C,H,, Hy and C:Hs composed of the
former two throughout.

9.2.2.3. If step Il is to determine the rate, leaving
steps I, and 1, in their partial equilibria, transfer
of hydrogen atoms between gaseous ethylene and
gaseous hydrogen is retarded in either direction.
Parahydrogen conversion and 1H,—D; equilibration
proceed as lively as in 9.2.2.2.

9.2.2.4. In case of I, determining the rate, leaving
I, and II in their partial equilibria, admission of
hydrogen atoms originating from gaseous ethylene
into gaseous hydrogen, is retarded whereas the
reverse transfer occurs. Parahydrogen conversion
and 'H,—D, equilibration are practically inhibited.
9.2.2.5. If 1, determines the rate, leaving I, and 11
in their partial equilibria, parahydrogen conversion
and !'Hpy-D, equilibration will occur as in the
absence of ethylene and hydrogen atoms from
ethylene penetrate hydrogen while the reverse
transfer is retarded on the contrary to the case of
9.2.2.4. Hydrogen atoms are randomly distributed
over gaseous hydrogen and C,Hi(a), but not over
gaseous ethylene and C,Hi(a) throughout; in the
particular case of hydrogenation of light ethylene
with pure deuterium C;Ha4(a) is exclusively CoDy(a)
so that gaseous ethylene should consist in the begin-
ning of the hydrogenation only of C;'Hy and C.D,
but not of ethylene-d, of intermediate composition.
9.2.3. Tables 3 and 17 show that deuterium in gas
keeps its atom fraction of 0.992 at — 23 and — 45 °C,
amply below the optimum at 28 °C, during the
catalyzed deuteration of light ethylene. Protium of
ethylene got thus hardly into gaseous hydrogen,
whereas an appreciable amount of deuterium atoms
entered gaseous ethylene and became distributed
randomly there as seen by comparison of the ob-
served percentage of ethylenes-d, with calculated
value shown in parentheses. The tables show, on
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the other hand, that above the optimum there occur
a rapid exchange between gaseous ethylene and
deuterium and a lively 'Hy—Ds, equilibration, the
results below the optimum fit in exclusively with
the conclusions of 9.2.2.4, while those above the
optimum fit in exclusively with those of 9.2.2.2. We
are thus inevitably led to the conclusion that the
rate-determining step switches over from I, below
the optimum to III above.

The same conclusion has previously been ar-
rived at by Horiuti [9] from the analysis of experi-
mental results of zur Strassen [64]. It may be noted
that the switchover in the rate-determining step is
necessarily connected with the appearance of an
optimum, the excess of activation heat of exchange
over that of hydrogenation and other profiles of
the reaction, as shown by a statistical mechanical
theory developed in section 12.

The term ‘‘associative mechanism’ will be
used in what follows just to signify the kinetic
theory of scheme (9.5) without specializing in any
particular rate-determining step.

9.2.4. The chemisorbed states, H(a) etc., included in
scheme (9.5), are experimentally verified as fol-
lows. Parahydrogen conversion and 'Hy—D, equi-
libration proceed over evaporated nickel films

perceptibility around —100°C with a rate increasing
with temperature |128|,"* whereas the transition
from “normal” to ‘“activated” adsorption with low
or high adsorption heat respectively occurs around
—150 °C as traced on an isobar [129] of hydrogen
adsorption over the same catalyst. These experi-
mental results afford the basis for accepting the
existence of H(a) under the conditions in question.
Pliskin and Eischens [130] demonstrated infrared-
spectrometrically the existence of associatively
adsorbed ethylene, C:Hy(a), and the formation of
ethyl radical, C:Hs(a), from C;Hs(a) on admission of
hydrogen gas over adsorbed ethylene. Ethylene
and hydrogen are adsorbed simultaneously on S-film
without dehydrogenated adsorption of ethylene
as referred to in 2.E.1, which further confirms the
existence of three intermediates H(a), C.Ha(a),
and C.H;(a) there.
9.2.5. The experiment of Apel’baum and Temkin
[91] on palladium indicates unambiguously a definite
fall of fugacity from gaseous hydrogen to adsorbed
hydrogen on the catalyst at 22 °C but none at 176
°C. Step I, is thus rate-determining at lower tem-
peratures and in partial equilibrium at higher
temperatures, in accord with a similar conclusion
in 9.2.3 in the case of nickel.

9.3. Twigg and Rideal’s Mechanism

9.3.1. Twigg and Rideal [68] contradicted the dis-
sociative adsorption (9.4) of ethylene as responsible
for the exhange reaction on the ground of Conn and
Twigg’s experiment [23] referred to in 2.7, which
showed that C;'H; and C,Ds did not exchange
hydrogen atoms at 76 °C. Twigg and Rideal [68]
found, as reviewed in 5.1.2, that 'H,— D; equilibra-
tion was inhibited by the presence of ethylene, and
that the plot of the nonequilibrium fractions 1 —u of
hydrogen gas against its deuterium atom fraction,
Xy, converged into a single straight line for tempera-
tures below and including 156 °C, as seen in figure
16. From these experimental results they gathered
[68] that 'H.—D, equilibration was not effected by
step (9.1) but, as suggested by the latter close con-
nection between equilibration and exchange, was
alternatively in gear with steps resulting in the
exchange between ethylene and hydrogen, as

C.H, = C;Hy(a),
* C;Hy(a)+ Ha(a) = CoHs(a)+ H(a), (9.6)
and
CsHs(a) = CzHy(a) + H(a), 9.7)

where Has(a) is the physically adsorbed hydrogen
molecule.

13 Cf, Chapter 8 of ref. 18,
14Cf. 9.2.1 and 9.2.2.2.
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They atiributed the hydrogenation, on the other
hand, to a single step
CsHa(a) + Ho(a) — CoHg (9.8
on the ground that the activation heat of exchange
exceeded appreciably that of hydrogenation [68, 69].
This mechanism of hydrogenation should lead,
however, to different products when light ethylene
is hydrogenated, in one case with an equimolar
mixture of 'Hy; and D3, and in the other case with an
equilibrated mixture of 'Hy, 'HD, and D,. This is
contrary to the observation of Twigg [116] in 5.2.1,
provided that the peculiarities of nickel-kieselguhr
used in the latter observation are ignored.

9.3.2. Twigg has thus revised the mechanism as
[116]

C2H4 l: C2H4(a)

CaHi() + Hy(a) T C:Hs(@) + H@) D> CoHe | (9.9)

CoHy(a) == CoHy(a)+ Hia)

with the aim to account for the observed differ-
ence between the activation heats of hydrogenation
and of exchange, by ascribing, respectively, different
rate-determining steps'* to them similarly to the
proposal of Twigg and Rideal [68] reviewed in 9.3.1.
The rate-determining steps of hydrogenation and



exchange were thus indicated to be steps 7 and 4,
respectively, which have the same initial system,!>
C:Hs(a)+ H(a), hence give rise to the same rate
law for both the reactions, as observed.

Twigg [116] assumed next that below the opti-
mum, step 7 was overwhelmingly faster than step 4.
If, then, the system C,Hs(a)+ H(a) is once created
by step 3, it should be converted with predominant
probability into CsHg rather than reconverted into
C:Hy(a)+ Hy(a) through step 4. Step 3 thus deter-
mines the rate of hydrogenation,® rather than
step 7, in conflict with Twigg’s statement. This is,
however, just a contradiction in terms and, remain-
ing true to the postulated predominance of step 7,
his arguments apply just by terminological revision.
The rate of rate-determining step 3 is k30c,u,0u,,
denoting the rate constant of step n by k, and the
respective coverages by adsorbates C:Hy(a) etc. by
Oc.u. ete. The latter rate is written, admitting the
proportionality of 6y, to Py, as ksfc,u,Py, which just
reproduces the rate expression of the catalyzed
hydrogenation given by Twigg himself. The steady
state condition of hydrogenation is now

k3Bcn,Pr — kabc,u;0u = kr0con,0n. (9.10)
Hence, we have below the optimum
k3Oc,u,Pu= k10c,u,0m. 9.11)

ignoring the rate of step 4 as compared with that
of 7 according to the postulate. The rate of ex-
change is similarly k460,40 or, according to eq
(9.11), ks(ka/k7)0c,u,Pyu, which assures the rate law
of exchange to be the same as that of hydrogenation.

Above the optimum, it follows from postulate
k4 > k7 and eq (9.10) that the forward and backward
rates of step 3 are balanced with each other, hence

that step 7 functions as the rate-determining step,
provided that step 1 is also in partial equilibrium.
We are thus led to concluding from the kinetic
postulates of Twigg that the part of determining
the rate of hydrogenation is switched over from step
3 below the optimum to step 7 above.

As shown by Twigg [116], the activation heat of
exchange exceeds that of hydrogenation above and
below the optimum by E,;—E; throughout, where
E,=RT?3 In k4/0T and E;=RT?) In k;/dT. The dif-
ference E4— E; below the optimum is the difference
of the activation heat of the reverse of step 3 from
that of rate-determining step 3 as seen from
the above expression for the exchange rate,
ks (kak7)0c,u,Pr; the forward flow of the exchange
rate, ksfc,u,Py, is sparingly reversed, to a ratio
of ks to ks, to form the backward flow giving rise to
the exchange. The ratio ks/k; in the expression for
the backward flow is connected with the difference
between heights of the two energy humps
which enclose C;Hs(a)+ H(a) as RT?3In(ks/k7)/0T =
E.—E;. Above the optimum, k4/k; equals directly
the ratio of exchange rate to hydrogenation rate,
the latter now being governed by step 7, hence the
difference is once again E,—E7.

The above inference would illustrate that the dif-
ference of activation heats provides no ground to
exclude the reverse of step (9.1), assigned to be the
rate-determining step of hydrogenation, as done
by Farkas et al. [2], from being the “rate-determin-
ing step of exchange.” It may be noted, however,
that the switchover of the rate-determining step
that follows from the postulate of Twigg, can only
occur, according to the statistical mechanical theory
of the reaction developed in 11 and 12, between
steps having systems of different materials,!” such
as steps I, and III of scheme (9.5), but it can scarcely
occur otherwise, cf. steps 3 and 7 in scheme (9.9).

9.4. Jenkins and Rideal’s Mechanism

Jenkins and Rideal [13] revised the above mech-
anism supposing that the catalyst’s surface was
complex covered or carbided and capable of ad-
sorbing further hydrogen but no more ethylene.!®

'3 The initial and final systems of a step are its system, respectively, in the. state
before and after the occurrence of the step.
18 Equation (9.10) is expressed for ks <€ &7 as

kafcu Pu= krBconsOu 2 kb by

(the #’s are adsorbate coverages defined in the text); the first and the third member
are the rates of step 3 and 4, respectively, which are by no means balanced, hence
step 3 is by far not in partial equilibrium, We can bring the latter step up to equilibrium
by increasing 8c,u,0u by a factor k7/ks. The rate of step 7 thus increases k;/ks fold. Since
the latter increased rate does not approximate by any means the steady rate, step 7
is excluded from being rate-determining according to 9.2.2.

Step 3 is now similarly examined. By reducing step 7 to its partial equilibrium,
Oc.nsfu vanishes when the rate of hydrogenation is ksfc,u, Py rather than ksfc,y,8y,
—ksBcnyfn as in the steady state. Since k4fc,u,8y is negligibly small by premise, the
steady rate is closely approximated by that in equilibrium of step 7, i.e., k0c,n.Py.
Step 3 is thus duly rate-determining according to 9.2.2, provided that step 1 is also
practically in equilibrium.

An actual example of the similar rate-determining step is given in 13.4.2.

7 Materials of systems of step 1, and Il of scheme (9.5) are H; and C.H;+H,,
respectively, whereas those of steps 3 and 7 are commonly C.H,; + H,.

18 Just contrary to result 8.1(a).
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The exchange was postulated to occur under these
conditions through a step

C2H4 + 2H(a) = C2H5(3.) + H(a),

in which one of the two adjacent adatoms is picked
up, whereas both of them are captured to complete
the hydrogenation as

CoH,+ 2H(a) — C,He. (9.12)

They postulated further that the reverse of step
(9.1) occurs slower than step (9.12) at temperatures
below and faster above the optimum, respectively.
Below the optimum, 2H(a) once formed by step
(9.1) should be converted almost certainly into
C:Hg by step (9.12) rather than reconverted into
H., so that step (9.1) is essentially rate-determining
for hydrogenation, while above the optimum step
(9.12) determines the rate, as shown by arguments



similar to those on steps 3 and 7 in 9.3.2. The rate-
determining step of hydrogenation thus switches
over from step (9.1) below the optimum to step (9.12)
above, which is something in common with the
associative mechanism outlined in 9.2.1.

Beeck [6] proposed, in advance of the above

revisal [13], that the hydrogenation proceeded
through step (9.12) and its rate-determining step
was the evacuation by hydrogenated desorption of
sites for adsorption of 2H(a) preoccupied by acet-
ylenic complex, although this is inapplicable as
remarked in 3.1.3.

9.5. Redistribution Mechanism

We have seen in 7.1.3 that hardly any deuterium
enters the ethylene in gas in course of its catalyzed
deuteration over Ni-kieselguhr catalyst, while
deuterium is abundantly contained and randomly
distributed in the ethane molecules thus evolved.
This result admitted, according to Wilson, Otvos,
Stevenson, and Wagner [126], of no explanation
by mechanisms proposed up to that time. They
put forward, for an explanation, the redistribution
mechanism in which a rapid exchange of hydrogen
atoms among ‘“‘adsorbed hydrocarbon fragments,”
e.g., CoHya) or C:Hs(a), on the catalyst effected
an exchange equilibrium or random distribution
of deuterium atoms among them as well as the

hydrogenation through steps such as
2C2H5(a) — C2H4(a) + C2Hs.

They [126] reproduced the fractions of ethanes-d,
at —50 °C in table 24 approximately by its prob-
ability {6!/n!(6—n)!}x§(l—xA)‘5—" in random dis-
tribution, but the peak of distribution at n=2
observed in 50 °C was not thus reproduced. They
similarly calculated the fraction of butane-d, in the
deuteration product of light butylene, but the cal-
culated abundance of butane-d; fell appreciably
short of observation.

9.6. Adsorbed State of Intermediates

With special reference to the adsorbed state of
the intermediates implied, Semenov [131] proposed
the constituent steps of catalyzed hydrogenation
in terms of free valencies, ¥, furnished by metal
atoms of the catalyst. Ethylene is thus combined
with ¥ to form a free radical as

The free radical reacts upon H; to form C,H;(a)
or upon another V to form a stable C;Ha(a) as

VCH,—CHz—+ H, -» VCH,—CH3;+H (9.14)
or

The H formed by step (9.14) is so unstable that it
attacks Cz:Hs(a) to form ethane as

H+VCH:CH;s — C.He+ V.

In the case where sufficient CaHy(a) and C.Hs(a)
are present, there occur frequently forward and
backward acts of the steps

H+VCH,—CH,V — VCH,CH;+V
and
VH+ VCH,—CH,— — VCH,CH;+ V.

and the VCH;— CH,—’s react upon each other to
form polymer, which poisons the catalyst. Semenov
[131] did not refer to step (9.1) of hydrogen chemi-
sorption in this connection.

Bond et al. [132], has recently advanced the view
that the bonds which link ethylene to metal are not
o-bonds as admitted so in 3.1.2, but m-bonds be-
tween surface metal atoms and ethylene, with the
double bond of C:H, left intact, as in the case of
complex compounds between olefine and metal
salts, which is, however, not verified thus far and,
if it should be at all, makes no difference in the
kinetic treatments.

