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Abstract

The general method previously developed for the mechanistic analysis of the steady
rates of chemical reactions was applied to the hydrogenolysis of cyclopentanone catalyzed
by tungsten, a prototype of a complex heterogeneous catalysis. It was concluded that
at an early stage of the reaction equilibrium is established for the formation of cyclo-
pentanol from cyclopentanone assumed to be caused by three steps, i.e., the steps of
adsorption of hydrogen (a) and cyclopentanone (b) and the surface combination (c) of
cyclopentanone with hydrogen adatoms into cyclopentanol, and the last one is the slowest
among them. The step (d) of formation of half-hydrogenated complex of cyclopentene
and that (e) of desorption of water vapor were supposed to be practically in equilibrium,
and, further, the step (f) of fission of carbon-oxygen bond and that (g) of formation of
cyclopentane from the half-hydrogenated complex of cyclopentene were concluded to be
practically irreversible.

The heats of activation, 10.1 and 4.8 kcal/mole, observed for formation of cyclopentene
and cyclopentane were attributed, respectively, to step (g), mentioned above, and that (h)
of cyclopentane formation from the half-hydrogenated complex of cyclopentene and ad-
sorbed hydrogen. The retardation effect of Cs hydrocarbons and HyO on hydrogenation
of cyclopentene were found to be nogligible as compared with that of ketone and/or
alcohol.

The results at the early stage of the hydrogenolysis were extrapolated to its later
stage in conformity with the experimental results that hydrogenation of cyclopentene
appeared to be accelerated when ketone and alcohol are completely consumed, where the
rate-determining step of the hydrogenation was concluded to switch from step (g) to (a).

Introduction

In the previous paper” a general method of estimation of the rates
of constituent steps and the fugacities of intermediates of a chemical

*) Research Institute for Catalysis, Hokkaido University, Sapporo, Japan
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reaction in its steady state has been developed without the use of the kinetic
mass-action law currently assumed with respect to individual steps. In the
present paper the validity of the method is investigated by applying it to
more complicated, heterogeneous catalysis, i.e., the hydrogenolysis of cyclo-
pentanone catalyzed by tungsten film, which has been observed by KEMBALL
and StopDART? to produce cyclopentanol, cyclopentene, cyclopentane and
water even at an early stage of the reaction between 1.19 mmHg cyclo-
pentanone and 17.85 mmHg hydrogen at 136°C.

KeMBALL and STODDART? have observed the time courses of respective
components®™ as well as the deuterium distribution in cyclopentanone in the
case of hydrogenolysis with deuterium and derived some qualitative con-
clusions as follows. a) Cyclopentanone and cyclopentanol are in equilibrium
after a few minutes from the start of the reaction, as seen from the ob-
served result that the formation of alcohol was instantaneously completed
at the very intial stage and it was consumed together with the ketone in
the course of the hydrogenolysis. b) The dissociation of the secondary
carbon-metal bond of the half-hydrogenated complex of ketone may be slow
as suggested by the kinetics of the hydrogenolysis similar to that of hy-
drogenation of acetone®. c¢) The ketone and alcohol inhibit the hydrogen-
ation of cyclopentene to cyclopentane.

Referring to the above conclusions, a set of probable steps was assumed
in the present work and their rates and the fugacities of adsorbed inter-
mediates were individually calculated under the steady state condition of
this set of steps. The kinetic behaviour of the hydrogenolysis was then
discussed with regard to its full course on the basis of the results of the
analysis.

Methods and Results

1. The set of steps and the sort of overall reactions to be caused
simultaneously and linearly independent of each other.

Five adsorbed intermediates are assumed as follows.

Taking into account the reaction being catalyzed by tungsten at a
temperature above 100°C and the predominant evolution of monodeutero-
cyclopentanone by deuteration of light cyclopentanone, we assume first the
chemisorption of hydrogen to form adsorbed hydrogen adatoms, H(a)'s®,
and second an adsorbed complex of cyclopentanone, C;H,O (a).

Monodeutero-cyclopentanone can be formed by the forward and back-
ward acts of the reaction,

*) Cf. Ref. 2, Figure 4.
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C5Hgo (a) + 2H (a) — C5HQOH .

