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Abstract—The microkinetic analysis of ethane hydrogenolysis in the framework of the Sinfelt-Taylor mech-
anism is carried out using UBI-QEP data on the energetics of elementary steps. On single-crystalline surfaces
of Pd(111), Pt(111), and Ni(111), the reaction predominantly occurs via ethyl formation in which the C—C bond
is cleaved. The surface concentration of ethylidyne is very low, and ethyl has the highest concentration among
all hydrocarbon fragments. For the conditions studied in this work, the activity in ethane hydrogenolysis
increases in the series Pd(111) < Pt(111) < Ni(111). According to the results of kinetic modeling, the reaction
occurs via quasi-equilibrium steps of adsorption and dissociation of hydrogen and ethane and further, practi-

cally irreversible formation of methane.

INTRODUCTION

Ethane hydrogenolysis is one of the oldest model
reactions of heterogeneous catalysis whose mechanism
is still debatable. Many researchers agree that the reac-
tion occurs via the Sinfelt-Taylor mechanism [1-15],
which consists of the following steps: hydrogen chemi-
sorption, ethane dehydrogenation on the catalyst sur-
face with the formation of adsorbed C,H, species, the
C-C bond cleavage in C,H, (x = 5-0) with the forma-
tion of CH, species (y = 3-0), and CH, hydrogenation
with the formation of methane, which desorbs from the
surface. At the same time, some authors assume that
this mechanism is not applicable to all catalysts [16].
Those who accept the Sinfelt-Taylor mechanism
believe that the rate is determined by C—C bond cleav-
age in the fragments formed via quasi-equilibrium
steps.

The main Sinfelt’s argument [1, 2] in favor of the
proposed mechanism is based on experimental data that
hydrocarbons are chemisorbed on the metal surface
with the formation of gaseous hydrogen at lower tem-
peratures than those necessary for hydrogenolysis. The
results of H/D exchange under hydrogenolysis condi-
tions may provide further evidence for the proposed
mechanism since they suggest that the reactivity of
C—H bonds is higher compared to that of C—C bonds
although the energy of C-C bonds is ~10 kcal/mol
lower. The reason for such a reactivity pattern is that the
binding energies (chemisorption heats) of intermedi-
ates with the catalyst surface determine the activation
energy estimates of the corresponding elementary steps
together with the C—C and C-H bond strengths.

Analyzing the kinetics of ethane hydrogenolysis in
the framework of the proposed model, Sinfelt pre-
sumed that the number of hydrogen atoms in C,H, frag-

ments where the C—C bond is cleaved differs for differ-
ent catalysts [1-3]:

Metal Co Ni, Ru, Os, Ir  Rh, Pd, Pt
X 4 2 0

Sinfelt assumed the absence of competition between
ethane and hydrogen for the active sites on the surface,
and this assumption was criticized by Boudart [17].

In some papers another step of C—C bond cleavage
assisted by surface hydrogen was considered [2, 18, 19]:

C2Hx, ads + Hads CHy, ads + CHx7y+ 1, ads*

Arguments were also presented for considering the
steps of hydrogen atom transfer from one carbon atom
bound to the surface to another such atom in another
surface species [20]. It is possible that steps of other
types are also missing in the mechanisms that are pro-
posed most frequently.

For the Sinfelt-Taylor mechanism, the key ques-
tions remain: In what surface compound is the C-C
bond cleaved, what pathway contributes the most to the
overall rate, and do the C—C bond cleavage steps deter-
mine the rate? It also remains unclear whether the most
important routes depend on the nature of the catalyst
surface.

Earlier, these issues were addressed by estimating
the activation energies of C—C bond cleavage steps in
possible intermediates [21, 22] by the unity bond
index—quadratic exponential potential (UBI-QEP)
method proposed by Shustorovich and Sellers [23-25].
However, these estimates did not provide clear answers
to the above questions. There were only reasons to
assume that the most probable species where the C—C
bond is cleaved are ethyl, ethylidyne, adsorbed acety-
lene, CH,CH,4,, CH,C,4, and CHC,,,. Moreover, the
calculation procedure used in [21, 22] was rather com-
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plex and provided qualitatively sound results, but they
conflicted with other numeric values used in the UBI-
QEP approach. Finally, the methods for calculating the
binding energies of some key intermediates in ethane
hydrogenolysis were improved in the recent work [26].