10. Current Theoretical Treatments

10.1. Outline

The rate v of combination, e.g., of species A and
B distributed homogeneously in a macroscopic
phase is expressed according to the mass action

law in terms of the concentrations, [A] and [B], of
the respective species as
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v « [A]B]. (10.1)
If either or both of species A and B are adsorbed,
as denoted by appendix (a), i.e., as A(a) or B(a), the
rate of combination is usually expressed by

v «c 04[B] (10.2.A)

or

Vo 0A0B9 (IO.Z.B)
where 8, and 6y are the fractions of the catalyst
surface covered by A and B, respectively.

Schwab [133] expressed the rate of the step

Hs(a) + C:Ha(a) = CyHe,

assumed by him to be rate-determining in the
catalyzed hydrogenation of rate v, according to eq

(10.2.B) as

vn = knbgbuPePy (1+ bgPg) 7", (10.3)
substituting 8c,y, in eq (10.2.B) from Langmuir’s
adsorption isotherm:

Ocon, = bePr(1+ bePg) ", (10.4)

and similarly for 8y,:
On, = buPu(1+ byPy) 1,

but ignoring byPy as compared with unity, where
ky 1s the so-called “true” rate constant. Schwab [133]
assumed that bgzP;> 1 below the optimum and
bgPr <1 above the optimum, hence according to
eq (10.4) that 0,4, =1 or 6,4, = 0, respectively, or
in words that ethylene saturates the catalyst’s sur-
face below the optimum but is desorbed as the
temperature is raised past the optimum, Tx. The
rate laws below and above the optimum are, in
consequence,

Uh:khbHPH (T< Tx)

Vh= kthbHPEPH

and the activation heats below the optimum
Er<ry, and above the optimum, Ersry, are

and (T'>Ty),

*

Erery=Eo+AHy (10.5.a),
and Ersr =Eo+AHy+ AHg= Ercr + AHj,
(10.5.b)

respectively, where
Eo=RT%3 In kn/dT (10.6.k)

is the so-called “true” activation heat and

18 Cf. footnote 5 to 3.1.6.
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—AHg=—RT?3 In bg/oT (10.6.E),

and

—AHy=—RT?3 In by/oT (10.6.H)

are the adsorption heats of ethylene and hydrogen,
respectively. Schwab [133] determined, from the
plot of vx/Py against Py by zur Strassen [64] as
shown in figure 26, kyby and by and hence Er<r,

and AHj as

Un/ Py

0.04
Pe,mm Hg

FIGURE 26.  Proportional constant vy/Py of vy, to Py versus Py [64]..
vs: hydrogenation rate in arbitrary unit.

Er<ry=1.3 kcal/mole, (10.7.E),

—AHE=17.3 kcal/mole. (10.7.H)

He {133] thus described the optimum as the point
of desorption of ethylene. This theory of optimum
does not, however, fit in with new results as shown
in what follows. The quantity of ethylene adsorbed
on an S surface of evaporated nickel film in course
of the progress of hydrogenation (cf. table 2) was
found approximately constant and corresponded
to the coverage of O¢,y, = 0.33 over the temperature
range from — 50 to 110 °C [61], which comprises the
optimum temperature, 35 °C; the above value of
Oc.u, was calculated from the observed quantity of
adsorption by geometric considerations on the
basis of 10" surface metal atoms per unit BET
area, any two neighboring atoms among them being
taken as available for occupation by one adsorbed
ethylene molecule. This disproves the hypothe-
sized desorption of ethylene, provided that the
observed amount of adsorption directly represents
those and only those molecules occupying the sites
of critical complex.'?

The above provision might be questioned with
regard to the active center theory, in the sense
that just a minute fraction of the observed amount
of ethylene adsorbed may block the active centers
and evaporate at the optimum to release them,
while the observation of the total adsorbed quantity



would be quite insensitive to this fraction. It is,
however, established [38] that the number of sites
of critical complex involved amounts to around
1015 e¢m~2, as referred to in 3.1.6. Therefore, if
ethylene is desorbed at the optimum to set these
sites free, according to Schwab’s hypothesis, then
the desorbed amount must be of about this magni-
tude, which is by no means negligible as compared
with the amount of adsorbed ethylene observed,
and would never escape detection; the approxi-
mately constant 6,4, over the above temperature
range thus excludes the possibility of the desorp-
tion as responsible for the optimum.

The above hypothesis is further contradicted by
the observed dependence of the optimum tem-
perature upon the partial pressure of ethylene.
Assigning the optimum to the point where
{80 In vp/0(1/T)} pg, Py=0, we have, on substitution
of v, from eq (10.3),

RT?29 In kn/oT+ {RT?/(1+ bgPg)}d In bg/oT
+RT?3 In by/oT=0.

The value of logi, bg at T=7Ty is obtained by in-
tegrating eq (10.6.E) for constant AHg, as

logiobg = logiobro — AHg/2.303RT,,

where logiy bg, o is the integration constant. Elim-
inating RT?0 Inkn/dT, RT23 Inbg/oT, RT?) Inby/aT
and by from the above two equations and eqs
(10.6.%), (10.6.E), and (10.6.H), we have

_AHE_AHH_EO

_ 2.303R {10
B0 (ot AHy)

1 —

T,(°K) —AHg

—10g10 PE}
(10.8)

*
The constant logibgo is evaluated from the above
linear relation as

10g10bE,0 =—9.1. (109)
The value of (Eo+ AHy) is given by eqgs (10.5.a) and
(10.7.E), while that of — AHg is given by eq (10.7.H).
Substituting these values of (Eo+ AHy), AHg, and
that of logiebre from eq (10.9) into eq (10.8), we
have

1/Tx = (1/3760)(9.3 — logio Py), (10.10)
(Tx in °K, Py in mm Hg) which deviates consider-
ably from eq (4.3) as observed by Sato and Miya-
hara [80].

Jenkins and Rideal [13] expressed the rate of
catalyzed hydrogenation as vn = ksPr8y, according
to their mechanism (which was reviewed in 9.4),
where k3 is the rate constant of step (9.12). Denot-
ing the rate constants of step (9.1) and of its re-
versal with £, and k., respectively, one can write
the steady condition of the reaction, as regards the
intermediates 2H(a), as

k]PH(l - 0H2) - k20H2 + k3PE0H2

or neglecting the rate of repulse of hydrogen ad-
sorption, kiPyfy,, as compared with the sum of
the rate of adsorbed hydrogen leaving the adsorbed
state both by desorption (k20y,) and by hydrogena-
tion (k3Pg0y,), as

kIPH:kZGHZ +k3PE0H2'

Eliminating 6y, from this equation and the above
expression for the hydrogenation rate, vy = k3Pg0y,,
we have

vn = k1ksPgPy/ (k2 + k3Py) , (10.11)
which is of the same form as eq (10.3) due to Schwab
and agrees with the rate law observed by Jenkins
and Rideal [13] at the optimum temperature, 165 °C,
as given in table 7. They assumed, as reviewed in
9.4, that ks < ksPp at temperatures below and
ks » k3Py above the omtimum, hence v, « Py or
vy o« PyPy, respectively, from eq (10.11), in accord-
ance with experiments. The rate-determining step
is in consequence (9.1) at temperatures below but
(9.12) above the optimum, as discussed in 9.4. The
change of activation heat may occur, hence, by
switchover in the rate-determining step at the opti-
mum because of the difference in materials of the
systems 2° of step (9.1) (H,) and that of step (9.12)
(Hy+ C:H,) as mentioned in 9.8.2, whereas there
exists then little difference from the associative
mechanism, insofar as the hydrogenation is con-
cerned.

10.2. Critical Review of Current Treatments

The formulation of rate of steps by the mass
action law referred to in 10.1. is applicable only in
cases where the system (see footnote 20) of the step
is statistically independent, i.e., the system assumes
any state under given macroscopic constraints,
e.g., confinement to a definite volume, as if it were

20 Set of particles involved in the step.

21 A step is called homogeneous or heterogeneous according as its critical complex
[ef. footnote 5 to 3.1.6) is situated in a macroscopic phase or in a surface phase. A
macroscopic phase will be called simply phase in what follows.
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alone under the same constraints. The statistical
independence is secured in cases where the species
of variable concentrations concerned are sparse
enough, whether the step be homogeneous or het-
erogeneous.?! The covered fraction of one-tenth
might be thought of as moderate, but the corre-
sponding three-dimensional concentration is, for
10 cm-2 sites and the appropriate thickness of
10-8 cm, 10X 107X (10-%-! cm™?=10* cm3,
which matches the molecular concentration of
liquids. The applicability of the mass action law is



thus a problem which is rather more serious in
case of heterogeneous steps than in case of homo-
geneous steps, just because of the different concen-
trations of species in the state of interest.

The applicability must of course be decided on
the basis of a general theory of reaction rates which
does not rest upon the statistical independence of
the system of the given step. Readers are referred,
in this regard, to an article “On the Theory of Het-
erogeneous Catalysis” by Horiuti and Nakamura
[134].

There exist two kinds of deviations from the
statistical independence of a system of a step in
case of heterogeneous steps [134]. First, a species
is not admissible to a site of adsorption if the site
is preoccupied by another species. Secondly, there
exist in general repulsive or attractive interactions
between species which occupy their respective
sites exclusively. In the semiquantitative treat-
ments presented in this monograph, we will be
content to take account of the former kind of devia-
tion only, ignoring the latter throughout. Under this
limitation, the current treatments referred to in
10.1 are critically reviewed on the basis of the
general theory [134]; conclusions only are cited,
leaving out any detailed arguments.

(A) Equation (10.2.B) is exact, if -the critical

complex?? of the step occupies the combined sites
of A and B.

(B) If the critical complex occupies a single site,
either of A or B, the exact equations is

vy « 0,[B] (10.12.A),

or vs o [Alfg, (10.12.B)
respectively. Equations (10.12) are applicable when
A and B are alternative occupants of one kind of
sites, or when A and B occupy different kinds of
sites exclusively, or when either one of them is
the exclusive occupant of any sites. The necessary
and sufficient condition for eqs (10.12.A) and
(10.12.B) to be valid is that the critical complex
occupies a single site, either of A or of B, respec-
tively [134]; it is not necessary that either of A and
B is adsorbed and collided with by the other from
the gas phase. On the other hand, eqs (10.12.A)
and (10.12.B) do not apply even if the one from the
gas phase collides with the other one which is
adsorbed, provided that the critical complex thus
formed occupies combined sites of A and B; in the
latter case eq (10.2.B) holds instead.

It may be noted that eq (10.12.A) is identical
with eq (10.2.A).

11. Statistical Mechanical Formulation of Rates

Rates are statistical mechanically formulated
under the premise mentioned in 10.2 with the aim
of formulating the catalyzed hydrogenation of

ethylene statistical mechanically on the basis of
the associative mechanism.

11.1. Outline

The general theory assures, under the premise
in 10.2, that an exact result is obtained by the pro-
cedure of Glasstone, Laidler, and Eyring, which
treats sites of adsorption as if they were con-
stituent species of a statistically independent sys-
tem of the step. We start from eq (72) on p. 378
of “The theory of Rate Processes” by Glasstone,
Laidler, and Eyring, McGraw-Hill Book Company,
1941, for the rate v of a bimolecular step in case
of sparse coverage, i.e.,

_1 KT _fi
v zngCngs b FoFof.

by which two molecules of different kinds in gas,
of concentrations C, and Cgy, respectively, are com-
bined on the catalyst; the catalyst provides sites
of adsorption for the molecules, each of them being
occupied by any of them at a given time, and the

22 Cf. footnote 5 1o 3.1.6.

23 Under the present approximation, activated complex may be taken synonymous
with the critical complex referred to in 3.1.6.

activated complex?? of the step occupies adjacent
twosites. Cs is the number of available single sites
per unit area, and s is the number of sites adjacent
to each site. Fy and Fy are the complete partition
functions of molecules of the respective kinds per
unit volume, which are substituted for the partition
functions in the original equation in Glasstone,
Laidler and Eyring’s book, so that the Boltzmann
factor of the total elevation, €, of the ground state
in the original equation is absorbed into the parti-
tion functions. The factor (1/2)sCs represents the
total number, Vi, of sites of the activated complex
per unit area under the above premise of a sparse

“coverage. The quantities f; and f; are termed, by

the book’s authors, the partition functions of the
activated complex and of the reaction sites, re-
spectively, whereas partition functions are defined
in this book only for a statistically independent
assembly and not for an adsorbed species or a site
which are not statistically independent. This
amounts to a leap of argument but can be rec-
onciled by an alternative interpretation of f; and
/s as follows.
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The factor f; in the above equation is read for
the partition function (complete) of the catalyst
with a single activated complex attached to a defi-
nite site, and f; for the partition function (complete)
of the bare catalyst. These definitions are accept-
able since both subjects may be taken to be sta-
tistically independent. Since Fy and Fy are partition
functions of molecules A and B, both detached from
the catalyst, the product FyFyf; is the partition
function of an assembly consisting of the bare
catalyst, A and B, all separated from each other.
The factor f/F,Fg fs is hence the ratio of the prob-
abilities of the state where the activated complex
is attached to a definite site and that where the
assembly is in the separated state; this ratio, when
multiplied by the universal frequency, £T/h, gives
the specific rate of the step in question, which per-
tains to a single pair of A and B on the definite site;
the transmission coefhcient is assumed unity
throughout the present treatment. Assuming the
physical identity of all sites of the activated com-
plex on the catalyst, the last-mentioned specific
rate times the number, N;, of sites of the activated
complex gives the specific rate of the step which
occurs to this single pair of A and B per unit area.
The overall rate of the step per unit area is now the

last mentioned specific rate times the number of
pairs of A and B, i.e., the product of the numbers
of both kinds of molecules. This product is reduced
to the product, C,Cy, of the concentrations, with
regard to the above equation of v, by referring F,
and Fy respectively to unit volume. This equation
is readily generalized for any type of step under
the condition that its initial system is a set of gas
molecules and the catalyst surface is just sparsely
covered, as

v=(kT/h)N g*a;. (11.1.v)

where

q’;=f¢/fg, ’al:H fl:is ai=Ci/F;

(11.1.q), (11.1.1), (11.1.1)

and v; is the number of ith constituents of the initial
system, I, in gas. The quantity gt is by definition
the Boltzmann factor of the work required to add a
system of the step in question to a definite site on
the catalyst as an activated complex, keeping the
whole assembly involved in statistical mechanical
equilibrium throughout the process [134, 135].

11.2. Function «a;

Function a; in eq (11.1.0) is now developed for
the sake of an expedient application. Equation (121)
in the same monograph of Glasstone et al., states
that

L FmEn
_FIFuFy ...

Ke=Femore

for the concentration equilibrium constant K. of
the reaction in gas,

aA+bB+cC+. . .=IL+mM+aN+. . .,
defined as
KF:C’LC;";CI{; .
CiChCe . ..

in terms of equilibrium concentrations, C; etc., of
molecules L etc., in gas. We have, equating the
above alternative expressions of K. to each other

E) E) ) =G G E
Fo) \Fg) \Fe) " 77 \F) \Fy) \Fy) 777
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or with reference to eq (11.1.j)

a 4b 4 — ol g
A,agde . . . aLaMaN e e e

It follows, if a set of molecules in gas, IZE vil;,

?

is in equilibrium with another set of molecules in gas,

I'=>v/l} , that
~

a;= ay,

(11.2.eq)

where

a=[] aj. ar=[] ay-
B 3 i
i i

(11.2.1), 11.2.1")

ay, and ay, are called by Fowler and Guggenheim
v

[136] the absolute activities of species [; and Ii
respectively; the @; and a; are those of the sets

Iand I'.



12. Statistical Mechanical Formulation of the Associative Mechanism

The statistical mechanical theory of rates in
section 11 is applied to the associative mechanism
in order to derive the steady rate of catalyzed
hydrogenation on the basis of associated reactions.

Functions £(s) appropriate respectively to steps s of
scheme (9.5) are first derived; k(s) is the forward,
unidirectional rate of step s, under the supposition
that all other constituent steps are in equilibria.

