Activator Effects on Urease Kinetics

An experimental study of the effects of amino acid additives on the
rates of urease kinetics showed that the degree of enhancement is semsi-
tive to the relative levels of additives and substrate, and that enhance-
ment can turn to inhibition at especially low concentrations of -either
arginine, DL-alanine, or glycine. Kinetic models developed to interpret
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these and prior literature data showed that all the data are consistent
in the framework of the steady state model proposed but contradict the
expectations that would follow from an equilibrium based treatment.

SCOPE

A fixed-bed differential reactor was used to evaluate
experimentally the steady state kinetics of the urea hydrol-
ysis reaction catalyzed by urease immobilized on non-
porous glass beads. In particular, data were sought that
would make possible distinctions between the equilib-
rium and steady state models, both of which attempt to
explain and predict the effects of amino acid additives.
A model was needed that would be consistent in at least
qualitative trends with both the measurements of this
study and the earlier data reported in the literature, to

the effect that rate enhancement occurred for some con-
centration ranges of additive amino acids and substrate
urea. Specific tests were run at room temperature, neutral
pH, and with additives arginine, DL-alanine, and glycine,
respectively, The results would have special relevance
to the use of immobilized enzymes as selective reusable
catalysts but may also shed light on the more general
questions associated with catalysts sensitive to small
traces of reactant additives, whether intentionally pres-
ent or not.

CONCLUSIONS AND SIGNIFICANCE

Experimental measurements show that amino acid ad-
ditives can either enhance or retard the rate of urea
hydrolysis catalyzed by immobilized urease, the specific
sensitivity depending on the relative concentrations of
the additive and the substrate. In general, the rate is
increased at higher substrate levels and reduced in very
dilute substrate to the extent that sharp minimum rates
are detectable for some amino acid systems. A steady
state model accounts very satisfactorily for these observa-

tions, and a previously used equilibrium viewpoint is
shown to be inadequate to this purpose. Earlier literature
reports are also reconciled by the new model. These re-
sults have primary significance for data explanation,
correlation, and prediction in enzyme activator engineer-
ing systems, but they may also raise considerations of
major importance in cell physiology, where interaction
between competing enzymatic chemical species are criti-
cal in enhancement and retardation effects.

In 1953 Wall and Laidler showed by experiments in
two different buffer systems on the well-known urease
catalyzed hydrolysis

(NH;),CO + 3H,0 — CO, + 2NH,OH

that the system was substrate inhibited by urea in con-
centrations over about 0.25 M, and that the reaction
rate was increased by small additions of any one of the
amino acids glycine, DL-alanine, or L-tyrosine, when
the urea level was also in its inhibiting range of concen-
trations. They demonstrated further that the rate en-
hancement is independent of the urea substrate con-
centration below a critical level, which appeared to be
at the reaction rate maximum. The enhancement was
found to be increased above the critical substrate level,
and they attributed this finding to the competition be-
tween activator and substrate for the substrate inhibitory
sites. More recently, Ramachandran and Perlmutter (1976)
reported from their work on urease that had been im-
mobilized by diazo-coupling to nonporous glass that the
enhancement effect of the amino acids is dependent on
substrate concentration even at levels well below the
range that produces substrate inhibition. They noted
that this result appeared to be inconsistent with the
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earlier finding but were not able to adequatcly explain
the discrepancy.

It is the purpose of this paper to offer a kinctic modsl,
new supporting data, and an interpretation of all sets
of data that shows them to be consistent in the new
framework. It is not necessary to resort to e-x.planations
that invoke the differences in buffers or in the nature of
immobilized enzymes, except to the extent that these
affect the relative magnitudes of pertinent kinetic or
equilibrium constants.

KINETIC MODEL

Following Wall and Laidler (1953) and Ramachandran
and Perlmutter (1976), assume that the enryme E is
partially converted to the more active form F* by the
action of the amino acid and that both E and E* com-
bine with the substrate S to produce intermediate com-
plexes ES and E®S. These subsequently decompose to
regenerate enzyme and produce product P according to
the reactions

k1 ka
E4+S=ES—E+P (1)

k-
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ks
E+A=E° (2)

kg
ks kg
E*4+S=E*S—E*+P (3)
|2

By assuming in the usual way that both product forming
reactions are first-order batch decompositions, the rate is

'd—P- = kGEﬁS + szS (4)
dt
Further development depends on the model and the as-
sociated algebraic technique used to eliminate the un-
known intermediate concentrations in favor of measure-
able substrate, activator, and enzyme amounts. The total
quantity of enzyme Erp is partitioned by this system of
reactions among four possible forms: free enzyme E,
the substrate complex ES, the activator complex E®, and
the substrate-activator complex E*S.

