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Shinri SATO and Koshiro Mi1vAHARA®
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Abstract

The rates of elementary reactions constituting ethylene hydrogenation over an evapo-
rated copper film were evaluated on the basis of experimental results of the reaction
traced by deuterium. Hydrogenation rate increased monotoneously with rise of reaction
temperature from 78 to 135°C, distinctly differing from the cases of nickel and other
transition metal catalysts which show the so-called optimum temperature, beyond which
hydrogenation rate decreases.

It was concluded that with rise of reaction temperature beyond ca. 80°C a rate-determ-
ining step of hydrogenation changes from dissociative adsorption of hydrogen to surface
reaction of hydrogen atom with ethyl group to form gaseous ethane, similarly to the
case of nickel catalyst. On the basis of this conclusion, a consistent interpretation was
given on kinetics of ethylene hydrogenation ever observed with copper catalyst.

1. Introduction

Ethylene hydrogenation on nickel and other metal catalysts has been
investigated” in detail by the use of deuterium as a tracer and reaction
mechanisms ever proposed for ethylene hydrogenation on various metal
catalysts have been critically reviewed®?. The following HORIUTI-POLANYT’s
associative mechanism® was found to be effective for the steady hydrogena-
tion of ethylene over most of transition metal catalysts and a rate-deter-
mining step of hydrogenation was concluded to change from I, to III
with rise of reaction temperature beyond the so-called optimum tempera-
ture. .

Iﬂ.
C.H, — CH,(a) } I

—= C,H;(a) I
Ib {H (a) — CZHG ( 1 )
H, —
H () ererreeveveeeeennon

*) Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan.
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This conclusion, however, is much influenced by the presumptions of
mechanism that step I, of scheme (1) is extraordinarily fast to be nearly
in equilibrium and that activation heats of respective steps are not affected
by coverage of the catalyst surface. Ethylene hydrogenation over nickel,
iron, tungsten and other metal catalysts was found, furthermore, to be accom-
panied often by side reactions resulting in ethane formation®, e. g., the self-
hydrogenation of ethylene caused by dissociative adsorption of ethylene and
hydrocracking of polymerized products. The presumptions and conclusion
mentioned above were examined in the present work with copper catalyst.

A theory to discuss a steady rate of ethylene hydrogenation on the
basis of relative rates of constituent steps has been developed by HorruTi®
and others®*®. According to the theory a reaction structure, i.e., relative
rates of respective steps at various temperatures can be determined experi-
mentally on the basis of observed deuterium distributions in the products
of ethylene deuteration but it has not yet been studied on account of
experimental difficulties to exclude the side reactions and to make a quan-
titatively reproducible observation.

In the present work the analysis of reaction structure was investigated
with ethylene deuteration over an evaporated copper film. Copper is known
as one of less active catalysts for hydrogenation of olefin and ethylene
hydrogenation over copper was found to proceed practically by scheme (1)
alone and to give a sufficiently reproducible result of observation.

2. Theory

The theory of reaction structure analysis is reproduced so far as the
mechanistic analysis of the present work is concerned.

2-1. Evolution rates of deutero-substituted species during ethylene
hydrogenation

By denoting protium and deuterium by P and D, respectively, evolution
rates of deutero-substituted species during a reaction between [-fold deuter-
ated ethylene C,P,_,D, ({=0,:--,4) and m-fold deuterated hydrogen P,_,D,,
(m=0,1,2) can be expressed as follows in terms of the forward and
backward unidirectional rates, v, (s) and v_(s), of step s in scheme (1),
where the isotopic differences of rates are ignored.
Hydrogen :
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VP =y'v_(I)— Yo, (L),
VP = 2ygyv- (1)~ Yiv, (1), (2)
VP =ylv_(I,) - Y, (L),
where y, and y, are the fractions of P(a) and D(a) in H(a) and Y,, Y, and

Y, the fractions of P,, PD and D, in gaseous hydrogen, respectively.
Ethylene:

VE = zo_(I)—Xv, (L), (I=0,---,4), (3)

where E, donotes C,P,_;D, and z, and X, are the fractions of E,;(a) and E,
in C,H,(a) and gaseous C,H,, respectively; H denotes hydrogen atom irre-

spective of P or D.
Ethane:

