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By

Shinri SATo and Koshiro MivAHARAY
(Received February 3, 1975)

Abstract

A new method is proposed for evaluation of the rates of elementary steps in ethyl-
ene hydrogenation over metallic catalysts. This method is based on analysis of the
evolution rates of di-, ds-ethylene and dj-hydrogen in course of the reaction of equimolar
d¢- and ds-ethylene with equimolar hydrogen and deuterium. The results of analysis with
the reaction over evaporated Cu, Rh, Ni and Pt films show that the method is advanta-
geous in a case of ethylene hydrogenation accompanying a fast isotopic mixing of hydrogen
in ethylene.

Introduction

Rates of the following elementary steps I, efc. in deuteration of light
ethylene over various metal catalysts have been evaluated in previous
works.'®

L (H@ ! 5 CH, . (1)

In these works the rates of steps are given as functions of two parameters,
i.e., the deuterium fractions of adsorbed ethylene and adsorbed hydrogen
atoms, which are evaluated from the evolution rates of deutero-substituted
ethylene, hydrogen and ethane measured at the initial stage of ethylene
deuteration. This method, however, has a disadvantage that usual mass-

*) Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan.
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spectrometric measurement of the amounts of deutero-ethanes is inevitably
so inaccurate as to give a considerable error in evaluation of the rates of
steps. Method of the mass-specrometric measurement has been improved®”?
but not sufficiently reliable. It is consequently advisable to develope a new
method for evaluation of the rates of steps without measuring the evolution
rates of deutero-ethanes.

When an equimolar mixture of d,- and d,-ethylene reacts with an equi-
molar mixture of hydrogen and deuterium, the parameters mentioned above
are constantly 0.5 with neglect of isotopic effect, and the rates of steps I,
and II of scheme (1) can be evaluated from the rate of hydrogen mixing in
ethylene as developed in the present paper, while the rate of step I, has been
shown®® to be evaluated from the rate of isotopic equilibration of hydrogen
and deuterium during the reaction. As a matter of course, this method is
not applicable to a case where hydrogen mixing in ethylene or hydrogen
proceeds on sites inactive for ethylene hydrogenation as concluded with Co
oxide catalyst” or via any steps other than the steps of scheme (1), e.g., disso-
ciative adsorption of ethylene as observed with freshly evaporated Ni film.>'?

The present method is applied to the reaction over evaporated Cu, Rh,
Ni and Pt films and the results are discussed in comparison with the
previous results.!~¥

Calculation of Rates of Elementary Steps

Symbols used are summerized below.

V, : steady rate of ethylene hydrogenation,

v,(s), v_(s) : forward or backward unidirectional rate of step s,

P,D,H : protium, deuterinm or hydrogen atom (irrespective of
P or D),

VE VHn V4»: evolution rate of d,-ethylene (E;), d,-hydrogen (H,)
or d,-ethane (A,),

X, : fraction of d;-ethylene in gas or adsorbed phase,
Y., Z. : fraction of d,-hydrogen in H, or d,-ethane in CH;,
Y1, Yo : fraction of D(a) or P(a) in H(a),

Py, Py : partial pressure of ethylene or hydrogen.

Evolution rates of deutero-substituted ethylene, hydrogen and ethane
are given according to scheme (1) as

VEl=xlv—(Ia)_le+(Ia)) (l=0, T 4), (2)
2! :
Vin = Gyl ¥ ¥ v-() =Yoo (L), (m=0,1,2),

(3)
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and

Vin :(y(z)xn+2y0ylx -—1+y%xn-2) 'U+(III), (71:0, Tty 6), (4)
respectively, where isotopic effect is ignored and the term including v_(III)
is neglected in Eq. (4) as step III is perfectly irreversible under usual

experimental conditions.”® Steady rate of ethylene hydrogenation is given
as

= —dPg/dt=v,(s)—v_(s), (s=1, I, I or II). (5)

Steady state condition for adsorbed d,-ethylene is given as™

~

(b, 00 0 Z X,

a b 00 x X,

0 a b, c, 0  |=| X, (6)
00 az b ¢ || x5 X;

0 0 0 a b, x X,

where
a = (—5)y;v-(1)/6v. (1),
b, = 1+(dy,—Lys +Lyo) v_(11)/6v, (L), (7)
o= —{+1) yov_(I1)/6v.(1,). [

On the other hand, V™ is expressed in terms of X, and Py as

v d&KiFr) _ dX, dP;

dr = ar etg X (8)
Eliminating V™ and v,(I,) from Egs. (2), (5) and (8), we have
dX,ldt = —(X,—z;)v-(L)[Ps (9)
and, further,
ax, _ 5, M1 v_(1,)
7= —<X,—§l i XH) o (10)

by substitution of x; from Eq. (6). In Eq. (10), M is the coefficient matrix
of x, in the left side of Eq. (6) and M, ,,, is the cofactor of (i, [+1) ele-
ment of M.