12.1. Formulation of k(s)’s

The formulation of k(s) is exemplified with step
II. The relevant activated complex is in equilib-
rium 24 with the initial system, CsHy(a) + H(a), which
determines the concentration of the activated com-
plex, hence the rate. Suppose now the presence of
hypothetical molecules C:Ha(g) and H(g) in gas
which are, respectively, in equilibrium with C;Hi(a)
and H(a). The activated complex is then in equi-
librium with C;Hi(g)+ H(g). The forward rate of
step 11, v.(Il), is thus expressed according to eqs
(11.1) as

v (ID)= (kT/h) Vi ¢ acopwan-  (12.1)

The rate k(Il) is now by definition the particular
value of v.(II) in the case where all other con-
stituent steps of scheme (9.5) are in equilibria.
C:H4 in gas is thus in equilibrium with CyHs(a),
hence with C:Hi(g) and H; in gas with H(a), hence
with H(g). We have in consequence according to
eq (11.2)

Acond )= ag and af) = ay,

the absolute activities of
C:H, and H, in gas, respectively. Substituting
ey and aye from the above equations into

eq (12.1), v.(Il) assumes its particular value,
k(II), i.e.,

where ag and ay are

k(IL) = (kT/h) N g0 agalf2.  (12.2.1I)

The k(s)’s of other constituent steps of scheme
(9.5) are formulated similarly as

k(l,) = (kT/R) N, ¢'% ag, (12.2.1,)
k(L,) = (kT/h)Nyg,) g% ay (12.2.1,,

and
k(II1) = (kT/h) Niayy ¢* "W aga,.  (12.2.110)

12.2 Expressions for ¢z and ay

The functions ag and ay can be written accord-
ing to eq (11.1.i), developing F and Fy statistical
mechanically and substituting 1333P;/kT-(P; in mm
Hg) for C;, as

poi KT (2mmekT)¥? 2m (2mlhT) ¥
F 71333pP, h3 h3
1 {1-ew (~57)| e (~55)
2 kT T
and
kT (2amyukT)3? da2lukT (_ei )
M= 333p, B3 e P\TRT)

where my and my are the masses of ethylene and
hydrogen, Iy is the geometric mean of the three
principal moments of inertia of ethylene, Iy the
moment of inertia of hydrogen,

2 This postulate of the theory of absolute rate is often criticized (General Discussion
“Reaction Kinetics,” Trans. Faraday Soc. 34, 57, 71, 75 (1938)). Of course the equi-
librium of such sort, could not always be established in the thermodynamic sense.
It has been shown [135], however, that, in case where the transmission coefficient is
unity, the unidirectional rate may be exactly deduced according to the postulate even
in the absence of such thermodynamic equilibrium,
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[[{1—exp (= hvilkT)}

the vibrational partition function of ethylene, v,
the frequency of jth normal vibration and € and €y
the ground state molar energies of ethylene and
hydrogen, respectively. The vibrational partition
function of hydrogen is taken as unity. As to the
derivation of partition functions, readers are re-
ferred to chapter IV of the book by Glasstone et al.,
mentioned in 11.1.

The functions ay and ay are now recast in the

form of

P; H; —
Qi.oexp( RT)" where (i o and H; are
constant, by replacing T in the preexponentional
factors with Ty exp (1—Tx/T) (a function which
for small differences between T and Ty varies
closely to T) and assigning to Ty a medium value
of the temperature range in question. T in the
vibrational partition function

ﬂ {1—exp (—hu/kT)}""



can simply be replaced with Ty, since it varies
little with temperature. Ty is taken to be 373.15 °K
in the present treatment. We have thus

aE:PE/QEa aH:PH/QH,
(12.3.E), (12.3.H)
where

+4RT

Qr=0xg, exp <—€ET‘§‘>, (12.4.E),
7

ey+ 5 RT,

On=0Qhx,o exp (— —H—fT—N), (12.4.H)

_ kTy (2mmghT )2 202 (21l ok Tn)*?
Qeo=1333 h3 h3

oo ()]

12

11

1
e*=13.939 x 10+ mm Hg.

u (12.5.E)
and
0 o= AT QrmuhT) dartlykTy,

HO0™ 7333 h3 h?

=1.057 X 10'°* mm Hg. (12.5.H)

It may be noted that the chemical potential u;
of species i is given as w;=RT In a;, from_which
the partial molar enthalpy of species i, H;=pm:
—T(0ui/0T)p, is derived particularly for ethylene
and hydrogen as

Hy=ex+4RTy, Hu—e, +% RTy.

(12.6.E), (12.6.H)

and the partial molar entropy, Si=— (Bwi/dT), fol-
lows as

SE:R In OE,O/PEa

SH:R ln QH‘O/PH-
(12.7.E), 12.7.H)

The factor ¢"(s=1,, I, III) in eqs (12.2) is approxi-
mated as

g*=exp (—e*/RT), (12.8)

where €**is the ground state energy of the acti-

vated complex of step s, ignoring the Boltzmann
factors of excited states, which may be fairly high
on account of the narrow space of the site to which
the system of the step is confined.

12.3. Practical Expressions of k(s)’s

Substituting ap, ay and ¢#9 from eqs (12.3)
and (12.8) into eqs (12.2) and further 7T in the
factor kT/h by Ty exp (1—Ty/T), identifying all
Nys’s with each other and referring 10 eqs (12.6),
we have

k(L) = p (Pg/Qg, o) exp (—A'H(L)/RT),
k(1) = p(Pu/Q, o) exp (— A H(1,)/RT),

(12.9.1,)
(12.9.1,)

k(ID = p(Pg/Qx, 0)(Pu/Qy, 0 exp (— A H(II)/RT)

(12.9.1I)
and
k(111 = p (Pg/Qg, o) (Pu/Qn. o) exp (— A*H(IID)/RT),
(12.9.11I)
where
p=FkTN /R, (12.10.p)
N;= Ny, s=1,, 1y, II, III, (12.10.N)

H,y=€""+RTy
(12.11.A*H), (12.11.H¢)

AH(s)= Hns)—Hns),-,
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Hl(la)r: FIE» HI(Ib),:HH,
— 1= - —
HI(II),.:HE +§HH9 Hyqw,= Hg+ Hy,

(12.12.1,), (12.12.1), 12.12.1I), (12.12.11I)

where I(s), is the set of molecules of reactants
which constitutes I(s) or is converted into I(s)
through steps other than s, i.e.,

I1I), = C.H,+H,, (12.13.11])
1(II), = C:H,+ 1/2H,, (12.13.11)
I(I1,), = C,H,, I0p), =H,. (12.13.1,), (12.13.1,)

Equations (12.9) may be given in an alternative form
as

k(s)=exp (—A*G(s)/RT), s=1,1, IL III

(12.14.k)

where

A*G(s)=AtH(s) —TA*S(s), (12.14.G)



Ai S(S) = Si - SI(S)T’
S =RlInp,
Sl(la)rnga SI(Ib)r :S'H’

SI(H)T :SE + 1/23& SI(HI)r :SE +*—SH'

(12.14.A% S)
(12.14.5,)

(12.15.1), (12.15.1,), (12.15.1I), (12.15.11I)
The function p, as defined by eq (12.10.p), is the

partition function of activated complexes, with
energies referred to the appropriate ground states,
which transit the activated state unidirectionally
once within unit time.?> A* G(s) and A*S(s) thus
defined are the increments of Gibbs energy and of
entropy, respectively, of the whole assembly, caused
by bringing up the set I(s), of reactants to the state
where it is transiting the activated state unidirec-
tionally once within unit time through steps other
than s, all supposed to be in equilibrium.

12.4. Rate Equations in Terms of k(s)’s

The forward and backward rates, v.(s) and
v_(s), of the constituent steps of scheme (9.5) are

vy (L) = (KT/h) Nt q ¥l gy,
vy (Ly) = (kT/h) Nig*W ay,
v (ID) = (kT/h) N @ *® acp a)anca)s
vy () = (KT/R)Nig* ™ acp @),
where acnya)» @uw and Qc,uya are the absolute
activities of CsHi(a), H(a) and C,Hs(a) defined as

those of hypothetical gas molecules, C:Hi(g), H(g)
and C;Hs(g) respectively in equilibrium with CoHy(a),

v (L) =k(La),
v (L) =k(Ly),
v+ (ID = k(I y(C.Ha) y(H),
v (IIT) = £(1IT)y (C:Hs )y (H),

where

v(C:Hy) = aC2H4(a)/aE~

v(CoH;) = aCsz(a)/aEaH1/2a

Y(C:Hy) etc, may be called the activity coefficients
of the relevant species.

v(C:He) = aconelapam;

given according to eqs (11.1.v) and (11.1.1) as

v-(Ia) = (RTTR)N:g*™ ac,p o
v (L) = (KT1R) Neq*™ a’y ),
v (II) = (kT/R)Ntq*Dac,uy a),
v_ (111) = (kT/h)N1g' e y.,

H(a), and C,Hs(a). Referring to egs (12.2), the above
expressions of v, (s) and v_(s) are written in the
form

v_ (L) = k(1) y(C:H,), (12.16.1,)
v (Ip) =k(L,)y(H)?, (12.16.1,)
v_ (II) = (1) y(C;Hs), (12.16.11)
v_ (II1) = k(I11)y(C.Hs), (12.16.111)

y(H) = apw/ an'?, (12.17.E), 12.17.H)

(12.17.CsH,), (12.17.A)

12.5. Steady State of Catalyzed Hydrogenation

The steady state is formulated by equating the
algebraic sum of rates of formation of each inter-
mediate to zero. The stoichiometric number 2% of
each step of scheme (9.5) is thus found to be unity

25 Cf.I1.A.2.c of ref. {134]. The functions p. Ai(}(s) and AT'S(S) are defined th{ere
with special reference to the critical complex (cf. footnote 5 to 3.1.6). This definition
may be shifted 1o the activated complex without inconsistency.

26 (f. foutnote 11 to 9.2.2.
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commonly with reference to reaction (4.1), without
any isotopic discrimination. Formulating the
steady state individually with respect to E,fa)
= CotHy_,Di(a) =0, 1, 2, 3, 4), 'H(a), D(a) and
Ap(a) = Co'H5 _,Dp(a) (=0, 1, . . ., 5), one can
determine the relative amounts of E,(a) etc., and the
evolution rates of ethylenes-d,, hydrogens-d, and
ethanes-d, as shown in what follows.



12.5.1. The rate V;of steady hydrogenation ?” in the
associative mechanism is given in terms of v,(s)’s
and v_(s)’s, on account of unit stoichiometric num-
bers for every constituent step, as
Vi=v.(s)—v_(s), s=1,, L, I, III (12.18)

or, substituting v.(s)’s and v_(s)’s from eqgs (12.16).
as

Vi=k(I){1—v(C:Hq) } = k(I,) {1 —y(H)?}
= k(ID{y(C:Hsy(H)— y(C.Hs)}
= k(IID{y(C:Hs)y(H)— ¥(C:He)}.  12.19)

Eliminating y(C.Hy), y(H) and y(C:Hs) from eq
(12.19), we have

y(CoHe) = (1 - kl(/fa)> (1 - k(VISb)>
i) ey e

Rates of the catalyzed hydrogenation of diverse
definitions have been introduced in reviewing the
treatments of various authors, symbolling them com-
monly with vs. These v’s are related with V as

vn=(kT{1333V)Vs,

if v is given in the rate of partial pressure decrease
of either reactant in mm Hg in a closed space of
constant volume, /. We have

Vn— (kT/1333PEV)VS,

if vy is the increasing rate of hydrogenated fraction
of ethylene of partial pressure, P, in mm Hg or

vn = (kT/1333PyV)V,

if vy is the first order rate with respect to hydrogen,
which is referred to particularly as the rate con-
stant, ky.

These vy differ from V;.by a factor which depends
on temperature and hence makes a difference
between the activation heat derived at constant

27V, here represents the number of ethane molecules evolved by the catalyzed
hydrogenation per unit time.

2 The activity coefficient y(C.Hs) is expressed according to eqs (12.17.A) and (12.3}
as

YCsHe) = (P o/ PeP ) (QeQulQa)

where P, is the partial pressure of ethane and Q, is a function defined for ethane
similar to Qg as defined for ethylene by eq (12.4.E). We have y(C:Hg)=1 in equilibrium
according to eqs (11.2.eq) and (12.17.A}, hence, from the above equation,

Ps.ealPr.ea’n,e0 = QalQ:Qu-

where suffix equation signifies quantities in the equilibrium. The left-hand side is the
equilibrium constant K,,. which is calculated from spectroscopic data [Landolt “Tabel-
len” Erg. III. c. (1936), p. 2609, 2622]. We have thus y(C;Hy) =P ,/PpPyK,. which gives
the values shown in the text.
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partial pressures of reactants from v, and that from
V,commonly as

RT?9Inva/0T=RT?3 In V/oT + RT.

The common difference RT is about within experi-
mental errors of observation. We deal exclusively
with the steady hydrogenation for which V> 0.
It is inferred from egs (12.19), that

()0 <y(CaH, y(H), y(CaHs), WCaHe) <1,

(11) 0< VS/(]-—‘Y(C2H6)) < k(s)9 (S:Ia’ Ib9 II’ III)’
and also that,

(iti) as one of the functions k(s), say k(r), lies sufh-
ciently below all other £(s’), every steps other than
r approaches equilibrium so that r tends to be rate-
determining according to 9.2.2. Conversely, as
step r tends to be rate-determining, all other rates,
k(s"), get greater than k(r).

Inference (i) is readily seen from eq (12.19), noting that V.
k(s)’s, y(C:H,), y(H), y(C,H;), and w(C,He) are all positive.
It follows from eq (12.19) and (i) that

1>1=Vlk(I,) =y(C:Hy) >0, 1> 1= V/k(l,) =yH)* >0,

hence according to eq (12.20)

Y(C:He) <1-Filk (L),  vC:Hy) <1—=V/k(ly)

HC:He) < (1= VJkL) — (1 =Vifk(Ly)) "2 V/kdD)
= A=V @)} A~V k(1)) " =V (I} } < 1=V /k(I)

and y(C,Hg) < 1 =V /k(III), which are summarized in (ii).

It follows from (i) and (ii) that ¥V, < k(s). As k(r) of step s=r
gets smaller than k(s’) of the other steps, s’ # r, the coefficient
of every k(s') in eq (12.19) tends to zero or, according to eqs
(12.16), every step s’ approaches equilibrium. As to the converse
it is seen readily from eq (12.19) that the coefficient of k(r)
approaches | —y(C;Hs) while those of 4(s'} tend, respectively,
to zero. The k(s') should hence get greater than A(r), by the
same equation, as r tends to be rate-determining.

It may be noted that y(C;Hg) is extremely small
under the usual condition of experiments; y(C:Hs)
is 3.6 X10-27 at 200 °K and 2.7 X 10-% at 500 °K
for P=Py=P,=10 mm Hg.28

12.5.2. The steady state is formulated with respect
to En(a) = Cy'Hy_pDu(a) in accordance with the
mechanism of exchange specified in 9.2.1., ignoring
isotopic differences in rates, as

XE,,v+ (I,) —XE,,(a)V—(Ia)— XEn(a)U+(II)

S— 6—
+ { '—6—'@ T Xg,_ (2T —62 (1= xp) Xg(a)
2+
+ Tn T X &, (a)
1+
L (1=t Xy Jo-0D =0,

n=0,1, 2,3, 4,

(12.21.E)

where Xg, is the mole fraction of E, = C;'H,.,D,



over CoH, in gas, Xg,, the mole fraction of E,(a)
= Cy'Hs_,Du(a) over C;Hy(a) and xy(, the atom
fraction of D(a) over H(a). The first two terms give
the net rate of creation of E,(a) by step [, and its
reverse, and the third term the rate of consumption
of Ex(a) by step II. The last term gives the rate of
regeneration of E.(a) by the reverse of step II,
which is elucidated as follows.

