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Kinetic studies of ethane hydrogenolysis over supported ruthenium catalysts have been carried
out under both steady-state and transient conditions. A wide range of steady-state models has been
examined. Although great discrimination among the models cannot be obtained, the modified model
proposed in this work successfully predicts the observed rate behavior. Elementary step models
have been developed. Comparison of the prediction of the models with the outcome of step change
experiments leads to estimates of the rate constant for individual reaction steps. It has been shown
that the rupture of the C—C bond in the surface C,H, species is likely to be the rate-limiting step
under the conditions investigated. The results of model fitting at three temperatures for Ru/Al,O,
allow the activation energies of the proposed elementary steps to be determined. Ethane adsorption,

accompanied by C~H bond breakage, has been shown to be an endothermic process.

Press, Inc.

1. INTRODUCTION

There is a growing interest in understand-
ing the catalytic properties of ruthenium cat-
alyst due to its high specific activity and
good selectivity toward the production of
higher hydrocarbons in the Fischer-
Tropsch Synthesis (FTS) (I-3). Transient
work on the FTS in this laboratory (¢, 5)
suggested that methylene groups formed
from CO dissociation during the FTS play a
significant part in the propagation process.
It was suggested by McGenity (4) that the
cracking of the C,, hydrocarbons formed
takes place simultaneously during the FTS
in the presence of ruthenium catalysts. This
is reasonable since ruthenium is an active
hydrogenolysis catalyst (6). If we assume
that the monocarbon fragments formed in
ethane hydrogenolysis are the same as those
encountered in the FTS, it is interesting to
explore whether useful information on the
FTS could be obtained by understanding the
mechanism of ethane hydrogenolysis cata-
lyzed by oxide-supported ruthenium cata-
lysts.
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Ethane hydrogenolysis has been studied
by numerous authors (6-21). The majority
of these studies have focused either on the
mechanistic investigation of this reaction or
on the evaluation of transition metal cata-
lysts that catalyze the reaction. Although
well studied, the mechanism of the reaction,
largely derived from steady-state Kinetic
study, is still not clear. Moreover, there
have been very few comprehensive investi-
gations on the Kinetics and mechanism of
ethane hydrogenolysis over ruthenium cata-
lysts.

The aim of the present work have been
to study the kinetics of ethane hydrogeno-
lysis on ruthenium catalyst at steady state
and transient conditions over a wide range
of feed compositions. Effort was made
to discriminate between different kinetic
models from the literature and those devel-
oped in this work. The transient technique
was employed to obtain comparative and
quantitative information on the rates of
individual reaction steps, and thus on the
mechanism of the reaction. It is suggested
that transient experiments combined with
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Fi1G. 1. Schematic diagram of the apparatus.

computer modeling is a powerful and prom-
ising method for obtaining insight into reac-
tion mechanisms.

2. EXPERIMENTAL

Figure 1 shows a simple schematic de-
scription of the apparatus used in this work.
The gases employed were supplied by Air
Products Ltd. (all >99.5% pure) and were
dried by passage over zeolite beads prior to
entering the reactor. Flowrates were con-
trolled using Brooks thermal mass flow-
meters, which were interfaced to a PET mi-
crocomputer. This allowed flowrates to be
set with an accuracy of + 2% directly from
the computer keyboard.

As Fig. 1 shows, two gas streams could
be set up, each containing a mixture of
H,/Ar and C,H¢/Ar of any desired composi-
tion. These were directed to a solenoid valve
that has two inlet ports, one for each feed
stream, and two outlet ports, one to a bypass
line and the other to the reactor. The pres-
sure in the bypass line was adjusted using a

needle valve to ensure that the pressure in
the two streams was equal. It has been
shown that the switching of the solenoid
valve gave a good approximation to a step
change in feed composition (4).

The reactor used is an external recycle
reactor. Recycling was achieved using a bel-
lows pump. Step changes using He/Ar mix-
ture showed that the reactor approximated
very well to a CSTR (5).

A 16-port valve was employed for prod-
uct sampling whereby seven samples could
be captured. The capture of each sample
takes only a few seconds and is afterward
flushed into the GC. The analysis was
carried out using a Pye 204 chromatograph
with a flame ionization detector for hydro-
carbons and a thermal conductivity detec-
tor for hydrogen. Chromatographic peaks
were recorded and integrated by a Philips
PU4811 integrator.