The following relations hold throughout the reaction of equimolar di-
and d,-ethylene with equimolar P, and D,, with neglect of isotopic effect :

n=1v=05, (11)

*} Cf. ref. 4, p. 178 or ref. 10, p. 44.
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X=X, Xi=X;, X,=1-2(X,+ X)), (12)
To=Tyy =05 L=1=2(x+x). (13)

Equation (10) is accordingly simplified as

2L =<—X°+ 160 ? vfsz ) X 8(3v+(¥a—)g1.‘;v_(ll))>
(3-0} )1)-0 ((1 )))PE (14)
=22 Gy o R (15)

By using the initial condition of reaction, X, =0.5 and X, =0, the following
equation is derived from Eqgs. (14) and (15):

dX, v_(II) 3v, (L) +2v_(II)
<W> = (‘1 4B, L)+ 20_ () ) 30, (L)% oD

Second term in the parentheses of Eq. (17) attains a maximum value of
1/8 when v, (I,)/v_(II)==0, and hence it is neglected as compared with unity.
Accordingly, we have

17)

vy (Lfo- () = {2(dX,/dX)—1}[3 (18)

from Egs. (16) and (17). Initial evolution rate of d,-ethylene, on the other
hand, is given by Eq. (8) as

Ve = Pg(dXy/dt), . (19)
Substituting dX,/dt of Eq. (15) into Eq. (19) we have
v (L) =2V§@8v,: (L)v-(I)+2). (20)

Thus, the unidirectional rates of steps I, and II can be evaluated according
to Egs. (5), (18) and (20) by measurements of V,, V% and VZ=.

Backward rate of step I, is given by Egs. (3) and (11) by taking account
of the initial conditon of reaction, Y;=0, as

v_(I,)=2V7", (21)

and, accordingly, forward rate of step I, is evaluated by Eq. (5).

Ratio of v_(II) to wv.(I,) is evaluated otherwise from the evolution
rates of deutero-ethanes as follows. In the present reaction, the evolution
rate of d,-ethane is given in terms of x,, z; and V,(=v,(Ill)) as
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VA= VA=,V /4,

Vi = Vi = (/2 + 1[4 Vs,

Vie= Vhi=(1—x) V4= (1]4—V*)V,,
Vaa=(12—x,—x/2) V., = (1/2—2V4) V,,

according to Egs. (4), (11) and (13). In Egs. (22) x, and x, at initial stage
of the reaction are expressed as solutions of Eq. (6) as

(22)

3 R ”
0 ="F12R T BB+ R B+2R) ’ (23)
R (24)

1= "3(3+2R)

where R=v_(II)/v.(I,). According to these equations, the relative evolu-
tion rates V*#/Vs at the initial stage are calculated ‘as functions of R as
shown in Figs. 1 a) and b). With reference to these figures, the values
of R can be estimated by measuring V[V ’s,

30 ~ 30k n=3
—_ SN 2
32 = n=2
v < 20-
5\ <> n= |
> loF
n=0
1 [l L L 1 i
O I 4 9 16 25 36 49

R

b)

Fig. 1. Calculated evolution rates of deutero-cthanes at the
initial stage of reaction of an equimolar mixture of CyP4
and C;D, with an equimolar mixture of P; and Ds. (R=
v (D) +(1a)).

Experimental -

Apparatus, materials and experimental procedures are the same as
described in the previous papers.!”® Reaction was carried out with equi-
molar C,P,, C,D,, P, and D, at 40 mmHg of the initial total pressure and
reacting gas was sampled at times for mass-spectrometric analysis.”
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Results and Discussion

Reaction on Cu film. Reaction was carried out at 101 and 137°C and
time courses of d;-ethylene evolution are plotted in Figs. 2 a) and b).
Relatively large amount of ds-ethylene is due to reactant ethylene originally
involving ca. 2% of ds-ethylene. Relative rates of steps I, and II are
evaluated as given in Table 1 from the evolution rates of d;- and d,-ethyl-
ene after the induction period. Table 1 shows that both of steps I, and II
are far faster than hydrogenation of ethylene and step I, is ca. 2.4 times as
fast as step II.

50

™~
X \'\Eo\ 50
)
5 40F E4\| S
e \ ~3 40 B
° w Eo
2 ©
3 o 30 Ea
[«] c
.g é
@ o 20t
= ® Es
9 2
2 2 o E)
v E,
EZL 1 1 I 1 1
10 20 30 40 ' 10 20 30
time (min) time (min)
a) b)

Fig. 2. Hydrogen mixing between C;P; and C;Dy during the
reaction on Cu film with equimolar C;Py, CeDy, P; and D,
at 101°C (a) and 137°C (b).