In this work, we took standard UBI-QEP numeric
values of input parameters [26] and improved calcula-
tion techniques for the binding energies of some
adsorbed species [26]. Then, we carried out kinetic
modeling based on the Sinfelt-Taylor mechanism,
using a computer program that we developed without
the assumption of the quasi-equilibrium of steps. The
mechanism presented below includes all possible C—C
bond cleavage steps:

H, oo+ 28 = 2H,q, @

CHy, gos + 28 = CH; 445 + Hygs, dn
CH;CH; g5 + 28 = CH3CH, 45 + Hygs, {1D)
CH;CH,_ 445 + 2s = CH3CH, 4 + Hyg, Iv)
CH;CH, 4 + 2s = CH;C,4, + Hygo, V)
CH;C,y, + 25 = CH,C,y, + Hyys, (VD
CH;CH,, 445 + 2s = CH,CH,_ 4 + Hygs, (VII)
CH,CH,_,4; + 2s = CH,CH 4, + H,g5, (VIID)
CH,CH,, + 25 = CH,C,y, + Hygs, IX)
CH,CH,4 + 2s = CHCH,, + H, 4, X)
CH;CH,_ 45 + 25 = CH; 4 + CH, 44 (XD
CH;CH, 4 + 2s = CH; 4, + CH,gq, (X1I)
CH,CH, 4 + 2s = CH,_ 4, + CH, g4, (XIID)
CH;C, 4 + 28 = CH;_ 445 + Cyysr (XIV)
CH,CH, .4 + 28 = CH, .4 + CH,_ 4 XV)
CHCH,4 + 2s = CH, 4, + CH,,, (XVD
CH,C,ys + 28 = CH,_ 45 + Cyysr (XVII)
CH,y + 25 = Cyys + Hogo (XVIID
CH, 4 + 2s = CH,ys + Hyys (XIX)
CHj .45 + 2s = CH,_ 44, + Hygs. (XX)

METHODS
Program for Kinetic Modeling

We developed a computer program for kinetic mod-
eling for the Microsoft Windows platform with a con-
venient user interface. The program makes it possible
to compose rate laws based on a set of elementary steps
with activation energies and preexponential factors.
Based on these data, the program generates a set of dif-
ferential equations in a form that is compact and conve-
nient for simulation. The main working part of the pro-
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gram solves the system of stiff differential equations
and consists of several modules:

(1) A subprogram for calculating the values of the
rates using the vector of concentrations and the Jaco-
bian matrix and other derivatives by real-time differen-
tiation of the set of equations.

(2) The main module that implements several meth-
ods for solving the set of stiff differential equations,
including the Rosenbrock method with various sets of
parameters [27-29], the method of semi-implicit
extrapolation [30], various modifications of the Gear
method (BDF) [31, 32], and Adams—Moulton formulas
(AMF) [33]. In addition to these methods, we imple-
mented and improved the CVODE program package
[34]. The code of functions was rewritten and opti-
mized.

(3) The subprogram for estimating the sensitivity
coefficients for kinetic equations with respect to vari-
ous parameters.

(4) The external shell for estimating the ranges of
computation (time and number of iterations), checking
the fulfillment of equilibrium and stationary regimes,
showing results at a graphical display, and writing var-
ious files (binary, text, MS Excel spreadsheets, etc.).

The choice of the above methods for kinetic model-
ing is explained by the stiffness of the set of differential
equations that describe the evolution of the kinetic sys-
tem over time. The stiffness is typical for many kinetic
problems in heterogeneous catalysis and appears when
dependent variables change depending on two or more
independent variables with substantially different coef-
ficients.

In this work all simulations were carried out using
the Rosenbrock method and 80-digit registers of a co-
processor.

Microkinetic Modeling

To model kinetics, we entered the reaction mecha-
nism, the activation energies of elementary steps calcu-
lated by the UBI-QEP method (see below), and the val-
ues of the preexponential factors. The latter were
obtained assuming that they are independent of the cat-
alyst. We took the values of preexponential factors from
the published models [4, 5]. They were assumed to be
equal to 1.0 x 10'3 s7! for the surface reactions and des-
orption; a value of 1.0 x 10° kPa~! s~! was taken for
hydrogen adsorption; and a value of 1.0 x 10* kPa~! s7!
was taken for ethane and methane adsorption. The par-
tial pressures of gases (methane, ethane, and hydrogen)
were considered constant for each simulation experi-
ment. The pressures of hydrogen and ethane were var-
ied from 0.1 to 1 atm and from 0.01 to 0.1 atm, respec-
tively. The pressure of methane was taken equal to zero.
The temperature range was 478-673 K.