The catalyst used in this study is a com-
mercially available Ru/Al,O; supplied by
Johnson Matthey Chemicals. The physical



136

TABLE 1
Physical Properties of the Catalyst

Catalyst Ru/Al, Oy
Metal loading (%) 0.48
Surface atom concentration (mol/g)®  3.69 X 1073
Surface area (m?¥/g)” 1.8
Particle size (A) 11
Dispersion (%) 74.6

¢ Determined by
grammed desorption.

b Calculated from the active site concentration by
assuming equal participation of (100), (101), and (001)
planes, and an average area of 8.7 A%/atom for ruthe-
nium (5).

hydrogen temperature-pro-

properties of the catalyst are shown in Table
1. The active surface area was determined
using hydrogen temperature-programmed
desorption.

All experiments were carried out at 1 atm
pressure and a total flowrate of 100 cm*/min
except where the effect of total flowrate was
examined. Steady-state experiments were
performed to measure the effects of temper-
ature, feed composition, and space velocity
on the activity of the catalyst. Transient
experiments consist of step changes be-
tween a feed of pure H, and a mixture of
H,: C,H;,.

To probe the kinetics of a catalytic reac-
tion, it is necessary that heat and mass trans-
fer resistances be very small. It has been
shown by both experiment and calculation
that under the experimental conditions cho-
sen, both external and internal transport re-
sistance are negligible (5).

3. MECHANISM AND KINETICS

Ethane hydrogenolysis catalyzed by
Group VIII metals is generally explained
using the following mechanism, which con-
sists of three steps.
1. Adsorption Step

Hy, + 25, = 2H,
C2H6(g) + ZSV : CZHS(S) + H(S)
CHs) + Hy = CH, () + aHyg + Sy,

SHANG AND KENNEY

where S, represents a vacant surface site,
and x and a are integers related by a = (6 —
x)/2.

Gudkov ef al. (18) and Goddard et al.
(21) have proposed a mechanism for ethane
adsorption that consists of a series of steps
torepresent the formation of various surface
hydrocarbon species. In practice, the rates
of these vary according to the catalyst used
and the reaction conditions employed. The
above mechanism represents the overall be-
havior for the adsorption of hydrogen and
ethane.

1I. Fracture Step
CH,, + hydrogen— CH

y(s

II1. Hydrogenation and Desorption Step
CH

y(s)

+ hydrogen — CH,,
CH,, + hydrogen— CH,,.

This mechanism has been widely used in
kinetic studies of ethane hydrogenolysis (6).
In principle, any one of the three steps can
be rate limiting. However, hydrogen ad-
sorption at high temperature is expected to
be much more rapid than any of the other
steps. The processes of C-C bond rupture
and of the hydrogenation of the methyl frag-
ments have been reported to be the rate-
limiting steps (68, 17, 22). The rate of eth-
ane adsorption has also been assumed to
be rate determining by Martin (23) while
studying the kinetics of ethane hydrogeno-
lysis over a nickel catalyst.

1. Steady-State Models

Due to the fact that there are no compre-
hensive modeling studies of ethane hydro-
genolysis on ruthenium catalysts, a wide
range of models, from the literature and also
proposed in this work, have been used for
steady-state modeling. Both the original
model of Cimino e? al. (7) and the modified
form by Sinfelt and Taylor (10) ignored the
surface covered by hydrogen. These models
were extended in this work to account for
the competition of hydrogen in ethane ad-
sorption. The model proposed by Kristyan
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and Szamosi (19) considered hydrogen ad-
sorption together with multiple sites re-
quired for ethane adsorption. This model
was also modified to account for the possi-
bility that surface C,H, might occupy more
than one site. Strictly speaking, the number
of sites on the two sides of the reaction equa-
tion should balance. Thus, in some of the
cases vacant sites are required to provide a
site balance. Attempts were made in this
respect for both the model proposed in this
work and the model by Kristyan and Sza-
mosi (/9). Kristyan and Szamosi (19, 20)
concluded from their study of ethane hydro-
genolysis that the kinetically slow rupture
of the C—C bond takes place in the presence
of gaseous hydrogen. Our model was ex-
tended to consider the effect of splitting
agents (i.e., vacant site, adsorbed hydrogen,
or molecular hydrogen) on the rupture of
the surface C-C bond. Formation of steady-
state models was based upon assumptions
of equilibrium adsorption of reactants and
a rate-determining step. The derivation of
model ES4 is presented here, for which the
following reaction steps were assumed:

K
Hy, + 28, = 2H,,
Kg
C2H6(g) + Sv - CZHx(s) + aHz(g)

CH,, + Hyy— 2CH

y(s)

CH, + hydrogenﬂ CH,g,.