This reaction may be divided further into several steps as suggested by Kem-
BALL and STODDART?, however, we treat it for the present as a single step
to investigate the rough framework of the kinetic behaviour of the hydro-
genolysis. Referring to the formation of cyclopentene and cyclopentane even
at the initial stage of the reaction, we can probably assume the presence
of adsorbed cyclopentene, C;H;(a), and its half-hydrogenated complex, C;H,(a),
similarly to the case of the hydrogenation of mono-olefines®. Finally,
adsorbed OH radicals may be formed by the hydrogenative fission of
carbon-oxygen bond of C;H;O(a) as

CoH,O (a)+ H (a) — CsH, (a) + OH (a) .

The following scheme of reaction is constructed as the simplest set of
steps involving five intermediates assumed above.

sz—\ZH(a),

C:HO v—‘- C,HO(a) - > CHOH,

_+2H(a)
3
\+mmewwm

! +\“Wgw>m”um(”
OH (a)
\Hmﬁo

Denoting the reactants, H, and C;H;O, by A, and A,, products, C;H,OH,
C:H,, CH,, and H, O, by B,, B,, B, and B, and adsorbed intermediates,
H(a), C;HO(a), CHs(a), C;Hy(a) and OH(a), by X, X,, X;, X, and X,
respectively, scheme (1) is symbolized by the following set of eight steps:

s=1: A —2X,, s=5: X,—B,,
2: AZVAXZ, 6: X3+X1V-;X5, (2)
3: X2+2X1‘<"AB1, 7: X5+X1\_AB3,

4: X,+X, —X;+X,, 8: X,+X,—B,.
The steady state condition of this set of steps is now given as
{d[XJ/de} = @) {v.} =0, (3.v)

where {d[X,]/d#} and {v,} are the column matrices of i and s elements,
respectively ; [X,] is the concentration of i-th intermediate, X,, and v, the
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net rate, i.e.,, the number of the net, forward acts of s-th step in an unit
time of reaction, respectively. The (a,,) is a matrix with five rows and eight
columns and given as

@)=,2 0—-2 1 0-1—-1-1

01-1—-1 0 0 0 0

00 0 1—-1-1 0 0 (3. )
110 0O 0 1 0 O O0-1
‘o0 0 0 0 1-1 0.

The rank, ¢, of (a,;) is five, hence we have s—g®, i.e., three, particular solu-
tions, {v.}, (p=1, 2 and 3), of equation (3.v) with respect to {v,}, which
are now chosen as

fhi=1{1,0, 0,0, —1, 1, 1, 0},

{v}:={1, 1,1, 0, 0, 0, O, 0}, (3.v)

{v.}s=1{0,0, —1, 1,1, 0, 0, 1} .

The general solution of equation (3.v) is then given as

{vs} = {vs}l+‘8 {”8}2 +7 {”8}3 = [’/a'l’ 8\,

K

|

7
T

I—a

(4.v)

= Q& R

|
! |
L5
where a, 8 and 7 are the steady rates of three, linearly independent overall

reactions, which are given by summing up steps (2), each multiplied by v,
of equation (3.v), as

A +B,=B; (H;+ C:H; = CHy),

A +A,=B, (H,+ CH,O = C;H,OH), (4.R)

B,=B,+B, (C:H,OH = C;H,; +H,0),
respectively. The particular solutions (3.v) or these three overall reactions
linearly independent of each other are chosen to fit in with the observed
results. The first one of (4. R) is the sole reaction observed in the later

stage, the second is one nearly completed at the early stage of the hydrogen-
olysis, as observed by KEMBALL and STODDART?, and the last one the
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simplest one linearly independent of the above two.