VAn = (?/1Zn—1 + onn) Vs (HI)_ W,v_ (III) » (n =0, -, 6)’ ( 4 )

where A, denotes n-fold deutero-substituted ethane C,P,.,D, and =z, is the
fraction of n-fold deutero-substituted absorbed ethyl C,P;_,D,(a) in C,H;(a)
(2,=0 when 7<0 and #>5) and W, the fraction of A, in gaseous C,H,.
The rate v_(IIl) is practically zero as ethane is never adsorbed in a course
of ethylene hydrogenation on metallic catalysts.

2-2. Analysis of steady reaction.

Steady state condition with respect to the intermediate C,P;_,D,(a) is
given as

(’ylxnﬂl + ’.llo-Tn) v+ (II) —Zn‘U_ (II) - Zn'U+ (III) = 0 ) (n = 07 ttt 5)7 ( 5 )

where x,=0 when n<(Q or n>4. With respect to the deuterium contents
of H(a) and C,H,(a) we have similarly

Y+ Yy v, (L) — 2y (To)—yew (1) + %v_ (1) — o, (L) = 0
(6)

and

4Xv, (1) —Azv_(L)—4zv, () + (% it %x) v (D=0, (7)

respectively, where x=3}[lx,/4 and X=3}[X,/4 are the D atomic fractions
of C,H,(a) and gaseous C,H,, respectively.

The rate V, of steady hydrogenation of ethylene caused by scheme (1)
is expressed as

Ve=wv,(s)—v_(s), (s=Ia,Ib,II'or IIL). (8)
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From Egs. (5), (6), (7) and (8) we have

VL1 + YoZn = 2o (9)
32Y.+ Y, —2y)v, (L) +2(x—y)v-1) =0, (10)
6(X—2)v, (L)~ (x—y)v-(II)=0. (11)

In Eqgs. (10) and (11), X, Y; and Y, are observable, and hence the ratios
of v_(II) to v,(I,) and v, (I;) can be given as functions of ¥, and x, which
can be evaluated as follows.

2-3. Evaluation of y,, x and rates of steps
When reaction is carried out with a mixture of C,P, and D,, its initial
condition is given by
Xi=1, X=X,=X,=X,=0, X=0 (12)
and
Y, =0, Y.,=1-Y,. (13)
Substituting Y, and Y, of Eqgs. (13) into Egs. (2) and eliminating v, (I,) and
v_(I;), we have
VEY,F—2V5:(1—Y,)¢+ VFP— (VP 4+ VD) Y, =0 (14)
or
Y VP —2Y (1— Y))¢+ ¥, +Y,Y, =0, (15)
where ¢g=y,/y, (=v./1—yy), YoEdYo/dt and YIEleldt. The value' of
can be estimated by introducing the observed values of V¥:-»"» (or Y, and

Y,) into Eq. (14) or (15).
Eliminating 2,’s from Eq. (4) by the use of Eq. (9), we have

Vin = (y2x, 2+ 2yt L1 + Yo' 2, v, (1T1) (16)
and hence
xy= Vh[ylv, (III) = V4 [ylV,. (17)
Equation (3) is rewritten according to Egs. (12) as
VE=xv_(1,), (I>1), (18)
which gives that
T L Xy = VE:VEVE VB (19)

Taking > x;=1 into account, we can evaluate z(=),lx,/4) according to Egs.
(17) and (19) by introducing the observed values of V4 and V®’s. The
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rates of respective steps of scheme (1) are evaluated finally according to Eqs.

(2), (18), (10) and (8).

3. Experimental

A conventional, closed circulation system of ca. 500 cc volume used in
the previous work™ was complemented with a gas pipette of ca. 1 cc volume
into which a part of reacting gas was sampled for mass spectromet-
ric analysis. The whole apparatus can be evacuated as low as 1x1077
mmHg.