The first term in curly brackets provides, when multiplied
by v_(II), the rate of formation of E.(a) from E,_.(a) and D(a)
by step Il and its reverse; two out of three hydrogen atoms on
the methyl radical of the half-hydrogenated state originate from
the methylene radical of E,_i(a), so that these two contain as an
average (n—1)-2/4 deuterium atoms: the third hydrogen atom
being deuterium, we have (n—1)/2+1=(n+1)/2 deuterium
atoms in the methyl radical of the half-hydrogenated state, as

. . n+1
an average. The number of protium atoms is thus 3———

2

=(5—n){2, one of which has to be given off by the reverse of
S—nxl_S—n
2 3 6 °
hence the first term. The second term in curly brackets repre-
sents the regeneration of E,(a) from A,(a), which acquired one
protium atom by step II. The methyl radical of the A,(a) has n/2
deuterium atoms and 3 —n/2 protium atoms as an average; one
of the latter has to be given off for the regeneration of E,(a),
which occurs with the probability of (3 —n/2)/3=(6 — n)/6, hence
the second term. The third term represents the regeneration of
E.(a) which acquired one deuterium atom on reaching the half-
hydrogenated state; its methyl radical has thus n/2+ 1 deuterium
atoms, and one of them has to be given off in order to regenerate
E,(a), which occurs with the probability of {n+ 2)/6, hence the
third term. The fourth term is referred to the half-hydrogenated
state formed by combination of E..(a) with 'H(a). The methyl
radical, hence, keeps (n+1)/2 deuterium atoms exclusively
originating from the methylene radical of E,,(a). One of (n + 1)/2
deuterium atoms on the methyl radical has to be released by the
reverse of step II, which occurs with the probability of (n + 1)/6,
hence the fourth term in curly brackets.

step II, which occurs with the probability of

12.5.3. The steady state is formulated with respect
to 'H(a) and D(a) similarly as

2(1 _xH)v+(Ib)—2(1_XH(a))U -(Iy)—(1 —xH(a))U+(II)

L20 —xg(m):;r =2, q1)—(1 — xpv (A =0
(12.21.'H)

and

2xyqv +(Ip) — 2w (Ip) — xyycayw +(11)

+?ﬁ%&mv_(m — Zv+ (D=0,
(12.21.D)

where Xk is the atom fraction of deuterium in
C:Hy(a), and the coefficient of v _(II) in eqs (12.21.H)
and (12.21.D) is the probability of 'H(a) or D(a) being
yielded, respectively, by the reverse of step II.
Terms comprising v_(III) have been ignored accord-
ing to conclusions 13.4.

12.5.4. The steady state is formulated with respect
to Ax(a) = Cy'H;s_,Dy(a) as

{xu@ Xt (1 = 2n@) Xe o b v (D)
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= Xagav-(ID) =Xy v () =0,
(12.21.A)

where X, ) is the mole fraction of An(a) over
C:;Hs(a). The first term gives the rate of A.(a)
formation by combination both of E,_i(a) with D(a)
and of E.(a) with 'H(a), as represented by the two
terms in curly brackets, while the second and third
terms give the rates of consumption by the reverse
of step II and step Ill, respectively. Terms com-
prising v_(III) have been ignored similarly, accord-
ing to 13.4.

12.5.5. The fraction Xe@ in eqs (12.21.H) and
(12.21.D) is related with Xy (,)’s as

4
dap= Y, "Xe ) (12.21.%)

n=1

by definition. Xg,a) and X4, satisfy, by definition,
the equations,

iOXE,,(m: 1, S: Xayo=1.
n= n=40

(12.21.Xy), (12.21.X,)

Equations (12.2]1) provide 16 equations for 13
unknowns, i.e., Xg, =0, . . ., 4), Xp@, Xga
and X, (n=0, . . ., 5). The 16 equations are not
all independent. Summation of eqs (12.21.E) over
n yields, with reference to eq (12.21.X3),

velp) —v_(L)— o (I} +v_(1)=0, (12.22.E)

summation of eqs (12.21.'H) and (12.21.D) gives

21}+(Ib) - 21)_(11)) - 'U+(II) + U-(II) - U+(III) = O,
(12.22.H)

and summation of eqs (12.21.A) over n with refer-
ence to eq (12.21.X,) gives

vi(I) —o_(I)—o, (II)=0. (12.22.A)
Equations (12.22) follow, however, directly from
eq (12.18) when similarly neglecting v_(III). It is
thus premised that the v,(s)’s and v_(s)’s comprised
in the above sixteen equations satisfy eqs (12.22).
Three out of the above 16 equations are in conse-
quence dependent. Thirteen unknowns are deter-
mined as a solution of 13 independent equations.
12.5.6. The fractions, xgw) and xyw), are deter-
mined now as-functions of v.(s)’s and v_(s)’s. We
have, eliminating v_(I,) from eqs (12.22.H) and
(12.21.D)
3(xu — xn@)v+(Iy) + (Xp) — 2na)v- (1) =0, (12.23.a)
and summing up eqs (12.21.E) multiplied by n from
n=1 to 4, referring to eq (12.21.x),



dxgv . (1,) — dagau (1) — dxp@v (1)

2 10
+ (g xH(a)+ ? xE(;,)v_(II): 0, (12.23.b)
4
where xg= 2 nxg, [4 is the atom fraction of deu-
n=1

terium in C,H, in gas. We have, eliminating v _(I,)
+ v, (II) from eqs (12.23.b) and.(12.22.E),

6(xg — xe@)v+(La) + (Xn@) — 2p@)v-11)=0. (12.23.¢)

Equations (12.23.a) and (12.23.c) are solved simul-
taneously for xg(, and xpy(,) as

— 6xgv . (Ly) + xu@v(10)
YE() 6v.(I,) + v_(I)

(12.24.E)

and

_ 2xgv, (T)v (D + xyv. (Ip) (6v+ (1) + v (11))
THG@) = 2U+(Ia)1)—(II) + v+(1b) (6'U+(Ia) + v*(H))

(12.24.H)

The mole fraction of An(a) over C:Hs(a), X4, a), is
obtained by eliminating (v_(II) + v, (II))/v. (ID from
eqs (12.21.A) and (12.22.A) as

Xan@= t@Xe, @+ (1 —25@Xe,@-  (12.24.A)

12.6. Rates of Reaction Associated With the Catalyzed Hydrogenation

The rates of the associated reactions are derived
as follows, ignoring the isotopic differences in rates.

12.6.1. Exchange rate in course of hydrogenation
is defined respectively for ethylene and hydrogen
as follows.

12.6.1.1. Let ny be the total number of hydrogen
atoms comprised in gaseous ethylene and x; their
fraction of deuterium. The rate of increase of deu-
terium atoms in gaseous ethylene, d(ngxg)/dt is
given in terms of the rate of penetration into gaseous
ethylene of hydrogen atoms originating from gaseous
hydrogen, Ve, g, and the rate of hydrogen atoms
given out from gaseous ethylene to gaseous hydro-
gen and ethane, V., as

d(ngxg)/dt =xyVex, g — 26V 1

The first term on the right-hand side is the rate of
deuterium atoms transferred from gaseous hydrogen
to gaseous ethylene and the second term those
transferred counter from gaseous ethylene to
gaseous hydrogen and ethane. V, ; should exceed
Vex. & by the rate with which constituent hydrogen
atoms of gaseous ethylene are lost by hydrogenation,
~— nNg,1.€.,

Vie=Vex.g— Ne-

2 Twigg and Rideal [68) defined the initial exch rate of hydrogen, vey, y. 88 Vex, n

=-~xy at g =0 and x,;=1 as mentioned in 5.1.2., which is related with V¢, according
to eq (12.25.H) as

Vex. = (1/nu) Vex. n.
The factor, 1/ny, is given as kT(2 X 1333 Py¥)in terms of the partial pressure of hydro-
gen, Py, in mm Hg and the volume, V. in which the gas mixture in question is confined.
This factor makes difference between the activation heats derived at constant Py, and
Vex, 1 88

RT3 10 vy, w/dT=RT*In Ve /0T + RT

similar to the case of vy and ¥, referred to in footnote 27 to 12.5.1.
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We have from the above two equations

(12.25.E)

Vex, E~ nExE/ (xE —xy).

Vex, e thus defined is called the exchange rate of
ethylene.

Similarly, the exchange rate of hydrogen is
defined as 29

Vex, n=nuxu/ (xe — 2n), (12.25.H)
where ny is the number of hydrogen atoms com-
prised in gaseous hydrogen.

It may be noted that V. g and V. 4 are not
necessarily equal to each other under the progress
of hydrogenation. For instance, if I, governs the
rate, a good amount of hydrogen atoms from gaseous
hydrogen is transferred to gaseous ethylene but
hardly conversely, so that V., g is significant but
Vex.u not. In the special case where ng, ny and the
total amount of deuterium, i.e., ngxg+ nyxy are
kept respectively constant, we have ngxg + nyxy =0,
hence Vex, g = Vex, u according to eqs (12.25).
12.6.1.2. Equations (12.25) are transformed with
reference to the associative mechanism as follows.
The rate of increase of deuterium atoms in ethylene
in gas, d{ngxg)/dt, is expressed as

d(ngxg)/dt=4v_(1)xpe) — dv (L) xg.

We have, on the other hand,
f'lE = 4'1}_(Ia) e 41}+(Ia)
hence from the above two equations

nED'cE=4(xE(a)~xE)v_(Ia). (12.25.xE)



Substituting ngxz from the above equation into

(12.25.E), V¢, g is given as
Xg(a) — X
Ve e=4727E0 (1), (1226.E)

Equation (12.25.H) is similarly transformed as

; __ o XH(a) _¥H
Ve, =25 =5, v- ().

(12.26.H)
12.6.2. Parahydrogen conversion is effected ac-
cording to scheme (9.5), in course of catalyzed
hydrogenation, by step I, and its reverse. Let Xo
be the mole fraction of parahydrogen over hydrogen
in gas, i.e.,

XP:N:I/NH’

where Nj is the number of parahydrogen molecules

and Ny the total number of hydrogen molecules.
We have by differentiation

Xy =Ng/Ny— X, Ny/ Ny

Ng and Ny are expressed in terms of v+(Iy) and
v_(I,) as

N:]{:Xp, <0 - (Ip) = Xpv 1 (I), Nﬂzv—(lb)_v+(lb)’
where X, . is the particular value of X, reached in
equilibrium of parahydrogen conversion.?® Elim-
inating N} and Ny from the above three equations,
we have

X,

Xp, »

V,= Ny <
p

=v_(I), (12.27)

which states that the rate of parahydrogen con-
version, V), as defined by the second member of
eq (12.27) equals v_(Iy).

12.6.3. The rate of 'H,-D, equilibration, V. is
defined as

Vo= Nyu, (12.28.q)

where
uleHD/NlHD, eq (122811)

and Niyp, ¢q is the number of THD molecules, which
would exist if hydrogen concerned were equili-
brated. V4 is developed as follows.

* Hydrogen evolved by the reverse of step I, must be of equilibriur. composition,
insofar as para. and orthohydrogen enter step I, with equal chance since, otherwise.

the catalyst should shift the equilibrium.
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For a supposed equilibration of the hydrogen present

Ny =N1H2,eq+ Ninp, eqt Ny, ea

and

xH:(2NDQ,eq+N )/ZNH-

THD, eq
where suffix eq signifies particular values in the equilibration.
Besides,

2

1HD, eq

N Mot oq Vog. cq=14

TH,, eq

in the absence of isotopic difference of rates.

On elimination of N
tions, we have

1Ha, eq A0d Np__ cq from the above three equa-

= 2xu(1 = x)Ny. (12.28.N)

1HD, eq

The ratio u is expressed by substituting N, yp, ¢q from the above
equation into eq (12.28.u) as
u=N, 2251 —2:) Ny , (12.29)

hence, by logarithmic differentiation,

R : : 1\ .
u/u:Nlun/NIHD_N"/NH+ <1——xH_x_H) Tue
Ny in the above equation is expressed as

Ny=v_(ly)—v.+(1y)

and N.yp as

Nl
Nop = 2%l — xyv-(I,) = —H2 v, (Iy).
Ny

Hydrogen evolved by the reverse of step I, must be perfectly
equilibrated in the absence of isotopic difference of rates. The
rate of HD formation by the reverse of 1, is thus its rate, v_(I),
times the fraction, 2xy.)(] —xye). hence the first term of the
above equation. The second term gives the rate of consumption
of 'HD-molecules by step Iy i.e., its rate, v . (I,,)). times the fraction
of the number of 'HD over Ny. Eliminating Nuyp, Nigp and Ny
from the above four equations, we have, referring to eq (12.28.q).

— N = [P~ Taw) }
Vq—NHu—{ T upv-(Iy)

12.6.4. The rates of evolution, Ve, VIHZ, Viup,
Vp,. and V,,. of ethylene-d, =E,. 'H.. 'HD, D,

and ethane-d, = A,. are given in terms of Xg (a),
b K n
XAn(a)a XH(a)» ’U+(S) B and 'UV(S) 8, as

Ven=Xe @v-(I), n=0,1,2,3,4, (12.3L.E)
Vig,= (1 —2xn@)*v-(1p),V, 4p = 20021 — 2ua) v-(Ip),
Vo, =y (L) (12.31.H)

and



VAn = {xH(a)XAn—l(a) +(1 —xH(a))XAn(a)}U+(III)a

n=0,1,...,6. (12.31.A)
12.6.5. l.et us assume that deuterium atoms are
randomly distributed over E. and E,(a), which is
realized, where the associative mechanism is con-
cerned, when v.(I,) and v_(I,) are large enough to
give every ethylene molecule, be it in the gas or in
the surface phase (adsorbed), an equal chance of
acquiring deuterium. We have then

4
X = Xo0= () vl 1 = o). (12.32)

Substituting Xa ) and X, (a) from eq (12.24.A)
into eq (12.31.A), we have

Van= A%k XE, _y@+ 20n(1 = 2u@)Xe, _
+ (l - xH(a))?-XE n(a)} U+(III)
b 6’

n=0,. . (12.33.a)

xg or substituting X (o etc. from eq (12.32) into eq
(12.33.a),

4 ; ; X
Van={(n 2 5) Phewrwtiaf (1=

4 -
+2 (n - l) Zra(l— xH(a))X}'g’(;)l (1— xE(a))') —n

+ () @ = xuw g (1 = x| v, a1,

n=20,...6, (12.33.b)

. . 4 .
Where combination (V vanishes, of course, for

v >4. In the special case where xy)= g =%a,
eq (12.33.b) is reduced identically to the equation

n

Va <,6L)x7\(1—x,;)6“”v+(ﬂl), (12.33.c)

which indicates the random distribution of deute-
rium over ethane evolved.

13. Estimate of k(s)’s

Rates of steady hydrogenation and various asso-
ciated reactions were given in section 12. in terms of
v+(s)’s and v_(s)’s, which in their turn are deter-
mined by £(s)’s according to eqs (12.16) and (12.19).
The rates, k(s)’s, are evaluated in this section by
adapting the theoretical relations to experimental
results. It may be noted that the steady rate, Vj,
of the catalyzed hydrogenation is practically given
by k(r) of the rate-determining step itself, according

to 9.2.2 and 12.5.1, and that the rates of k(s) are
given by eq (12.9) in the form of k(s)y exp (—A*H(s)/
RT), where k(s)o and A*H(s) are constants appro-
priate to step s which are independent of tempera-
ture at constant partial pressures of reactants; the
former was already statistical mechanically evalu-
ated, the latter alone remaining to be determined.
The rates £(s)’s are thus estimated in what follows.