2. Rate-equations in the steady state

According to our method of analysis® of the steady rate, we now
define the particular values of the unidirectional rates of respective steps
(2) as follows®®.

uy = (kT|h)a, [a*,

us = (kTh) a, as,[a*®, (

us = (kT|h) ap a*®, (kT |h)a, M ap Ja*®,

u; = (kT|h) a, as [a™?, (kT[h)ay, ay Jas,a*®,
where £, T and 2 have their usual meanings and a,, etc. or a*V etc. are
the absolute activities” of the gaseous species, A, etc., and of the critical
complexes, = (1) etc., of steps, 1 etc., respectively. By the use of above «’s

and referring to equation (4. v), the net rates, v, etc., of respective steps are
now given as

v1(=v,+—v1_)=ul(l—ﬁ2)=a+‘8,
v=u(l—f)=B,
vy = s (2 fa— ) g-—r,

(kT[h)ay, [a*®,
kT[h)a, V2 a, [a¥®,

lll

lll

(5. u)

III

Ill

5.
7)4:va=u4(ﬁﬁ_f;ﬂ)=u8(ﬁﬁ_ﬂFr)=T, ( V)
Vs =us(fi—l)=T—a,
vy =v;=u([rfa—fs) = w(fifi—F.)=a, /
where
fi=a“a, ), fi=adYlay,,  fi=adSag,, } (5. 1)

fi=ataglayPay,,  fi=d%layay,,

is the fugacity of X, (i=1,2, --- or 5), i.e.,, the absolute activity of X, re-
ferred to that of a set, (X,),,, of reactants and/or products, from which X,
is formed by the acts of appropriate steps of scheme (2), and

Fa = aB;‘/aAlaBz >
F,=aypja, a,,, (5. F)
Fr = aBzaB,/aB, ’

respectively. Taking account of that the absolute activity, a, relates to the
chemical potential, g, as

Rl lna=p,

we see that A7 In f; is the chemical potential of X, referred to that of
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(X)eq ; for instance,

ET In f, = p5—(p4 /2 +pa,—8,)

where (X,),,=A,/2+A,—B,. The logarithmic ratio of two terms in the
parenthesis of the expression (5.v) of v,, multiplied by 27, gives, thus, the
difference between chemical potentials of the initial and the final systems,
i.e., the free energy drop, 4G,, of step s. With respect to step 4, for
instance, we have

RT In (fife=fofs) = (05 + p%) — (5 + %) = 4G, .

The rate-equations with respect to three overall reactions (4. R) are now
derived from equation (5. v) by eliminating all of f’s as follows.

1—F,=o*8 <1+ T_“>+—“—(1———“+‘9>m+—‘3‘—+ T—a

b

U, Us Ug U, 7 Us
1_F:a+ﬁ+£<l_a+ﬁ L BT (6)
£ ul uz U, u3 ’

F(1—F)= ﬁ‘ﬁl(l_zié)”zﬁ““m,+ul<1+7—a>.
8 J

Uy Us Us
3. Calculation of the values of «’s and f’s

The absolute activities, a,, etc., of gaseous components are proportional
to their partial pressures, P, etc., i.e,

aAl = PAI UAl

etc., respectively, on the basis of the ideal gas approximation. The #’s of
equation (5.u) are now rewritten, on the one hand, in the form of

u1=PA,U1, u, =P, U,, uSZPA‘PAZU3’
Uy = PA,I'/ZPA2 U, us= Py Us, U = PA,I/ZPB, Us, (7. )
u7=PA,PB,U7> u8=(PA,PA2/PB,) Us,

where
U=(kT/h) U, Ja*?, U, = (kT/h) U, Ja*®,
Us=kT[h) Uy, Uy a¥®, U,=ET[R)UMU, Ja*®, 7. 0)
Us = (kTh) Ug,[a*®, Us= (kT |h) Uy /2 Uy, [a*®,
U,=(kT[h) Uy, Ug,Ja*®, Us=(kT|h)U, U, |Ug a*®,

and they are nearly constant at a constant reaction temperature so far as
the progress of the hydrogenolysis is as little as a*® etc. remain unchanged.
The F,, F, and F, given by equations (5.F) are, on the other hand,
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expressed as

Fa:(PBS/PAXPBz)/Ka, l
F =(PB,/PA,PA,)/K5,
FT = (PB,PB,/PB,)/Kr,

where K,, K, and K, are the equilibrium constants of reactions (4. R).
Every F’s are thus observable.