¥(s

The application of the Langmuir equation
for the adsorption of hydrogen and ethane
gives

Ky Pyt; = 6%
KEPEHV = oxPa N

(1)
2)

where Ky and K are the equilibrium ad-
sorption constants of hydrogen and ethane,
respectively, 0y, 0,, and 0, are the surface
coverage of H, C,H,, and vacant sites, and
a is an integer. The surface coverage of
CH,, is negligible since the hydrogenative
desorption of this species was assumed to
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be fast. Thus, for competitive adsorption of
hydrogen and ethane,

O + 0, + 6, = 1. 3)

Incorporating and solving Egs. (1) to (3)
give the expressions for the surface cover-
age of hydrogen and C,H, as,

0 _ (KHPH)O.S (4)
Bl + (KgPy)® + (KgP/PY)
K .P./P¢
P E E/P H (5)

*T 1+ KaPp)™ + (KePg/PY)'

The rupture of the C-C bond in C,H, is
assumed to be the rate-determining step in
model ES4, and gaseous hydrogen is in-
volved in this process. Thus, the reaction
rate is given by

r= kOXPH
) kKgPpPy
t(KuPy)™ + KgPg + P§’

©

The same procedure applies to the deriva-
tion of other mechanistically based steady-
state models. A summary of the steady-state
models investigated is given in Table 2.

2. Transient Model

Both experimental observations and the
results of steady-state modeling suggest that
the adsorption of hydrogen and ethane is
competitive. A simple elementary step
model has been developed based on compet-
itive adsorption. Assuming the reaction
steps

k
Hy + 28, = 2H,,
ky
&
C2H6(g) -+ ZSV \]‘— CZHX(ZS) + aHz(g)
‘4

ks
C.H, o5) + Hyg— 2CHy,

k,
CH,q + (4 — »)Hy— CHyy + (5 — ¥)S,.

To formulate the equations for a model, con-
sider the mass balance for a gas-phase com-
ponent i.
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TABLE 2
Summary of Steady State Models Studied

Model Rate expression Comments
ES1 Rate = k PEP Power law rate
ES2 kKgPpPy C,H; adsorption
Rate = e
KgPg + P equilibrium
ES3 kPg ko C,H, adsorption
Rate 1+6P5 " 7 kK, Nonequilibrium
ES4 kKgPpPy Competitive H,
Rate = — 0.5 r dsorpti
H(KuPp)™ + KgPg + P adsorption
ES4A Rate = kKgPpPyPit! Vacant size required
W€ PUKuPW)" + KePg + PET
ES4B Rate < kKgPgK ¥ PE03 Surface H required
¥ T PUKuPWT + KePy + PRP
ESS Rate = kKgPpPy Multiple sites
A= KePe + (KaPp)6 — )2 + (KgP)(T — 0)02] H, competitive
ESS5A Rate = kKgPePy(KyPy)(6 — x)/2 Vacant site required
A€ = KePg + (KuP)(6 — x)2 + (KnPp)(7 — 212
ES5B Rate = kKgPp(KyPy)(6 — x)/2 Surface H required
AC = TKePs + (KaPp)6 — %12 + (KPg)7 — 212]
ES5C Rate = k8,Py = k{(BRA)B — (B* + 4A)"] + 1}Py C,H, takes two sites
___ 2KePp = 0.5
A= Gpo6 i BT 1+ KuPy)
v dC; _ incn C ; experiment and so it is convenient to elimi-
E =qC —qC; + 2 mv;itis; (1) pate g from the equations. To do this, sum

where V is the reactor volume in m?, C; is
the gas phase concentration of the i species
in mol/m?, ¢ and q are the inlet and outlet
flowrate, respectively, in m/s, m is the mass
of the catalyst in g, r; is the rate of reaction
Jjinmol/g s, lis the number of reaction steps,
and v;; is the stoichiometric coefficient for
component i in the j® reaction. It is often
easier to deal with dimensionless quantities,
so dividing both sides by (VCy) leads to

dX; 1, ... m <

Xn — gX) + — >, v,
— ~7@Xr - aX). VCT; i)
where Cy is the total gas-phase concentra-
tion in mol/m3. While g™ remains constant,
the outlet flowrate ¢ may vary during an

over all components i

3 x=3xi

i=1 i=1

"=a, ®

where « is a constant depending on the per-
centage of inert Ar present in the feed
stream, and X® and X, are the mole fraction
of ™ species in the feed and reactor outlet,
respectively. Thus,