13.1 Estimates of k(1,)

It is inferred, as shown below, that k(I,) is prac-
tically infinite or inestimably higher than ¥, so that
¥(C2H,) is practically unity according to eq (12.19),
iLe.,

y(C:Hy)=1. (13.1)
13.1.1. Table 17 shows that at 110 °C deuterium
atoms in ethylenes-d, are in perfectly random
distribution. Those in hydrogens-d, are also in
random distribution, although not as precisely as in
the case of ethylene, possibly just because of less
accuracy in the measurements (cf. 5.2.5 and 9.2.3).
Step I, and its reverse must be rapid enough to keep
the deuterium in ethylene in gas and in the adsorbed
state in random distribution throughout, as men-
tioned in 12.6.5, so that xg = xg(,), since, otherwise,
the distribution of deuterium atoms should deviate
from the random one, as mentioned in 9.2.2.5. The
atom fraction x must also be near xy(,). Identifying

48

xg With xg» and xy with x3,), one finds the coefh-
cient of v_(I,) in eq (12.33.c) to be zero, while that of
v_(Il) in the same equation is finite, as derived from
table 17. The rate v,(I,) is thus practically infinite
as compared with v_(II).

Step III is rate-determining in the experiment in
question, according to 9.2.3. The rate £(III) should,
in consequence, be lower than k(ll) according to
12.5.1 (iii). We have, on the other hand, from eqs
(12.16)

v (1) k(D)
vo(IID)  y(H)A(III)

which shows that v_(II) is greater than v, (IIl) ac-
cording to 12.5.1 (i). Since v (III) is practically equal
to the steady rate of hydrogenation, v.(I,) > V or
by eq (12.16.1,) k(1,) > V.

13.1.2. It is read from the results of Turkevich
et al. [117], as reviewed in 5.2.2, that



ViV, Vs, ., =1:2.33:0 (13.2.E)

and

Vao: Va,:Vay:Va, ;=1:0.69:0.154: 0
(13.2.A)

at the very beginning of the catalyzed deuteration
of light ethylene over nickel wire at 90 °C. Equa-
tion (13.2.E) states that E, is the only deuteroethyl-
ene evolved at the very beginning, which shows that
the reverse of step I, is rapid enough to carry away

Ei(a) once formed by step II and its reverse before
Ei(a) enters step Il again to acquire another deu-
terium atom. Equation (13.2.A) states, on the
other hand, that the only deuteroethanes evolved
are A; and A;. It follows, since ethane is formed
by two consecutive additions of H(a)’s to CsHy(a)
according to scheme (9.5), that practically only
light C;H4(a) are subject to two consecutive addi-
tions, endorsing the statement of eq (13.2.E) and,
in conjunction with the latter, confirming the con-
clusion of 13.1.1.

13.2 Estimate of k(I,)

It has been concluded in 9.2.3. that the rate-
determining step below the optimum is I,. The
quantity A*H(I;) is thus determinable from obser-
vations of Vs below the optimum identifying V;
with &(Iy) of eq (12.9.1,); the value

13.3. Estimate

There are three methods of determining A(III)
through A*H(III). One is quite similar to that of
determining A* H(I,) in 13.2 on the basis of the con-
clusion in 9.2.3; this method has not, however, been
adopted, since the appropriate observations above
the optimum are not sufficiently reliable.

The second method consists in comparing a the-
oretical relation between Ty and Pg with the ob-
served relation (4.3); its result, described in 13.3.2,
is used for checking that of the third method adopted
here, which determines A(II) and A(III) coherently
from the experimental results of eq (13.2), as
described in 13.3.1.

13.3.1. The experimental results of eq (13.2) are stated in con-
junction with the appropriate condition as

x=0, Xega =1, =1, (13.4.E), (13.4.E(a)), (13.4.H)
from which X, ., and X,y are deduced according to eq

(12.24.A) as
Xadw =1— 2, Xay=2nw@ and X, =0,

ignoring (1 — xy@)Xg,(a)» inasmuch as Xg,,) must be quite small
according to eq (13.4.E(a)). We have, from the above equations
and eq (12.31.A)

Vae= (1= 2y40) %0+ (D), Va, = 2352y (1 — %) v (I1D),

Vap = 28 v+(IID) (13.5.a)

and
Viarse =0, (13.5.b)

from which the most probable value of xy(, is determined by
eq (13.2.A) as

Xn(a) = 0.264. (13.6)

A*H(I,)=4.7 kcal/mole (13.3)
is adopted; this is the mean of the two observations,
A*H(I,)=4.60 kcal/mole [64] and A*H(I,)=4.80
kcal/mole [26].

of k(II) and E(1II)
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4
The fraction xg)= E nXg,(2)/4 may be ignored as compared

n=1
with the above value of xy(), since the fractions Xg,_ ) are ex-

tremely small according to eq (13.4.E(a)). We have thus from
eqs (12.23.a) and (13.4.H)

b () =31 =@, g

XH(a)

(13.7.a)

hence by eq (13.6)

v-(I1)=8.36 v.(Iy). (13.7.b)

We have, on the other hand, from eq (12.21.E) for n=1

2
— Xpav-La)+ 3 Zv-I0) =05 (13.8)

the first term of eq (12.21.E) vanishes because of eq (13.4.E), since
4
Xg = E nXg,/4; eq (13.8) is arrived at by ignoring all terms con-

n=1
taining the factors X,y and Xg,,), which are small according to
eqs (13.4.E(a)) and (12.21.x), except for the term — Xg,,v_(I,), on
account of the practically infinite magnitude of v_(I,), as con-
cluded in 13.1.
VE, is given by eqs (13.8) and (12.31.E) as

Ve, = (2/3)xn@v-(I),
hence by eqs (13.2.E) and (13.6)

Vs 2uav-(11)=0.0755 v_(II) (13.9)

-2

3%2.33
or, substituting v_(II) from eq (13.7.b) into eq (13.9),
V=10.632 v.(I,).

Noting that v.(I,) equals k() by eq (12.16.1;), we have from the
first and third members of eq (12.19) and the above equation

v(H)=0.607. (13.10.H)



Writing eq (12.18) with special reference to step I as Vs==(v,(I)/
v(I1)— 1)v_(ID) or, according to eq (12.16.11), as ¥, =(y(C:Hayy(H)/
v(C2Hs) — 1) v_(I1), we evaluate y(C.H;) using eqs (13.9), (13.10.H)
and (13.1) as

(CoHy) = 0.564. (13.10.A)

Equations (13.1) and (13.10) give, by eq (12.19), the ratio be-
tween k(s)’s at 90 °C as

k(1) : () : K1)
= (1—y(HP)* : (y(H) = ¥(CHs) ™ : (y(Hy¥(C-H5)

=1:14.7:1.84. (13.11)

The quantities A"H(II) and A*H(III) are now deter-
mined according to eqs (13.3), (12.5), (12.9) and
(13.11), noting that Pg=10 mm Hg and Py=
mm Hg in the experiment [117] in question, as

(13.12.1)
(13.12.111)

AH(IT)=—12.6 kcal/mole,
A*H(IIT)=—18.3 kcal/mole.

13.3.2. The rate-determining step is switched over
from step Iy, to III, when the temperature rises past

the optimum, accordirig to 9.2.3. An equation for
the optimum temperature, Ty, is thus obtained by
equating k(1) to k(III) at T= Ty in accordance with
eqs (12.9) as

A*H(I,) — A'H(IIT) = 2.3 RTy logi10Qx, o/ P,

which gives, on comparison with the observation
of eq (4.3),

A*H(1,) — A* H(IIT) =24.2 kcal/mole (13.13.H)
and

log1oQy. o= 14.5. (13.13.Q)

We have, from eqs (13.3) and (13.13.H),
A*H(II1)=—19.5 kcal/mole,

which agrees tolerably well with the value of
(13.12.I1), confirming it thus, while the value of
eq (13.13.Q) is in excellent agreement with the
theoretical value log,y Qg, o= 14.596 of eq (12.5.E).

13.4. Rates Based on the Estimated k(s)’s

We have from eqs (12.9.1;), (12.5.H) and (13.3)

P 1027
logio k(Iy)=1ogwo p T 5z=Jow — 7

(13.14.1;)

and similarly from eqs (12.9), (12.5) and (13.12)
for steps 1I and III

loge k(IT)

B Py 12 Py 2751
~logop <1.057>< 1010) 3989104 ' T
» (13.14.11)
P 4008
loguo KILD=logwo pj =y o0 3030 % 01 T T
(13.14.11D)

The rates k(s) determine Vs, y(H) and y(C.Hs)
by eq (12.19) with reference to the values of y(C;Hg)
given in 12.5 and y(C2Hy) of eq (13.1). These values
of k(s)’s and of y(CsHy), y(H), v(C.Hs) and y(C.Hs)
determine v.(s)’s and v_(s)’s by eqs (12.16) as
shown in figure 27.

The rates ¥V, Veg g, Vex.u, Vp, and ¥V, are hence
developed in terms of v:(s)’s and v_(s)’s by eqgs
(12.18), (12.26), (12.27), and (12.30); x50, as required
for the calculation of ¥, for xz=0, x,;=1/2 and
u©=0, is determined by an equation

50

o = xgv_(1I) + 3xyv (1)
HE ™ (1) + 30, (L)

(13.15)

obtained from eq (12.24.H) for infinite v.(1,)= &(I,).
The"results are shown in figure 28, side by side
with £(s).

We see from figure 27 that v, (II)=v_(II) through-
out, i.e., step Il is practically in equilibrium. The
rates v.(I;) and v.(IIl) coincide at lower tempera-
tures but diverge above the optimum which is lo-
cated around the intersection of A(I,) and A(III)
in figure 28; v.(I;) coincides above the optimum
with v_(I;) indicating an equilibrium of I, while
v(IIl) gives practically the steady rate of hydro-
genation governed by step III in accordance with
12.5.1 (iii} and hgure 28, v_(III) being vanishingly
small as seen in figure 27.

The following is inferred from the above numeri-
cal results.

13.4.1. Figure 27 shows that at or below 200 °C,
v-(II1) is smaller than v,(III) by a factor of at least
108, Such a small rate, v_(II1) is hardly traceable,
insofar as methods reviewed here are concerned.
This accounts for the results obtained by Ma-
tsuzaki and Nakajima [120] in 5.2.7 that ethane was
not perciptibly involved in the catalyzed hydro-
genation.

13.4.2. Figure 27 shows that step III is far from
being in equilibrium over the temperature range
where I, determined the rate, according to 9.2.3.
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FIGURE 27. Rates of steps s, vi(s), and of their reverses, v_(s), at the steady state of hydrogenation
over nickel; s=1,, 11, I11.

Pg=Py=Po=10 mm Hg. kaTNNi/h.

It is inferred below that I, actually satisfies the  perfect equilibria of all steps other than I,. The

conditions, advanced in 9.2.2, for a step determin-  rate v_(I,) in the respective case is given according
ing the rate, notwithstanding a departure of some to eq (12.16.I;) as v_(I,)=yH)Zk(I,) or v_(I,)eq
other constituent step from equilibrium. =y(H)2.k(I,), where suffixes s and eq signify the

Comparison is made in this regard between the  particular values in the steady state and in the state
magnitude of v_(Ip) in the steady state and that in  of perfect equilibria of all steps but I, respectively.
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FIGURE 28. Steady rates, V; etc., of hydrogenation of ethylene over nickel defined by functions k(s);
s=1, 11,
Vy: for hydrogenation. Ve, g, Vey, u: for exchange of ethylene and hydrogen, respectively. ¥,: for parahydrogen conversion. ¥,: for

equilibrium, xg =0, equimolar 'H, — D, mixture.

The coefficient y(H), is determined by eqs (12.19)
and (13.14), referring to eq (13.1), whereas y(H)Z,
=Y(C:Hg), as follows readily from eqs (12.16) by
equating v, (s) with v_(s) for all steps but I,.

We have thus, e.g., at T=250°K and Pz=P;; =10
mm Hg, where I, governs the rate according to
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12.5.1Gii), y(H)2=10"* and y(H)2,=10"18, so that
v_(I,)s is greater than v_(I,)., by a factor of ca. 101°.
This makes, however, practically no difference in
the net rate, Vs=/Kk(I,)(1—(H)?, as given by eq
(12.19), illustrating the argument in 9.2.2.1.



14. Application of the Theory of the Associative Mechanism

Various phenomena concerned with the cata-
lyzed hydrogenation of ethylene will be accounted
for systematically on the basis of the theory of the

associative mechanism developed in the foregoing
sections.

14.1. Switchover in the Rate-Determining Step

At the switchover temperature, Ty, of the rate-
determining step from I, to 111, we have k(I,)=A(I1),
as mentioned in 13.3.2, and hence from eqs (12.14)

A G(1,)= A*G(IIT),
At H(1,) — At H(IIT) = Tx (Af S(I,) — A*S(II)

1.e.,
and
At S(Iy) — ASAID) = Syam, — Sy =Sk
hence from eq (12.7.E)
A1S(I,) — ArS(III) =R In (Qxg, o/ Pg),

which amounts to 62.2 e.u. according to eq (12.5.E)
for Pr=10 mm Hg. This difference of activation
entropy originates from the ethylene molecule
that I(s), of step III possesses in excess over that of
I,, and compensates for the difference in activation
heats which amounts to 24 kcal, leveling A(I,} and
K(IID) at Tx.

We see that, while k(s1) and k(sy) for steps s; and s,
of different activation entropies equal each other at a
certain temperature Tx, one of them is higher than

the other below Ty but lower than the other above
Ty. No such switchover in the relative magnitudes
of %(s)’s can take place without a difference in
activation entropies. This difference arises now
only through difference in the systems I(s), of the
steps, insofar as the present approximation goes,
as seen from eq (12.14.A*S). Steps 3 and 7 in scheme
(9.7) have the same I(s),, i.e., CoHs+ H,, hence a
switchover in the relative magnitudes of their rates
with temperature can hardly occur, as mentioned
in 9.3.2.

It is nothing to be wondered at that the activation
entropy provides inertia of the reaction intrinsically
on equal terms with the activation heats, that the
activation entropy must be algebraically smaller in
case of an heterogeneous step which amounts to a
restriction of a system initially in a three dimen-
sional phase to a surface phase such as to reduce
its phase volume by a factor of ca. 108 and that
heterogeneous steps, which are thus destined to
have algebraically smaller activation entropies,
have smaller activation heats, or even negative
ones, in accordance with the so-called compensa-
tion effect, in as far as rates accessible to our
measurements are limited to a narrow compass of
magnitude.

14.2. Activation Heat of Hydrogen Exchange

The activation heat of exchange of hydrogen has
been observed definitely to be greater than that of
hydrogenation, which disposed a number of authors
[2, 13, 68, 116] to attribute to the exchange of
hydrogen some different sequence of steps from
that of hydrogenation, as reviewed in section 9.
Figure 28 shows that the one and the same sequence
of steps of the associative mechanism leads nec-
essarily to an excess of the activation heat of ex-
change, RT23 In V. u/0T, over that of hydrogena-
tion; the excess amounts to 23 kcal below Tx =373
°K and 5.7 kcal at 200 °C, qualitatively in accord-
ance with the experimental results of Twigg and
Rideal [68].

The necessity of having this excess is qualita-
tively demonstrated on the basis of the associative
mechanism as follows. The exchange rate, Ve u,
is given in general by substitution of xy,) from eq
(13.15) into eq (12.26.H) as

Vex, n=2v- (o (Lp)/(v-AD + 30, (X)), (14.1)
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which will be discussed now for the respective
cases below and above the optimum.

The rate-determining step being either I, or III
in accordance with 9.2.3, we have partial equilib-
rium of step 1l throughout, as verified by figure 27,
hence according to eqs (12.16.11) and (13.1)

yH)= y(C;H;). (14.2)
Equations (12.22.H) and (12.22. A) yield, on the other
hand, v.(,)=v_-(I;)+v-(II) or, substituting v.(Iy)
etc. from eq (12.16) and referring to eq (14.2), k(1)
= y(H)? (k(Ip) + A(IID)).

