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Abstract

Detailed kinetic-transport models were used to explore thermodynamic and kinetic barriers in the non-oxidative conversion of
CH

�
via homogeneous and homogeneous}heterogeneous pathways and the e!ects of continuous hydrogen removal and of catalytic

sites on attainable yields of useful C
�
}C

��
products. The homogeneous kinetic model combines separately developed models for

low-conversion pyrolysis and for chain growth to form large aromatics and carbon. The H
�
formed in the reaction decreases CH

�
pyrolysis rates and equilibrium conversions and it favors the formation of lighter products. The removal of H

�
along tubular reactors

with permeable walls increases reaction rates and equilibrium CH
�
conversions. C

�
}C

��
yields reach values greater than 90% at

intermediate values of dimensionless transport rates (�"1}10), de"ned as the ratio hydrogen transport and methane conversion
rates. Homogeneous reactions require impractical residence times, even with H

�
removal, because of slow initiation and chain transfer

rates. The introduction of heterogeneous chain initiation pathways using surface sites that form methyl radicals eliminates the
induction period without in#uencing the homogeneous product distribution. Methane conversion, however, occurs predominately in
the chain transfer regime, within which individual transfer steps and the formation of C

�
intermediates become limited by

thermodynamic constraints. Catalytic sites alone cannot overcome these constraints. Catalytic membrane reactors with continuous
H

�
removal remove these thermodynamic obstacles and decrease the required residence time. Reaction rates become limited by

homogeneous reactions of C
�
products to form C

��
aromatics. Higher � values lead to subsequent conversion of the desired C

�
}C

��
products to larger polynuclear aromatics. We conclude that catalytic methane pyrolysis at the low temperatures required for
restricted chain growth and the elimination of thermodynamics constraints via continuous hydrogen removal provide a practical path
for the direct conversion of methane to higher hydrocarbons. The rigorous design criteria developed are being implemented using
shape-selective bifunctional pyrolysis catalysts and perovskite membrane "lms in a parallel experimental e!ort. � 2001 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The direct conversion of methane to fuels and petro-
chemicals remains a formidable challenge. Oxidative
coupling on metal oxides (Keller & Bhasin, 1982; Ito
& Lunsford, 1985; Tonkovich, Car, & Aris, 1993; Jiang,
Yentekakis, & Vayenas, 1994) and non-oxidative reac-
tions on Mo/H-ZSM5. (Wang, Tao, Xie, & Xu, 1993;
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Solymosi, Erdohelyi, & Szoka, 1995; Solymosi, Cserenyi,
Szoke, Bansagi, & Oszko, 1997; Wang, Lunsford, &
Rosynek, 1996) to form C

��
hydrocarbons remain the

most promising approaches. C
��

yields in oxidative
coupling reactions using co-feed or cyclic redox reactors
are limited to about 25%, because the required O

�
co-

reactant reacts unselectively to form CO and CO
�
via

homogeneous and surface-catalyzed pathways. Unfavor-
able thermodynamics limit hydrocarbon yields in
non-oxidative methane conversion reactions (&12%
benzene at 973 K and 1 bar CH

�
) (Lunsford, Rosynek,

& Wang, 1995). Thermodynamic estimates show that
high temperatures and low H

�
concentrations increase
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Scheme 1.

hydrocarbon yields, but they also lead to increasingly
unsaturated products and to the preferential formation of
polynuclear aromatics and carbon (Gueret, Daraux,
& Brilland, 1997). At lower temperatures ((1473 K),
homogeneous pyrolysis reactions are slow, but they
form ethylene and benzene with modest selectivity. The
presence of added H

�
decreases homogeneous reaction

rates and the methane conversion level attainable at
equilibrium. Thus, the removal of H

�
during pyrolysis

reactions may bene"t homogeneous reaction pathways
and lead to practical reaction rates. H

�
also decreases the

selectivity to polynuclear aromatics and increases the
hydrogen content within pyrolysis products (Rokstad,
Olsvik, Jessen, & Holmen, 1992; Gueret et al., 1997). The
kinetics e!ects of H

