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Abstract

Results of reaction kinetic, microcalorimetric, spectroscopic, and quantum chemical studies are combined to develop a
guantitative description of ethane hydrogenolysis over platinum. This work builds on investigations by John H. Sinfelt and
co-workers of ethane hydrogenolysis over Group VIII metals. In the present analysis, quantum chemical methods are used
to estimate energetics for interactions of variougdCspecies with platinum that have been observed experimentally in
microcalorimetric and spectroscopic studies of ethylene and acetylene adsorption on platinum catalysts. These theoretical
methods are then extended to predict energetics for hydrocarbon species and transition states on platinum that can not be
observed experimentally. The combined results of these experimental and theoretical investigations provide thermodynamic
information about adsorbed,Gpecies on platinum as well as transition states for cleavage of the C—C bond in these species.
These results were used to refine and constrain kinetic analyses of kinetic data collected for ethane hydrogenolysis over a
wide range of conditions. Results of these analyses suggest that the primary reaction pathways for cleavage of the C—C bond
take place through activated complexes based on ethid{)aand ethylidene (CHCE) species. Furthermore, these analyses
suggest that while the more abundant surface species (e.g., adsorbed atomic hydrogen, ethylidyne, and vinylidene species)
are not directly involved in the primary reaction pathways, they affect the observed kinetic rates through blocking of sites.
©1999 Elsevier Science B.V. All rights reserved.

1. Introduction where the first step is quasi-equilibrated and the sec-
ond step is irreversible. This scheme leads to a rate
Ethane hydrogenolysis is a probe reaction employed expression of the power law form:
by John H. Sinfelt and co-workers to investigate the (gte— % Pt pFlI—na (1)
reactivities of various metal catalysts (e.g., [1-4]). In
these studies, Sinfelt and co-workers conducted anal-
yses of kinetic data to elucidate the nature of the rate
determining step and the important reactive species
involved in ethane hydrogenolysis. Initially, these in-
vestigators utilized the kinetic analysis of Cimino,
Boudart, and Taylor [5], based on the following reac-

wherea is equal to (6- x)/2 andPg andPy are the
partial pressures of ethane and hydrogen, respec-
tively. Sinfelt [3,4] later conducted kinetic analyses
based on a more general reaction scheme involving
non-equilibrated adsorption of ethane to form ad-
sorbed hydrogen and,Bs5(ads) species, followed by
guasi-equilibrated dehydrogenation ofH;(ads) to

tion scheme: form the adsorbed reactive intermediateHdads)
CoHg==CoH, (ad9 + ((6 — x)/2)H3 which decomposes to i(ads) fragments on the
surface:
CaHx(ad9 +Hz — CHa CoHg = CoHs(ads + H(ad9=8=C,H, (ads
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This reaction scheme leads to the following rate ex-
pression:

kng
1+bPH

whereb=k_1/k3K. In this cas&; and k_1 refer to the
forward and reverse rate constants for the dissociative
adsorption of ethane, respectiveky, is the rate con-
stant for the decomposition of,8,(ads), anK is the
equilibrium constant for the quasi-equilibrated dehy-
drogenation of @Hs(ads) to formC,H, (ads) species.
Sinfelt [3,4] used this rate expression to analyze ethane
hydrogenolysis kinetic data for a variety of metal cat-
alysts, and the fitted values afanda were used to
estimate the values of for the GH,(ads) reactive
intermediates on these metals.

Ethane hydrogenolysis continues to be the subject of
research, as investigators further refine and elucidate

rate=

()
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the interactions of hydrocarbons with metal surfaces Fig. 1. Proposed reaction pathways for ethane hydrogenolysis over

[6-16]. The results of these studies have led to va
ious mechanisms for ethane hydrogenolysis, involv-
ing details such as competitive adsorption of hydro-

r- platinum.

In the present study, we have utilized the ethane

gen and splitting of the C—C bond through interaction hydrogenolysis reaction scheme shown in Fig. 1
with either gaseous dihydrogen, surface atomic hydro- to describe the combined results of recent kinetic,
gen, or vacant surface sites (as reviewed by Shang andmicrocalorimetric, spectroscopic, and theoretical in-

Kenney [16]).

vestigations of the interactions of hydrogen angl C

Results from kinetic analyses by Sinfelt and hydrocarbons with platinum. This reaction scheme is
co-workers of ethane hydrogenolysis over Pt sug- based on several generally accepted aspects of ethane
gested that the rate-limiting step may involve highly hydrogenolysis over platinum [11]. In particular,

dehydrogenated £Ei,(ads) species (e.gx=0) [3].
More recent results of NMR investigations conducted
by Klug et al. [17] in conjunction with Sinfelt sug-
gest that the C—C bond breaking step may involve
an adsorbed species wit¥ 3 over platinum. In this
more recent investigation, it was demonstrated that
ethylidyne (CCH) species form upon adsorption of
acetylene on platinum, and it was suggested that these

ethylidyne species may play a role in the C-C bond 4.