Ed_X'=0 (10)
& ode
in n 1
9.9 . m
VoV aVCT;FEIV (1)

let
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m n
Ve, EHV (12)
Therefore,
q_49".3
VoV + 5 (13)
Substituting Eq. (13) into Eq. (8) gives
dX: qi“ .
i d _(xin— x
a vV (X; )
!
m_
VCT, vt — X (14)

Similarly, consider the mass balance for
a surface species i

dZ, m <

= , 15

7 ST,-; Vit (15)
where Z; is the fractional coverage of i spe-

cies, and Sy is the concentration of total
active surface sites in mol/g.

It must be pointed out that given the level
of complexity of the problem, allowance for

139

the changes of rate constants with surface
coverage is not considered here. There is
growing evidence that the rate constants of
elementary reaction steps do vary with
changes in surface coverage due to heat of
adsorption and reaction (24). However,
these changes are unlikely to affect the con-
clusion of this work under the reaction con-
ditions employed.

Most step changes consisted of switches
from H,/Ar to H,/Ar and C,H/Ar mixtures
so that the initial conditions are clearly de-
fined. The initial surface coverage can be
estimated using the Langmuir equation
since hydrogen is the only active species in
the gas phase.

Having produced a model as a set of ordi-
nary differential equations (ODEs) appro-
priate to the CSTR, initial estimates of the
unknown parameters are made. The equa-
tions are then integrated numerically using
the routine DO2EBF from the library of the
Numerical Algorithms Group, which em-
ploys Gear’s method to integrate a set of

6.0
8 Pg=0.02 atm
o~ e Pp=0.03 atm
3
X Pg=0.04 atm
&b 501 - - ] »TE
3 . .
E
)
— ¢
w 40} ¢ .
2 . ¢
&’ .
= ] a s
8 a
o 301 a
E . .
= ®
8
5 20
= .
*
1 0 A 1 L e 1 A 1 A 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Hydrogen Partial Pressure (atm)

F1G. 2. Effect of hydrogen partial pressure on the rate of methane formation.
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Fi1G. 3. Effect of ethane partial pressure on the rate of methane formation.

stiff, nonlinear ODEs. When the integration
is completed, the optimization routine
VAQ2AD, from the Harwell library, adjusts
the values of the variable parameters, seek-
ing to minimize the function

(16)

L
F(k) = i (X::ialc - X:‘,ixpt)z’

=0

where X§, and X§,, are the calculated and
observed mole fractions, respectively, of
methane at time ¢;, k is the vector of variable
parameters, and the summation is over all
the points in time at which experimental
measurements were made, up to and includ-
ing the last point (at #;). The program stops
when F(k) has reached a minimum (i.e., the
best fit of the model to the experimental
data).

4. RESULTS
1. Steady-State Results

Experiments showed that the catalyst de-
activated in all feed conditions, but the ex-

tent varies with feed H, : C,H, ratio. Deacti-
vation is more significant at the initial stage
of the reaction. A time on stream of 15 min
was used prior to the measurement of the
steady-state rate. The catalyst was reduced
in hydrogen after each experiment to clean
any surface CH, species present.

The rates of methane formation deter-
mined over a temperature range of
158-223°C fitted well to the Arrhenius plot,
which gave an activation energy of 102.7
kJ/mol for afeed H, : C,H  ratio of 1 : 1. This
is in agreement with the published literature
values for ruthenium catalysts (25).

Figures 2 and 3 show the effects of hydro-
gen and ethane partial pressure on the rate of
methane formation. Figure 2 shows clearly
that over a wide range of feed compositions,
the effects of hydrogen partial pressure on
the reaction rate can be divided into two
parts. Once the partial pressure of hydrogen
is small, the rate increases with increasing
hydrogen partial pressure and reaches a
maximum. When the partial pressure of hy-



KINETICS OF ETHANE HYDROGENOLYSIS OVER Ru/AlL O,

141

12.0

2
&
o 10.0 LI
-6 [ ]
E . -
S 80
* .
o
g

N °
S 6.0 = o o a
£ R
o *
E *
o * *
% 40F
(5] a
g "
5 .
L
> 20fe

aBgg a
} & o]
o] o]
a
0.0 Il 1 'l A
0 1 2 3 4 5

Feed Hydrogen to Ethane Ratio

Fi1G. 4. Effect of temperature on the dependence of methane formation rate on hydrogen to ethane
ratio. () T = 180°C; (@) T = 200°C; (W) T = 220°C.

drogen exceeds a certain value, any further
increase in hydrogen partial pressure sup-
presses the reaction rate. With ethane, the
rate is proportional to its partial pressure,
but only up to a limit, beyond which it is
almost independent of ethane partial
pressure.