Introducing the above expressions (7.u) of #’s into equations (6), we
have the final form of the rate-equations for evaluation of #’s and f’s as
follows.

(7. F)

1 —F,9+‘B-T1xz = PA,-ZH”“PA,ﬁ.Tz/(a’—F ,B)-F(‘B—T) Zyfle + 8, (8. 1. X)
fi=(1—@+px/P.)",  fi=1-pzlP\,, (8.1.9)

Py, (1—F.—(a+B)fw) = —a) (1 + (a+ B)fuy) 25

(8.2.%)
+(afi[Pa)?) x5+ ax Py,

fo=1+T—a)zs/Ps,,  fi=(a/iz+F)fs, (8.2.1)

P, P, F,(1-F)— (-7 x:— (I —a) P, P, F;F [u; 1
= P Tfix,+ 7Py JsZs s [ (8.3.%)
fom =T, 8.3.9

where

x,=1/U, (s=1,2,---,8). (8. 4)

We see from equations (8) that x’s, accordingly #’s and f’s, can be evalu-
ated on the basis of three sets of values of partial pressures, P, efc., and
the steady rates, a etc., in a narrow range of the course of hydrogenolysis.
In the present calculation those values at 15, 20, 25 and 30 min of reaction
time are used for the analysis of the early stage of the reaction. The
plots of C;% given by KEMBALL and STopDART? during the early 50 min
are replaced by smoothed curves and their values at these four times of
reaction are multiplied by 1.19x 102 mmHg to obtain the partial pressures,
P,, Ps, Ps, and Py, which are given in Table 1. The partial pressures,
P;, and P, , are evaluated by taking into account the mass balances,

PB‘ = PB2+PB,
and
PA: = 17'85_(PB,+PB3+PB‘) mmHg.

As seen from reactions (4. R), their steady rates, a, 8 and 7, are given as
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TABLE 1. Partial pressures (in mmHg) of gaseous components of
the reaction between 1.19 mmHg cyclopentanone and
17.85 mmHg hydrogen over tungsten film at 136°C?.

me oo oo e ] ede | e | hydrogen
min (Ay) By (B2) (Bs) (By) (Ay)
15 0.574 0.105 0.344 0.193
20 0.514 0.097 0.396 0.205 0.603 17.153
25 0.458 0.089 0.448 0.214 0.662 17.100
30 0.405 0.071 0.497 0.223 0.720 17.059

TaBLE 2. The steady rates and the values of F’s of three overall
reactions (4. R).

1 T
time a ‘ B ’ F. Fs F,
min mmHg/min
20 0.0108 0.0120 0.0131 1.91915x10-8 1.0 1.54229 %103
25 0.0104 0.0113 0.0123 1.78039x10-8 1.0 2.09279x10-3
30 0.0099 0.0105 0.0116 1.67210x10-8 1.0 3.1580110-3
o= ‘}YB3 ) ‘B = - VA, and = VB, + VBa > (8. V)

where Vg, etc. are the increasing rates of Pp, efc., respectively, which are -
estimated, as given in Table 2, from each increments of P efc. during five
minutes just before the specified time of reaction.

The values of K, and K, in equations (7. F) at 136°C are evaluated
from the free energies of formation of respective components of the first
and third ones of reactions (4. R)® as

K, =1.57305x 10 mmHg™!, K,=1.5870x10*°mmHg, (8.K)

respectively. There is no data available for evaluation of K;. Provided that
K, is close to the equilibrium constant of the hydrogenation of cyclohexa-
none to cyclohexanol®, we have

K,=1.112x10">mmHg™’,
which is close to the value,
PB,/PA‘PAZ = 1.06 X 10—2 mmHg_l,

estimated from the date of Table 1 at =20, 25 or 30 min, and, thus, F,
is approximated by unity, which means the equilibrium of the second reac-
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tion of (4. R) as suggested by KEMBALL and STODDART?. The value of F,,

F, and F, evaluated according to equations (7. F) and (8. K) are given in
Table 2.