scission of acetylene [17]. These results for ethane hy-
drogenolysis illustrate the general difficulty in using
analyses of reaction kinetics data alone to elucidate
the nature of reaction mechanisms. This present paper
illustrates how additional information about reaction

1. hydrogen is adsorbed dissociatively on the Pt sur-
face;

2. ethane is adsorbed dissociatively, undergoing
cleavage of a C-H bond;

3. further dehydrogenation of the adsorbed alkyl

species occurs, accompanied by the creation of
additional bonds between the)id,(ads) species
and the metal surface;

the C—C bond breaks and ¢{Hds) and Cl{ads)
species are produced,

5. hydrogenation of the Cffads) and Ck{ads)

species takes place, followed by desorption of
methane.
We have assumed in our analyses that the dis-

mechanisms can be obtained by combining data from sociative adsorption of dihydrogen and the dis-
diverse experimental techniques with results from sociative adsorption of ethane to form various
guantum chemical calculations which are capable CyH,(ads) species are quasi-equilibrated processes.
of predicting structures and energetics for possible The quasi-equilibrated adsorption of ethane to form

reaction intermediates and transition states.

CoH,(ads) species on platinum surface is reasonable
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since deuterium tracing experiments show that ex-
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According to Step 4, the surface coverage of a partic-

change reactions between ethane and deuterium toular activated complex necessary for C—C cleavage of
yield deuterated ethane occur at higher rates than CoH,(ads) can be expressed in terms of the equilib-

the hydrogenolysis reaction. In particular, Zaera and
Somorjai [18] showed that the deuterium exchange

rium constant to form the activated comple&% and
the partial pressures of ethaneg] and dihydrogen

rates were 3-orders of magnitude faster than the rate p,,) as shown in Eg. (3):

of ethane hydrogenolysis over Pt(111) at temperatures

between 475 and 625 K.
The quasi-equilibrated adsorption of both dihy-

drogen and ethane leads to a particularly convenient

framework for writing the reaction scheme for ethane
hydrogenolysis. Specifically, we may write the forma-
tion of CH,(ads) species in terms of gaseougHg
and H, and these lumped equilibria do not involve
assumptions about the strength or mobility of ad-
sorbed hydrogen atoms. Thus, we write the formation
of stable adsorbed species as:

Step 1 B + 2% =B22H
Step 2 GHg + (6 — x) * SB=CoH, *6_x
+((6—x)/(2)H2
Another important implication of the quasi-equili-

¥ peos

6—x/2
Py

OCoH, +g 1 F 3)
whered, is the fractional coverage of free sites. The
advantage of expressing the formation of the activated
complexes in terms of gaseousHy and H is that
these lumped equilibria do not involve assumptions
about the strengths or mobilities ob8,(ads) species
and adsorbed hydrogen atoms.

The rate of a given elementary step is equal to the
concentration of the activated complex times a fre-
guency factor equal tksT/h, wherekg is Boltzmann
constant,T is the temperature, artdis Planck’s con-
stant. Therefore, the rate expression for the C—C bond
cleavage of a given activated complex may be given
by Eq. (4), which is a function of the partial pressures

brated adsorption of dihydrogen and ethane is that we Of 9as-phase ethane, gas-phase dihydrogen, and the

may also write lumped equilibria involving gaseous
C,>Hg and H with activated complexes for C—C bond
cleavage of the varioussEi,(ads) reactive intermedi-

ates. The activated complex for C—C bond cleavage of

a particular GH,(ads) species is in equilibrium with
that GH,(ads) species according to transition state
theory, and as noted above, thgHz(ads) reactive in-
termediates are in equilibrium with gaseousHg and
H,. Therefore, we first use transition state theory to
write the formation of activated complexes for the dif-

ferent C—C bond cleavage steps given in Fig. 1 in terms

of equilibria involving GH,(ads) species:

Step 3 GHy %6y +2% 8= [CoH,%g_]*
— C; Products

where [Csz*g_x]iiS the activated complex. Com-
bination of Steps 1, 2, and 3 then leads to the
guasi-equilibrated formation of a particular activated
complex from gas-phase ethane with the formation of
gas-phase dihydrogen as shown in Step 4.

