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In many metal-catalyzed conversion processes of hydrocarbons at atmospheric pressure a carbonaceous overlayer quickly builds up at
the catalyst covering nearly the whole surface. However, the metal still remains catalytically active. Severa models have been proposed
over the years to explain the crucia role of the carbonaceous overlayer during the conversion of hydrocarbons. The model presented here
contemplates adsorbate effects, which means that surface carbon modifies the dehydrogenation activity of Pt. A hydrocarbon reaction
mechanism on platinum, including C; and C, species, is established. The mechanism is based on elementary reactions offering the
opportunity of using the same mechanism for a wide range of applications. It is aso applied to extended simulations of higher pressures
and smaller flow velocities revealing increased C,Hg yields under these conditions.
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1. Introduction

Methane, the major component of natural gas, is widely
distributed at sites around the world. However, many of
these sites are inaccessible by pipelines (stranded natural
gas). Thus, transportation of the stranded gas to consumers
requires low-temperature liquefaction (liquified natural gas,
LNG) or local conversion to liquid hydrocarbons. The use
of natural gas as afeedstock in chemical and pharmaceutical
industry is an alternative to crude oil whose supplies might
run out in the next century. Moreover, flaring gas which is
a permanent companion of al oil fields could be used more
efficiently. So far, it is usually burnt to avoid explosions.
This is not only a waste of resources but also a growing
problem in view of the greenhouse effect.

There are mainly three approaches to converting CH4
into higher hydrocarbons: the direct oxidative conversion
of methane (OCM), the Fischer—Tropsch process via syngas
and the non-oxidative conversion of methane (NOCM).

Over the last decades, research has mainly focused on
oxygen-containing processes, either indirect ones as in the
Fischer—Tropsch processes or direct ones as in the oxida-
tive conversion of methane (OCM). In the Fischer—Tropsch
processes CH, is converted into hydrocarbons, viasynthesis
gas, which is subsequently hydrogenated, e.g., to methanol.
At short contact times, the partial oxidation of methane on
Rh-coated alumina foam monoliths leads to high conver-
sion and syngas selectivity, both above 90% [1,2]. The
application of even shorter contact times (using Pt as a cat-
ayst), in the range of 500 us, converts CH, directly into
acetylene [3].

In the presence of oxygen, the direct CH,4 conversion
(oxidative conversion of methane, OCM) to CyHg, CoHy
(one of the most important raw materials in industria pro-
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duction cycles), C3H,,, C4H,, (all of them commonly abbre-
viated as C,; hydrocarbons) is thermodynamically feasi-
ble (exothermic), whereas the oxygen-free or dehydrogena-
tive conversion is endothermic (two-step polymerization).
OCM has been investigated extensively (a survey is given
by Baerns et al. [4]) and is till most frequently used due to
its higher methane conversion and yields of C,,. [5]. The
oxygen-free methane conversion on metal surfaces, how-
ever, has only been studied by a few groups [6-9]. The
state of the art for this process was recently summarized by
Guczi et al. [10Q].

A major disadvantage of the OCM is its low selectiv-
ity towards C,.,, because considerable amounts of CH, are
consumed forming CO and CO,. In contrast to OCM, the
non-oxidative conversion of methane (NOCM) offersahigh
selectivity towards C, products, but produces only small
C,, yields due to alow CHy4 conversion [11]. The reason
for focusing on oxygen-free methane conversion is there-
fore to maintain the high C,; selectivity, while smulta-
neously enhancing the CH, conversion and the C,. yield,
respectively. The NOCM is atwo-step process with the first
step consisting of a pure methane flow and the second step
of using pure hydrogen to remove the carbon layer and to
set free the hydrocarbons formed during the first step [7,8].

The optimization of the NOCM necessitates a detailed
knowledge of the occurring gas-phase and surface chem-
istry. In this work, we use a one-dimensional model of
a stagnation-point flow on a catalytically active platinum
catalyst in order to study the first step of the NOCM
numerically. The model includes detailed gas-phase and
surface kinetics combined with a multi-component trans-
port model. Although several detailed mechanisms exist,
each fitting well in a narrow range of reaction conditions,
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e.g., catalytic combustion [12,13], partial oxidation [1,14],
etc., the demand for mechanisms which consist of elemen-
tary reactions has grown substantially during this decade.
A concerted effort [15] is made to establish a more uni-
versally valid surface mechanism including C; (methane),
C, (ethane) and oxygen chemistry at the platinum surface.
The kinetic model presented here is part of these efforts
encompassing the oxygen-free surface chemistry.

Based on a comparison between the experimental results
of Belgued et a. [8] with our simulations, we have devel-
oped a surface reaction model for the NOCM. The sim-
ulation agrees with experimentally measured temperature-
dependent formation rates of C,Hg and of H,, as well as
with the carbon coverage on the catalyst. The model which
is evaluated here is also applied to high-pressure (10 bar)
simulations to examine conditions which might improve
C, yields but have not yet been tested experimentally.