Introducing the three sets of values of @, 8, Py, and P, at £=20, 25
and 30 min from Tables 1 and 2 into equation (8. 1. x), we have
2 =1/U, = 6.87 x 10,
2,=1/U,=3.91 x1073, 9. %)
XT3 = 1/U3 = 1.24 X 10—2,

and further from equations (8. 1. {)
£, =0.99999956,  f, = 0.99999898 : ©. f)

at t=25 min, respectively. These values of f’s are nearly constant with a
little progress of the reaction; e.g., fi is 0.99999954 at =20 min and
0.99999959 at 30 min.

The values of x5, x;, a;, f3 and f; are now evaluated by equations
(8.2.x) and (8. 2. f), referring to the first one of equations (7. 1) and (9. x), as
x;=1/U; = 2.06 x 107,
Ze=1/Us = —8.73 x 107, (10. x)
2 =1/U, = 5.00 x 10°,
and

f;=1876, f;=6.791 (at £=25 min), (10.1)

respectively. All z’s should not be negative according to the definition of
U and, thus the negative value evaluated for x; suggests some error of the
observed date given in Table 1 or the unreality of scheme (1). Provided
that the negative x; arises from an error of observation, we now introduce
a rule of crude approximation that the real value of apparenlty negative x
is considered to be nearly zero. There is some support of this approxima-
tion with respect to @ as discussed later. Assuming x,=0, we have from
equation (8. 2. x) and the experimental data of Table 1 at £=20 and 25 min
that

xs=2.03%10%, x,=1.37x10° (s=0), (11. %)

which are not far different from those given by equations (10.x). It fol-
lows from equations (8. 2. f) that

fo=/fi=1.864 (at =25 min), (11.4)
from which we have f;f;—f;=0 due to fi==1. This relation among fi, f;

79
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and f; shows the equilibrium of step 6 consisting with the approximation
of =0 or us=co. ~

Finally, it follows from equation (8. 3. x) by introducing into it the data
at t=20 and 25 min that

z2,=183x10° and az3=-—1.26x10

Applying again the rule of approximation to a3, we have from equation
(8. 3.x) that

x,=1/U, =970 x 10° (s=1/U;=0), (12. x)
which is not far different from the above value of x,. Further, from the

relation, fifi—F;F,=0, derived from 7=uw,(f,fi—F,F,) by taking account of
7+#0 and uz;= oo, it follows that

fi= F,=2.093 x 10" (¢=25 min). (12. f)

A negative value is derived for f, from the relation, ¥=u,(fif;—fifs), and
the value of f; of equations (11. f), and shows that the above estimation of
by assuming x;=0 is somewhat excessive.

The values of U's and #'s at 25 min derived from those of z's ac-
cording to equations (7. u) are given in Table 3 together with those of f's.

TasLE 3. Values of U’s and «’s of respective steps and those of
S’s of respective intermediates at £=25 min.

U, 1.4536 x 103 uy 2.4860 X 104 f 0.99999956
U, 2.5606 X 104 U 1.1710X 104 /2 0.99999898
Us 8.0744 us 6.3164 X102 f3 1.864
U, 1.0308 x10-3 uy 1.9502x10-3 f1 2.093x10-3
Us 4.9169 x 10-3 us 2.1200x 103 fs 1.864
Us o0 ug oo
U, 7.2930x10-4 uy 5.5805x 103
Us oo ug oo

Discussion

There remains some ambiguity in the present results of calculation
with respect to steps 6 and 8, x's of which were apparently negative and
supposed to be nearly zero. The crude approximation of x;=0 is in con-
formity with the conclusion on catalytic hydrogenation of monoolefines® over
metals that the step of adsorbed olefine to form its half-hydrogenated com-
plex is in quasi-equilibrium. In spite of such a crude approximation of
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the present analysis, the kinetic behaviour of the hydrogenolysis can be
consistently discussed as follows.

As discussed in the previous paper" the values of #'s are the upper
limits of the unidirectional rates of respective steps under the specified
experimental condition and the smallest one among u's of steps consisting
of any one of overall reactions (4. R) gives the upper limit of the steady
rate, a, B or 7, of the overall reaction. The value of f; gives the chemical
potential of the intermediate, X,, referred to the set, (X,),,, of appropriate gas
components from which X, is formed, as shown in foregoing Methods and
Results.