Step 4 GHg + (8 — x) * =B[CoH,*g_.]T
+((6—x)/(2Q)H2

fractional coverage of free sites.

f, 8
_ kgT . ksT Ky Pe67™"
rate = — =6 0 = —PS_X 2 4)

The fractional coverage of the surface not covered
by stable GH,(ads) or adsorbed atomic hydrogen is
expressed by a site balance given in Eq. (5):

5
O=1-6n—) (6—x),

®)
x=2
wherefy andé, are given by:
O = v/ Kn Prifs (6)
K, Pe6S™*
Oy = )
6—x/2
Py

The present paper utilizes Egs. (4)—(7) to consoli-
date the combined results from experimental [19-21]
and theoretical investigations [22,23] with the aim to
interpret the observed reaction kinetics data for ethane
hydrogenolysis collected over a wide range of con-
ditions. The results of spectroscopic and microcalori-
metric investigations provide information about the
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nature and energetics of adsorbed hydrogen as well astreated by passage over beds of reduced Oxytrap (All-
various stable eH,(ads) species on platinum [19-21]. tech) at 298 K to remove oxygen impurities. Hydrogen
Importantly, these experimental investigations of sta- (Liquid Carbonic) was treated by passage through a
ble surface species are complimented with quantum Deoxo unit (Engelhard) and a bed of molecular sieves
chemical calculations which predict the energetics of (13X) at 77 K. The reactor inlet and outlet gases were
these experimentally observed Bydrocarbons on Pt analyzed by a HP-5890 gas-chromatograph with FID
and which predict the energetics of species that cannotdetector and a 7ft 0.19% Picric Acid Graphpac GC
be observed experimentally [22]. Furthermore, these 80/100 column held at 303 K. Turnover frequencies
theoretical methods are used to estimate the energetwere calculated from the kinetic data based on the
ics of transition states involved in C—C bond cleavage number of surface platinum atoms determined by hy-
for various GH,(ads) species [23], and these quantum drogen chemisorption.
chemical calculations, therefore, provide the means Reaction rates and pressure dependencies for
for taking full advantage of the lumped transition state ethane hydrogenolysis were determined over the
equilibria expressed by Step 4. silica-supported Pt catalyst at 573, 623, and 673K.
These kinetic data were collected with the catalyst
in a substantially clean state using the technique em-
ployed by Bond and Cunningham [7]. Furthermore,
this sampling procedure is similar to the methods
employed by Sinfelt and co-workers [1-4]. The ki-
As noted above, the strategy of our study of ethane netic procedure of the present study consisted of first
hydrogenolysis over platinum was to collect reaction reducing the catalyst at 723K for 1h in flowing hy-
kinetic data over a wide-range of reaction conditions, drogen. The temperature was then decreased to the
and to combine these data with results of experimen- desired reaction temperature in flowing hydrogen and
tal and theoretical investigations which probe the na- the reactor was bypassed. Helium and ethane were
ture, energetics, and reactivities of variousH{ads) mixed at the appropriate flow-rates to achieve the
species on platinum. This present paper specifically desired partial pressures of ethane and hydrogen. The
reports the reaction kinetic data collected over a wide reactant gases were allowed to pass over the catalyst

2. Summary of experimental and theoretical
studies

range of conditions as well as the kinetic analyses of
this data. These kinetic analyses utilize results from
recent experimental [19-21] and theoretical investiga-
tions [22,23], which are summarized briefly below.

2.1. Kinetic data for ethane hydrogenolysis over Pt

A 2.5wt.% Pt (analyzed by Galbraith Laboratories)
catalyst was prepared by ion-exchange of platinum
on Cab-O-Sil EH-5 (Cabot), using the method of Be-
nesi et al. [24]. The resulting material was filtered,
washed with deionized water, and dried overnight in
air at 390 K. Hydrogen chemisorption indicated that
this catalyst contained 110nol/g of surface Pt atoms
(corresponding to a Pt dispersion of 0.85).

Reaction kinetic studies of ethane hydrogenolysis
were conducted using a quartz, down-flow reactor. He-
lium (Liquid Carbonic) was employed as a carrier gas,
and it was purified by passage through copper turn-
ings at 473 K, followed by activated molecular sieves
(13X) at 77 K. Ethane (Liquid Carbonic, 99.5%) was

for a period of 1 min, at which time the reactant efflu-
ent was sampled using a six-port sample valve. After
sampling, the ethane flow was stopped, and the cata-
lyst was treated in flowing hydrogen for 15 min at the
reaction temperature. The reactor was then bypassed
and helium and ethane were mixed at a new set of
conditions. All data were collected at a total flow-rate
of 304 cr/min (STP) and the catalyst amounts were
adjusted to maintain ethane conversions less than
30%. Sieved catalyst fractions (80—-120 mesh) of the
various platinum-based catalysts were employed to
ensure that the rates were not influenced by transport
limitations [25-27].