In the temperature range below the optimum we

have ignoring k(I,) as compared with k(1II),

y(H) = k(1,)/k(I11). (14.3)
Figure 27 shows, on the other hand, that v, (II)=v_(1I)
@s far greater than v.(I,) while v.(I;) equals v.(III),
ie.,



oD =0_(ID) > v, (L) =v. ().  (14.4)

Ignoring thus vi(I,) in comparison with v_(Il), we
can reduce eq (14.1) to the form

Vex, u=2v(1y) (14.5.a)
or, according to eqs (12.16.1;) and (14.3),
Vex, u= 2k(L,)* [ K(LII). (14.5.b)

Equation (14.5.b) is interpreted as follows. Equa-
tion (14.4) shows that an H(a) formed by the forward
act of I, passes rapidly between the initial and final
states of step Il until it finally enters step I to
finish the hydrogenation or the reverse of I to
revert to Hs in gas. V.. y counts those H(a) (cf.
eq (14.5 a)) which get back into hydrogen molecules
in gas per unit time, i.e., the rate of overall supply
of H(a), 2v.(I;), multiplied by v_(I,)/(v_(1,,) + v4.(111))
which is the fraction of them getting back into H,
or by v_(I,)/v.(I11), according to eqs (12.16.1}),(14.4),
(14.3), which state that v_(I))=y(H)*v.1,)
= v, (IIDkI,)/ K11y <€ v (III). This fraction equals
E(Ip)/EAID) while ».(I,) is given by k(I,), hence
eq (14.5.b).

The activation heat of exchange of hydrogen,
RT?3 In Vo u/0T, is hence necessarily greater than
that of hydrogenation, RT29 In k(1,)/0T, by RT?%3 In
k(p)/oT—RT?3 In k(IIN)/0T (below the optimum),
which is inevitably positive as shown in 14.1.

Above the optimum, where step III governs the
rate as concluded in 9.2.3, we have from eq (12.19),
according to inferences (i) and (ii) in 12.5.1 and to
eq (13.1), that

y(H)=y(C.H;) =1, (14.6.a)

hence

vi(s)=v-_(s)=k(s), s=I,1I,, 11 (14.6.b)

and

v (11Iy= k(11) (14.6.¢)

according to eqs (12.16), i.e., all steps but III are
in partial equilibrium. We observe the higher
extreme of temperature, where &(I,)> k(II) as
seen in figure 28. Equation (14.1) then assumes
the form,

V e = (213)v-(I1) (14.7)
if we ignore v_(II)=k(II) as compared with 3v,(I,)
=3k(I,) and identify v_(I,) with v, (I,)=k,).

We have from eq (12.24.E), for the predominance
of v,(I,) inferred in 13.1,

Xg) = Xg (14.8.E)

and from eq (13.15), for the predominance of
vi(Iy) over v_(I1),
Equations (14.8) state that the ‘“fall” of deuterium
content occurs across step II so that the rate of
exchange is proportional to v_(II)=v,(I)=k(D),
as seen from eq (14.7); the proportionality factor
2/3 represents the number of hydrogen atoms
transferred from the state where they belong to
C:Hs(a) back to that of H(a) for every reversal of
step II; this transfers either of the two hydrogen
atoms in the methyl radical originating from
CyHy(a) with the probability of 1/3; two out of three
times does the reversal bring hydrogen atoms from
C:H.u(a) to the state of H(a) as given by the propor-
tionality factor.

The activation heat of exchange of hydrogen is
thus RT20 In k(I)/dT = A+H(II)=—12.6 kcal which
is algebraically greater than that of hydrogenation,
—18.3 kecal, but by an excess appreciably smaller
than that below the optimum.

14.3. Retardation of Parahydrogen Conversion and !'H;-D, Equilibration
by the Presence of Ethylene

It may be noted that eq (12.27) for the parahydro-
gen conversion and eq (12.30) for the equilibration
apply irrespective of the presence or absence of
ethylene, insofar as these .associated reactions are
caused by step I, and its reverse and the hydrogen
desorbed is in equilibrium with respect to para-
hydrogen conversion or to 'Hy—Ds equilibration.

The rate of parahydrogen conversion in the
presence or absence of ethylene is equal according
to eq (12.27), to v_(I;). This assumes, in the absence
of ethylene, its particular value, £(I,), in equilibrium
of I, according to eq (12.16.1;). It follows that the
ratio of the rates of parahydrogen conversion in the
presence of ethylene, V,(P), and in its absence,

Vo(A), equals v_(1,)/k(l,) or, according to eq
(12.16.1,),

VoP)V(A) =y(H), (14.9)

where y(H) i1s the activity coefficient of hydrogen
adatom in the presence of ethylene.

In the temperature range where I, governs the
hydrogenation rate, y(H)? is, according to eq (14.3),
extremely small as compared with unity, hence the
retardation of parahydrogen conversion by ethylene
according to eq (14.9). Above the optimum y(H)?=1,
according to eq (14.6.a), hence no retardation. These
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conclusions account for the observation [2] re-
ferred to in 5.1.1.

The rate of 'Hy-D, equilibration, ¥, is given,
under the special condition where u=0 and xz=0,
according to eq (12.30), as

_ (1 — 2pw)
Vq B (1 —xy)

U_(Ib).

The value of xy in the absence of ethylene is
nothing but xy. We have thus, denoting the rates
in the presence and absence of ethylene by suffixes
(P) and (A), respectively:

V)V o(A) = 2@~ )

(1= ) (14.10)

The value of xy(,) for xz =0 is given by eq (13.15) as

3v+(Ty)

XH(a) 'l)_(II) + 3'U+(Ib) XH.- (14‘.11)

Below the optimum, xy(, is extremely small as
compared with unity according to equations (14.11)
and (14.4), hence retardation; above the optimum,
where k(I,) predominates over K(II), xy,) equals xy
according to equations (14.11) and (14.6.b), hence
no retardation. The former conclusions explain the
experimental result [68] reviewed in 5.1.2.

14.4. The Relation Between Equilibrium Fraction, u, and
Deuterium Atom Fraction, xy, of Hydrogen

The theory of the associative mechanism leads
to the expression for u in terms of xy and xyy)

P (J i 50)
ex —_—
xﬂxH(a)_fo

ap (1l —ay)

! 2 — Zne)
XH — XH(a)

=

TH

dx H

1
- exp (f —) dxy
xy XH — XH(a)

as derived in the following.

(14:12)

On elimination of ¥,y and v_(I,) from eqs (12.25.H), (12.26.H)
and (12.30), one obtains, noting ny = 2N, by definition,

du _ el = xnw) _( 1 1 _'_I_)U
dxy (e —xp)xa (1 —x4) Ty —xn 1 —xn  Xu

which is solved as

( f X xH)
X
Iy Ha)

xu (1 —xu)

{1 — xpw)

XH T XH(a)

o],

the integration constant, C. is determined by substituting « from
eq (12.29) into the above equation thus

u=

(.

XH — XH(a)

)dxH+C}:

Nugn (Jﬂ dxy ){Jl Xa (1 — xue)
=exp _
2Ny ary XHGa) — XH oy XA T XH@)
1
. exp <f —d{"—> dxH+C].
Iy XH — XH(a)
Since N, =0 for xy=1, we have € =0, hence eq (14.12) above.

THD

Equation (14.12) leads to the following limiting
values of u as xy tends to unity or to xy,), respec-
tively:
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Lim u=1. (14.13.a), (14.13.b)

TH 7 Xni

Lim u=xya),

=1

Equation (14.13) applies in the case of deuteration
of ethylene with pure deuterium, as in the experi-
ment of Twigg and Rideal [68] reviewed in 5.1.2; part
(a) shows that u starts from the initial value of xy,),
while part (b) indicates the situation, which is finally
arrived at along with the progress of reaction.

It is now required to find xy(,) as a function of xy
in order to determinge the relation between u and
xy by eq (14.12). Thé relation is given for a equi-
molar mixture of reactants as

xH—xma)zFexp{ f " FIVY (0a1p)12

Py
+ov_(I,) dIn P } (14.14.x)
where
F=v_(ID@_(ID)+3v.(1p)-t (14.14.F)

and P and P, are the current and the initial partial
pressures of either reactant. The fraction xy is
given as a function of P, as

Py Po
== [ -ty e = Ew)

(@2 +v_(I)d In P} dln P.  (14.15)

Equations (14.14) and (14.15) are derived as follows.

Equation (12.25.xg) is written, replacing v.(I,) with v,(I,) ac-
cording to equations (12.16.1,) and (13.1), as

ngip = 4(2p@ — x6) v+ (1),

Eliminating (xg —xgw)v+(I,) and (xge)— xpe)v_(II) from the
above equation, eq. (12.23.a) and (12.23.c), we have

Nxg=1/2 - (xy — xpa) v+ (1), (14.16)



where N=ng/4=ny/2 is the number of molecules of either

reactant. The fraction, xy,), is substituted from eq (13.15) into

eq (14.16) with reference to eq (14.14.F) as
Nxg=1/2 - (xy — x) Fo(I). (14.17)

We have, on the other hand, from equations (12.25.H) and
(12.26.H)

Niy= (@ — xn)v-(Iy) (14.18)

or, substituting x () from eq (13.15) with reference to eq (14.14.F),

Nxy=(xg—xn)Fo_(Iy). (14.19)

Equations (14.17) and (14.19) lead to the differential equation
= (g = E)l (e — 20) = (FIN ) (1,)/2 + v-(I,,)),

or by integration to the equation

xg— = C exp |- f (F/N)(mab)/z+v_ab>)dt},

where C is the integration constant as determined for the initial
conditions, i.e., xg=0 and xy=1 at t=0, as

0
Z1=C exp {— j (F/N)(v+(1b)/2+v—(Ih))dt},

hence

X — x5 = exp {— f N )2 +v_<1b>>d:}.

The value xy — xg thus obtained is substituted into eq (14.19) as

iwm— N - exp - [ <F/N)<U+(1.,)/2+v7<1b»dr}.

On integration we have

t t
l—xH:fo (FIN)v_(1,) exp {—fo (F/N)(v+(lb)/2+U,(Ib))dt} dt,

determining the integration constant by the initial condition that
xq=1at t=0.

The last two equations are written, changing the variable of
integration for an expedient calculation according to the identity,

dt_dlnPldtde —dnP_ dlnP

N din Nt N~ —dNjde ¥,

based on the proportionality between P and N and the relation,
Vi=-—dN/dt, as

,
i =—(F/N)v_(Iy) exp {— f C(FIV ) 1p)/2+v-(I)d In P}

and as eq (14.15) above respectively; eq (14.14.x) is obtained by
substituting xy from the above equation into eq (14.18).

Figure 29 shows the relation between 1—u and
xy calculated by eqs (14.12), (14.14), and (14.15) for
Pg, 0= Py, o =10 mm Hg, which roughly reproduces
the experimental results of Twigg and Rideal [68]
in figure 16 on the one hand and predicts [8, 9, 10,
137] the rapid run down of the curves at lower
temperatures, on the other hand, which has been
verified by Matsuzaki [115] as shown in figure 17.

T T T T T T T
ok -25°
’ 0°¢
50°C—»
0.8 |-

0.6 r

0.2

0.2 04 0.6 0.8 1.0

FIGURE 29. Theoretical relation between 1 —u and xy in course
of deuteration of light ethylene over nickel.
Pg o=Py y=10 mm Hg, 1 — u: nonequilibrium fraction, u = ["HD]/{'"HD}eq, x4 atom
fraction of deuterium in hydrogen gas.
The curves at 0 °C and —25 °C almost coincide with the vertical through zy =1.
The starting points of curves are Lim (1—u)=1—2xy(,) according to eq (14.3.a) in

ay—1
the text, and are indicated with horizontal arrows where not clearly recognizable.

14.5. Changes in V,,’s With Temperature and Partial Pressures of the
Reactants

We have from eq (13.5)

VAo . VAl : VA2 . VAn>2 = (]- _xH(a)) 2

s 2205020 (1 — X)) Xy 1 0,

which shows that the relative magnitudes of ¥V,
depend solely on xy). The fraction x,) is now

(14.20)

uniquely defined, according to eq (13.7.a), by the
ratio vy (I)/v-(II) = k as

XH(a) U+ (Iy) =
50 —xu) v (D) K, (14.21.a)

while « is expressed by egs (12.16) as

k=k(Ly)/y(CH;)k(11). (14.21.b)



TABLE 28. Theoretical values of initial evolution rates, Ve, and Vaps of ethylenes-d, =E, and ethanes-d, = A, in the deuteration
product of light ethylene over nickel?®

Initial partial
Temp. pressures mm Hg
°C K XH(a) VEl VEn>1 VAo VAl VAz VAn>2
Pg.o Pu.o
90 10 20 0.121 0.264 69.9(76) 0 16.2(13) 11.7(9) 2.2(2) 0
90 10 100 0.287 0.463 63.8 0 10.4 18.0 7.8 0
90 10 600 0.819 0.711 56.0 0 4.2 20.0 25.0 0
120 10 20 0.486 0.593 86.1 0 2.3 6.7 4.9 0
150 10 20 2.13 0.865 93.5 0 0.1 1.5 4.9 0
a Parenthesized figures show experimental result of Turkevich et al. [117]
The function k is determined by the values of k(s) k ="V k(1) k(IIL)/ k(1I) (14.22.a)
for the specified conditions according to eqs (13.14) .
and y(C:H;) derived from k(s) by eq (12.19). The ° according to eqs (12.9) and (14.22.a),
relative rates of eq (14.20) are thus calculated for N
different values of Py, Py and temperature as shown K o V Py/Pyg. (14.22.b)

in table 28. The values at Pg=10 mm Hg, P;=20
mm Hg and 90 °C closely reproduce the observa-
tions, shown in parentheses, by Turkevich et al.
[117], under the same conditions.

We see from table 28 that the maximum yield
of ethanes-d, is shifted from Ay through A; to A,
by either increasing Py/Py or raising the tempera-
ture. These conclusions have been experimentally
verified semiquantitatively by Miyahara and
Narumi {114] as shown in tables 15 and 16.

The dominating factor « is discussed in what
follows. In case where I, determines the rate, we
have Y(C:Hs)=y(H)=Vk(I,)/k(III) from eq (14.2)
and (14.3), hence by eq (14.21.b)

Equations (14.21.a) and (14.22.b) indicate that xyq,
increases to shift the maximum yield of ethanes-d,
toward A, by increasing Py/Pg in accordance with
table 28.

When the rate is determined by step III, at
higher temperatures, we have from eqs (14.21.b)
and (14.6.a) k= k(I,)/k(I). The factor « increases
with temperature, since A* H(I,) > At H(II) as seen
from eqs (13.3) and (13.12.1I), so that at sufficiently
high a temperature xy@) tends to unity and the
maximum yield shifts to A,; there must, however,
be a range of temperatures, as seen in figure 28,
where step 11l determines the rate but &(I,) < k(II),
hence A, predominate.

14.6. ‘“‘Random Distribution’ of Deuterium in Ethylene and Ethane in the
Deuteration of Light Ethylene

Kemball [76] has observed the initial evolution
‘rates of ethylenes-d, and ethanes-d, in deuteration
of light ethylene over evaporated nickel film as
referred to in 5.2.3. It is shown next that his results
follow necessarily from the present theory for the
associative mechanism.