Catalyst was a copper film evaporated under a vacuum of 4 < 10" mmHg
from a wire of 0.5 mm in diameter and with 99.9% purity. Prior to
evaporation the reaction vessel in which the wire was sealed was evacuated
at 500°C and the wire was electrically red-heated with a current of ca. 7A
in ca. 40 mmHg hydrogen for an hour or more and degassed in wvacuo
with a current of ca. 5A. The wire was then evaporated onto the inner
surface of the reaction vessel immersed in an oil bath at 200°C by rising
the current to 5.8 A. The geometrical area of the evaporated film was
ca. 47 cm?

A freshly evaporated film is signified by F. Catalytic activity of the
film was satisfactorily reproducible on film R, i.e., a film heated in ca. 20
mmHg hydrogen for 10 hrs or more and outgassed in vacuo for ca. 2 hrs
both at 200°C before each run of the reaction.

Hydrogen and ethylene were purified by a conventional method as
described in the previous paper” and found to be mass spectrometrically
pure. Heavy ethylene (C,D,) was prepared by deuteration of C,D, catalyzed
by Pt-asbestos. Heavy acetylene (C,D;) was obtained by a reaction of heavy
water (99.9 D%) with preliminarily well degassed calcium carbide. Heavy
ethylene thus prepared included a little amounts of ethane and acetylene
and was purified by a differencial desorption from silica-gel at temperature
from —100 to —45°C. Heavy ethylene thus obtained was quite free from
acetylene but was still contaminated by ethane less than 0.5% and its
deuterium content was ca. 99%.

Reaction was started by admitting an equimolar mixture of hydrogen
and ethylene into the reaction vessel at 40 mmHg total pressure. The gas
mixture was circulated at a rate of ca. 100 cc/sec and total pressure was
followed by a Hg-manometer and reacting gas was sampled at times. Prod-
ucts other than ethane were not observed.

Deuterium distributions in sampled hydrogen, ethylene and ethane were
determined as follows. Sampled gas was introduced into mass spectrometer
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through a liquid nitrogen trap and peaks of m/e=2, 3 and 4 were regis-
tered at 70 V of ionization voltage. Hydrocarbon in the trap was then
evaporated and its mass spectrum (m/e from 28 to 32) was registered with
an ionization voltage as low as the spectrum to be consisted exclusively of
the parent peak of ethylene. The hydrocarbon was collected again into the
liquid nitrogen trap and analyzed by gaschro-mass spectrometer. Ethane
was separated from ethylene by silica-gel column at room temperature and
its mass spectrum was registered at 70 V.

Relative amounts of P,, PD and D, were evaluated from the relative
hights of peaks of m/e=2, 3 and 4. Hights of these peaks were corrected
with regards the difference of focus of these ion beams and the contribu-
tion of D* ions formed from D, to the peak of mfe=2, by referring to the
mass spectra of an equilibrated mixture of P, and D, with known D atomic
fraction and D,.

Relative amounts of ethylenes E,’s were estimated directly by the relative
hights of peaks of m/e from 28 to 32 with a correction of the natural
abundance of “C.

Relative amounts of ethanes A,’s were derived as usual® from mass
spectra of respective deuterated ethanes calculated from observed mass spec-
trum of C,;P, by neglection of the isotopic effect on the fragmentation of
ions in mass spectrometer. Observation of the relative amounts of A,’s
are thus inaccurate as compared with
the cases of hydrogen and ethylene.

4. Results of experiments

Figure 1 shows the result of hy-
drogen exchange reaction between 14.4
mmHg C,P, and 5.2 mmHg C,D, on film
R. Hydrogen of 0.6 mmHg was added

relative amounts of E;, (%)

Eo at the time indicated by an arrow in

the figure. The accelaration of ex-

50 100 50 change by this addition of hydrogen

time (min) suggests that the exchange between C,P,

Fig. 1. Deuterium distribution in ~ and C:Ds proceeds wvia a half-hydro-
ethylene formed by the hydro- genated state of adsorbed ethylene. A

gen exchange reaction between slight exchange caused before the addi-

C,Py and CyDy4 on evaporated : : :
tion of hydrogen might be due to a lit-
Cu film R at 119°C: an arrow ¥ g g

indicates the addition of hy- tle amount of adsorb.ed. hydrogen at-
drogen. oms remained by preliminar reduction
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and outgassing of the film.