Figs. 2-5 show the change of the methane produc-
tion rate with respect to the ethane and hydrogen pres-
sures at 573, 623, and 673 K. Tests were conducted at
replicate conditions to track possible changes in cata-
lyst reactivity (e.g., deactivation). Data points for these
replicate tests are shown in Figs. 2-5. Fig. 2 shows a
negative hydrogen pressure dependence at an ethane
pressure of 0.0066 atm, with hydrogen orders near
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Fig. 2. Hydrogen pressure dependencies for ethane hydrogenolysisFig. 5. Ethane pressure dependencies for ethane hydrogenolysis at

at 0.0066 atm ethane pressure [experimental resultS73 K; [,
623 K; and<, 673K]. Predicted rates given by solid line.
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Fig. 3. Hydrogen pressure dependencies for ethane hydrogenolysis
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623 K; and<, 673K]. Predicted rates given by solid line.
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—2.3 at hydrogen pressures between 0.2 and 0.6 atm.
Sinfelt and co-workers reported a similar hydrogen or-
der (—2.5) over silica supported platinum at compara-
ble reaction conditions [3,4]. Furthermore, this figure
shows that the hydrogen orders become less negative
at lower hydrogen pressures and higher temperatures.
At an ethane pressure of 0.033 atm, Fig. 3 shows a
maximum rate with increasing hydrogen pressure at
673 K. This figure shows a hydrogen pressure depen-
dence near-2.2 at hydrogen pressures between 0.2
and 0.6 atm at 573 and 623K, but it shows a hydro-
gen order near1.6 over this pressure range at 673 K.
Gudkov et al. [13] also observed a maximum rate
over silica-supported platinum with increasing hydro-
gen pressure at higher ethane pressures and reaction
temperatures.

Fig. 4 shows that the ethane pressure dependence
decreases from ca. 1.0 to 0.0 as the temperature in-
creases from 573 to 673K for a hydrogen pressure
of 0.13 atm. In contrast, Fig. 5 shows that the ethane
kinetic orders are near unity at all temperatures for a
higher hydrogen pressure of 0.46 atm.

2.2. Microcalorimetric studies of hydrogen
adsorption on platinum

The energetics for the dissociative adsorption of hy-
drogen on a number of platinum surfaces have been de-
termined by calorimetric methods [11,19,21,28-30].
Fig. 6 shows a plot of the differential heat for hydro-

Fig. 4. Ethane pressure dependencies for ethane hydrogenolysis atd€n adsorption versus the fractional surface coverage

0.13 atm hydrogen pressure [experimental resilts:573K; [,
623 K; and<, 673K]. Predicted rates given by solid line.

of hydrogen on a 1.2wt.% Pt/SjCratalyst at 403K
[21]. The differential heat (kJ/mol) is defined as the
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Fig. 6. Differential heats of hydrogen adsorption on

silica-supported platinum at 403 K. Fig. 7. Differential heats of ethylene adsorption on platinum pow-

der [O, 303K; and®, 173K].

negative of the enthalpy change of adsorption per mole probed microcalorimetrically, as shown in Fig. 7.
of gas adsorbed. This figure shows an initial heat of Details of this microcalorimetric investigation are
93 kJ/mol, in agreement with heats of 2®& kJ/mol reported elsewhere [19]. This Fig. shows the differen-
reported for hydrogen adsorption on platinum pow- tial heat for the associative adsorption of ethylene at
der [19], silica-supported platinum [11,21,29,30], and 173K and the dissociative adsorption of ethylene to
zeolite-supported platinum [29]. Fig. 6 shows that form ethylidyne species at 303 K. At 303K, ethylene
the differential heat of adsorption decreases gradually adsorbs with an initial heat of 160kJ/mol, in gen-
with increasing coverage, until the surface becomes eral agreement with heats of 1%® kJ/mol reported
saturated with hydrogen. for ethylene adsorption on silica-supported platinum
[20,21,30]. Fig. 7 shows that the differential heat
apparently increases at higher coverages and then
decreases until the surface becomes saturated. This