Equilibrium Treatment

1f one considers that except for the two controlling
product forming steps all the reactions in the set (1)
to (3) are at equilibrium, repeated substitutions in Equa-
tion (4) yield the rate equation

dP koK, E+S [
dt ~ 1+KS+Ki(1+KSA

ks K3Kq A]
ks K,

(5)
where, as usual, the equilibrium constants are defined
in terms of forward and backward rate constants

K= (6)
1 — k_i
This reduces in the absence of the activator to
dP ko K{E1S
e (7)
dt 1+K;S

Although their treatment of the problem was not al-
gebraically explicit, Wall and Laialer (1953) in effect
defined a rate enhancement factor by

concentration S in the presence

reaction rate at substrate
of the activator at concentration A

R(S,A) =

concentration S in the absence

{ reaction rate at substrate
of the activator

By substituting Equations (5) and (7), one can derive

keKy
1 A
+ Ks e

R(S,A) = (9)
L4 KA (1 + KS)

(14 KiS)

Equation (9) can be reduced to a variety of special
cases for specific purposes. By adopting the assumption
that K; = K3 = Ky = K, one obtains the equivalent of
Wall and Laidler’s interpretation, and Equation (9) re-
duces to the substrate independent form

1 ks/ky) KA

Ramachandran and Perlmutter (1976) expressed this
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same relationship in terms of experimentally derived

parameters as
KA Vamax

R(A) =1+ [ - 1] 11

( 1+ KA L Ve (0

where Vipax = koEr and Vg = keEr. Since these equa-
tions do not include any substrate dependence, they can-
not in any way be used to interpret the data reported
by Ramachandran and Perlmutter.

As alternative simplifications of the more general
Equation (9), consider restrictions on the range of con-
centrations rather than arbitrary assumptions regarding
the relative magnitudes of the equilibrium constants.
For small substrate levels such that

1
S<<— 12
X, (12)
and

1
S —
<< 2 (18)

Equation (9) reduces to
1+ (ke/ke) (KsKi/Ky)A
1+ KsA

If, in addition, high activator levels are used such that

R(A) = (14)

1
A>> — 15
X, (15)
and
asst K (18)
ks KsK4
then the constant
ke K4
R= ——
kz Kl (17)

It is, on the other hand, also possible to obtain a
special form of Equation (9) that is independent of
substrate level if

1
S>> — 18
X, (18)
and
S>> 1 (19)
K,

With these restrictions, Equation (9) becomes

R(4) = 1+ (ke/ky) (KsKe/K;) A (20)
- 1 + (KsKy/K))A

If in addition
K,

A>
> KsK,

(21)

and condition (16) applies, Equation (20) reduces to
the constant

=_5 (22)

A comparison of Equations (14) and (20) suggests
that the sensitivity of R with respect to A will differ at
high and low substrate levels. Furthermore, Equations
(17) and (22) indicate that although R approaches a
maximum value at high A regardless of S level, the limit-
ing values will be different by a factor of the ratio of
the equilibrium constants (K4/K;). Such trends are il-
lustrated in Figure 1, where calculated enhancement fac-
tors are shown for particular plausible values of the
system parameters. Finally, it should be noted that for
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Fig. 1. Effect of additive concentration on enhancement factor at

high and low substrate levels, calculated from Equations (14) and
(20) for K3 = 1, (k¢/ks) = 3.41, and (K;/Kg4) = 1.32.

systems that show no rate enhancement under conditions
of dilute substrate and concentrated activator, Equation
(17) yields R = (k¢Ks/k9K;) = 1 and simplifies Equa-
tion (14) to R = 1 at any level of A. Since these find-
ings all arise from an equilibrium model argument, it is
pertinent to ask whether the same results would arise
from a steady state interpretation of the kinetics. The
next section undertakes to examine this question.