�
concentration, and thus of hydro-

gen removal rates, are complex; selectivity and rate ef-
fects are intertwined within complex homogeneous
pathways, which must be described in detail in order to
design optimum practical processes.
Several groups have used hydrogen-selective transport

membranes in attempts to couple non-oxidative methane
conversion with H

�
oxidation and to eliminate thermo-

dynamic constraints in CH
�
pyrolysis and the high CO

�
yields in oxidative coupling (Andersen et al., 1989;
Woldman & Sokolovskii, 1991; Hamakawa, Hibino,
& Iwahara, 1993, 1994; Langguth et al., 1997). As a side
bene"t, such an approach avoids the need for O

�
separ-

ation from air, a step required in co-feed oxidative coup-
ling reactors in order to prevent dilution by N

�
.

Scheme 1 shows a schematic diagram for methane con-
version in a catalytic membrane reactor. CH

�
and air

#ow on the two opposite sides of a hydrogen-selective
membrane. CH

�
reacts via pyrolysis pathways to form

C
��

hydrocarbons on one side; hydrogen migrates
across the membrane, and all or part of it reacts with the
O

�
in air to form water. The latter reaction provides the

enthalpy and free energy required for the overall reaction
and it establishes the chemical potential gradient re-
quired for hydrogen transport across the membrane.
Previous attempted implementations of this concept

have led to disappointing results, in spite of qualitative
theoretical support. Hydrogen transport membranes
based on Pd or Pd/Ag alloys led to rapid carbon depos-
ition on one side and to membrane oxidation on the
opposite side (Andersen et al., 1989). Above 1100 K,
SrCe

���	
Yb

���	
O



proton-conductors, which avoid

these structural changes, become oxygen conductors and
form CO

�
on the CH

�
side (Langguth, Dittmeyer,

Hofmann, & Tomandl, 1997) Hamakawa et al. reported
100% C

�
selectivity using SrCe

���	
Yb

���	
O


�� ceramic
membranes at 9003C, but methane conversions were very
low ((1%) because of the absence of an e!ective catalyst
for methane pyrolysis reactions. The higher reaction
temperatures required in order to increase reaction
rates led to extensive carbon deposition on the Ag
electrode and on the membrane (Hamakawa et al.,
1993, 1994).
In addition to the challenges imposed by the synthesis

and operation of the required ceramic membranes, the
removal of hydrogen during methane pyrolysis poses
design and optimization issues that can be addressed
most e!ectively by rigorous simulations of homogeneous
and coupled homogeneous}heterogeneous methane py-
rolysis pathways. These issues include the contrasting
kinetic e!ects of H

�
on the pyrolysis rate and selectivity,

the maximum yields of C
�
}C

��
hydrocarbons attainable

in membrane reactors, and the balance between CH
�

conversion and H
�
removal rates required to achieve

these maximum C
�
}C

��
yields.

Here, we use a detailed kinetic-transport model in
order to simulate homogeneous pyrolysis reactions of
methane in a membrane reactor. The model includes
a kinetic network that extends previous proposals
accurate only at low conversions (Dean, 1990) by incor-
porating a kinetic lumping approach that describes chain
growth pathways (Wang & Frenklach, 1997) prevalent
at the higher conversions feasible whenH

�
is continuous-

ly removed. In addition, the nature of the rate-determin-
ing steps in homogeneous pyrolysis sequences is
examined in order to suggest speci"c catalytic steps re-
quired in order to overcome the signi"cant kinetic bar-
riers inherent in purely homogeneous pyrolysis
pathways.

2. Kinetic-transport models and simulation methods

2.1. Kinetic model of homogeneous methane pyrolysis

A reduced homogeneous methane pyrolysis kinetic
model consisting of 44 elementary steps and 25 species
(Dean, 1990) was used as one component of our kinetic
network. At low CH

�
conversions ((1%), this model

accurately describes homogenous methane conversion
data at 1038 K and 59 kPa CH

�
(Dean, 1990). As meth-

ane conversion increases, however, the formation of
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Scheme 2. The growth of polyaromatic hydrocarbon.