TaBLE 1. Evolution rates of d;- and ds,-ethylene and relative
rates of steps I, and Il at the initial stage of reaction
with equimolar C,P,;, C,D,, P, and D, on Cu film.
PE=PH=20 mmHg.

Temp. (°C) dXydr  dXj/dt v Ve v (ID)Ve
(%/min.)
101 0.43 0.10 610 250
137 16 0.39 740 310
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In order to make sure the result of Table 1, the time course of
hydrogen mixing in ethylene was simulated according to Egs. (5) and (10) by
a computer. In this simulation, the origin of reaction time is adjusted to
the end of induction period, y, is set constantly at 0.5, the initial values of
X,s and Py are adjusted to the experimental condition, and the values of
v_(l,) etc. are given from Table 1 as constants throughout the time course.
Results of the simulation according to Runge-Kutta-Gill method'” are shown
in Figs. 2 a) and b) with full lines. Good agreement between the simulation
and the experiment suggests adequacy of the presumptions for simulation, i.e.,
(i) hydrogen mixing in ethylene takes place via steps I, and II of scheme (1),
(i1) the rates of these steps are given according to Eqgs. (5), (18) and (20), and
(iii) isotopic effect on the rate of hydrogen mixing in ethylene is negligible.

The rates of these steps evaluated previously” from the results of ethyl-
ene deuteration are considerably smaller than the present ones owing to
the inaccurate measurement of the evolution rates of deutero-ethanes in the
previous work.? : '

Rate of step I, in this reaction was not determined since simultaneous
P,-D, equilibration was immeasurably slow. o

Reaction on Rh film. Table 2 shows the results of reaction carried
out at temperatures from —45 to 23°C with evaporated Rh film. Relative
rates of steps I, and II given in Table 2 are in agreement with those
evaluated previously”, indicating that the previous method mainly based on
analysis of the evolution rates of deutero-ethanes is sufficiently " reliable in
a case of steps I, and Il being relatively slow. Figure 3 shows the distri-
bution of deutero-ethanes formed by the reaction at —13°C; the fraction
Z, of d,-ethane is equal to V2#/V, in this case since the distribution of
deutero-ethanes is practically unchanged throughout the reaction. Even
though the mass-spectrometric analysis of deutero-ethanes is not accurate,
the distribution shown in Fig. 3 is obviously far from its equilibrium. With

TaBLE 2. Evolution rates of dy- and dy-ethylene and relative rates
of steps I, and II at the initial stage of reaction on Rh film.
Pr=Py=20 mmHg.

Temp. () | WA AXJdE o qyve wanve
(9%/min.)
23 2.3 1.0 2.3 2.9
0 0.92 0.48 19 3.0
—22 0.15 0.07 15 24
—45 0.08 0.07 16 2.2
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Fig. 3. Distribution of deutero-ethanes
formed by the reaction on Rh film
with equimolar C,Ps,, C;D,;, P; and
DQ at —13°C.

OpF
(o))

30

[N

O 1 2 3 4 5
n

Fig. 4. Distribution of deutero-ethanes
formed by the reaction on Pt film
at 53°C.

TABLE 3. Relative rates of steps I,
and II on Ni film estimated by
the simulation method.

Temp. (°C) v+ (LY Vs v+ (D) Vs

45 29 25
24 24 32
0 30 36

reference to Fig. 1, the value of R(=
v_(ID)Jv,(l,)) is estimated as 3~5 in
agreement with the above conclusion.

The present method is not ap-
plicable to evaluation of the rate of
step I, since the step is composed of
two elementary steps as concluded
previously,® while the previous meth-
od?® is still useful.

Reaction on Ni film. Relative
rates of steps I, and Il were esti-
mated as given in Table 3 by simul-
ating the time course of deutero-
ethylene formation observed in the
previous work? ; these rates obtained
are larger than those evaluated pre-
viously”? similarly to the case of Cu
film.

Reaction on Pt film. Hydrogen
mixing in ethylene was so slow that
the evolution rate of d,-ethylene was
not determined accurately. From the

distribution of deutero-ethanes produced by the reaction (Fig. 4), the value
of R is estimated to be nearly equal to that on Rh film in agreement with

the previous result.®

Summary

It was shown that the rates of steps I, and II of scheme (1) can be
evaluated easily and accurately from the rate of hydrogen mixing between
C,P, and C,D, during the reaction of an equimolar mixture of C,P, and



C,D, with an equimolar mixture of P, and D,.
especially useful in a case of ethylene hydrogenation accompanying fast
Differences between the present and the
previous results are mainly due to error in the mass-spectrometric analysis
of deuteroethanes in the previous works,"® but the error is not so sig-
nificant as to revise the previous conclusions on the reaction structure of

hydrogen mixing in ethylene.

Reaction Structure of Ethylene Hydrogenation, Part 4

ethylene hydrogenation.

1)
2)
3)
4)
5)
6)
7)
8)
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