Steady State Treatment

Assume as before that the reaction mechanism follows
the chemistry of Equations (1) to (3), but as a point
of departure from this earlier treatment, consider in
addition that the intermediate E*S can also be formed by

ks
ES+ A=E"S

kg

(23)

Once again the development of a single equation rate
model proceeds from Equation (4) by repeated sub-
stitutions to eliminate the unmeasured intermediates. This
time the needed algebraic relations are obtained by
applying to the elementary reactions the pseudo steady
state hypothesis (PSSH) in the manner presented in
detail by Aris and his co-workers (1967, 1972). The re-
sult yields the rate of product formation as

dap
— = BEr(k k
7 BEx(kgy + kea)

(24)
where:

« = E*®*S/E = the ratio of enzyme in the substrate
activator complex to that in the free state

B = E/Er = the fraction of total enzyme existing in
the free state

v = ES/E = the ratio of enzyme in the substrate
complex to that in the free state
The ratios «, 8, and y can be expressed in terms of

[kska(k—y + ks + ksA) + kiks(k—3 + kiS)]SA

kS + k_pe
ks +k+ kA
Since it is the purpose of this study to provide a frame-
work for data interpretation, it is advantageous to ex-

amine reduced forms of Equation (24) in specific ranges
of substrate and activator concentrations.

Dilute Substrate. As the substrate concentration is reduced
to the level of

27

‘y.__

S << (k-3/ks) (28)
Equations (25) and (26) become
a = 3§ (29)
kIS + k_58S KMAk4 ]_:l
=|14+8+—-—-——+ KA+ S
A [ ki + ke + kA k_s
(80)
and Equation (24) simplifies to
dp [ ko(ky + k-53) ] \
— = BE;S | ked 31
T BEr 6+k_1+k2+k5A (81)
where
6 = [ksks(k—y + ks + k5A) + kik-gks]Aa
" koalk—g + ko)k—1 + kg + ksA) + k—gk—s(k—1 + ko)
(32)
Applying the defining Equation (8), one gets
koit ke ][ ks ki + k_s8 ]
R(S, A) = [——— sl ==s
A= IR P AR kA
(33)

with 8 as given by Equation (30). If the substrate level
is further restricted to the range

1+ KA

S<< 34)
14+ (k—s8/ky) ks (
——— + Ky —
Ky + (ksA/ky) k_s
the enhancement factor becomes
Ry = fo_[ oy L (k) ]
1+ KAL Kk Ky + (ksA/ky) (
35)

Dilute Substrate and Concentrated Activator. When the
substrate concentration is reduced to the level of

Kuma
14 (kaKyalk_3)

and condition (28) applies, while activator is present
at high concentrations defined by

S <<

(86)

k—s(k—g + k) (k=1 + kg + ksA) + k_5(k—1 + kg) (k=3 + ksS)

kinetic constants and the measurable substrate and ac-
tivator concentrations as

kIS + k_5a
k_y+ ke + ksA
k3A + (k_4 + ks)a
k_g+ kS

)9=[1+a+

" s
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1
A — x
>> a (87)
ky
A - \
>> K, (38;
(25)
k_y + k
A>>—" 2 (39)
ks
1
A>> - (40)
Ks[ 1 4 Kuaks ]
k_s
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and
As> S K 1
ks Kua Ks
then the rate enhancement factor becomes
R=— _kt_a_ ks (k-1 + k2)
ky (k—g+ kg) k
_ ke Ku _ Vomux Ky
" ks Kma  Vmex Kua
Concentrated Substrate and Concentrated Activator. As

substrate concentration increases sufficiently to the level
that

(41)

(42)

S>> (k—3/ks) (43)
and
S>> (ksA/ky) (44)
Equation (24) reduces to
dP _ kEr
T 11 KA [1+ (keKsA/ks)] (45)

and the enhancement factor can be obtained as

1 + (keKsA/k:
R(A) = + (keK5A/ky) (46)
1+ KsA
At high enough levels of activator, Equation (46) be-
comes

R= ke/kz (47)

Comparison of Equations (42) with (47) shows the
same effect of substrate level on the sensitivity of R with
respect to A as was noted earlier in comparing Equations
(17) and (22). In this respect the equilibrium and
steady state models lead to the same conclusion in the
limit of concentrated activator; other characteristics of
the more general forms of the equations may be used,
however, to distinguish between the two models. To
focus on these points, it is convenient to examine Figure
2 which shows values of the enhancement factor calcu-
lated from Equations (35) and (46) at the selected
parameter settings indicated and the same information
reproduced on the expanded log scale as Figure 8. In
contrast to the lack of such sensitivity exhibited in Figure
1 for the equilibrium model, the curves in Figures 2 and
3 show very different dependence on activator addition
at high and low substrate levels. In the particular case
chosen for the example of Figures 2 and 3, the differ-
ence is so marked as to produce a sharp minimum in
the enhancement curve as well as fractional values of R
over part of the range of activator. Values of R < 1
imply, of course, that the activator has in fact become
an inhibitor, The location of the minimum in R will
shift with changes in the system parameters, disappearing
entirely for some ranges of activator concentrations.