Figure 4 shows the effect of hydrogen to
ethane ratio on the reaction rate at three
different temperatures. The pressures of
both hydrogen and ethane were altered si-
multaneously in this case. The hydrogen to
ethane ratio corresponding to the rate maxi-
mum shifts to a higher value as the tempera-
ture is increased. This is consistent with the
finding of Sinfelt and Taylor (10) over a sili-
ca-supported cobalt catalyst.

Figure 5 shows some of the results of
steady-state model fitting to the experimen-
tal data. The modified forms of models ES4
and ESS showed little difference from the
original models; the results from these mod-
els are therefore not presented here. Table

3 gives detailed results from model fitting.
Included in this table are the number of hy-
drogen molecules released during ethane ad-
sorption (for models ES2, ES3, and ES4) or
the number of hydrogen atoms remaining in
the surface C,H, species (for model ESS).
This parameter was fixed during modeling
and its value was altered by repeating the
modeling process. The values given in Table
3 are those that produce the best fit for each
of the models. A power law rate equation
fails to fit the kinetic data over the whole
range of partial pressures as simple expo-
nents cannot account for the observed rates
that display a maximum. For completeness,
model fitting to power law equations was
accomplished correlating the data over two
ranges, i.c., hydrogen rich and ethane rich.
The results are summarized in Table 3
(model ES1) with the exponents lying in ac-
ceptable ranges.

To visualize the rate surface, model pre-
diction using the parameters found by fitting
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model ES4 was carried out for a temperature
0of 200°C, as shown in Fig. 6. As can be seen,
the predicted rate surface over the whole
range of feed compositions reflects the ex-
perimentally observed effects of hydrogen
and ethane partial pressure on the rate of
methane formation. The response surface is
consistent with competitive adsorption of
ethane and hydrogen.

2. Transient Results

As with the steady-state models, the tran-
sient model also has an adjustable parame-
ter, a (the number of hydrogen molecules
released during ethane adsorption), which
determines the composition of the adsorbed
surface hydrocarbon species. However, un-
like the steady-state model fitting, it was
found to be easier to discriminate between
different values of a although this involved
a great deal of tedious computation. a = 1
was found to give best fits to step changes
from hydrogen to 1 : 1 H,: C,Hj at three dif-
ferent temperatures and flowrates.

Figure 7 shows the result of fitting the
transient model described previously to step
changes from hydrogen to 1:1 H,: C,H, at
200°C and a total flowrate of 100 cm*/min.
The parameter values derived from the
model fitting are summarized in Table 4. The
units of these constants are all normalized
to reciprocal seconds since it is desirable to
have a standard convention to be able to
compare the results obtained in our research
group at various stages. The normalization
was carried out by utilizing constant values
representing the properties of the reaction
system, i.e., total gaseous concentration
and concentration of catalytic sites.

The normalization of the rate constant for
hydrogen adsorption is given here as an ex-
ample. The rate of hydrogen adsorption in
the transient model was defined as

r, = k,CySs, (17

where r, is the rate of hydrogen adsorption
in mol/gs, Cy is the concentration of gas-
eous hydrogen in mol/m?, and S, is the con-
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TABLE 3

Results of Steady-State Model Fitting

Model Parameters RMS %
a B
ESt
H, rich 0.6 0.9 16.5
C,H rich 0.0 -0.4 18.4
ES2 a k (mol/g s atm) Kg
3 1.44 x 10~* 1.06 x 1073 10.4
ES3 a k; (mol/g s atm) b
0 8.16 x 10} 3.24 x 1072 34.5
ES4 a k (mol/g s atm) Ke Ky (atm™)
2 1.52 x 10~ 1.45 x 10! 1.10 x 107 9.0
ESS x k (mol/g s atm) K; Ky (atm™1)
2 1.53 x 10~ 2.08 x 107 7.31 x 10° 14.3

centration of surface vacant sites in mol/g.
The units for the rate constant of hydrogen
adsorption is then given as

[gm’]
[mol%s]’

[k1] =

Multiplying the above expression by (C.S1),
which are the total gaseous concentration
and concentration of catalytic sites, respec-
tively, leads to

[gm?] [mol] [mol] _

il = {moPs] tm?] [g] =G

A similar procedure applies for the rate con-
stants of other reaction steps.