high-molecular weight aromatics and solid carbon
becomes important and this kinetic model must be
modi"ed in order to account for the higher conversions
attainable, even at low temperatures, as H

�
is continu-

ously removed during methane reactions. We consider in
our simulations all species larger than naphthalene
(C

��
H

�
) as undesired polynuclear aromatic hydrocar-

bons (PAH). We monitor the concentration of these
species as a lump, but describe the kinetics of their
formation from benzene and naphthalene, rigorously and
without lumping approximations, as a function of reactor
residence and of H

�
concentration. We assume that the

growth of polyaromatic hydrocarbons occurs predomi-
nately via a H-abstraction/C

�
H

�
-addition mechanism

(Wang & Frenklach, 1997). As shown in Scheme 2,
eight elementary steps were introduced into the path-
ways previously proposed (Dean, 1990) in order to
describe methane pyrolysis at low temperatures and high
methane conversion and to account for the formation of
hydrocarbons larger than naphthalene during homo-
geneous methane pyrolysis with continuous hydrogen
removal (see Table 1 for the eight steps added). The rate
constants and the thermodynamic data for these steps
were obtained from previous reports (Wang & Fren-
klach, 1997).
With the addition of these steps describing PAH

formation, the complete homogeneousmethane pyrolysis
kinetic model consists of 52 elementary steps involving
the reactions of 33 species. Table 1 lists additional modi-
"cations introduced into the pyrolysis mechanism of
Dean (1990) as a result of recent thermodynamic data for
several radicals, which in#uence the estimates for reverse
rate constants for any steps involving these radicals. Only
reactions with rate constants di!ering by more than 5%
from those in the original Dean kinetic network are
included in Table 1. The parameters used to estimate
forward rate constants can be found in the original refer-
ence (Dean, 1990).
Catalytic sites can activate C}H bonds in CH

�
to form

methyl radicals and hydrogen. The methyl radicals can
then desorb and increase the rate of homogeneous pyro-
lysis pathways. Such catalytic sites are incorporated into
our simulations by introducing the following elementary
step:

CH
�
#[*]

���
P CH



) #[HH] (1)

in order to examine the e!ect of catalytic activation of
CH

�
on the overall rate of CH

�
conversion.

2.2. Simulations of hydrogen removal rate

Simulations of the e!ect of continuous H
�
removal on

homogeneous methane pyrolysis rate and selectivity re-
quire an equation that relates the rate of H

�
removal to

the H
�
concentration prevalent at any point in a reactor.

Di!usive processes are rigorously described by Fick's
di!usion equation. The solution to this equation in the
slab geometry characteristic of a membrane wall much
thinner than the diameter of a tubular reactor is given by

J
�

"

P

l
(p

���
!p

���
) (2)

irrespective of the detailed mechanism of transport. In
this equation, P is the permeability of H

�
through the

membrane, l is membrane thickness, and p
���

and
p
���

are the hydrogen partial pressure on the feed (CH
�
)

and permeate (air) sides of the membrane, respectively.
Deviations from this equation may occur for certain
membrane systems. In such case, the appreciate per-
meation equation should be used instead of Eq. (2),
but the trends and concepts described here will remain
largely una!ected by this modi"cation.

2.3. Membrane reactor equations

For a complex reaction system with n reactions involv-
ing m components, the reaction rate for component j can
be expressed as

R
�
"

�
�
���

�
��
k
�
(¹, p) f

�
(K, p). (3)

When these reactions occur in a plug-#ow tubular reac-
tor with a permselective wall, a di!erential mole balance
gives the following dimensionless di!erential equations:

1

Da

d�
�

d�
"

�
�
���

�
��
�
�
f
�
(K, p)!��

�
(y

��
!y

��
), (4)

1

Da

dq
�

d�
"��

�
(y

��
!y

��
), (5)

where

Da"¸k
�
/F

��
"Damkohler number

"

reactant conversion rate

reactant inlet molar rate
, (6)
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Table 1
Additions and changes to the Dean CH

�
pyrolysis mechanism Dean (1990) (1038 K, 0.59 bar)

Reaction� k
	
� k



Reference

C"CC"C"CC ) #H 3.74E!04 6.17E#13
C"CC"C

�
H



#CH



7.54E!04 1.53E#14 Dean (1990)