EXPERIMENTAL RESULTS

Since the alternative models developed for the urease-
activator systems lead to sharply divergent predictions,
a series of experiments were run that tested the
expectations at amino acid levels well below those pre-
viously reported (Wall and Laidler, 1953; Ramachandran
and Perlmutter, 1976). In all other respects the apparatus
and materials used were the same as those described by
Ramachandran and Perlmutter (1976). It should be
noted, however, that the immobilized enzyme differs
from batch to batch, sometimes considerably even under
conditions believed to be identical. In the constant flow
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Fig. 2. Effect of additive concentration on enhancement factor at

high and low substrate levels, calculated from Equations (46) and

(35) for (k—1/k1) = 100, (k—s/ks) = 0.001, Kz = 10, K3 = 1,
Ky = 3.1, Kma = 4.1, (ke/ks) = 3.41.

3.5 T T 1’||||| T T ||l|"l T T 'll'l'l T T rrrrrr
30
25 CONCENTRATED B
SUBSTRATE -

20 (EQUATION 46) -~

R 7

//
15 =
/
/
10 / N
%
\\\ Vs

05 ">~ _ " DILUTE SUBSTRATE

———— (EQUATION 35)
O =3 1 ) Illllll-z 1 lllllll-‘ bl L1 1 1
10 10 10 {e] 1

ADDITIVE CONCENTRATION , mM

Fig. 3. The calculated curves of Figure 2 on an expanded scale.

differential fixed-bed reactor used in this study, the con-
centrations of all enzyme species remain invariant with
time.

Experiments were run on three different enzyme-bead
batches with three different amino acid additives at three
levels of urea substrate concentration, as itemized in
Table 1. These results are presented as Figures 4 to 6
covering a total range of activator concentrations of about
105. Flow rates, particle dimensions, and catalyst activities
were for all runs in the ranges previously demonstrated
(Ramachandran and Perlmutter, 1976) to be beyond
any significant diffusional interference.

TABLE 1. Apprrives AND CONCENTRATIONS USED IN
EXPERIMENTAL SERIES

Urea
sub-
strate
concen-
Additive concentration tration, Enzyme
Amino acid range, M M batch
DL-alanine 4% 10-6t02 x 102 0.002 1
Arginine 2% 1075to5 X 102 0.002 1I
DL-alanine 2% 1074to2 X 10—2 0.01 1
Arginine 9x10-6tol x 10—3 0.01 II
Arginine 1 X 10-3tol x 101 0.01 111
DL.-alanine 2X10-3to1 x 101 0.10 I
Glycine 6 X 10~4to2 x 102 0.10 1I
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Fig. 4. Effect of additive concentration on enhancement factor gt
urea level = 2 mM.

DATA INTERPRETATION AND DISCUSSION

An assessment of the relative merits of the models de-
veloped here can be based on comparisons of the experi-
mental trends with those predicted by the equations, or
comparisons of the numerically estimated parameters de-
rived by alternative arguments from the equations. Both
approaches are explored in this section.

A common method for estimation of Michaelis con-
stants utilizes measured reaction rates at a series of sub-
strate concentrations to extract the appropriate constants
by simply determining the substrate levels corresponding
to rates that are half their maximum values. For this
purpose, supplementary data are needed on reaction rates
in the complete absence of amino acid and at relatively
high activator levels, Such measurements are available
for the immobilized enzyme systems of interest {Ram-
achandran and Perlmutter, 1976) and are presented as
Figure 7. Application of the half maximum procedure
to these data yields the same results for both glycine
and DL.-alanine:

Ky = 3.1mM

Kma =4.1mM
(KMA/KM) = 1.33

The relationships expressed as Equations (42) and
(47) for the steady state model suggest that there is
another independent way of using experimental data to
estimate the (Ku/Kpa) ratio. This alternative is based
on the expectation arising from the ratio of Equations
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Fig. 6. Effect of additive concentration on enhancement factor qt
urea level = 100 mM.
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(42) and (47) to the effect that the enhancement factor
R approaches limits at concentrated A that differ by the
ratio (Kua/Ku). Thus, a comparison of R valies from
experiments in concentrated A for dilute and con-entrated
S yields
R(concentrated A, concentrated S) ~ Kua
R (concentrated A, dilute S) Kyt