To examine the range of validity of the
model, the values so derived were used to
predict the transient behavior in other ex-
periments. Figures 8 to 12 show examples
of such predictions. As shown in Fig. 9, step
changes from hydrogen to 1/13 H,: C,H,
provide a demanding test of both the validity
and the limitation of the simple transient
model.

Figures 13 and 14 show the results of fit-
ting the model to step changes from hydro-
gen to 1:1 H,: C,Hg at 176 and 221°C and

flowrates of 80 and 90 cm®min, respec-
tively. Table 4 summarizes the parameter
values obtained.

The results of fitting the transient model
at three temperatures are well represented
by an Arrhenius-type rate dependence on
temperature for the proposed individual re-
action steps. The activation energies ob-
tained are presented in Table 5.

The predicted surface coverages of vari-
ous species for two feed compositions are
shown in Table 6. These predictions were
made for a time on stream of 200 s. It is
shown clearly that adsorbed hydrogen is the
dominant surface species for a stoichiomet-
ric feed mixture. This is true for most of the
feed conditions. The adsorbed C,H, be-
comes the major surface species only for
feed mixtures extremely rich in ethane.
Moreover, the coverage of the surface by
monocarbon species is negligibly low for all
feed conditions.

5. DISCUSSION

The rate of methane formation for ethane
hydrogenolysis has been measured over
a wide range of feed compositions on
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Ru/Al,O; catalyst. The general behavior of
the ruthenium catalyst is similar to that of
other Group VIII metals. It has been shown
that the rate of methane formation is a func-
tion of both the partial pressures of ethane
and hydrogen. A positive order dependence
of the rate on ethane partial pressure is ob-
served within a limit, beyond which the rate
is independent of ethane pressure. The de-
pendence of rate on hydrogen pressure goes
through a maximum, the effect of which var-
ies with temperature. Gudkov et al. (18)
made a similar observation in their study of

TABLE 4

Parameter Values from Transient Model Fitting

Temperature (°C): 176 200 21

Parameters (s 1)
ki 1.20 x 10° 1.68 x 108 2.44 x 108
I3 230 x 10° 3.24 x 10° 9.51 x 10°
& 7.56 x 108 2.50 x 10° 6.21 x 10°
k, 1.04 x 10 1.81 x 101 5.25 x 1010
ks 1.57 x 10! 2.48 x 10! 7.25 x 10!
& 1.07 x 107 1.09 x 108 1.09 x 108

ethane hydrogenolysis over a Pt catalyst.
This phenomenon strongly suggests that hy-
drogen is competing for surface sites with
ethane upon adsorption.

A range of steady-state models has been
tested. It is concluded that a simple steady-
state model (ES4) based on competitive ad-
sorption of hydrogen and ethane can suc-
cessfully explain the experimental observa-
tions. As shown in Fig. 6, the surface
coverage by hydrogen must be higher than
that by hydrocarbon species for most of the
feed compositions since it takes a much
higher ethane partial pressure to cause a
decrease in the rate. It seems that hydrogen
is more easily adsorbed than ethane on the
ruthenium surface during ethane hydro-
genolysis. This is consistent with the tran-
sient prediction of surface coverages by dif-
ferent adsorbed species. For a feed mixture
of 1:1 H,:C,H, the transient model pre-
dicted that adsorbed hydrogen is the major
surface species (see Table 6).

Comparison of rate constants for various
individual steps obtained from transient
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modeling reveals that the breaking of the
C-C bond in the adsorbed C,H, is the slow
step. This provides confirmation of the con-
clusions of the majority of the published
steady-state kinetic studies on ethane hy-
drogenolysis (26). The hydrogenative de-

sorption of surface monocarbon species is
fast and confirms the general view that this
step is kinetically insignificant (6, 27).