CY13PD"CY13PD5 ) #H 2.24E!01 4.44E#14 Dean (1990)
CH



#CY13PD5 ) "CHD 2.39E#12 8.60E#01 Dean (1990)

CH


#CY13PD5 ) "CYC

�
H

�
#H 1.06E#09 2.72E#13 Dean (1990)

2CY13PD5 ) "NAPH#H
�

1.29E#08 9.73E!06 Dean (1990)
C

�
H



"C

�
H

�
#H 1.24E#03 7.98E#10 Dean (1990)

CYPENE4 ) "C"CCC"C ) 1.05E#06 3.87E#09 Dean (1990)
CYPENE4 ) "CY13PD#H 8.56E#05 1.07E#12 Dean (1990)
CY13PD#H"H

�
#CY13PD5 ) 9.34E#12 7.82E#06 Dean (1990)

C
�
H

�
#CH



"C

�
H



#CH

�
1.93E#09 1.08E#10 Dean (1990)

CY13PD#CH


"CH

�
#CY13PD5 ) 2.16E#10 3.77E#05 Dean (1990)

H#C"CC"CCC ) 1.45E#12 1.42E#05 Dean (1990)
H#C�CC"CC"C ) 6.65E#11 8.24E#04 Dean (1990)
CH



#C

�
H

�
"CCC ) 6.78E#09 2.09E#06 Dean (1990)

CH


#C

�
H

�
"CC"C ) 1.34E#10 2.38E#06

CH


#C"CC"C"CCC#H 3.70E#07 8.06E#11 Dean (1990)

CH


#C"C"C"C

�
H



#C

�
H

�
1.34E#08 8.98E#07 Dean (1990)

C"CC ) #C
�
H

�
"C"CCC"C ) 2.49E#09 2.24E#08 Dean (1990)

C"CC ) #C
�
H

�
"CYPENE4 ) 7.30E#09 1.79E#05 Dean (1990)

C"CC ) #C
�
H

�
"CY13PD#H 2.95E#09 9.00E#10 Dean (1990)

C"CC ) #CY13PD5 ) "C"C"C#CY13PD 1.00E#12 2.08E#08 Dean (1990)
C

�
H

�
#H"C

�
H

	
) #H

�
1.07E#11 4.81E#10 Wang and Frenklach (1997)

C
�
H

	
) #C

�
H

�
"C

�
H

	
C

�
H#H 9.05E#10 6.40E#11 Wang and Frenklach (1997)

C
�
H

	
C

�
H#H"C

�
H

�
)C

�
H#H 1.07E#11 2.74E#11 Wang and Frenklach (1997)

C
�
H

�
)C

�
H#C

�
H

�
"NAPH ) 1.43E#11 8.27E!04 Wang and Frenklach (1997)

NAPH#H"NAPH ) #H
�

1.07E#11 1.84E#11 Wang and Frenklach (1997)
NAPH ) #C

�
H

�
"NAPHC

�
H#H 1.34E#10 5.84E#10 Wang and Frenklach (1997)

NAPHC
�
H#H"NAPH )C

�
H#H

�
1.07E#11 4.43E#11 Wang and Frenklach (1997)

NAPH )C
�
H#C

�
H

�
PCOKE 1.43E#11 * Wang and Frenklach (1997)

�Abbreviations: ": double bond; �: triple bond; CY13PD: 1,3-cyclo-pentadiene; CY13PD5 ) : 1,3-cyclopentadienyl; CHD: 1,3-cyclohexadiene;
CYC

�
H

�
: 1,3-hexadienene; NAPH: naphthalene; CYPENE4 ) : 4-cyclopentenyl radical.

�Unit are s�� (for "rst order) or cm
 mol�� s�� (for second order).

�"

4P
	
P
�

dlk
�

rate ratio"permeation rate/reaction rate,

(7)

�
�
"P

�
/P

	
, (8)

�
�
"k

�
/k

�
. (9)

The assumptions required in the derivation of these
equations are:

(1) isothermal plug #ow in both tube and shell sides; no
radial concentration or temperature gradients.
(2) Negligible pressure drop on both tube and shell

sides.
(3) No boundary layer concentration gradients near

the membrane surface.
(4) Membrane permeabilities independent of mixture

composition.
(5) H

�
concentrations on the shell side much lower

than on the reaction side.