According to the results of Table 3 we see the relative magnitudes of
u's are

Ug, ug>> u1>u2>u3>>u7>u5 = Uy .

Three overall reactions (4. R) consist of sets of steps (1, 5, 6, 7), (1, 2, 3)
and (3, 4, 5, 8), respectively, as seen from the particular solutions (3.v) of
the steady state condition (3.v). The second overall reaction consisting of
relatively fast steps, 1, 2 and 3, should attain its equilibrium much faster
than the other two, in conformity with the value of F; estimated as unity.
The establishment of equilibrium of individual steps, 1, 2 and 3, is also
informed by the remarkably large values of #'s of these steps. The values
of f1 and f; estimated as very close to unity directly show the equilibrium
of steps 1 and 2, on account of 1—f2?=0 and 1—£=0, i.e, 4G,=0 and
4G,=0, respectively. They give further that
fifim Fp=0,

which is synonymous with the equilibrium of step 3. The smallest value
of u; among u's of these three steps support the conclusion b) of KEMBALL
and SToDDART? mentiond in Introduction.

The equal values of f; and f; as well as the approximation, x;=0,
i.e., ug=2oco, means the equilibrium of step 6.

The value of f; estimated as close to unity shows a small free energy
drop of step 5, however, it is not in equilibrium on account of a small
value of u;. In contrast with step 5, the free energy drop of step 7 is far
large because of f,fi/F,=1.05x10*>1. It is, thus, concluded, taking into
account the value of #, as small as w«;, that step 7 is practically irreversible
at the early stage of the hydrogenolysis. The relative rates of formation
of cyclopentene and cyclopentane at this stage depend thus practically upon
the relative magnitudes of #; and u;, and the activation energies, 10.1 and
4.8 kcal/mole, observed by KEMBALL and STODDART? for the formation of
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cyclopentene and cyclopentane are practically attributed to steps 5 and 7,
hence to the temperature coefficients of U; and U, respectively.

As seen from equations (5. v), we have

vy=w{fifa—fofo)=UVs+7;.

The value of #, is the smallest among #'s and, further, it follows from the
results of Table 3 that

ALl fi=22%102>1,

hence it is concluded that step 4 is practically irreversible and the activation
energy of this step, i.e., the temperature coefficient of U,, can be determined
as that of the sum of rates of formation of cyclopentene and cyclopentane,
which is expected to have a value intermediate of 4.8 and 10.1 kcal/mole.

The value of vs=u;(f;—1) does not become negative so far as f;>1;
this is just the retardation effect of ketone and alcohol on the hydrogena-
tion of cyclopentene observed of KEMBALL and STODDART?.

The values of U’s may vary with the progress of reaction due to the
change of its factor, a*®, caused by variation of the interaction of = (s)
with its surrounding species, however, we can qualitatively discuss the
profile of the reaction in its later stage on the basis of the relative magni-
tudes of U’s given in Table 3 as follows. Because of the comparatively
small values of w,, u; and u, and extremely large drop of the free energy
of step 7, as mentioned above, the third one of reactions (4. R) may attain
its equilibrium much faster than the first one involving step 7. In such
a case, we have F,=1, hence f; is close to unity on account of that 7=
Vy=v4(f1fi—F,F,) is small and finite, whereas #;=oco, fij=1 and F,=1.
Ketone and alcohol must be completely consumed at the equilibrium of the
second and the third reactions of (4. R), because the equilibrium constant,
K,, of the latter reaction is large enough as given by equation (8. K). The
value of f; decreases then close to unity on account of the equilibrium of
the third reaction of (4.R), hence of v,=u,(fifi—fif)=0, where fi=1
and f,=1. It is, thus, concluded that the first reaction, i.e., the hydrogena-
tion of cyclopentene, becomes to be accelerated when ketone and alcohol
are consumed completely and, consequently, f; decreases smaller than unity,
making v; negative, hence cyclopentene to be consumed to form cyclopentane
through steps 5, 6 and 7.