The interactions of ethylene with single crystal apparentincrease in heatis caused by the formation of
platinum surfaces and with supported platinum cat- gaseous ethane upon reaction of ethylene with surface
alysts have been widely studied, and the results of hydrogen formed from the dissociative adsorption of
these investigations reveal the presence of distinct sur-ethylene to form ethylidyne species at lower coverages
face species depending on temperature. For example[19]. At 173K, Fig. 7 shows that ethylene adsorbs on
ultrahigh vacuum studies of ethylene adsorption on platinum powder with an initial heat of 120 kJ/mol.
Pt(111) have identified-bonded ethylene species at Studies of ethylene adsorption on Pt at temperatures
temperatures below 52K [31]; di-bonded ethylene  between 100 and 270K have shown that ethylene
species from 100 to 250K [32-34]; and ethylidyne adsorbs associatively as @iadsorbed species and/or
species from 280 to 450K [32,33,35]. Importantly, a w-adsorbed species [36,37]. Accordingly, the ob-
Sheppard and De La Cruz have shown in a recent re- served heat of 120kJ/mol in Fig. 7 can be attributed
view [36] that comparable results are obtained when to formation of die and« species on platinum [19].
ethylene is dosed onto supported platinum catalysts Recently, similar initial heats of adsorption were ob-
and onto platinum single crystal surfaces. For exam- served for ethylene adsorption on silica-supported
ple, infrared spectra show the presencerdionded platinum at temperatures lower than 200K [20]. Low
and die-bonded species when ethylene is dosed onto temperature infrared spectroscopic investigations over
silica- and alumina-supported platinum at low tem- the same Pt/Si®showed that these observed heats
peratures €195 K), whereas ethylidyne species form may, in fact, be attributed to the formation of &li-
at room temperature. andw-adsorbed ethylene species [20].

The strengths with which the aforementioned In addition to the above microcalorimetric studies
species interact with platinum powder have been over platinum powder and supported platinum cata-

2.3. Studies of ethylene adsorption on platinum
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lysts, King and co-workers [38—40] have used ultra- change becomes more positive as more hydrogen
high vacuum microcalorimetry to measure the heats atoms are removed from ethane [22]. Accordingly, the
of ethylene adsorption on platinum single crystals at formation of more highly dehydrogenate@H;(ads)
300 K. These investigators reported heats of ethylene species is favored with increasing temperature, and
adsorption to form four distinct surface species on it was shown that CCl{ads) species are predicted
Pt(110)(2x1): (1) a heat of 205 kJ/mol was attributed to to be the most abundant species on Pt at the typical
the dissociation of two hydrogen atoms from ethylene reaction conditions for ethane hydrogenolysis used in
to form a vinylidene (CCH) species on platinum; (2) the present study.

a heat of 175 kJ/mol was caused by the dissociation of
one hydrogen atom from ethylene and the formation
of adsorbed ethylidyne (CGd)ispecies; and (3) heats
of 135 kJ/mol and 120 kJ/mol were caused by associa-

tive adsorption of ethylene to form di-adsorbed and The generally good agreement between results
=-adsorbed species, respectively. predicted from quantum chemical calculations and

We have recently used quantum chemical meth- results observed from experimental investigations
ods, employing density functional theory (DFT), to (see Table 1) permit; the extension of these the.oreti-
predict the energetics of various,ig,(ads) species cal methods to predict the structures and energies of
formed from the interaction of ethylene with a transitions states involved in C—C bond dissociation
10-atom platinum cluster [22]. Such DFT methods ©f various GH,(ads) species [22]. The location of
have proven to be useful to predict geometries and transition states is a computationally difficult task,
energetics for molecules containing transition metals SiNce it is necessary to calculate the Hessian ma-

[41-45]. The currently available DFT methods use trix to confirm the existence of exactly one negative
few semi-empirical parameters in conjunction with eigenvalue. Such calculations were made feasible by

more advanced functionals to give an adequate de- locating transition states using smaller metal clusters
scription of non-local effects in electron exchange [22]- This approach used only those platinum atoms
and correlation interactions. that are directly bonded to the carbon atoms of the

The results predicted from these theoretical cal- hydrocarbon species in the reactant or the transition

culations show good agreement (within 20 kJ/mol) state. The Pt—Pt distance was frozen at its bulk value
with the experimental heats of adsorption obtained of 2.77 A during the optimization of transition states
microcalorimetrically [22], as shown in Table 1. This and reactants. The small clusters were then embedded
agreement between predicted and experimental resultgn 10 or 13atom platinum clusters with fixed Pt-Pt

demonstrates the utility of the theoretical calculations distances. Single point energy calgulations were then
and gives an estimate of the confidence expected conducted on these clusters to estimate heats of reac-

for prediction of structures and energetics of various 10NS to form activated complexes for the various C-C
hydrocarbon intermediates that cannot be examined Pond cleavage reactions from gas-phase ethane, with
by common experimental techniques. For example, the formation of gas-phase dihydrogen (see Step 4).
Table 2 shows predictions for heats of interaction with  1able 3 shows the theoretically predicted activa-
Pt for various CK(ads) hydrocarbons that cannot be tion energies for the formation of different activated
measured directly by calorimetric methods [22]. Ad- COMPplexes on both the ftand Pis clusters. The re-
ditionally, this table shows heats of interaction of un- sults from these DFT calculations predict that the acti-

detectable 6H,(ads) intermediates, such as adsorbed Vvated complexes based on the etti@HsPt,]¥) and