Some of the above assumptions may become invalid
for some applications, but they seem reasonable for
many designs and they have been customarily made
in previous membrane reactor models (Tsotsis,
Champagnie, Vasileiadis, & Liu, 1993; Hsieh, 1996).
In some applications, radial or axial temperature gra-
dients may exist, pressure drop can be signi"cant at
high Reynolds numbers, and the reduction potential
of the gas mixture can a!ect the concentration of
various charge carriers and the permeability in ceramic
materials.
Several dimensionless parameters (Da, �, �

�
and �

�
)

arise from the non-dimensionalization of these mole bal-
ances. These parameters are de"ned in terms of a basis
reactant, which can be arbitrarily chosen. For example,
Da and k

�
can be de"ned in terms of the forward reaction

rate constant for any reaction in the system and F
��

as
the molar inlet #ow rate of the basis reactant. Methane,
the only reactive molecule in the feed, is chosen here as
the basis reactant. This study addresses the consequences
of H

�
removal; as a result, it seems reasonable to de"ne
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Fig. 1. Homogeneous CH
�
pyrolysis: comparison of simulations vs.

experimental results (1038 K, 0.59 bar).

Fig. 2. CH
�
conversion as a function of contact time for homogeneous

pyrolysis (1038 K, 0.59 bar).

a parameter � as the ratio of characteristic H
�
transport

and CH
�
conversion molar rates. Methane pyrolysis

rates, however, are described by a complex kinetic net-
work and the rate constant required to de"ne Da and
� cannot be readily obtained from this model by inspec-
tion. As a result, we use instead a pseudo-"rst-order rate
constant obtained by "tting simulated reaction rates as
a linear function of methane concentration and using
parameter estimation to estimate the value of the rate
constant giving the best "t. We stress that the simulations
are carried out using the complete kinetic model and that
this pseudo-"rst-order rate constant is used merely to
examine the nature of the rate-determining steps and to
present the results of the simulations in a clearer and
more e!ective manner.

2.4. Computational methods

Simulations were carried out using CHEMKIN II and
DVODE subroutines (Kee et al., 1990). Forward rate
constants were calculated from modi"ed (three-para-
meter) Arrhenius equations (Kee, Rupley, & Miller,
1990). Reverse rate constants were obtained from ther-
modynamic data available for each elementary step. The
speci"c values of the rate constants (except as noted in
Table 1) and the sensitivity analysis used to choose the
speci"c elementary steps were reported previously by
Dean (1990).
Thermodynamic data were obtained from literature

compilations (Stull, Edgar, Westrum, & Sinke, 1987), ab
initio calculations (cyclopentadiene and cyclopentadienyl
radicals (Karni, Oref, & Burcat, 1991)), or they were
estimated using group additivity methods (Benson, 1976;
Ritter & Bozzelli, 1991) from parent compounds using
hydrogen bond increments for radical species (Lay,
Bozzelli, Dean, & Ritter, 1995). CH

�
conversion and

product distributions at thermodynamic equilibrium
were calculated using STANJAN (Kee & Lutz, 1991),
a set of subroutines that minimizes the total Gibbs free
energy of complex reacting mixtures.

3. Results and discussion

3.1. Homogeneous methane pyrolysis rate and selectivity in
tubular reactors with non-permeable walls

Fig. 1 compares our simulation results using the ho-
mogeneous reaction mechanism described in Section
2 with the experimental data of Chen, Back, and Back
(1975). This modi"ed Dean model describes these low-
conversion experimental data, especially C

�
H

�
, more

accurately than earlier simulations (Dean, 1990). This
appears to re#ect the availability and incorporation of
more accurate thermodynamic data for several of the
radicals and the consequent improvement in the esti-

mates of reverse rate constants for all steps involving
those radicals.
Fig. 2 shows the predicted methane conversion and the

C
�
}C

	
, C

�
}C

��
, and coke yields at 1038 K and 59 kPa

CH
�
at conversions signi"cantly higher than those re-

ported in Fig. 1. The conversion-time trends suggest that
methane reaction paths can be divided into three regions.
The conversion is very low during an initial period
(t&2400 s), within which methane reactions are limited
by the slow initiation step:

CH
�
"CH



) #H ) . (10)
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Fig. 3. E!ect of H
�
initial partial pressure on induction time, e!ective

rate constant, and equilibrium conversion (1038 K, 0.59 bar).