At the later stage of the hydrogenolysis where the reaction observed
was solely the first one of (4.R), we can qualitatively discuss the relative
magnitudes of the rates of its constituent steps on the basis of the partial
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pressure dependence of the steady rate, a, of this single overall reaction.
It follows in this case from equations (5. v) and (7. U) that

la = x,/Py + x5 f}/ Py, + 2 f1[(Ps,*Py,) + 2,/ (P, Py,) -

With reference to the experimental fact that the steady rate, a= Vg, was
constant independent of P, and Py, at the later stage of the reaction where
the fractional change of P, was marked, but P, remained nearly unchanged,
the first term in the right hand-side of the above equation must be far
larger than the other terms, which depend on P;. We have, thus,

1D Xy, Xs, I (or Ui Us, Us, U,).

This result shows, comparing with those given in Table 3 of U’s at the
early stage of the hydrogenolysis, that steps 5 and 7 are remarkably ac-
celerated beyond step 1 at the later stage by consumption of ketone (A,)
and alcohol (B,). It is now concluded that the backward act of step 5 (i.e.,
the re-adsorption of cyclopentene (B,) formed) and the forward act of step
7 (i.e., the formation of cyclopentane (B;) from half-hydrogenated complex,
Xs, of By) are strongly retarded by the existence of the adsorbed complex
(X,) of ketone and/or alcohol. We see that the consumption of ketone
and alcohol causes the switching of the rate-determining step of the hydro-
genation of cyclopentene (B,+A,=B;) from step 7 at the earyl stage of the
hydrogenolysis to step 1 at the later stage.

A little retardation effect of H,O on formation of cyclopentanol may
be concluded from the present result of w, u,, u, and u,;, which shows that
the amount or the chemical potential of H,O hardly affects the reaction.
The effect of H;O on the hydrogenation of cyclopentene is similarly much
smaller than that of ketone and/or alcohol, because of the observed ac-
celeration of the former reaction in spite of the increase of H,O.

KemBALL and STODDART? have attempted to interprete the retardation
of the formation of C, hydrocarbons (B, and B;) at an early stage of the
hydrogenolysis by the re-adsorption of C; hydrocarbons produced. The
formation rate of C; hydrocarbons was, however, found experimentally? to
be nearly constant independent of the amount of C; hydrocarbons and,
turther, concluded by the present analysis to be nearly equal to the forward
unidirectional rate of step 4, which is given as '

Vyy = PAll/ZPA2 U fife

independent of Py, and Py,. As P,, f; and f; remain nearly constant, the
term, P, U,, has to be constant, hence U, must be proportional to 1/P,, in
the course of the hydrogenolysis. This change of U, may be understood
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as caused by the decrease of the repulsion of X, upon the critical complex
of step 4 in the course of reaction, where X, is constantly equilibrated with
decreasing A,.

The value of f; does not uniquely relate to the amount of X, on the
catalyst surface because of that the species adsorbed on the surface may
generally not behave as an ideal solution, however, referring to the relatively
small values of u,, u; and u, and the large free energy drops of steps 4
and 7, it may be concluded that the catalyst surface is covered mainly by
X, (adsorbed cyclopentanone and/or its half-hydrogenated complex as sug-
gested by KEMBALL and SToDDART? and partly by adsorbed cyclopentene
(X;) and its half-hydrogenated complex (X;) at the early stage of the hydro-
genolysis.

It is additionally noted that each of adsorbed intermediates is assumed
in the present analysis to have an unique value of its fugacity, that is, the
catalyst surface is homogeneous for individual intermediates. However, the
analysis is independent of whether the adsorbed species are competitive on
the same sites on the surface or not. Such detailed, kinetic informations,
inclusive of the availability of the kinetic mass-action law for steps includ-
ing adsorbed species, can be obtained by the similar analysis of experi-
mental data at different partial pressures and reaction temperatures as well
as those of the amounts of adsorption during the hydrogenolysis. A part
of such an analysis has been given in the previous paper? with respect to
the oxidation of ethylene catalyzed by silver.

In conclusion, the present method is shown to be considerably effective
for the kinetic analysis of the steady rates of complex heterogeneous
catalysis, provided that its constituent steps are proved by appropriate
theories and/or experiments.
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