2. Methods
2.1. Modeling and experiment

The experimental results of Belgued et al. [8] have been
used to evaluate our surface mechanism. The catalyst used
in the experiment consisted of 6.3 wt% Pt on silica with Pt
particle sizes ranging between 0.9 and 3.5 nm and 75% of
the particles being smaller than 2 nm. The corresponding
dispersion of Pt is65%, i.e., 65% of the total amount of cat-
alyst is available as surface atoms. The catalyst (Europt 1)
is placed in a continuous-flow fixed-bed reactor made of
a U-shaped quartz tube (4 mm inner diameter) operated at
atmospheric pressure.

In our flow model we use a one-dimensional stagnation-
point flow directed towards a solid catalyst to study NOCM.
The dependent variables (density, momentum, temperature
and mass fraction of the individual gas-phase species) are
functions of the time and the distance perpendicular to the
surface. This set of governing equations is closed by the
ideal gas law. We use the equation systems as stated by
Warnatz et al. [16]. The properties of the catalyst surface
itself are introduced in the simulation as boundary condi-
tions for these governing equations. Thus, the solution of
the gas-phase problem is linked to the surface properties
and the surface reaction mechanism. The variation of a gas
species mass fraction at the surface, which is determined
by diffusive and convective processes as well as by the
formation or consumption of that species in process, is de-
scribed in a time-dependent equation. Details of the bound-
ary conditions can be found in Deutschmann et a. [12].
The code computes the species’ mass fractions, tempera
ture and velocity profiles in the gas phase, as well as fluxes
at the gas—surface interface, the surface coverage and tem-
perature as a function of time. The program accounts for a
finite-rate gas-phase and surface chemical kinetics. A sim-
plified multi-component molecular transport model is used.
The discretization of the Navier—Stokes eguations describ-
ing the gas-phase and the boundary conditions leads to a

differential—algebraic equation system, which is solved by
a semi-implicit method using the solver LIMEX [17].

In the temperature range of 300—700 K, as studied in the
present work, first studies using a gas-phase reaction mech-
anism consisting of 55 reactions among 13 species reveal ed
the insignificance of gas-phase reactionsin that temperature
range. A gas-phase reaction scheme was therefore not used
in the smulations and the question of comparability of the
3D-experiment and the 1D-model was reduced to the influ-
ence of transport phenomena. Both the flow rate and the
catalyst geometry determine product selectivity [18]. The
flow rate dominates the thickness of the boundary layer and,
hence, mass transport and residence time of species on the
surface, respectively. A larger flow rate corresponds to a
thinner boundary layer and, thus, considering the low stick-
ing coefficients of CH, (see below), transport isfast in com-
parison to the CH, adsorption reactions. Belgued et al. [19]
examined the effect of an increasing flow rate and found
growing C, product selectivity for the two-step process.
The highest flow rate used in their studiesis 400 cm® min—;
it represents an asymptotic limit. For the simulation, the ex-
perimental flow rate of 400 cm®min~—?! is transformed into
aone-dimensiona flow rate, dividing the experimental flow
rate by 72, with r being the radius of the U-tube (2 mm).
In order to compare the measured rates with the simulation,
the former are first transformed into turnover frequencies
and then multiplied by the platinum surface density of a
(1112) surface (2.49 x 10~° mol cm~2). If comparisons are
made between two reactors of different geometry, as it is
the case between Belgued’s experiment and our simulation,
it is necessary that the process observed is not limited by
transport but exclusively by surface kinetics. Due to the
low CH4 sticking coefficient on Pt, transport is much faster
than surface kinetics under the conditions chosen in this
work.

2.2. Kinetic model

The surface chemistry is modeled using a set of elemen-
tary reactions. The formation rate of species i, §;, is ca-
culated by equation (1) with the rate coefficient k7, given
in an extended Arrhenius form (equation (2)), which can
account for a coverage dependence of the pre-exponential
factor aswell as of the activation energy (equation (3)) [20].
The formation rate of a species i, $;, is given by

Ks
Si: E Vik:k'fk
k=1

where K is the number of elementary surface reactions
(including adsorption and desorption), v;;, and v, are the
appropriate stoichiometric coefficients, Vg and Ns are the
number of gas species and adsorbed species. The concen-
tration [X;] of an adsorbed species (Ng + 1,. .., Ng+ N5)
is given in mol/cm? and equals the surface coverage (O;)
multiplied by the surface site density (I'7).

Ng+Ns
H [Xj]”ﬂl'k (t=1,...,Ng+ Ns), (1)
7j=1
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The rate coefficient ky, is calculated by

—E
ky, = A TP exp{R—;”} fe@1,...,08), (2

where A, and Ej, are the pre-exponential factor and the
activation enthalpy of areaction k. 7%+ allows for a more
complex temperature dependence to be taken into account.
The dependence of the reaction rate on the coverage of
surface speciesi is taken into consideration by an additional
function f(©;),

Ns
_ i, €i,9;
fk(@]_,...,@Ns) —E@z eXp|: RT :|, (3)
where p;, describes the modified reaction order in respect
to species ¢ and ¢;, the coverage-dependent activation en-
thalpy.

Alternatively, instead of pre-exponential factors, initial
sticking coefficients may be used for the reaction input of
adsorption processes. Then, the usual rate coefficients are
given by
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where S? istheinitia sticking coefficient and I'; the surface
site density to 7, the number of surface sitesinvolved in the
adsorption process. R represents the general gas constant,
0, the coverage of free surface sites, 7' the absolute tem-
perature in Kelvin, E;, the activation enthalpy of reaction
k and M; the molar mass of species i.