Simulations were carried out for the plug-flow reac-
tor working in the regime of low conversions up to the
steady state. The absolute admissible error in calculat-
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ing the concentrations was 1 x 10°, and the relative
admissible error was 1 X 107, According to simula-
tions, the steady-state values of the rates were achieved
for approximately 1 h. The initial integration step was
chosen to be 1020 s. The scale of time was set by the
values of the preexponential factors. As a result, the
surface coverages with various species, the rates of
each reactant formation, and the rates of each step were
recorded. The accuracy of simulations was checked
using the balance of free surface and the balance of the
rates of elementary steps in the steady state.

Activation Energy Calculations
by the UBI-QEP Method

To calculate the activation energies of elementary
steps on the surfaces of Ni(111), Pd(111), and Pt(111),
we used the UBI-QEP method in the zero-coverage
limit [23-26]. The input data were the binding energies
of atomic adsorbates on these metals obtained in exper-
iments or reliable calculations. When calculating the
activation energies, the binding energies of adsorbates
are calculated first, which in turn are calculated from
the values of two-center metal-element bonds Q,. The
latter are constants and can be taken from [26].

To calculate the binding energies of H and C (Qy
and Q¢) on the above surface, we used the following
formula:

O =002~ 1/n),

The values of ethane binding energies were taken
from [22], and the corresponding values for methane
were taken 1.5 kcal/mol lower than for ethane.

A=H,C. (1)

n=3,

In the case of strong binding of adsorbate X (X =
CH;CH, CH;C, CH,, CH) with the surface via atom A
(in our case A = C), the following equation is used:

Ox = 02 /(Qa + Dyp), )

where D, is the sum of bond energies between an
atom that binds X to the surface and the rest of a mole-
cule. For CH;CH, CH;C, CH,, and CH, D,y is 173, 114
(the average between the limiting values in two parti-
tioning schemes [35]), 183 and 81 kcal/mol, respec-
tively; Oa = Qc. In the case of medium-strength bind-
ing, we used the formula

Qn ., O )
Qoa/n+Dng  Qp+Dag/)

where X = CH3CH2, CH3 and DAB = 283 and
293 kcal/mol, respectively; n corresponds to the posi-
tion of an adsorbate; in our case n = 1. The binding of
H, is calculated according to the formula

900,

3)

0y = 0.5(

Oa, A=H, “)
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where Dy is the H-H bond energy (104 kcal/mol). The
binding energies of symmetric molecules XX (where
X = CH and CH,) were calculated according to the for-
mulas proposed in [26]:

90%

= 60+ 16D’ ©

QXX
where Ox = Qcy and Qcy,, and D is the sum of bond

energies in the gaseous acetylene (392 kcal/mol) and
ethylene (538 kcal/mol), respectively. The binding
energies of CH,C and CHC where one of the carbon
atoms has no bonds with a hydrogen atom were calcu-
lated using the standard formula:

ab(a+b)+D,g(a—-b)’
ab+ D,g(a+b)

Ox = (6)

In Eq. (6), Dyp is the C-C bond energy (Dcy,c =

155 kecal/mol and D¢y = 161 kcal/mol). The values of
a and b for the first and second contact atoms were
found as follows. For the contact carbon atom without
hydrogen substituents, this is simply the value of Q
(that is, b = Q). For the contact carbon atom with m
hydrogen substituents, their effect is taken into account
according to the formula [26]

mQoy

o)) o

For the CH,CH species, the binding energy is calcu-
lated using formula (6), the value of a is calculated
using formula (7) where m = 2 and b is calculated using
formula (7) where m = 1. The C-C bond energy is
157 kcal/mol. In all calculations we assumed that C,
species (except for ethylidyne, ethylidene, and ethyl)
are bound via two contact atoms to the surface.