The values of logio(k(s)/p) are calculated for the
specified experimental conditions, i.e., —100 °C,
Py=2.7 mm Hg and Py=28.1 mm Hg by eqs (13.14)
as

logio(k(I,)/p) = 16.9543, logo(k(I1)/p) = 2.1552,
logso(k(I1)/ p) = 1.8604

from which y(C;H,), v(H) and y(C;Hs) are evaluated
by eq (12.19), ignoring y(C,Hg) 3! and referring to

31 y(C;Hg)=4.5 X 10-% was obtained as described in footnote 25 to 12.5 under the
specified experimental conditions, equating the partial pressure P, of ethane with Pg;
¥(CzHq) vanishes for P, =0 by definition.
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eq (13.1), as

y(C:Hy) =1, y(H)=y(C:H5)=3.52 X 108,

The forward and backward rates, v.(s)’s and v_(s)’s,
of steps s are calculated from the above values of
k(s)’s and y(H) etc. according to eqs (12.16) as

v () =v_(I1)=5.038 X 10~ 11p, v, (I,) = v, (III)
=9.002 % 10-%p, v_(I,)=1.118 X 1029,

as given in the order of their magnitudes. Step II
as well as step 1, in accordance with 13.1, are thus
occuring in both directions with rates far exceeding
those of other steps, so that an isotopic exchange
equilibrium is brought about among C.H,, C:Ha(a)
and H(a) according to the associative mechanism;
the deuterium atoms in C;Hi(a) and H(a) are in



consequence in random distribution, hence as well light ethylene in the presence of nickel on kieselguhr
those in C:Hs, which is composed of CsHs(a) and and observed the distribution of ethanes-d, in the
H(a) according to the mechanism. It follows that product of the catalyzed deuteration. They tried to

ethylenes-d, are evolved with the relative rates account for the experimental results assuming a
given by eqs (12.31.E) and (12.32), and ethane-d, random distribution of deuterium in ethane, i.e., in
by eq (12.33.¢c). accordance with eq (12.33.¢); the maximum vyield

The above conclusion is compared with the ex-  of ethanes-d, was thus located at n=2 for —50 °C

perimental results of Kemball [76] in table 29 in  but at =3 for 50 °C, whereas the maximum was
terms of the percentages of ethylenes-d,, (100—36.7)  observed at n=2 in both cases [126]. Wagner et al.,
4\ 1 aen /S, ) — s-n and calculated x5 to be 0.35 and 0.50 at —50 °C and
\n il — Tn) 2 n i1 — In@)* 7", an 50 °C, respectively, as the fraction of the total
6 e number of deuterium atoms lost from hydrogen

of ethanes-d,, 36.7( )xﬁ(a)(l—xma))ﬁ“", among the gas over the tota} number of hydrogen atoms in
n . ethane evolved. Since no deuterium entered ethyl-

total ethanes, and excellent agreement is found; 36.7 ene, this process of calculation would be correct,
in the above expressions is the percentage of ethane provided only that the supported catalyst did not
in the entire hydrocarbons e‘)i(cludlng light ethylene, exchange deuterium with reactants. Without relying
and (i)xﬁ(a)(l _xH(a))4'"/ 2 (i) 2 o1 — Xy} = on the assumption x4 is straightforwardly and nec-

6
is the fraction of the amount of ethylene-d, in the essarily given as x, = 2 nXAn/6- The fraction, x,,

total amount of ethylene excluding light ethylene. i n=1 .
The value of xy(y) was taken to be 0.222. is thus calculated as 0.331 and 0.422, respectively,

Wagner et al. [126], conducted an experiment, as at —50 and 50 °C. With these values, the observed
referred to in 7.1.3, on the catalyzed deuteration of ~ Deaks at n=2 are reproduced at both temperatures.

TABLE 29. Relative rates of evolution, Vg and V, , of ethylenes-d, = E, and ethanes-d, = A, in the initial deuteration product of
light ethylene over evaporated nickel film
P ¢=2.7 mm Hg, Py, ¢=8.1 mm Hg, — 100 °C

]

me | Voo | Ve | Ve, | Ve, L v, D ova Lov | v | e | P | v,
Obs. [76]* 67| 1382 27| o1| 78| 125) 95| 40| 20| o8 0.2
Cale.? 0202 | 418 | 179| 34| o3| 81| 139| 99| 37| 08| o1 0.0

2 Reproduced from table 12.
®The percentages are calculated according to eqs (12.31.E), (12.32) and (12.33.c), and the experimental result that the total ethanes
amounts to 36.7 percent of the total hydrocarbons except E,, as

L (4
V= 100-36.1) (2 gy 0= / 3 (3 ag1 st
n=1

6

and ¥, =36.7 (n

)x;’(l —x,)%7 ", assuming Xg(a) = XA = Xyi(a)-

14.7. Isotopic Effect on Hydrogenation Rate

We have seen in section 6 that the hydrogenation 13.1. The fraction xye for xz=0 is now given
rate of light ethylene with light hydrogen exceeds according to eq (14.11), which is written for temper-
the deuteration rate of light ethylene under similar ~ atures above the optimum according to eq (14.6.b)
conditions by a factor of 2 to 3 at temperatures be-  as xy = {3k(Tp)/(k(ID) + 3k(,)} x;5. There are two
low the optimum; the factor decreases down to phases, one at lower and one at higher temperatures
unity around the optimum temperature but exhibits  in the region of rate-determining step III, where
a tendency to increase again at higher temperatures k() < k(D) and k(I,) > K(II), respectively, as seen
as seen in figures 19, 22, and 23 or in table 20. The  from figure 28. The above equation states that at
experimental results are accounted for by the the lower temperatures in this region, xy(,) is small
present theory as follows. even in the case of deuteration, and affects little

We see from figure 28 that step I, governs the  the rate-determining step III isotopically, whereas
rate below the optimum, hence the appropriate  at higher temperatures x;, approaches x;=1 and
isotopic difference in rate. Above the optimum, hence makes an isotopic difference through the
the rate is governed by step III, hence an isotopic  rate-determining step III in accordance with ex-
difference in rate depending on xy(,, while the  perimental results.
fraction xg(,) is kept equal to xy=0 as inferred in
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15. Application of the Theory of Absolute Rates

Laidler [138] applied the theory of absolute rates
to the rate-determining step III of the associative
mechanism and to a step

2C2H5(a) - C2H4(a) + Csz’ (151)
concluding that a tolerable agreement with experi-
mental results is obtained in both cases. His pro-

cedure and conclusion are commented upon on the
basis of the present theory.

15.1. Laidler expressed the concentration Cs,

of dual sites, i.e., the number of pairs of adjacent
bare sites per unit area of catalyst as

C,,=sCsJ2L,

where C; is the concentration of bare single sites,
s the number of sites adjacent to a single site and
L the concentration of single sites when the surface
is completely bare. This equation is derived ex-
pressing the probability that one of adjacent single
sites to a bare single site is also bare, by 1—4,
where 0 is given by 2C,/L in terms of the concen-
tration C, of adsorbed ethylene. This procedure
would be exact, if CoHi(a) were dissociated into
adsorbed methylene radicals, CH(a), and dis-
tributed over single sites independent of each other.
Let 1 and 2 be the adjacent single sites, of which
the above probability is in question. The proba-
bility that site 2 is occupied under the premised

s .
bareness of site 1 is (s_) 0, since the premised

bareness of site 1 excludes one of s cases where
site 2 is occupied by an C:;Hy(a) lying across sites
1 and 2. The probability in question is thus 1 — %0
rather than 1—6. The approximation associated
with the revised expression is that the probability
of the remaining s — 1 cases of site 2 being occupied
is assumed unchanged by premising the bareness
of site 1 thus excluding the one of s cases. This
correction changes, however, hardly the order of
magnitude of the numerical factor in question below.
We will remain, on that account, with Laidler’s
approximation in this regard.

15.2. A rather serious difhiculty is associated with
this treatment in the temperature change of rate.
Laidler arrives at rate equations of step III of the
associative mechanism and of step (15.1) respec-
tively determining the rate, which contain numerical
factors, AB% and A2B2, respectively, where

:l+x~(l+2x)1/2

14 20)12—1
2x ’ ’

4 B={
X

(15.3.A), (15.3.B)
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x=2sKC, (15.4)

and

K=C,/C,/Cs,; (15.5)
K is the equilibrium constant of adsorption and
Cy is the concentration of ethylene in gas here given
in terms of its partial pressure in mm Hg.

The procedure of Laidler to be questioned is
this. He took arbitrarily the maxima of 4B? and
AZ2B? with respect to x for the calculation of reaction
rates. Since K varies with temperature, x will too,
so that the numerical factors necessarily slip off
the maximum at a particular temperature, when
varying the temperature. The result is that the
temperature change of the numerical factor is
superimposed upon that due to the Boltzmann
factor of a constant energy increment included in
the rate equation.

This superimposition is illustrated with the ob-
servation of Farkas, Farkas, and Rideal [2] at 120 °C
and Pg=12 mm Hg with which Laidler compares
his calculated rates. The last mentioned energy
increment is taken to be 4.7 keal/mole by Laidler.
AB? and A2B? have maximum values at around
x=2 according to eqs (15.3). These maxima are
taken to be numerical factors in calculating the
rates in the respective case. The K value for x=2
and s=4 is according to eq (15.4)

K=1/(4%X12) (mm Hg) -

K can be written, on the other hand, in terms of
the heat of adsorption, €y, and of the partition func-
tion of ethylene, Qg o, as done by Laidler with the
adsorption of hydrogen, as

K=0Qg ',exp (eg/RT). (15.6)

We have from the above equations and the numeri-
cal value of Qg o of eq (12.5.E)

€g = 23.2 kcal/mole. (15.7)

It follows from eqs (15.6) and (15.7) that K and in
consequence x decrease according to eq (15.4)
monotonously with increase of temperature.

It is readily deduced from egs (15.3) that extreme
values of the numerical factors are

AB2=x"1 A2B*= (2x)-1 forx>1 (15.8.a)

and

AB2=x/4, A*B*=x%/16 for x<1. (15.8.b)



We have from eqs (15.4), (15.6), (15.7), and (15.8)
that

RT?91n (AB?)/oT=RT?31n (4%B2?)/3T
= 23.2 kecal/mole
in the extreme of low temperature and
RT231n (AB?)/oT =—23.2 kcal/mole,
RT?31In (42B2) /0T =—46.4 kcal/mole

in the extreme of high temperature. These amazing
values are inevitably superimposed upon the con-
stant energy increment mentioned above. The
activation heat thus decreases from the low ex-
treme of temperature to the high extreme by 46.4
kcal/mole in case of the rate determined by step
IIT and by 69.6 kcal/mole in case of the rate deter-
mined by step (15.1).

Such a superimposition occurs, however, over
not very wide a range of temperature; we have for
example

RT231n (AB?)/dT = 16.5 kcal/mole,
RT?91n (A%B?)/9T=13.1 kcal/mole
at 90 °C and
RT?31n (AB?)[3T=— 14.9 kcal/mole,
RT231n (42B?)[oT=-—33.9 kcal/mole

at 150 °C as calculated by egs (15.3), (15.4), (15.6),
and (15.7) assuming x=2 at 120 °C. This amounts
to saying that nearly 70 percent of the overall
decreases of activation heat mentioned above are
got through within the temperature range of
+30 °C, which is far from being true.

15.3. One might try to elude the extravagant
superimposition inherent to the Laidler’s procedure
by localizing the phase of the numerical factor
either to that of (15.8.a) or (15.8.b). In the former
case we have according to eqgs (15.4) and (15.6)

QE, 0

2=
AB 2sC,

exp (—€g/RT),

A232=%é—°exp (—eg/RT).
g

Incorporating the exponential factor in the above
equation in that of the activation heat as did by
Laidler with the adsorption heat of hydrogen, the
numerical factor is now (1/2s)(Qg, o/Cy) or (1/4s)
(O, 0/Cg), which amounts to 4.1 X102 or 21 X 1012
respectively for s=4 and Pr=12 mm Hg. In the
latter case of eq (15.8.b), the numerical factor is
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C
AB2=20 — 61 x 1014 15.9.a),
2050 (15.9.9)
or
sC ¢
A2B2= —g—)=3.7x10*27 9.
B (20“ (15.9.b)

respectively for step IIl or (15.1) determining the
rate in place of the maximum value, 0.074 or 0.0156
used by Laidler. The agreement with experimental
results is thus quite out of question.

One might see that the numerical factors are
secured in the order of magnitude of unity by con-
fining them to the intermediate phase, say to their
maxima, where we encounter the difficulty de-
scribed in 15.3.

15.4. The rate equation in case of step III deter-
mining the rate for x €1 is given3 according to
eq (15.9.a) as

v= (/cT/h)Ni (Cy/Qg, 0) (Co[Qn,0)

.exp (—A*H(r)/RT), (15.10)
where N: represents (s/2)L i.e., the concentration
of dual sites in case of a practically bare surface,
Qk.o or Qy, o the partition function of ethylene or
hydrogen and A# H(r) the activation heat. The
difficulty, in particular, with eq (15.10) is that v is
smaller than that observed by a factor ca. 103 pro-
vided that A* H(r) is fixed at 4.7 kcal/mole as
assigned by Laidler. This difficulty is got over by
excluding ethylene from I(r), of eq (12.13), which
reduces the rate remarkably by decreasing A: S(r)
as seen from eqs (12.14) and (12.15). We are thus
just in line with the association mechanism, in
which the rate is determined by the dissociative
adsorption of hydrogen molecules, i.e., by step 1,
under the activation heat of the above magnitude.

The At S(III) is lower than Af S(I,) on account of
an ethylene molecule comprised in I{II), in excess
over I(I,),. Since K(IIl) must, however, be greater
than &(I,) in the temperature range, where I, governs
the rate according to 12.5.1.(iii), step III should
have an activation heat sufficiently lower than step
I, in accordance with eq (12.14). Along with rise of
temperature, however, the effect of the lower
activation heat is reduced and sooner or later k(II])
becomes lower than k(I,) so that III governs the
rate in place of I}, at higher temperature according
to 12.5.1.(iii), hence the switchover in the rate-
determining step described in 14.1.

32 We have an extra factor s by a direct substitution of AB? from eq (15.9.a) into
eq (91) of the article of Laidler [138]. He identified the partition functions, fyer and faqr,
in the last-mentioned equation of him respectively with unity, which is not correct,
since the appropriate states are respectively s-fold degenerated. Equation (15.10)
is obtained without the extra factor by identifying partition functions fyo and fior
respectively with s instead on this account. Detailed account will not be given on this
point since the factor in question does not affect the conclusion.



16. Concluding Remark

As developed in the foregoing sections, the
present theory based on scheme (9.5) accounts
systematically for the experimental results on the
catalyzed hydrogenation of ethylene in the presence
of metallic catalysts especially nickel. But it may
be mentioned in concluding this review that the
present theory accounts for the experimental

results of other olefines as well, e.g., the optimum
temperatures observed in the catalyzed hydrogena-
tion of propylene {139, 140] and butylene [141], the
distribution of deuterium in their deuteration
products [139], the migration of double bonds [141]
etc.

17. References

[l]AP. Sabatier and J. B. Senderens, Compt. rend. 124, 1358

(1897).
[2] A. Farkas, L. Farkas and E. K. Rideal, Proc. Roy. Soc.
Al146, 630 (1934).
[3] A. Farkas and H. W. Melville, Experimental Methods in
Gas Reactions, p. 190 (Macmillan & Co. 1939).
[4] D. D. Eley and J. L Tuck, Trans. Faraday Soc. 32, 1425
1936

[5] E. S. Gllﬁllan and M. Ploanyi, Z. Phisik. Chem. A166, 254
(1933).
[6] O. Beeck, Rev. Mod. Phys. 17, 61 (1945).
{7] J. Horiuti and M. Polanyi, Trans. Faraday Soc. 30, 1164
(1934).
[8] J. Horiuti, Actes du Deuxieme Congres International du
_ Catalyse, Paris 1960, 1, 1191 (1961).
[9] J. Horiuti, “Shokubai” (Catalyst) 2, 1 (1947).
[10] J. Horiuti, J. Res. Inst. Catalysis, Hokkaido Univ. 6, 250
(1958).
[11] J. Horiuti, J. Res. Inst. Catalysis, Hokkaido Univ. 7, 163
(1959).
[12] O. Toyama, Rev. Phys. Chem. Japan 9, 123 (1935).
[13] G. I. Jenkins and E. K. Rideal, J. Chem. Soc. 2490, 2496
(1955).
[14] O. Beeck, Discuss. Faraday Soc. 8, 118 (1950).
[15] S. J. Stephens, J. Phys. Chem. 63, 512 (1959).
[16] B. M. W. Trapnell, Trans. Faraday Soc. 48, 160 (1952).
[17] R. W. Roberts, J. Phys. Chem. 67, 2035 (1963).
[18] G. C. Bond, Catalysis by Metals, p. 230 (Acad. Press Inc.
London and New York 1962).
[19] D. W. Mckee, J. Amer. Chem. Soc. 84, 1109 (1962).
[20] S. J. Thomson and J. L. Wishlade, Trans. Faraday Soc.
58, 1170 (1962).
[21] D. Cormack, S. J. Thomson and G. Webb, J. Catalysis 5,
224 (1 66).
[22] K. Miyahara, J. Res. Inst. Catalysis, Hokkaido Univ. 11,
1 (1963).
[23] G. K. T. Conn and G. H. Twigg, Proc. Roy. Soc. A171, 70

(1939).