Table 1 shows the result of P,~D, equilibration reaction observed with
films F, R and S, where S is a film F once used for the hydrogenation and
outgassed in vacuo at the reaction temperature. The equilibration proceeded

TaBLE 1. P,-D, equilibration on evaporated Cu
films at 9 mmHg and 119°C.

Sorts of time (hr) P, PD D (%)

- 0 470 25 50.6
2017 2438 492 26.1

1.17 448 6.2 196

s 2.10 439 87 474
2075 316 316 314

. 1.20 441 55 505
400 460 129 414

slowly and evolution rate of PD was the same order of magnitude of the
rate of ethylene hydrogenation on the same film. Catalytic activity order of
these films for the equilibration was F>S=R, while catalytic activity of
film R for ethylene hydrogenation was close to that of film F and ca. 1/500
of that of an evaporated nickel film R.

On the basis of the above results it may be concluded that in a steady
hydrogenation, ethylene is associatively, while hydrogen is dissociatively,
adsorbed on copper to form an adsorbed ethyl. Accordingly, ethylene hy-
drogenation on copper is concluded to proceed by scheme (1).

TaBLE 2. Rates of hydrogenation and evolution of deutero-
substituted isomers of hydrogen, ethylene and
ethane at the initial stage of reaction with an
equimolar mixture of deuterium and light ethyl-
ene. Initial total pressure was 40 mmHg.

Temp. | Vs Sl e Galhes
(°C) (mmHg/hr) Y, Y, X Xz W
103 0.22 1125 0.263 3.60 0.16 71.5

78 0.10 0.362 0.125 1.10 — 710
135 0.50 6.200 1.270 13.8 1.00 55.6
19 0.20 0.960 0.260 3.30 0.22 67.0
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For measurement of the initial distributions of deutero-substituted pro-
ducts, the reaction of C,P, with D, was arranged to proceed less than 10%.
Initial evolution rates of the deutrated isomers were estimated from the
inclination of initial time courses of these products. The results obtained
are shown in Table 2. It was found that evolution of P, is several times
faster than that of PD and C,Ps is predominantly formed.

The D atomic {fraction y, of H(a), fraction x;, of E;(a) and D content
x of C,H,(a) are estimated as given in Table 3 from the results of Table 2.
The values of y, and x are very small and the former decreases with rise
of reaction temperature, while the latter increases.

Unidirectional rates of steps of scheme (1) are evaluated as given in

TaBLE 3. Values of 3, x; and x

Temp. (°C) Y1 Zo x x; x
103 0.100 0.88 0.11 0.01 0.033
78 0.144 0.97 0.03 0 0.008
135 0.088 0.67 0.31 0.02 0.088
91 0.115 0.90 0.09 0.01 0.028

Table 4 and ARRHENIUS plots of these rates are given in Fig. 2. We see
that steps I, and II are far faster than the others and wv_(I,) becomes far
larger than v, (Ill), getting close to v, (I,) with rise of reaction temperature.
Evaluation of v_(I,) and w_(II) is inaccurate owing to large errors of evalua-

TaABLE 4. Calculated unidirectional rates of the elementary
steps (mmHg/hr).

Temp. (°C) v+ (Ib) v (Ip) vy ([a) v+ (I1) vy (III)
103 0.495 0.275 6.71 20.0 0.22
78 0.199 0.099 7.47 3.81 0.10
135 1.99 1.49 9.40 0o 0.50
91 0.446 0.246 7.54 13.7 0.20

tions of x; and &, which are caused by the value of x, evaluated by Eq. (17)
with the amount of A, accompanying large error. Steps I, and II are far fast-
er than the others as seen from the very rapid evolution of deutero-ethylene.

In connection with this conclusion, the reaction with a mixture of equi-
molar C,P,, C,D,, P, and D, was carried out, and the results are given in



Reaction Structure of Ethylene Hydrogenation, Part 1 Cu

y(m,vm)
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1O} .
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00

Vs, Up)
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Fig. 2. ARRHENIUS plots of the rates of elementary steps.