The surface mechanism consists of 14 surface species
involved in 39 elementary surface reactions describing ad-
sorption, desorption, recombination and C, isomerization.
The surface mechanism is restricted to C{H,, and C,H,,
species, since due to the introduction of CzH, species
and even higher hydrocarbons an almost infinite number
of isomerization reactions has to be taken into account.
In the surface mechanism, forward and reverse reaction
data can be given separately if there are deficiencies of
thermodynamic data, which are given as polynomial coef-
ficients [21,22]. Forming a reaction mechanism makes it
necessary to know the reaction enthalpies AH of all surface
reactions and, therefore, the surface standard enthal pies of
formation AHJQ (298 K) of al species involved. The stan-
dard enthalpy of formation AHJQ (298 K) of the surface
species j is calculated as the sum of the standard enthal py
of formation of species j in the gas phase and the heat of
adsorption of species j at the surface. The heats of ad-
sorption (adsorption enthalpies) for all C; and C, species
are taken from Shustorovich [23]. These values are based
on the bond-order conservation Morse potential (BOC-MP)
method of Shustorovich et a. [24]. The necessity of gener-
ating a consistent data set on the one hand and the lack of
datafor several specieson the other hand makes some adap-
tions inevitable. The principle of “additivity of bond prop-
erties’ [25] was applied for those species whose heats of
adsorption on Pt had to be guesstimated. In reactions where

the activation enthalpies calculated by Shustorovich led to
inconsistencies within the mechanism, adjustments were
made (referred to in table 1). In the adjustment process,
top priority was given to the heats of adsorption. For the
temperature range 300-700 K, the standard enthalpies of
formation AHJ? (298 K) are used in the simulation without
a temperature correction. The lack of temperature correc-
tion is not expected to cause serious errors, because only
the differences of the standard surface enthalpies of forma-
tion are used in the surface mechanism and the difference
of heat capacities of all species taking part in the reaction,
AC,,;, tends to be very small (compensation effect [25]).

2.3. Surface mechanism

In order to establish a mechanism, it is important to take
into consideration as many experimental facts as possible.
The following facts have to be considered in the case of
the non-oxidative methane conversion (NOCM) on Pt:

Within minutes after starting the process and depending
on temperature, the catalyst surface becomes covered with a
near-monolayer of a carbonaceous overlayer at atmospheric
pressure. However, catalytic activity can be maintained for
thousands of hours. The role of the carbonaceous over-
layer remains an open question. It has been classified by
several groups [7,26,27] to consist of at least three dif-
ferent species («, 3, and «), according to its composition
C,H, or its property of being removable by hydrogen at
different temperatures. The carbonaceous overlayer con-
sists of mobile C,H,, species with varying hydrogen con-
tent depending on temperature and time-on-stream (TOS,
i.e., the time after starting to expose the catalyst to the
flux of methane). Eventualy, a hydrogen-poor graphitic
structure is formed, blocking the metal surface and inhibit-
ing catalysis. Different explanations concerning the role of
the overlayer in catalysis have been discussed [27-29]. The
model of Somorjai postulatesthat decreasing hydrogen con-
tent makes the carbonaceous|ayer more and moreimmobile
and impedes the creation of metal idands, the only place
where hydrocarbon conversion is assumed to take place. It
further claims two physically existing modifications of the
carbon layer, a two-dimensional one (in our model repre-
sented by C(s)) at temperatures below approximately 550 K
and a three-dimensional one (in our model represented by
Cy(9)) at temperatures above 550 K. The model discussed
in the present paper assumes a carbonaceous overlayer con-
sisting of two carbidic species, an atomic one C(s) [10,30]
and a C,(s) species symbolizing a polymer species which
does not inhibit the platinum surface. A graphite modifica-
tion Cyraonit(S) which only blocks the surface has also been
included in the mechanism. The Cy(s) is a species intro-
duced to take into consideration the transformation from
the two-dimensional modification to the three-dimensional
one, thus making room for a continuous CH, adsorption,
as described in more detail beneath. Yet the composition
of the carbonaceous layer as well as its reactivity towards
hydrocarbon conversion are still not completely understood.
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Table 1
Surface reaction mechanism for the adsorption of methane on platinum.2
Reaction A B FEa So
R1 Hy+PT(s — 2H(S 0.0 0.0 0.046°
R2  CHg + 2PT(s) — CHz(s) + H(s) 2.3 72.20 1.23 x 108
R3  CHj + C(s) — CHCHs(s)P 05 0.0 1.99 x 10~10
Ocsum(s 0.0 47.50
R4 CyHg + 2PT(s) — CuHg(9) 0.0 0.0 10
R5  CoHg + PT(s) — CaHa(s) 0.0 0.0 1.0
R6  2H(s) — Ho + 2PT(s) 3.70 x 102 0.0 60.00°
Op1(9 0.0 15.00
R7  CHs(s) + H(s) — CHga + 2PT(s) 1.00 x 102 0.0 50.00¢
R8 CHCH3(s) — CHy4 + C(9) 1.00 x 10 0.0 250
Ocsum(s 0.0 47.50
R9  CoHg(s) — 2PT(s) + CoHe 1.00 x 1016 0.0 20.90
R10 CyH4(s) — PT(s) + CoHa 1.00 x 106 0.0 50.20
R11 CHs(s) + PT(s) — CHa(s) + H(s) 1.26 x 10?2 0.0 70.30¢
R12 CHy(s) + H(s) — CHa(s) + PT(s) 3.09 x 102 0.0 0.0d
R13 CHy(s) + PT(s) — CH(s) + H(s) 7.31 x 10% 0.0 58.901
Ocsum(s) 0.0 50.00
R14 CH(s) + H(s) — CHa(s) + PT(s) 3.09 x 107 0.0 0.0d
R15 CH(s) + PT(s) — C(s) + H(s) 3.09 x 10% 0.0 0.04
R16 C(s) + H(S) — CH(s) + PT(s) 1.25 x 107 0.0 138.004
R17 CyHa(s) — CHCH3(s)P 1.00 x 1013 0.0 83.30¢
R18 CHCH3(s) — CoH4(9) 1.00 x 1013 0.0 75.304
R19 CoHs(s) + H(s) — CoHg(s) 3.70 x 10% 0.0 41.80
R20 C,Hg(s) — CoHs(s) + H(s) 1.00 x 1013 0.0 57.70¢
R21 2CH3(s) — CoHg(9) 1.00 x 10% 0.0 0.0
R22 CyHg(s) — 2CH3(s) 1.00 x 1013 0.0 124504
R23 CHy(s) + CH3(s) — CaHs(s) + PT(s) 4.00 x 10%2 0.0 0.0
R24 CyHs(s) + PT(s) — CHa(s) + CH3(9) 4.00 x 10%° 0.0 128.904
R25 CyHs(s) + PT(s) — CHCH3(s) + H(s)° 4.00 x 10%2 0.0 54.404
R26 CHCH3(s) + H(s) — CoHs(s) + PT(9) 4.00 x 107 0.0 29.30
R27 CyHs(s) + 2PT(s) — CH2CHa(s) + H(s)P 1.37 x 102 0.0 16.70
R28 CH,CHy(s) + H(S) — CoHs(s) + 2PT(s) 1.37 x 10%° 0.0 28.90¢
R29 CH,CHy(s) — CHCHs(s) + PT(s)P 1.00 x 1013 0.0 87.404
R30 CHCHg3(s) + PT(s) — CH2CHa(s)P 1.37 x 102 0.0 50.20¢
R31 CHCHz(s) + PT(s) — CCH3(s) + H(9) 1.37 x 102 0.0 99.108
R32 CCHs(s) + H(s) — CHCHs(s) + PT(s)P 1.37 x 10% 0.0 75.30¢
R33 CCHs(s) + PT(s) — CHa(s) + C(9) 4,00 x 10% 0.0 46.904
Ocsum(s 0.0 50.00
R34 CHs(s) + C(s) — CCHs(s) + PT(s) 4,00 x 10% 0.0 46.004
R35 2Cy(s) — Cgrapnit(9) 1.00 x 10% 0.0 240.00
Oc,(9 0.0 —60.00
R36 2C(s) — Cu(s) + PT(s) 1.00 x 10% 0.0 180.00
Ocy 0.0 —50.00
R37 Cx(9) + PT(s) — 2C(9) 1.00 x 10% 0.0 185.00
Ocy 0.0 —50.00
R38 C(s) + Hy — CHy(s) 0.0 29.70 4.00 x 102
Ocsum(s 0.0 4.60
R39 CHa(s) — C(s) + Ha 7.69 x 1013 0.0 25.10
Ocsum(s 0.0 50.60

aUnits: A (mol, cm, s), Ea (kImol), Sy (-), sticking coefficient. Pt(s) denotes bare surface sites with a density
of 2.49 x 10~9 (mol/cm?), corresponding to Pt(111), Oc(s and Opys) and Ocsum(s) describe the dependence of the
activation energy (g5, according to equation (3)) on the C(s) coverage or the vacant surface area, respectively.
Ocsum(s is adummy variable defined as the sum of O and fc,(s underlining the fact that both carbidic surface
species do have the same impact on the dehydrogenation capability of Pt.
b The standard formation enthalpies in the gas phase of the species CHCH3(s) and CH,CHa(s), and the adsorption
enthalpy for CH,CH»(s), have been caculated according to the “additivity of bond properties’, as described in
[25, p. 24].
¢ Taken from [12]; coverage dependence has been modified, as indicated in [28].
dThe activation enthalpies taken from [23] have been adapted to form a consistent reaction scheme which gives
priority to the calculated formation enthalpies of the species involved.
€ Taken from [24].
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Belgued et al. [8] studied the NOCM to C,Hg and H,
at atmospheric pressure with a silica-supported platinum
(Pt) catalyst (Europt I) at different temperatures and flow
rates [19]. The tempora development of the rate of for-
mation of C,Hg at constant methane mass flow varies sig-
nificantly depending on the temperature. At temperatures
above 540 K, the formation rate of CoHg declines with
TOS, as one would expect with steadily increasing carbon
coverage and assuming a pure platinum-catalyzed conver-
sion. However, measurements at 523 K show that there is
a rate maximum appearing approximately after 1 min TOS.