All steps in the Sinfelt-Taylor mechanism are of the
form AB,4, = A 4, + Bgs- The activation energies of such
steps are calculated using the formula

E =0.5[AH + Q,0p/(Oa + Op)], (8)

where AH is the enthalpy of the reaction on the metal
surface calculated from the thermodynamic cycle des-
orption—gas-phase reaction—adsorption:

AH=Q\g+D - 0x— 0. ©)

In Eq. (9), D is enthalpy of the analogous gas-phase
reaction estimated from the bond energies:

D=DAB_DA_DB‘ (10)

The activation energy of the reverse reaction is cal-
culated from the conditions

Ereverse = Eforward —-AH. (1 1)
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Table 1. Binding energies of adsorbates (kcal/mol) in
ethane hydrogenolysis

Metal
Species
Ni(111) Pd(111) Pt(111)
H, g6 63.0 62.0 61.0
Cads 171.0 160.0 150.0
CH;CHj g5 7.7 7.7 7.6
CH;CH,_ 45 48.8 43.5 38.9
CH;CH,4, 85.0 76.9 69.7
CH;C 4 102.6 934 85.2
CH,CH,, .45 14.7 12.7 11.0
CH,CH,4, 43.3 37.9 333
CH,C 4 47.1 41.6 36.9
CHCH,; 20.6 18.0 15.7
CHC 4 46.6 413 36.6
CHy, o5 6.2 6.2 6.1
CH; 5 47.6 42.4 37.9
CH,, 545 82.6 74.6 67.6
CH,y4, 116.0 106.2 97.4
Hy, aas 6.8 6.6 6.4

If the activation energy appears to be negative, we
introduce the thermodynamic correction: this activation
energy is set equal to zero and the activation energy of
the reverse reaction is chosen so that Eq. (11) is ful-
filled.

RESULTS AND DISCUSSION

The results of calculations by the UBI-QEP method
are shown in Tables 1 and 2.

Surface Coverages

To calculate the surface coverages, we chose the
constant values of the partial pressures of hydrogen
(20.26 kPa) and ethane (3.04 kPa) at 478 K. These con-
ditions are typical of ethane hydrogenolysis on all three
surfaces under study. Simulations were carried out until
reaching a steady state. The simulated values of surface
coverages by hydrogen and hydrocarbon species (in
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fractions of unity) for these conditions are presented in
Table 3.

As can be seen from Table 3, the main portion of the
surface is covered by hydrogen, and this fact agrees
with data presented in [36, 37]. Of all the hydrocarbon
fragments, ethyl dominates on any of the three surfaces.
Therefore, in contrast to common assumptions, the sur-
face coverages are not proportional to the binding
strengths of the corresponding species. Thus, ethyl is
more abundant than ethylidyne on the surface, although
ethylidyne species are bound more strongly than ethyl.
The authors of [36, 37] draw another picture: ethyli-
dyne and di-G-bonded ethylene dominate, whereas the
surface concentration of ethyl species was reported to
be insignificant. The authors of [36, 37] concluded that
ethylidyne is the most abundant and ethyl is the most
reactive on the Pt(111) surface. That is, according to
their data, the most reactive species does not necessar-
ily have the highest concentration. In our simulations,
the surface concentration of CH,CH, is rather high, but
it is several orders of magnitude lower than the concen-
tration of ethyl. One of the hypothetical precursors of
C-C bond cleavage, ethylidyne has a rather low con-
centration on palladium, whereas it is comparable with
the concentration of CH,CH, on nickel.

The results of calculations allowed us to calculate
the reaction orders in ethane and hydrogen and the
apparent activation energy of the overall reaction under

the following conditions: Py = 0.1-1 atm, Pc y =

0.01-0.1 atm, and T = 478-560 K. These data are sum-
marized in Table 4. This table also presents reference
data for comparison. Simulations showed that the
apparent reaction order in ethane on all metals under
consideration is equal to unity, and the order in hydro-
gen is close to —2. These orders can be explained as fol-
lows.

The authors of [37] showed that, in the framework
of the considered scheme, a decrease in the order of
hydrogen compared to -2 is due to the lateral interac-
tions between strongly adsorbed hydrocarbon frag-
ments and atomic hydrogen. These lateral interactions
can be described by the coadsorption model [24] of the
UBI-QEP method that predicts a decrease in the bind-
ing energies of a species and the corresponding changes
in the activation energies of reactions in which they par-
ticipate according to Eq. (8). Since we used the zero-
coverage limit values of the binding and activation
energies, lateral interactions were neglected. The reac-
tion order corresponds to the condition of equilibrium
between adsorbed C,H, species and ethane. Thus, with-
out taking into account changes in the activation ener-
gies, we obtained reaction orders that qualitatively
agree with published data, and better agreement with
the experiment is seemingly indistinguishable in the
framework of such a model.