2.4. DFT studies of C—C bond dissociation

ethyl (GHs) and ethylidene (CHCE) species. Ac-
cordingly, such predictions provide estimates of the
energetics for formation of hydrocarbon fragments
on surfaces that may play important roles in the ele-
mentary steps of ethane hydrogenolysis. Importantly,
it was shown that the formation of,8,(ads) species

ethylidene [CHCHgPtx]i) species are the most reac-

tive intermediates for ethane hydrogenolysis. The ac-
tivated complexes for the other reaction pathways ex-
hibit considerably higher activation energies, because
sufficient Pt—C bonds are not formed or because the
C-C bond length is longer in these other activated

becomes more endothermic and the standard entropycomplexes.
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Table 1
Comparison of experimental and theoretical results
Reaction Energy Change (kJ/mol)
DFT Experimental
(ref. [22]) (ref. [38]) (ref. [19])
Ptio + CoHg = Ptyo-CoHy (di-o) —-171 —136 —-120
Ptio+ CoHg =Ptig-CoHg (’1T) —-103 —120 (dI-O' +1r species)
Ptio+ CoHg =Ptyo-CCHs + 0.5H, (ethylidyne) —-127 —125 —-115
Pt1o+ CoHy =Ptg-CoH» (di-O’/’IT) —209 -210
Ptig + CoHz = Pyg-CCH, (vinylidene) —278 —290
Table 2
DFT results for adsorption of and G hydrocarbons species onjPtlusters [22]
Reaction AEglectronic AH (298K) AH (623K)
(kJ/mol) (kd/mol) (kd/mol)
Ptio + CoHg = Pty0-CoH4 (di-o ethylene) —149 —-171 —166
Ptio+ CoHa =Pt10-CoHy (7 ethylene) —-103 —-103 —-103
Ptio+ CoHa =Ptip-CCHs + 0.5H, (ethylidyne) —-109 —-127 —124
Ptyo+ CoHg = Ptyg-CHCH, + 0.5H, (vinyl) -53 -78 -73
Ptio + CoHa =Ptio-CoH2 (di-o/m acetylene) —-209 —209 —209
Ptip + CoH = Pto-CoH, (7 acetylene) —88 —88 —88
Ptyo + CoHa =Ptio-CCH, (di-a/r vinylidene) —274 —278 —280
Ptig+ CHs =Ptjp-CH + 1.5H, 102 54 64
Ptip+ CHy =Ptio-CHz + Hz 118 81 88
Ptio+ CHs =Pt;o-CH3 + 0.5H, 6 -15 -10
Ptio + CoHg = Ptio-CoHs + 0.5H, (ethyl) 1 -20 —-15
Ptio + CoHa = Ptio-CHCH;s (ethylidene) —-87 —-95 —94
Table 3
Theoretical predictions of activation energies for C-C cleavage steps [23]
Reaction AEglectronic (kJ/mol) AGoE (623 K) (kJ/mol)
Ptio Ptz Pti3
CoHe + Pt;<;6é[C2H5Ptx]fF +1/2H, 183 117 167
CoHe + Pt;(;eé[CHCH3PtX]¢ +H; 162 169 165
CzHs + Pta@=[CH2CH; Pt]¥ +H, 430 277
CoHe + Pt;(;ee[CHCHgPtX]¢ +3/2H, 256 292
CoHe + PLB2[CCHPL] T + 2H, 360 346

We also conducted DFT calculations to determine to form the activated complexes based on the ethyl
the vibrational frequencies of the activated complexes ([C2H5Ptx]¢) and ethylidene ([CHC[;Ptx]i) species
based on the ethyl and ethylidene species [23]. Thesein equilibria with gaseous £Es and H, as shown in
vibrational frequencies may be used to determine Table 3. This table shows the predicted standard free
0-point and thermal corrections to the electronic en- energy changes at 623K for the two most favorable
ergy as well as applied to determine the entropies transition states on a Rtcluster, from which it can
of the transition states. These results allow the pre- pe seen that the free energy changes to form these
diction of the standard free energy changécﬁ?*) two activated complexes are essentially equal.
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Accordingly, the quantum chemical calculations pre-

dict that the preferred reaction pathways for ethane
hydrogenolysis over platinum are through the acti-

vated complexes based on the ethyl and ethylidene
species, and these calculations predict these two
pathways to have similar rates.

3. Kinetic analyses
3.1. Reaction schemes

In view of the quasi-equilibrated formation of
C,H,(ads) species with 2 x <5 and C-C bond cleav-
age of GH,(ads) species with 3x<5 expressed
in Steps 1-3, we simplify the reaction scheme of
Fig. 1 to a series of eight-lumped-equilibria. Accord-
ingly, Steps 5 through 12 shown below were used for
analysis of the ethane hydrogenolysis kinetic data.