The CH,4 chemisorption on Pt has been found to be the
rate-determining step (RDS) with sticking coefficients of
CH, varying between 10—+ and 10~*2. Molecular-beam ex-
periments result in the higher range of sticking coefficient
(10~4-10-7) [6], because, in this case, all molecules have a
higher kinetic energy than that corresponding to a Maxwell
distribution under normal adsorption conditions. The lower
part of the range (10~1°-~10~*?) is found in high-pressure
experiments [31]. The reason for this wide variation of
sticking coefficients is not only a result of the different ex-
perimental methods applied, but also a consequence of the
electronic influence that adsorbates (such as oxygen O(s)
or carbon C(s)) have on the metal surface.

While establishing a model which accounts for the above
mentioned facts, one has to consider the fact that a cat-
alytic processinvolves a sequence of different steps includ-
ing reactant chemisorption, surface diffusion, chemical re-
arrangement and product desorption. If the rate-determining
step (RDS) in this sequence is the reactant chemisorp-
tion, as in the case of CH, conversion, the FEg-LDOS
(local density of states at the Fermi energy at the sur-
face which is identical with the number of electrons at
the Fermi level on surface sites) can be used as an indi-
cator to show whether adsorbates promote or poison the
surface. Adsorbates which enhance the Er-LDOS or de-
crease the work function ¢ lead to a greater availabil-
ity of electrons and, hence, to higher reactivity towards
reactant chemisorption. Hydrogen on Pt [32] decreases
the Er-LDOS or increases ¢, respectively. Carbidic car-
bon C(s) increases the work function ¢ of the platinum
metal, while graphitic carbon decreases it [33,34]. The
enhancement of the Pt work function ¢ by carbidic car-
bon C(s) is accompanied by a negatively polarized or
charged C(s) at the surface which explains increasing lat-
era interaction. The amount of such lateral interaction de-
pends on carbon coverage. Tontegode [33] reports an about
0.6 eV increase at the metal surface in the case of Ir. Ir
is in many respects quite similar to P, e.g., electronega-
tivity, ionization energy, atomic radius. We therefore as-
sume a coverage-dependent additional activation enthalpy
of 50 kdmol for all reactions increasing the carbon C(s)
coverage (R8, R13, R33, R39) shownin table 1. Asacon-
sequence, the dehydrogenation activity of the Pt surface
(R13, R39) is modified with TOS by an increasing carbon
coverage [35].

antibonding
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Figure 1. Interaction diagram between carbidic surface carbon and a metal

surface due to Hoffmann's book [36, p. 114 ff]. This diagram shall stress

the qualitative aspect of thinking over what kind of bonding to the surface

might lead to the experimentally stated increase of the Pt work function
by an increasing coverage of surface carbon [30,32].

Considering the role of the surface carbon within a sur-
face mechanism it is necessary to think about the way car-
bon bonds to the metal surface. There are alot of publica-
tions about how surface fragments can interact with metal
bands or surface atoms, respectively. The latter perspective
represents a more localized bonding view which is mainly
described by Hoffmann [36] and Burdett [37].

Surface carbon can form o and 7 bonds to the Pt sur-
face. The o bonds are formed with s and 22 states of the
metal, whereas the 7 bonds are formed by interacting with
completely filled d-bandsin the case of Pt. The polarization
of the surface carbon depends on whether the singly occu-
pied carbon frontier orbital lies above or beneath the Fermi
energy level of the platinum metal, illustrated in figure 1.

If it lies beneath, the binding molecular orbital (MO) at
first singly occupied by the carbon electron will be filled by
an additional electron from the metal reservoir representing
an electron transfer to the surface carbon [36]. Thiselectron
transfer leads to an increased work function ¢, as indicated
above [33,34].

If the carbon frontier orbital lies above the Fermi energy
level of the metal, asit might be in supported metal catalysts
where the support is very acidic or in zeolites, the electron
transfer is vice versa leading to a decreased work function
¢ and a positively polarized surface carbon.
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However, in any case a partial charge is imposed upon
the surface carbon causing latera interaction with an in-
creasing coverage. In the surface model discussed in this
paper we have focused on the effects lateral interactions
have on the dehydrogenation capability of Pt and we have
taken up model assumptions in regards to the carbon layer
previoudy discussed in literature [27,28,39].

We did not consider possible modifications of the ad-
sorption behaviour of Pt in respect to methane. This pos-
sibility cannot be excluded, because the interaction be-
tween singly occupied carbon orbitals and completely filled
d-bands may lead to energetically enhanced antibonding
molecular orbitals with radical- and carbon-like charac-
ter. It is very probable that such radical-like states would
make a heterolytical break of the C—H bond easier. Such a
model in which surface carbon is directly involved in CH,4
chemisorption has been discussed in a former study [38].

The proposed surface mechanism is presented in table 1.
There is one adsorption reaction (R3) where C(s) is directly
involved in CH,4 chemisorption, and avery low initial stick-
ing coefficient (lower than on Pt) is chosen for this sigma-
trope insertion reaction. Its presence in the mechanism is
due to microreversibility, since the reverse reaction R8 is
supposed to be a necessary part of the mechanism. Only the
CH, chemisorption on the uncovered Pt surface is consid-
ered to be important within this mechanism. No adsorbate
effects, neither increasing nor decreasing the sticking prob-
ability of CH4 on Pt, are considered in reaction R2. Instead,
the adsorbate effect of carbidic carbon is taken into con-
sideration by an increased activation enthalpy in reactions
where carbidic carbon C(s) is produced, while the reac-
tion enthalpy AH has been considered to be constant, asin
R3/R8 and R38/R39.