The apparent activation energies agree well with
published data for Pd. For Ni, the agreement is accept-
able assuming all the uncertainties of the calculation
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scheme. In the case of Pt, there is much discrepancy in
the published data. Some of the experimental values
agree well with the results of our simulations.

Rates of Steps and Reaction Routes

To calculate the rate of each step, we took the fol-
lowing conditions: hydrogen partial pressure,
20.26 kPa; ethane partial pressure, 3.04 kPa; 478 K.
Simulations were carried out until reaching the steady
state. The results are presented in Table 5.

It can be seen from Table 5 that the reaction largely
occurs via a single route with the C—C bond cleavage in
ethyl (steps (I)—(IID), (XI), (X)), and all other routes can
be neglected. Indeed, under steady-state conditions the
rates of the elementary steps meet the following condi-
tion: ry = 1y = rxy = —Ixx = /2. [t is easy to check that
this condition is fulfilled with the following relative
errors: 0.1% for Ni, 0.8% for Pt, and 0.2% for Pd. Thus,
according to our simulations, the ethyl species is both
the most reactive of all C, species and the most abun-
dant one. If we take any of the rates of a step from the
above route, we can estimate the relative activity of
metals under steady-state conditions: Ni > Pt > Pd.
This activity series coincides with that reported for
metals supported on SiO, [1], as well as with both
experimental [38] and theoretical [21, 22, 38] data for
single-crystalline surfaces. For platinum we carried out
five additional simulation experiments where we varied
the ratio of the partial pressures of hydrogen and ethane
(10/1, 1/1, 1/10, 1/1000). The partial pressures were
varied in the range 60—60000 Pa. In all cases, the route
with C-C bond cleavage in ethyl contributed most
greatly to the overall reaction rate.

We simulated the forward and reverse rates of the
elementary steps in the route with C—C bond cleavage
in ethyl (Table 6). These data allow us to judge the
applicability of the rate-limiting step approximation.
This approximation assumes that steps other than rate-
limiting are quasi-equilibrium, in which case the con-
centrations of intermediate species can be expressed in
terms of the partial pressures of methane, ethane, and
hydrogen and the equilibrium constants. Data pre-
sented in Table 6 show that, for all single-crystalline
surfaces under consideration, steps (I) and (III) are
indeed quasi-equilibrated (the forward and reverse rates
are equal to each other). Step (II) is not quasi-equili-
brated since our model assumes that the partial pressure
of methane is equal to zero (the model of low conver-
sion). According to simulations, steps (XI) and (XX)
are not equilibrium steps. Therefore, the approximation
of the rate-limiting step is not applicable to ethane
hydrogenolysis modeling. At the same time, several
researchers used an approximation supported by the
results of this work according to which the steps of
C,H, formation are quasi-equilibrated, whereas the for-
mation of methane from C,H, is practically irreversible
[1, 3, 39—-41]. For all surfaces under consideration, the
first practically irreversible step is C—C bond cleavage.
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Table 2. Activation energies of steps in the forward and re-
verse directions and the enthalpies of reactions (kcal/mol) in
ethane hydrogenolysis

Metal

Step Ni(111) Pd(111) Pi(111)