The results presented for the transient
studies show clearly that the rate constants
derived from transient model fitting at differ-
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ent temperatures display an Arrhenius-type
temperature dependence. The enthalpy de-
rived from this temperature dependence of
the rate of ethane adsorption, indicates that
this process, accompanied by the rupture
of C-H bonds, is an overall endothermic

process. However, the same consistency
cannot be achieved for the parameter values
from steady-state modeling. Indeed, multi-
ple solutions were encountered during
steady-state modeling in terms of Ky and
Kg. This shows the advantage of transient
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modeling as discussed by Kobayashi and
Kobayashi (27) and Bennett (28).

Both the steady-state models and the tran-
sient model studied have an adjustable pa-
rameter a or x (a = (6 — x)/2), which deter-

mines the composition of the adsorbed
surface C,H, and CH, species. It was found
difficult to discriminate between different
values of a in the steady-state models. How-
ever, it was easier in the case of transient
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modeling although this involved a great deal
of tedious computation. Consequently, the
parameter values derived from steady-state
modeling can vary over a wide range, and it
is difficult to draw quantitative comparison
between the results from steady-state and

transient modeling. On the other hand, the
results from transient modeling do justify
some of the assumptions made in the steady-
state models, as explained in the following.

Using the reaction scheme for the tran-
sient model, the steady-state description of
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90 cm*min.
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TABLE 5

Temperature Dependence of Selected Rate
Constants

Step Activation energy (kJ/mol)
H, adsorption 33.0
H, desorption 57.9
‘C,H, adsorption 89.0
C,H, desorption 69.2
C-C rupture 66.6

the system, following Petersen (29), is given
by

S, + 25, + 85 + S, =S¢
dSI/dt = 2k1C153 - 2kZS% - k6S3S‘}—y =0
dSz/dt = k3C2S3 - k4SzC? - kSSZCl =0

% =2ksC,S, — keS35177 =0,

where S, S,, S;, and S, are the concentra-
tions of surface H, C,H,, CH,, and vacant
sites, respectively, in mol/g, and C; and C,
are the concentrations of gaseous hydrogen
and ethane in mol/m’.

Rearranging the above set of equations
with a = 1 and y = 3, which produced the
best fits for the catalyst studied, gives

_ 1 JeshesCy \”?
g (b - $5%) =

kiCy

__ Kl @
52 (ky + k5) C, Sy
5 - 2WSHesksC ;.
ke (ky + ks)

[k]Cl - k3k5C2/(k4 + ks)]o'j

TABLE 6

Predicted Surface Coverages for Feed of 1:1 H;:C;Hg
and of 1:13 H,:C,H, at z = 200 s after Switch

Feed composition Hg, C,Hy, CHy,
1:1 0.26 0.057 3.3 x 107°
1:13 0.032 0.35 1.3 x 1078

Note. Temperature, 200°C. Flowrate, 100 cm?/min.
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Now, consider the set of rate constants
obtained from fitting the transient model to
step changes from hydrogen to 1:1
H,: C,H, at 200°C (Fig. 7).

k, = 1.50 x 10° m’g/mol’ s,
ky, = 9.44 x 10° g/mol s

ky = 1.36 x 10" m3g/mol’ s,
k, = 7.09 x 108 m*mol s
ks = 1.35 x 10° m*/mol s,

ke = 1.97 x 10'? g/mol s.

Since k, > ks, and C, = C, at steady state
in this example, then,
ksk
kC, > =2,
ky
The above expressions for the concentra-
tions of H, and C,H,, can then be simpli-
fied as

k 0.5 k.C

The corresponding surface coverages of the
two species are

k 0-3 kyST) C
o= (e) 0. =452

These are the same as those expected
from the Langmuir expression. Noting that
the rate of the forward step for ethane ad-
sorption is proportional to the square of the
concentration of vacant surface sites, while
the rate of the reverse step is proportional
to the concentration of C,H,, only, (k;S1)
can be regarded as the modified rate con-
stant for the forward step. Therefore, the
assumptions made in steady-state model
ES4, of equilibrium adsorption of hydrogen
and ethane, and of C-C bond rupture being
the rate-limiting step are justified.

Given the complexity of the processes oc-
curring on the catalyst surface and the ne-
glect of factors such as different kinds of
adsorption sites, surface coverage depen-
dent heat of adsorption and adsorbate mo-
bility, the ability of the proposed transient
model to provide a quantitative description
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of the transient process over a wide range
of feed compositions represents an improve-
ment to the current understanding of ethane
hydrogenolysis on a ruthenium catalyst.
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