The reactions in table 1, which are supposed to depend
on the coverage of carbidic species, are formulated in de-
pendence of a dummy variable fcsume = O + Ocys)
to account for the fact that both carbidic species have the
same weight on modifying activation enthalpies. This was
chosen because al carbidic species, C(s) as well as Cy(9),
have the same impact on the Fermi level of the metal, as
discussed above. In the case of graphite, there is an op-
posite effect [33,34], but it is not formed in the range of
300-700 K, as studied here. The pre-exponential factor for
most reactions in table 1 was taken from the average fre-
quency of the vibration mode of a chemical bond being in
the range of 10*2 in the case of a unimolecular reaction, and
10%! in the case of a bimolecular surfacereaction. The latter
valueis calculated from the first one by dividing by the sur-
face site density (concentration of Pt surface sites), which
is 2.49 x 102 mol/cm?. Values for pre-exponential fac-
tors which deviate from these standard values were found
by including the reaction entropy of the reaction with the
means of statistical thermodynamics. The reaction entropy
influences the pre-exponential factor in terms of
AS]

A=A exp[E (5)

Including C,(s) in this model (R36, R37, R35) is necessary
in order to account for a carbon layer which existsin atwo-
and three-dimensional modification, depending on temper-
ature. The Cy(s) formation makes room for further CH,
adsorption and, therefore, catalytic activity is maintained.

For reproducing the experimental results, reactions R36
and R37 (2C(s) — Cx(s)) quickly have to establish a par-
tial equilibrium and, hence, do not differ substantially in
their activation enthalpies. The appearance of a three-
dimensional carbon layer mainly above 550 K [27,28]
cals for a minimum height of the activation enthalpy in
R36/R37. Therefore, the standard formation enthalpy for
Cy(s) is set at a value approximately twice as high as that
of C(s).

Attempts to correlate Cy(s) with the thermodynamics of
a known species failed without making more detailed as-
sumptions, which are not justified by any experimental re-
sults. We therefore decided to keep the number of basic
assumptions as low as possible.

3. Reaults and discussion

Models discussed in literature on hydrocarbon conver-
sion on metal surfaces ascribe the main catalytic activity to
the uncovered metal surface. Although it has been observed
that the quickly forming carbon layer (under ambient pres-
sure) has an impact on the process, most models restrict the
role of the carbon layer to that of a hydrogen transmitter
or placeholder [27,28,39]. A different model is discussed
in [38] where the carbidic carbon is assumed to be an active
part in the chemisorption of CHj.

In comparison with experimental results and simulated
ones, the surface reaction mechanism has to prove its reli-
ability. As figures 2 and 3 clearly show, the measured and
simulated rates of formation of C;Hg and H, compare qual-
itatively well. While at T' = 593 K the experimental rate
of formation of C,Hg decreases with time, as would be ex-
pected according to Somorjai [39] (at atmospheric pressure,

—e—rate H,_ , exp. Belgued et al. T = 523 K
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Figure 2. Comparison of experimental (lines with symbols, Belgued et
d. [8]) and cdculated (lines) rates of formation of C;Hg and Hy (p =
1 bar, flow rate = 400 cm® min—1, T' = 523 K).
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Figure 3. Comparison of experimental (lines with symbols, Belgued et
a. [8]) and cdculated (lines) rates of formation of C;Hg and Hy (p =
1 bar, flow rate = 400 cm® min—1, T" = 593 K).

the catalyst surface is covered by a carbon layer within a
few minutes, thus diminishing catalytic activity), the ex-
perimental points at 7' = 523 K exhibit a maximum. This
maximum does not agree with a model which simply de-
scribes deactivation by carbon (blocking the active surface),
as shown in figure 4. Belgued at al. [8] do not give any
explanation for this maximum. The H, evolution is di-
rectly correlated with the formation of C,. The formation
of hydrogen-deficient surface species is a prerequisite for
the formation of carbon—carbon bonds. A comparison be-
tween figures 2 and 3 clearly shows that the ratio between
the H, and the C;Hg formation rate is approximately ten,
which corresponds well with the ratio measured. Hence,
a carbon-coverage-dependent activation enthal py for the de-
hydrogenation reactions, leading to carbidic carbon C(s) at
the surface, is well suited to reproduce the formation rates
of C;Hg and H; at the different temperatures shown in fig-
ures 2 and 3. It is assumed that there is a'so a maximum
of the formation rate of C;Hg at 7' = 593 K which appears
s0 early in TOS that is has not yet been experimentally
resolved.