8| 25| B8 | 38| EE| 2
1)) 13 | 233 | 22 | 222 | 30 | 210
61)) 139 | 195 | 16.0 | 154 | 202 | 25.1
(11T 107 | 245 | 129 | 204 | 147 | 25.1
(V) | 235 | 127 | 245 | 98 | 254 | 7.1
(V) 242 | 14.8 | 244 | 129 | 245 | 11.1
(V) | 237 | 32 |214 | 35| 192 | 38
(VI | 105 | 14 | 87 | 19| 71 | 22
(Vi | 255 | 01 [ 208 | 00 | 337 | 00
(IX) 166 | 104 | 16.1 | 88 | 157 | 7.3
X) 21 | 134 | 04 | 135 | 00 | 144
(XI) | 244 | 58 [ 268 | 03 | 334 | 00
(X1 | 236 | 102 | 253 | 51 | 268 | 05
(XIII) | 249 | 233 | 290 | 149 | 326 | 73
(XIvV) | 21 | 351 | 38 | 298 | 53 | 250
(XV) | 314 | 99 364 | 09 | 479 | 00
(XVI) | 383 | 197 | 443 | 88 | 509 | 0.0
(XVID) | 7.1 | 486 | 114 | 395 | 154 | 31.1
(XVID| 45 | 415 | 50 | 397 | 54 | 380
(XIX) | 232 | 176 | 238 | 154 | 243 | 132
(XX) | 239 | 119 | 248 | 90 | 257 | 63
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Table 3. Surface coverages by various species and the fraction of the free surface (in the fractions of unity) under steady-
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state conditions at Py, =20.26 kPa, Py =3.04 kPa, and T=478 K

Metal
Species

Pt(111) Pd(111) Ni(111)
H,s 0.94884551 0.98153421 0.99347747
CHj_ s 4.2188784 x 10713 1.2089241 x 10717 1.3074811 x 10713
CH3CH, g 4.7702802 x 1077 2.8370506 x 107 2.6555401 x 1077
CH;CH,q, 5.6487083 x 10718 1.8729972 x 1071 1.3115863 x 10716
CH;C g6 5.2003268 x 10727 59568382 x 1072 1.0214901 x 10726
CH,C g, 1.3517551 x 10736 1.386658 x 10~ 1.8292768 x 10-4°
CH,CH, 4, 7.5634697 x 10712 7.6663605 x 10716 7.8536929 x 10716
CH,CH, 4, 8.1453703 x 1073 6.3126299 x 10733 8.189924 x 10732
CHCH,, 8.61923 x 10726 2.1411447 x 10730 5.1466585 x 107!
CHy, o 53662291 x 10722 7.1639017 x 102! 2.1903837 x 1077
CH,q, 2.2707482 x 10727 1.2216444 x 10728 2.9891388 x 1072
Cas 3.4721665 x 1071 3.1202162 x 1077 6.2065576 x 10713

Free surface

Maximal unbalance

0.051154014
9.9x 107

0.018465789
6.73 x 1072

0.0065222683
3.07 x 107°

Table 4. The apparent reaction orders in ethylene and hydrogen and the apparent activation energy of ethane hydrogenolysis

in various systems (comparison of experimental and simulated data)

System T,K PH2 , atm PCsz , atm ny, ne,, E,, kcal/mol Reference
Ni/SiO, 450492 0.2 0.03 24 1 40.6 [1,2]
Ni(111) 520-600 0.13 0.0013 - - 46.1 [38]
Ni(111) 478-650 0.1-1 0.01-0.1 -1.9 1 52.4 This work
Pd/SiO, 616-650 0.2 0.03 -2.5 0.9 58 [1,2]
Pd/SiO, 478 0.20 0.01-0.10 2.6 1 56.7 [5]
Pd(111) 478-650 0.1-1 0.01-0.1 -1.8 1 55.5 This work
Pt/SiO, 344-385 0.2 0.03 -2.5 0.9 54 [1, 2]
Pt(111) 550-640 0.13 0.0013 36.6 [38]

570-625 0.13 0.0013 43.5 [38]
473-623 0.13 0.013 -0.55 1.2 34 [45]
Pt/Si0, 478 0.20 0.01-0.10 -2.5 1 55.3 [5]
Pt(111) 478-650 0.1-1 0.01-0.1 -2 1 59 This work
KINETICS AND CATALYSIS Vol. 45 No. 4 2004
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Table 5. The rates of elementary steps under steady-state con-
ditions at Py =20.26 kPa, Pc yy =3.04kPa,and T=478 K

Rate, s7!
Step
Pt(111) Pd(111) Ni(111)

(D 6.67x10712 | 540x 10712 | 7.88x10710
(1) ~1.34x 1071 | —1.08 x 1071 | -1.58 x 107