Table 5. Both at 92 and 126°C hydrogen exchange between C,P, and C,D,
was nearly equilibrated, whereas ethylene hydrogenation and P,~-D, equili-
bration reaction were far from their equilibria.

TABLE 5. Hydrogen exchange in course of reaction with
a mixture (P, 24.1%, D, 26.3%, C,P, 24.89 and
C,D, 24.8%) over evaporated Cu film R.

Temp. Time |Conversion Hydrogen (%) Ethylene (%)
¢C) (hr) (%) P, PD D, Eek Ei E E E
92 8 59 469 4.4 487 68 254 369 246 6.4
32 11.8 447 7.3 480 72 264 369 238 5.7
1.7 74 446 69 485 7.3 255 364 240 6.8
126 35 14.3 421 106 47.3 6.5 251 369 248 6.7
21.3 47.8 334 294 372 50 223 368 277 83

5. Discussion

Tables 4 and 5 show that steps I, and II are reversible and remarkably
faster than steps I, and III, that is, the rate of ethylene hydrogenation
over copper catalyst is controlled mainly by step I, or III, and also that the
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ratio of v,(I,) to v.(I,) becomes smaller with rise of reaction tempera-
ture, suggesting that step I, is getting near to its equilibrium, and hence
the rate-determining step shifts from I, to III. Such a characteristic of
the reaction mechanism of present hydrogenation can be elucidated more
distinctly by the analysis of the reaction structure theory developed by
Horrutr®.

The theory expresses unidirectional rates of respective steps of scheme
(1) as

(20)

where 7(E), 7(H) or 7(¢) is the activity of adsorbed C,H,, H or C,H; each
referred to gaseous C,H,, 1/2-H, or the mixture of C,H,+1/2-H,, respec-
tively, and &(s) (s =1,, I, Il or III) is the forward unidirectional rate of step
s in a special case where all of the steps of scheme (1) other than s are in
equilibria. According to the theory, the smallest one among %(I,) ezc. gives
the upper bound of the steady hydrogenation rate V,. Thus, in a typical
case with nickel catalyst” where k(I,) and k(III) are far smaller than k(I,)
and k(II) in the observed temperature range and k(I,) becomes larger than
k(IIT) with rise of reaction temperature, we see that ethylene hydrogenation
is rate-determined by step I, at lower temperatures and by step III at
temperatures higher than the optimum one where %(I,) equals to &(III).
Such changes of the relative magnitude of k(s)’s with reaction temperature
are called the reaction structure.

The reaction structure of the present case was derived as shown in
Fig. 3 according to Egs. (20) with the result of Table 4 ; the annexed values
in Fig. 3 are activation heats of respective steps. We see that with mono-
toneous increase of V, the slowest step shifts at ca. 80°C from I, to III;
activation heat of the latter step is positive in contrast with the case of
nickel catalyst” with a negative activation heat of step III.

Kinetics of ethylene hydrogenation ever observed with copper catalyst
are investigated with reference to the reaction structure derived above.
Activation heats of the hydrogenation observed by Grassi® and Peasg™
with powdered copper catalysts are given in Table 6. The decrease of activa-
tion heat with rise of reaction temperature coincides with the present
result. Pressure dependences ever observed on hydrogenation rate V, have
diverged widely ; however, most of them show that V, is nearly first order
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®
£(II) 19 Kcal

o
¥

.-

?m T %o) 15 Keal

log Vs ortog £(s) (mmHg/hr)

(] L 1
29 28 27 26 25 24
I0¥T(°K) <—
Fig. 3. ARRHENIUS plots of k{s)’s.

TaBLE 6. Activation heats of ethylene hychogena-
tion on Cu powder ohserved by GRrAss*¥
and Peasg™

150-200°C 200-250°C 250-275°C
GRASSI 12.0 1.3 0
PEASE 10.8 7 —

with hydrogen partial pressure. PEASe and HARRIS'® have observed that
the order of reaction with ethylene partial pressure changes from zero at
100°C to unity at 220°C. These results support the present conclusion that
V, is controlled by step I, or III, respectively, at low or high reaction
temperature range.
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