5 B+ 2xE=2Hx

GHe + *=8=CyHs * +1/2H;
GHe + 2« =CoHy 2 +H>
GHe + 3 * SB=CyH3 *3 +3/2H,
GHe + 4 S=CoH3 x4 +2H>

10 GHg + 3% 2[CoHs#3]* +1/2 Hp

Step
Step 6
Step 7
Step 8
Step 9
Step

Step 11 GHg + 4  SE=[CHCHg4]¥ + Hp

Step 12 GHg + 5% SH2[CHCHy#s]* +3/2 Hp

The overall rate of this reaction scheme is determined
by summation of the rates from the three C—C cleavage
steps:

: t b

ksT | K2 Pe02 K, Peo* K Pe6>
rate= —i 5 1;52 * 4PE * 3 ;2 * 1 (7)
Py H Py
and the site balance is given by:
Ox =1 — O — Oc,Hs % —20C,H, %2 —30C,Hz *3
—40CoHy*4 8
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K5 Pe6.
OCoHs* = 15 (10)
Py
K4Pgh?
OC,Hy%2 = ¥ (11)
K3PE@$
OCoHz*3 = —375 (12)
Py
K2PE94
0C2H2*4 = 2 * (13)
Py

3.2. Parameterization of the kinetic model

The equilibrium constants required to describe cov-
erages of stable surface specids,(CoHs*, CoHg* o,
CoHs*3, and GHy*4) are expressed in terms of the
appropriate standard entropieSy( S2, 3, S5, and
3, respectively) and enthalpy changesHy, AHs,
AHg4, AH3, and AHy, respectively). The reference
pressure for the standard state is 1 atm. The standard
entropy changes can be expressed in terms of known
gaseous entropies and entropies of the appropriate
surface species. Furthermore, the equilibrium con-
stants for the formation of the activated complexes
(ICoMs#al*,  [CHCHgxal¥, and  [CHCHys]?)
can also be expressed in terms of standard en-

tropies 6‘5)1, Sgi, and Sgi) and enthalpy changes

(AHJ, AHf, andAHE). Standard entropies and en-
thalpies of gas phase components were determined
from the reference of Stull et al. [46].

The number of adjustable parameters was reduced
by fixing the values for the enthalpies changes to
form adsorbed ethyl species, diadsorbed ethy-
lene species and ethylidyne species-&5, 7, and
17 kJd/mol, respectively. These constrained values
were determined from reported calorimetric results of
King and co-workers [38] or determined from DFT
calculations over a B cluster [22]. The entropy and
enthalpy for adsorbed atomic hydrogen were fixed to
average values determined over the investigated range
of reaction conditions. In particular, the kinetic anal-

where the coverages of the stable species are given byySes show that the surface should be largely covered

Egs. (9)-(13):

O = v Ky PrOx* (9)

with atomic hydrogen and the average fraction of free
sites should be 0.21. Results from our microcalorimet-
ric studies of hydrogen adsorption on silica-supported
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Table 4

platinum indicate a heat of 62 kJ/mol and a surface Parameters for ethane hydrogenolysis over PYSIO

entropy of 42 J/mol/K at this average coverage.
The surface entropies of8,(ads) species were Parameter  Value (J/mol/K)  Parameter  Value (kJ/mol)

linked together assuming that all stable species exhibit g, 42 fixed AHy _62 fixed

similar mobility on the surface. Accordingly, the fit-  Sc,Hs« 116 AHs —15 fixed

ting parameter for the surface entropies ads SCaHax 106* AHa 7 fixed
gp pies gHads) e 942 AH3 17 fixed

species was a factor which multiplied the local surface Scattars

. . R SCoHpx4 822 AH> 724+ 25
entropies of these species when these species possess t
100.% AH; 77£2

0 degrees of translational freedo8y(). At 623 K, the c2H§

values of ¢ for CoHgx, CoHaxo, CoHaxz, CoHoxg SCHCHHi 91.6 AH4i 110+ 2
. H 3
species are 105, 96, 85, and 74 J/mol/K, respectively. . 810 AH3¢ 271 (insensitive)

In a similar manner, the entropies for the activated ~cHcHh;
complexes were linked together assuming that these 2Fitted parameter was ratio of surface entropySg for a

species exhibit the same mobility on the surface. The given surface species. This value of this parameter was found to
TR . be 1.10+£0.02.
value of the multiplicative factor for the ratio Gﬁ: to bThe fitting parameter was the ratio of surface entropy of the

S:aoc) Was fixed at 0.95, which is the value determined activated complex t&o. for a given surface species. This param-
from DFT frequency calculations for the activated eter was fixed at 0.95 as indicated from frequency calculations
complexes [23]. Accordingly, the reaction kinetic data conducted on the activated complex [23].