(11D 6.70x 10712 | 540x107'2 | 7.88x107'0
(IV) 596x 10719 | 5.45x1072! 1.37 x 107'8
(V) 513x 1071 | 3.72x1072 | 4.65x107"
(VI —824x 10 | -8.08x 103! | —8.65x 107!
(VID) -1.08x 1077 | —1.06 x 102> | —3.88 x 10720
(VIID) 824 %1027 | 8.08x1073! | 556x1073!
(IX) 824x 1027 | 8.08x 107" | 8.64x107!
X) 3.52x 10733 | 201 x10737 | 3.79x 107
(XD 6.68x 10712 | 540%x 10712 | 7.88x 10710
(XII) 824x 1020 | 1.73x10721 | 9.04x 1071
(XIID) 265x1073* | 1.18x1073¢ | 1.44x1034
(XIV) 513x 1071 | 3.72x1072' | 464x107"°
(XV) 249x 103 | 595x 1072 1.47 x 10721
(XVI) 1.20x 10738 | 4.06x 107 | 6.74x 1040
(XVID) | 322x1033 | 290x1073¢ | 4.42x1073°
XVID | 627x1072° | 1.94x1072! 1.11x 10718
(XIX) | -198x1020 | 221x102 | 2.03x107%?
(XX) —6.68x 10712 | -5.40x 10712 | —7.88 x 10710
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CONCLUSION

Based on the microkinetic analysis of the Sinfelt—
Taylor mechanism of ethane hydrogenolysis using data
obtained by the UBI-QEP method, we draw the follow-
ing conclusions:

On the single-crystalline surfaces of Pd(111),
Pt(111), and Ni(111) at 478 K and partial pressures of
hydrogen and ethane equal to 20.26 and 3.04 kPa,
respectively, the reaction of ethane hydrogenolysis
mostly occurs via the formation of surface ethyl where
a C—C bond is cleaved. All other routes can be
neglected in the steady state. This conclusion agrees
with data reported in [37] where Monte Carlo modeling
using parameters calculated by the DFT method sug-
gested that the main reaction route on Pt includes C-C
bond cleavage in ethyl and that the surface is mostly
covered by hydrogen. However, in our case the concen-
tration of ethylidyne on the surface is very low, which
is in contrast to the result reported in [37] where ethyli-
dyne was reported to have the highest surface concen-
tration of all hydrocarbon fragments. It was assumed in
[42] that the C—C bond cleavage in the surface ethyl is
assisted by surface hydrogen: C,Hs .4 + H,ys —>
2CHj;_ ,4s- We assume that this step has a low probability
because the transition state of this elementary step is
too complex and has a strained geometry.

Based on the analysis carried out in this paper, we
can rank the relative activities of the surfaces Pd(111),
Pt(111), and Ni(111) as was done in [43] using analo-
gous methods for the water-gas shift reaction. Under
the conditions considered in this paper, the activity
toward ethane hydrogenolysis increases in the series
Pd(111) < Pt(111) < Ni(111), and this activity series
agrees with our data and data from other researchers [21,
22,38, 44].

Table 6. The rates of elementary steps (in reciprocal seconds) in the forward and reverse directions under steady-state con-

ditions at Py, =20.26kPa, Py =3.04kPa, and T=478 K

Metal
Step Ni(111) Pd(111) Pt(111)
forward reverse forward reverse forward reverse
reaction reaction reaction reaction reaction reaction
(D) Hy, gas + 28 = 2H 4 219.3050 | 219.3050 681.5336 | 681.5336 |2252.856458(2252.856458
(I1) CHy, g4 + 25 = CH3_445 + Hags 0 1.576771 0 1.079168 0 1.336982
x 10710 x 10711 x 1071
(IIT) CH3CH3, gy + 28 = CH3CH, 45 + Hygs 1.657287 1.657208 1.310534 1.310533 1.511725 1.511724
x 107 x 107 x 107 x 107 x 107 x 107
(XD CH3CH,, 545 + 28 = CHj 45 + CHy_ 146 7.883855 6.383653 5.395839 | 6.315127 6.684912 | 2.263947
x 10710 x 10720 x 10712 x 1075 x 10712 x 1072!
(XX) CHj, 445 + 25 = CHy, 45 + Hygs 6.571009 7.88386 1.888141 5.395839 1.960454 | 6.704517
x 10710 x 10710 x 10719 x 10712 x 10714 x 10712
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The reaction occurs through the quasi-equilibrium
steps of ethane and hydrogen adsorption and further
irreversible conversion of intermediate species into
methane.
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