Good accordance between simulation and experiment
can also be observed, if the simulated carbon coverage and
the measured CH, coverage are plotted as a function of
temperature, as shown in figure 5. The difference in des-
ignation of carbon and CH,, is due to the different models
of carbon layers established by different groups [7,26,28].
Our mechanism shows CH3(s) accumulation only at low
temperatures (200 K). Above T' = 250 K, only C(s) and
H(s) are present on the metal surface, which corresponds
to a quick and complete decomposition of CH3(s) at the
surface, as observed by Zhou and White [40] and Soly-
mosi [41]. The CHz(s) decomposition leads to carbidic
carbon C(s) which forms dipoles at the surface which in-
crease the lateral interaction and, hence, increase the acti-
vation enthalpy for further carbon deposit. The sensitivity
analysisin view of the formation of C,Hsg, figure 6, and the
reaction flow analysis for the simulation at 7' = 523 K for
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Figure 4. Tempora development of the C,Hg formation rate and of two
important surface species, CH3(s) and ethylidyne CCH3(s), for a smula
tion in which the deposition of carbon C(s) modifies the dehydrogenation
activity of the Pt surface (lines without symbols) and another simulation
in which the carbon C(s) deposition just blocks the Pt surface (lines with
symbols) (p = 1 bar, flow rate = 400 cm® min—1, T = 523 K).
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Figure 5. Comparison of experimental (line with symbols, Belgued et

d. [8]) and calculated (dotted line) coverage of carbon or CH, after

1 min of CH,4 flow at different temperatures (p = 1 bar, flow rate =
400 cm3 min—1).

different TOS reveal interesting details of the mechanism.
At the beginning of the process, the recombination reaction
of CHs(s) (R21) forming C;Hg competes with R11 and
R39, which decompose CH3(s). At TOS = 1 s, 22.9% of
the CH3(s) species are decomposed to CH,(s) (R12), from
which 38% are further decomposed to C(s) and H, (R39).
That competition changes drastically with TOS. While at
TOS = 60 s, only 0.79% of the CH3(s) species are decom-
posed to CH»(s), approximately 93% of the CH(s) species
are transformed back to CH3(s) by hydrogenation, only 7%
of CHy(s) are till dehydrogenated to C(s) and Hy, due to
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Figure 6. Tempora development of the relative sensitivities of some important reactions in respect to the formation of CoHg. All the reactions in this
diagram are shown including their pre-exponential factors and activation enthapy in table 1.

the then higher activation enthalpy of R39. At T" = 523 K,
amaximum of the formation rate of C,Hg appears, accom-
panied by a maximum of CHs(s) species at the surface,
see figure 4. Apart from recombination to C,Hg, CH3(S)
reacts with C(s) to form an ethylidyne species CCHj3(9),
another C—C bond forming reaction. Ethylidyne is a key
species in the mechanism presented here. As flow analy-
sis shows, a partia equilibrium between ethylidyne and its
dissociation products, C(s) and CHs(s) (R33, R34), is es-
tablished very quickly. This provides the process with a
small, but continuous amount of CH3(s), which can recom-
bine to ethane. The formation of C;Hg shows an increasing
sensitivity with TOS with respect to the ethylidyne equilib-
rium, thus influencing the yield of CoHg. The ethylidyne
equilibrium also becomes the main reaction channel for the
formation and consumption of CHs(s). After 1 s, approx-
imately 76% of CHs(s) species take part in reaction R34,
whereas 100% of CCHs(s) are transformed back. After
300 s TOS, approximately 99.4% of the CH3(S) species are
involved in this equilibrium (R33, R34). The relative sen-
sitivity changes, just like the reaction channels do. Apart
from CH4 chemisorption, the CHz(s) decomposition and,
vice versa, the hydrogenation of CHy(s) are the most sen-
sitive reactions (R11, R12, R39) at the beginning, yet, as
mentioned before, after 300 s TOS, the reactions R33 and
R34 dominate the process.

Hence, at the beginning a reasonable part of the CHz(s)
species formed by CH, chemisorption is dehydrogenated
to carbidic carbon C(s) which polymerizes with TOS to
another carbidic species C,(s) forming graphite at higher
temperatures (R35). With increasing TOS, the accumu-
lation of carbon at the surface, the dehydrogenation of
CH.(s) species, is inhibited by higher activation en-
thalpies due to lateral interaction of carbon C(s). Therefore,
CHs(s) dimerizes or reacts together with C(s) to ethylidyne
CCHs(s).

The integration of the rate of formation of C,Hg over
TOS (in the results presented in this paper the process was
finished after 5 min) represents a quantitative measure for
the yield of C,Hg produced in the process. The plot of the
integrated formation rates of C,Hg versus the reaction tem-
perature shows a maximum of C,yHg yield at approximately
520-530 K (figure 7). This maximum coincides with the
maximum of C(s) coverage, also shown infigure?7. Thisre-
sult agrees with experimental work by Zi-Feng et al. [11].
The coincidence between the maxima of CyHg yield and
C(s) coverage underlines the importance of carbidic carbon
being present at the surface in order to produce high C,.
yields. We agree with Zi-Feng et al. that there are other
species of the carbonaceous layer than C(s) which play an
active role in the formation of C,;. Moreover, the de-
termination of these species makes it necessary to include
higher hydrocarbon species, such as C; and C4 as well as
their isomerization reactions into the mechanism. Doing
that requires more reliable experimental data about surface
reactions.

In the mechanism discussed here, a small percentage
of CCH3(9) is hydrogenated to CHCH3(s) which mainly
decomposes to CH,4, whereas a minor part of CHCH3(s)
forms CH,CH(s) and, successively, CoHs(S).