Choosing values for glycine from Table II of Ramachan-
dran and Perlmutter (1976), we get

R(concentrated A, § = 250 mM) _ 3.41

R(concentrated A, S = 2 mM) T 257
and
(KMA/KM) = 1.32
v T T l]]lll] TT 1 lllll” T 7 FTTTIIT
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Fig. 7. Experimental reaction rates at various substrate levels with
and without additives.
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a result virtually identical to the value obtained above.
The analogous figures for DL-alanine are

R(concentrated 4, S = 250mM)  4.03
R(concentrated A, S = 2mM)  2.83

and
(KMA/KM) = 1.42

This result and the prior figure differ by about 7%, but
this difference is within the range of experimental error
and offers no substantive basis for any distinction.

A related but different data interpretation may be ex-
tracted by referring to the equilibrium model. In this
case, comparison between Equations (17) and (22)
shows that the limiting R values are related by

R(concentrated A, concentrated S) Ky
R{concentrated A, dilute S)

=X
Using the same experimental data as previously, one gets

—- =132 for glycine
K;
and

Kﬁ = 1,42 for DL-alanine

1

Evidently, these numerical results cannot distinguish
between the steady state and equilibrium models at high
substrate levels but can only be used to estimate ratios
of appropriate rate or equilibrium constants, respectively.
They were used for this purpose in the calculations
shown in Figures 1, 2, and 3.

To emphasize the qualitative trends implied in each
model, it is useful to compare the data of Figures 4
to 6 with the computed Figures 1 to 3. The expanded
log scale of Figure 8 focuses especially on the dilute
ranges of additive concentrations that correspond to the
data. It is evident that the data trends conform qualita-
tively to the expectations of the steady state model and
not to the predictions of the equilibrium model. This
generalization accounts for the enhancement values less
than unity, for the minimum with respect to additive
concentration, and for the very dilute range of amino
acids in which these phenomena show up. In addition,
the data suggest a move to enhancement factors greater
than unity as additive concentrations increase toward
the ranges of previous tests. The markers on Figure 5
report the spread between duplicate runs for which the
points are averages.

Further support for the steady state model may be
obtained from the literature reports. At low substrate
levels the results in Ramachandran and Perlmutter’s (1976)
Table 2 show a dependence on glycine concentration
that disappears at higher substrate concentrations. This
trend in sensitivity is consistent with the expectations
arising from Equations (35) and (46) but is not pre-
dicted by the equilibrium model. The curves of Figures
2 and 3 based on the steady state model show the same
pattern as the glycine data in that sensitivity depends
sharply on substrate level. The Figure 1 curves are
based on the equilibrium model and show no marked
effect of this sort.

The details of enhancement behavior will, of course,
depend on the parameters applicable to a specific set
of experiments. Accordingly, the differences observed
by Ramachandran and Perlmutter (1976) between the
activating effects of glycine and DL-alanine are probably
to be attributed to the differences in rate and equilibrium
constants, rather than to a necessary change in mecha-
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TasLE 2. DaTA REPorTED By WALL AND LAamrEr (1953)
ON APPROXIMATE R VALUES AT VARrious UREA

CONCENTRATIONS
R
Urea Phosphate THMAM-HsS04
concentration, buffer buffer
M (pH = 6.8) (pH = 7.13)
0.005 1.4 1.4
0.025 14 14
0.15 14 14
0.83 2.5 2.0

nisms. Similarly, there is no need to postulate any sup-
plemental mechanistic steps in interpreting the earlier
Wall and Laidler (1953) results on homogeneous urease
activators. The findings reproduced as Table 2 are en-
tirely consistent with the models described here for
appropriate choices of the relevant constants. In the
range of urea substrate concentrations between U =
0.005 and U = 0.15 M, the enhancement factor is in-
dependent of substrate level, increasing only at the
higher level of U = 0.83 M, a result that would be
expected from Equations (42) and (47) if Kys ~ Ky
in the two buflers, respectively, and provided that the
higher values of R at U = 0.83 M correspond to a change
from the simple Michaelis-Menton rate form to a sub-
strate inhibition.