were fit in terms of five parameterA,Hsi , AH}

and  gihylidene pathway accounted for 67% of the observed
AHéF, A Hy, and the single multiplicative factor that rate while the ethyl pathway accounted for the remain-
gives S in terms ofS, (jo¢). It was found necessary to  ing 33% of the observed rate. The analyses suggest that
vary AH,, since GHyx4 species were initially pre-  the reaction pathway through the more highly dehy-
dicted to be too highly abundant on the surface (since drogenated activated complex [CH@H;]i is not sig-
Step 9 has a large positive standard entropy change)nificant. Accordingly, our constrained kinetic model
[22]. Values for the five fitted parameters were deter- requires only four fitted parameters to adequately
mined using a general regression analysis of the reac-describe the observed kinetic results.
tion kinetics data, with the reactor treated as a CSTR. It is noteworthy that the primary pathways for
All values of the parameters were estimated at the C-C bond cleavage take place through activated
average reactor temperature of 623 K. complexes that are rather highly hydrogenated (e.g.,

The solid lines shown in Figs. 2-5 represent the CHCHs;, CoHs) compared to the most abundant sur-
rates of ethane hydrogenolysis predicted using the re-face intermediates (e.g., CGHC,H3). Accordingly,
action scheme of Steps 5-12 and the parameters listedhe GH,(ads) reactive species that are responsible
in Table 4. It can be seen in these figures that the ki- for C-C bond cleavage are not necessarily the most
netic model provides a good representation of the ex- abundant surface intermediates that could be observed
perimental data over the range of experimental condi- spectroscopically. However, these most abundant sur-
tions. Table 4 lists the values of the fixed and fitted pa- face intermediates still play an important role in the
rameters and the 95% confidence limits for the fitted reaction kinetics by determining the fraction of the
parameters. The ratio between the values of surfacesurface that is available for catalytic reaction (i.e.,
entropies of the eHy species and the values &f they participate in site blocking).
for these species was found to be 1.1, which suggests
that these adsorbed species are essentially immobile
on the surface. 4. Conclusions

The kinetic analyses indicate that the major reac-
tion pathways proceed through the activated complex  The objective of this work was to develop a quanti-
based on the ethylidene (CHGHspecies, followed tative description of the catalytic chemistry for ethane
by the activated complex based on the ethylH§) hydrogenolysis over platinum that is consistent with
species. Over our range of reaction conditions, the results from a variety of experimental and theoreti-
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cal investigations. Figs. 2-5 show that the predicted observable stable intermediates such as-Hbnded
turnover frequencies based on Steps 5-12 are in goodethylene, ethylidyne species, or vinylidene species.
agreement with experimental values observed over alnstead, it appears that ethane hydrogenolysis takes
wide range of reaction conditions. Furthermore, the place primarily through less-stable adsorbed ethyl and
values of the parameters shown in Table 4 are phys- ethylidene species, since quantum chemical calcula-
ically reasonable and are in general agreement with tions predict that the major C—C cleavage pathways are
experimental and theoretical results. via the activated complexes based on ethyH§¢) and

The above analyses suggest that while the most ethylidene (CHCH) species, as shown it Table 3. This
abundant surface species are not the reactive interme-conclusion is independent of the energetics and mo-
diates involved in major pathways for cleavage of the bilities of adsorbed atomic hydrogen and the various
C-C bond, these abundant species influence the ki- C;H,(ads) reaction intermediates, since these species
netic data through blocking effects. The entropy and are in quasi-equilibrium with gaseousis and H.
enthalpy changes shown in Table 4 for Steps 6-9 in- In general, the combination of results from diverse
dicate that the formation of £E,(ads) species be- experimental studies and theoretical calculations
comes more endothermic and the change in entropyforms an effective approach to estimate reasonable
increases as more hydrogen atoms are removed fromenergetics for proposed reaction pathways. Subse-
ethane. Accordingly, the formation of the more highly quent analysis of reaction kinetics data collected over
dehydrogenated £Ei(ads) species is favored with in- a wide range of conditions provides a feasibility test
creasing temperature. Therefore, vinylidene (GCH of the proposed reaction scheme. A quantitative de-
species appear to become predominant on the surfacescription of the available experimental and theoretical
since these species involve removal of the most hydro- results may then be used to guide further research
gen atoms, resulting in a large positive standard en- and/or development of the catalytic system.
tropy change. The parameters listed in Table 4 predict
on average that 9% of the surface sites are covered
by the GH,(ads) hydrocarbon species (mostly ethyli- - Acknowledgements
dyne and vinylidene species), 70% of the surface is
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