The mechanism presented here has been used in simula-
tions (NOCM) under completely different conditions than
those in experiments, e.g., at higher pressures than 1 bar
and/or a smaller flow rates. The results revealed that there
are conditions which lead to higher yields of C;Hg. Possi-
ble explanations need to focus on the interaction between
transport to and from the surface on the one hand and sur-
face kinetics on the other hand. While the diffusion co-
efficient is reversely proportional to pressure, the use of
small flow rates strengthens the pressure effect on trans-
port leading to a thick boundary layer with small gradi-
ents. The transport of all species is slowed down. As a
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platinum surface. Due to the computer model, flow rates are one-dimensional, as described in section 2.1 (p = 1 bar, T' = 523 K, fuel = 100% CHy).

result of such diminished transport, higher mole fractions
of the products appear close to the surface, e.g., hydro-
gen, evolving from the Pt surface. An increased hydrogen
concentration close to the surface means that the reaction
C(s) + Hz — CHy(s) (R38) is substantially accelerated and,
hence, the carbon deposit is decreased leading to higher
and even time-independent formation rates of C;Hg, as il-
lustrated in figure 8. Figure 9 presents the correlation be-
tween the integrated formation rates of C;Hg at two differ-
ent pressures, p = 10 and 1 bar, and various flow rates. It
is obvious that there is till room for improvements. The
ratio between the C,Hg yield at conditions where a max-
imum yield is expected and the C,Hg yield at conditions

used in the experiment [5] (conditions described in figures 2
and 3) will be greater if the overall process time (in these
simulations = 5 min) is increased. The reason for such
an enhanced ratio with increased process time is that the
formation rate of C,Hg at great flow rates drops signif-
icantly after 3-5 min TOS, while it remains at a higher
level at smaller flow rates and/or higher pressures due to
a smaller carbon deposit. It becomes clear from figure 8
that the process which runs at conditions achieving a maxi-
mum in the yield of C,Hg also shows a minimum in carbon
coverage. With flow rates smaller than the ones shown in
figure 8, the carbon deposit will even be smaller, but it does
not lead to a greater yield of CoHg, as shown in figure 9.
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Figure 9. Integrated formation rates of CoHg, simulated at different pres-
sures and temperatures, are plotted against the flow rate. Due to the com-
puter model that was used (one-dimensional gas phase, see section 2.1),
the flow rates are one-dimensiona (overal time of the process ¢ = 5 min).

This circumstance is caused by a limit in transport fixed by
pressure and temperature, respectively. Beyond that limit,
transport from and to the surface becomes too slow, thus
limiting the overall process by overcompensating the pos-
itive effects of a dower transport, as mentioned above. It
should be stressed again that, if transport becomes a limit-
ing factor of the overall process or even so slow that it can
be compared to the rate-determining surface reactions, then
product selectivity is highly dependent on the geometry of
the reactor [18,19]. A comparison of the results of our one-
dimensional model with a three-dimensiona reactor would
therefore only make sense if the reactor’s geometry would
be the same for both. Hence, the results achieved for higher
pressures and/or smaller flow rates have not yet been com-
pared to experimenta results measured in any reactor due
to the lack of such high-pressure experiments. The only
purpose of presenting these simulated results is to point
out tendencies and possibilities for optimizing the NOCM
process.

4. Conclusions

The advantage of the NOCM compared to the OCM is
its higher C, selectivity; improving its poor yields could
make it a valuable aternative. Acquiring detailed know!-
edge of its surface kinetics is a prerequisite for optimizing
the CH,4 conversion of the NOCM. In the present work,
we have made an attempt to achieve better insight into the
process. Apart from reproducing the formation rates of
C.Hg and Hy, as well as the carbon coverages, the present
model gives a reasonable explanation why catalytic activ-
ity is maintained in the long run, although a major part of
the Pt surface is covered by carbon. At the beginning of
the process, dehydrogenation and hydrogenation of CH.(9)
species as well as CH,4 chemisorption are the most sensi-
tive reactions, yet after 5 min TOS, the quickly established

ethylidyne equilibrium (R33, R34) takes over this part, pro-
viding the process with a low but permanent concentration
of CHs(s) species. Detailed reproduction of experimental
results was made possible by using amodel of carbon which
modifies the dehydrogenation activity of the Pt surface. The
extent to which carbon modifies the dehydrogenation activ-
ity depends on its coverage. Thisis attained in the present
model by an additional carbon-coverage-dependent activa-
tion enthalpy. Variations of process conditions as regards
to pressure and/or flow rates showed that it is possible to
enhance the yield of C;Hg. So far, low C,Hg yields have
been a major disadvantage of the oxygen-free CH, conver-
sion compared to oxidative conversion of methane (OCM).
Thereis an optimal flow rate for each pressure and temper-
ature in view of the C;Hg yield. The increase in the C,Hg
yield is due to low carbon coverages, the catalytic activ-
ity can therefore be maintained on the high starting level
where no carbon deposits diminish the activity. The use of
higher pressures makes it even possible to run the process
at temperatures where at atmospheric pressure no catalytic
activity would be visible due to the formation of graphite,
which poisons the surface.
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