The experimental findings, new and old, give support
to the prediction of the steady state model that a given
additive can have either positive or negative effects on
reaction rate at different concentrations, and depending
on the related substrate level. Since this reversal arises
from the interaction between competing active species,
it would appear to be a consideration of major importance
in enzymatic behavior related to cell physiology or mass
transport. In particular, there may be applications to
membrane processes such as occur in artificial kidney
devices which handle urea.
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NOTATION

concentration of activator
concentration of enzyme in free state
concentration of enzyme substrate complex
concentration of enzyme activator complex
total enzyme concentration
rate constants of the elementary steps in Equa-
tions (1) to (4)
ki/k_;

(k—1+ ko) 1+ (ke/k—y)

ky K,

K (k—s+ k) L+ (ke/k—4)

MA — k4 K4

concentration of product
the enhancement factor defined by Equation (3)
concentration of substrate
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ratios defined by Equations (20), (21), and (22)
constant defined by Equation (23)
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Hydrogenolysis Kinetics of Ethane and
n -Pentane Over Unsupported
Copper/Nickel and Platinum Catalysts

Two kinetic models of hydrocarbon hydrogenolysis over monometallic

surfaces, based respectively on catalytically uniform or nonuniform sur-
faces, are applied to ethane and n-pentane hydrogenolysis results over
copper-nickel alloy catalysts as well as the monometallic catalysts platinum
and nickel. i no direct hydrogen desorption appears in any postulated
irreversible step, both models predict the same composition for the im-
portant surface intermediates C,H, (n = 1, s), where x depends upon the
catalyst.

This analysis predicts that for essentially all alloy catalysts to which
the postulated sequences may apply, the hydrogenolytic surface interme-
diate C,X, contains one more hydrogen atom than that calculated for a
nickel catalyst: specifically, C,H; (alloy) vs. CoHy (nickel) for ethane and
C;sHj (alloy) vs. CsHy (nickel) for n-pentane.

SCOPE

DAVID F. OLLIS
and
HASSAN TAHER!

Department of Chemical Engineering
Princeton University
Princeton, New Jersey 08540 USA

The hydrogenolysis of ethane is by now a classical
reaction in heterogeneous catalysis, having been charac-
terized kinetically by studies over iron, cobalt and nickel
catalysts (Cimino et al., 1954), other group VIII metals
(Sinfelt and Taylor, 1968), and copper-nickel alloys
(Sinfelt et al.,, 1972; Sinfelt, 1973). An obvious indus-
trial interest has existed for some time in finding base
metal alloy catalysts which might be used as a substitute
for such noble metals as platinum and palladium.
In the petroleum refining industry, reactions of Cjs, Ce,
and C; hydrocarbons are important; in particular, the
selectivity for hydrogenolysis vs. nondestructive rear-
rangements [(de)hydrocyclization, skeletal isomerization,
dehydrogenation] is of prime concern.

It has been appreciated previously that copper-nickel
catalysts, in the presence or absence of solid acid cata-
lysts, exhibit lower hydrogenolytic activity than nickel
toward hoth ethane (Sinfelt et al., 1972) and C;-C; hy-
drocarbons (Reman et al., 1971; Ponec and Sachtler, 1972).
A kinetic scheme involving equilibrated hydrocarbon ad-
sorption on a catalytically uniform surface has been pro-
posed by Cimino et al. (1954) and subsequently modified
by Sinfelt (1972) to rationalize reaction orders in ethane
and hydrogen at temperatures where hydrogenolysis rates
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first become appreciable. An alternate proposal set forth
by Boudart (1972) considers this reaction as a two-step
irreversible sequence occurring on a catalytically non-
uniform surface for several monometallic nickel or iron
catalysts.

The purpose of the present paper is to establish that
either scheme provides a reasonable description of hydro-
genolysis reaction orders over copper-nickel alloy surfaces,
in particular, for the alkanes, ethane (Sinfelt et al., 1972),
and n-pentane (Taheri, 1975; Taheri and Ollis 1975).
Further, the results provide a quantitative connection
between hydrogenolysis kinetics of alkanes over copper-
nickel alloys vs. the well-studied examples of mono-
metallic nickel or platinum catalysts.

The implications of these results are twofold. First,
the utility of ethane hydrogenolysis models in developing
fruitful approaches to hydrogenolysis of ethane and con-
siderably larger molecules over metal alloy catalysts en-
courages application of other classical kinetic laws to
reactions catalyzed on alloy surfaces. Also important,
the present paper provides a quantitative experimental
example of the nearly identical kinetic features resulting
from considering catalytic surfaces as either uniform or
nonuniform.
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