{24] T. B. Flanagan and B. S. Rabinovitch, J. Phys. Chem. 60,
724, 730 (1956).

[25] K. C. Campbell and S. J. Thomson, Trans. Faraday Soc.
55, 306, 985 (1959).

[26] K. Miyahara, J. Res. Inst. Catalysis, Hokkaido Univ. 14,
134 (1966).

[27] J. G. Foss and H. Eyring, J. Phys. Chem. 62, 103 (1958).

[28] K. Hirota and S. Teratani, Sci. Papers Inst. Phys Chem.
Res. Tokyo, Japan 57, 206(1963) “Shokubai” (Catalyst)
7, 286 (1965).

[29] E. Crawford, M. W. Roberts, and C. Kemball, Trans. Fara-
day Soc. 58, 1761 (1962).

[30] K. C. Campbell and D. T. Duthie, Trans. Faraday Soc.
61, 558 (1965).

[31] K. Miyahara and K. Harada, to be published.

[32] R. E. Cunningham and A. T. Gwathmey, Advances in
Catalysis 9, 25 (1957).

{33} H. E. Farnsworth and R. F. Woodcock, Advances in Catal-
ysis 9, 123 (1957).

61

[34] S. Z. Roginskii, Theoretical Foundations of Isotopic Meth-
ods for Study of Chemical Reactions (Akad. Nauk Press
Moscow 1959).

[35] G. C. A. Schuit, Discuss. Faraday Soc. 8, 126, 205 (1950).

(36] L. Pauling, Proc. Roy. Soc. A196, 343 (1949).

[37] G. H. Twigg and E. K. Rideal, Trans Faraday Soc. 36,
533 (1940).

[38] J. Horiuti, K. Miyahara, and I. Toyoshima, Trans. Sym-
posium Physical Chemistry of Processes on Solid Sur-
faces, Libreria Cientifica Mendinaceli Madride, 1965,
p. 143; J. Res. Inst. Catalysis, Hokkaido Univ. 14, 59
(1966).

13¢] T. Toya, J. Res. Inst. Catalysis, Hokkaido Univ. 6, 308
(1958); 8, 209 (1960).

[40] Y. Mizushima, J. Phys. Soc. Japan 15, 1614 (1960; R.
Suhrmann et al., Z. Physik. Chem.(N. F.) 17, 350 (1958);
12, 128 (1957); 20, 332 (1959).

f41] J. C. P. Mignolet, Bull. Soc. Chim. Belg. 64, 126 (1955).

[42] F. C. Tompkins et al., Trans. Faraday Soc. 52, 1609 (1956);
53, 218 (1957).

[43] T. Toya, J. Res. Inst. Catalysis, Hokkaido Univ. 6, 308
(1958); J. Horiuti and T. Toya, Chapter “Chemisorbed
Hydrogen™ in “Solid State Surface Science” (Marcel
Bekker Inc. New York 1966); cf. J. Happel, Chem. &
Eng. News 80, May 30 (1966).

[44] R. Gomer, R. Wortman, and R. Lundy, J. Chem. Phys.
26, 1147 (1957).

[45] T. Takeuchi and T. Asano, Z. Physik. Chem. (N
118 (1962).

[46] D. A. Dowden, J. Chem. Soc. 242 (1950); Ind. Eng. Chem.
44, 97 (1951).

[47] G. Rienicker and E. A. Bommer, Z. anorg. allgem. Chem.
242, 302 (1939).

[48] G. Rienicker, E. Miiller, and R. Burmann, Z. anorg. allgem.

Chem. 251, 55 (1943).

[49] G. Rienacker and E. A. Bommer, Z. anorg. allgem. Chem.
236, 263 (1938).

[50] G. Riendcker and B. Sarry, Z. anorg. allgem. Chem. 257,
41 (1948).

[51} G. Rienacker and G. Vormum, Z. anorg. allgem. Chem.
283, 287 (1956).

[52] M. Kowaka, J. Japan Inst. Metals 23, 655 (1959).

[53] R. J. Best and W. W. Russell, J. Amer. Chem. Soc. 76,
838 (1954).

[54] T. Yamashina and H. E. Farnsworth, Shokubai (Catalyst)
4, 312 (1962).

[55] J. Tuul and H. E. Farnsworth, J. Amer. Chem. Soc. 83,
2247 (1961).

[56] R. J. Kokes, H. Tobin, Jr., and P. H. Emmett, J. Amer.
Chem. Soc. 77, 5800 (1955).

[57] W. K. Hall and J. A. Hassel, J. Phys. Chem. 67, 636 (1963).

[58] W. K. Hall and P. H. Emmett, J. Phys. Chem. 63, 1102
(1959).

[59] W. K. Hall, F. E. Lutinski and J. A. Hassel, Trans. Faraday
Soc. 60, 1823 (1964).

[60] G. C. Bond and D. E. Webster, Platinum Metals Rev. 9,
12 (1965).

. F) 36,



[61) K. Miyahara, S. Teratani and A. Tsumura, J. Res. Inst.
Catalysis, Hokkaido Univ. 12, 98 (1965).
[62] R. N. Pease, J. Amer. Chem. Soc. 54, 1876 (1932).
‘[63] E. K. Rideal, J. Chem. Soc. 121, 309 (1922).
[64] H. zur, Strassen, Z. Physik. Chem. A169, 81 (1934).
{65] J. Tuul and H. E. Farnsworth, J. Amer. Chem. Soc. 83,
2253 (1961).
[66] I. Matsuzaki, A. Tada and T. Nakajima, Shokubai (Cat-
alyst) 8, 5 (1966).
[67) T. Tucholski and E. K. Rideal, J. Chem. Soc. 1701 (1935).
[68] G.({'(I). Twigg and E. K. Rideal, Proc. Roy. Soc. A171, 55
39).
[69] G. H. Twigg, Trans. Faraday Soc. 35, 934 (1939).
[70} M. Masuda, J. Res. Inst. Catalysis, Hokkaido Univ. 12,
67 (1964).
[71] O. Toyama, Rev. Phys. Chem. Japan 12, 115 (1938).
[72] H. W. Melville, J. Chem. Soc. 797 (1934).
[73] G.-M. Schwab, W. Schmaltz and H. Noller, Z. Physik
Chem. (N. F.) 29, 356 (1961).
[74] O. Toyama, Rev. Phys. Chem. Japan 11, 353 (1937).
[75] G.-M. Schwab and H. Zorn, Z. Physik. Chem. B32, 169
(1936).
[76] C. Kemball, J. Chem. Soc. 146, 735 (1956).
[77] K. J. Laidler and R. E. Townshend, Trans. Faraday Soc.
57, 1590 (1961).
[78] M. K. Gharpurey and P. H. Emmett, J. Phys. Chem. 65,
1182 (1961).
[79] E.(Gg. Alexander and W. W. Russell, J. Catalysis 4, 184
1965).
{80] S. Sato and K. Miyahara, J. Res. Inst. Catalysis, Hokkaido
Univ. 13, 10 (1965).
[811 G. C. A. Schuit and L. L. van Reijen, Advances in Cata-
lysis 10, 298 (1958).
{82] A. C. Pauls, E. W, Comings and J. M. Smith, Am. Ind.
chem. Eng. J. 5, 453 (1959).
[83) L. A. Wanninger and J. M. Smith, Chem. Weekblad 56,
273 (1960).
[84] A. Y. Rozovskii, V. V. Shchekin, and E. G. Pokrovskaya,
Kinetika i Kataliz 1, 464 (1960).
{85] A. Farkas and L. Farkas, J. Amer. Chem. Soc. 60, 22
(1938).
[86] G. C. Bond, Quart. Rev. 8, 279 (1954).
[87] V. B. Kazanskii and V. P. Strunin, Kinetika i Kataliz 1,
553 (1960).
[88] G. C. Bond, Trans. Faraday Soc. 52, 1235 (1956).
[89] G. C. Bond, J. J. Phillipson, P. B. Wells and J. M. Winter-
bottom, Trans. Faraday Soc. 60, 1847 (1964).
{90] J. H. Sinfelt, J. Phys. Chem. 68, 856 (1964).
[91] L. O. Apel’baum and M. I. Temkin, Zh. Fiz. Khim. 35,
2060 (1961).
[92] M. Kowaka and M. J. Joncich, Mem. Inst. Sci. Res., Osaka
Univ. 16, 107 (1959).
[93] T. Yamaguchi, S. Teranishi and K. Tarama, J. Japan
Chem. Soc. 78, 759 (1957).
[94] G. C. Bond, J. J. Phillipson, P. B. Wells and J. M. Winter-
bottom, Trans. Faraday Soc. 62, 443 (1966).
(95] G. C. Bond, G. Webb and P. B. Wells, Trans. Faraday
Soc. 61, 999 (1965).
[96] U. Grassi, Nuovo Cimento 11, 147 (1916).
[97] R. N. Pease, J. Amer. Chem. Soc. 45, 1196 (1923).
[98] R. N. Pease, J. Amer. Chem. Soc. 45, 2235 (1923).
{99] R. Wynkoop and R. H. Wilhelm, Chem. Eng. Progress
4.6, 300 (1950).
[100] R. N. Pease and C. A. Harris, J. Amer. Chem. Soc. 49,
2503 (1927).
[101] J. P. Leinroth and T. K. Sherwood, Am. Ind. chem. Eng. J.
10,524 (1964).
[102] Y. Amenomiya, Shokubai (Catalyst) 12, 39 (1956).
[103] G. Joris, H. S. Taylor and J. C. Jungers, J. Amer. Chem.
Soc. 60, 1982 (1938).
[104] R. Klar, Z. Physik. Chem. B27, 319 (1934).
[105] R. C. Hansford and P. H. Emmett, J. Amer. Chem. Soc.
60, 1185 (1938).

62

[106] P. H. Emmett and J. B. Gray, J. Amer. Chem. Soc. 66,
1338 (1944).

[107] R. N. Pease and L. Stewart, J. Amer. Chem. Soc. 47,
1235 (1925).

{108] S. E. Voltz, J. Phys. Chem. 61, 756 (1957).

[109] K. Tarama, I. Teranishi, M. Kumada, and M. Yamaguchi,
Shokubai (Catalyst) 2, 203 (1960). )

[110] K. Tarama, S. Wada, M. Yamaguchi and Y. Hiraki, Shoku-
bai (Catalyst) 8, 58 (1966).

[111} O. A. Hougen and K. M. Watson, Chemical Process Prin-
ciples, p. 942 (John Wiley & Sons Inc. New York, N.Y.,

1950).
[112] O. A. Hougen and K. M. Watson, ibid., p. 958.

[113] G.-M. Schwab, Discuss. Faraday Soc. 8, 79 (1950).

[114] K. Miyahara and H. Narumi, J. Res. Inst. Catalysis, Hok-
kaido Univ. 13, 20 (1965).

[115] 1. Matsuzaki, J. Res. Inst. Catalysis, Hokkaido Univ. 7,

210 (1959).

[116] G. H. Twigg, Discuss. Faraday Soc. 8, 152 (1950).

[117] J. Turkevich, F. Bonner, D. O. Schissler, and P. Irsa, Dis-
cuss. Faraday Soc. 8, 352 (1950); J. Turkevich, D. O.
Schissler, and P. Irsa, J. Phys. Colloid. Chem. 55, 1078
(1951).

[118] K. Miyahara, J. Res. Inst. Catalysis, Hokkaido Univ. 14,
144 (1966).

[119] V. B. Kazanskii and V. V. Voevodskii, Dokl. Akad. Nauk
111, 125 (1956).

[120] I. Matsuzaki and T. Nakajima, J. Res. Inst. Catalysis,
Hokkaido Univ. 13, 44 (1965).

[121] M. Kowaka, J. Japan Chem. Soc. 81, 1366 (1960).

[122] K. H. Geib, Handbuch der Katalyse 6 (3), 46 (1943).

[123] R. N. Pease and A. Wheeler, ]. Amer. Chem. Soc. 57,
1144 (1935); A. Wheeler and R. N. Pease, J. Amer.
Chem. Soc. 58, 1665 (1936).

[124] T. Titani and M. Koizumi, Shokubai (Catalyst} 3, 105
(1948).

[125] J. E. Douglas and B. S. Rabinovitch, J. Amer. Chem. Soc.
74, 2486 (1952).

[126] J. N. Wilson, J. W. Otvos, D. P. Stevenson, and C. D.
Wagner, Ind. Eng. Chem. 45, 1180 (1953); J. Chem.
Phys. 20, 338, 1331 (1952).

[127] J. Horiuti, Chemical Kinetics Iwanami Series, Physics
X.C.2,(1940); J. Res. Inst. Catalysis, Hokkaido Univ. 5,
1 (1957); J. Catalysis 1, 199 (1962).

[128] K. F. Bonhoeffer and A. Farkas, Z. Physik. Chem. B12,
231 (1931).

[129] A. F. Benton and T. A. White, J. Amer. Chem. Soc. 50,
2325 (1930).

[130] W. A. Pliskin and R. P. Eischens, J. Chem. Phys. 24,
482 (1956); Advances in Catalysis 10, 1 (1958); Z. Elek-
trochem. 60, 872 (1956).

[131] N. N. Semenov, Some Problems of Chemical Kinetics and
Reactivity (Akad. Nauk Press Moscow 1958), sec. 7,
ch. 6.

[132] J. J. Rooney, J. Catalysis 2, 53 (1963); J. L. Garnett and
W. A. Sollich-Baumgartner, J. Catalysis 3, 244 (1966);
G. C. Bond, Platinum Metals Rev. 8,92 (1964); G. Webbs
and P. B. Wells, Trans. Faraday Soc. 61, 1232 (1965).

[133] G.-M. Schwab, Z. Physik. Chem A171, 421 (1934).

[134] J. Horiuti and T. Nakamura, Advances in Catalysis 17,
(1966) in press.

[135] J. Horiuti, J. Res. Inst. Catalysis, Hokkaido Univ. 1, 8
(1948-51).

[136] R. H. Fowler and E. A. Guggenheim, Statistical Thermody-
namics, p. 66 (Cambridge Univ. Press 1939).

[137} J. Horiuti and 1. Matsuzaki, J. Res. Inst. Catalysis, Hok-
kaido Univ. 7,.187 (1959

[138] K. J. Laidler, Discuss. Faraday Soc. 8, 47 (1950); Catalysis
edited by Emmett (Reinhold Publ. Corp. New York)
1, 219 (1954).

[139] G. C. Bond and J. Turkevich, Trans. Faraday Soc. 49,
281 (1953).

[140] K. Miyahara and H. Narumi, to be published.

[141) Y. Amenomiya, J. Res. Inst. Catalysis, Hokkaido Univ. 9,
1 (1961).

U.S. GOVERNMENT PRINTING OFFICE : {968 OL—273-052



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