The reaction rate then increases at longer times, as a re-
sult of the accumulation of CH



) and H ) radicals, which

participate in chain transfer reactions; these chain trans-
fer steps form products without the net consumption of
free radicals. Finally, the third stage re#ects a decrease in
methane conversion rate as the reacting mixture ap-
proaches equilibrium conversions, which are &20% at
1038 K. At these low temperatures, however, it takes
impractical contact times (&600 h) to reach even 90% of
this equilibrium conversion.
As mentioned above, a pseudo-"rst-order reaction

model is useful in examining the sensitivity of these
reactors to the rate of removal of H

�
. Since most of

the methane conversion occurs in the chain transfer
kinetic stage (stage 2), we attempt to describe the meth-
ane conversion rates in Fig. 2 using a "rst-order rate
equation:

R
��

"k
���

C
��

. (11)

The corresponding comparison between the behavior of
this model for a best-"t value of k

���
and the detailed

simulation results in Fig. 2 led us to conclude that this
provides a reasonable representation for the overall be-
havior of the complete network within the kinetic region
where most of the CH

�
conversion takes place. The

resulting value of k
���

is 7�10�	 s�� (at 1038 K); it is
used to represent Da and � in all subsequent analyses of
the sensitivity of the system to changes in reaction or
transport parameters. Support for this lumping approach
was also obtained by simulating the e!ect of inlet meth-
ane pressure (40}200 kPa) on reaction rates, which led to
similar values of k

���
at all inlet methane pressures.

3.2. The ewect of H
�
on homogeneous methane pyrolysis

rate and selectivity

Before considering the e!ect of H
�
removal on meth-

ane pyrolysis reactions, we examine the in#uence of ad-
ded H

�
on homogeneous pyrolysis rate and selectivity.

Fig. 3 shows the e!ects of H
�
on the induction time, t

��
,

the empirical "rst-order rate constant, k
���
, and the equi-

librium conversion X
��
; these parameters describe the

e!ect of H
�
on the three kinetic stages of homogeneous

methane pyrolysis. The equilibrium CH
�
conversion ob-

viously decreases with increasing H
�
concentration, but

H
�
also shows a strong kinetic e!ect. By examining the

approach to equilibrium for each elementary step we
conclude that steps converting methane to C

�
}C

	
attain

equilibrium more rapidly than steps that convert C
�
}C

	
to C

�
}C

��
. Even in the chain transfer kinetic stage,

methane conversion rates, which are characterized by
k
���
, are in#uenced by the local equilibration of the steps

leading to C
�
}C

	
. As a result, the presence of H

�
de-

creases methane pyrolysis rates because it decreases the
equilibrium concentration of the required reaction inter-
mediates. Thus, continuous H

�
removal overcomes both

thermodynamic and kinetic constraints in homogeneous
methane pyrolysis pathways.
The e!ect of H

�
on CH

�
pyrolysis selectivity is much

more complex. Figs. 4(a) and (b) show the selectivity to
C

�
}C

	
and C

�
}C

��
products as a function of CH

�
conversion. At low CH

�
conversions (X(0.02), the reac-

ting mixture is far from equilibrium at all inlet H
�
con-

centration and the selectivity is controlled by the forward
rate of each reaction step. At these low conversions,
H

�
decreases C

�
}C

��
selectivity and it increases the

selectivity to C
�
}C

	
products (Fig. 4). H

�
appears to

inhibit the formation of C
�
}C

��
products more strongly

than the formation of C
�
}C

	
products. At higher meth-

ane conversions, every elementary step becomes revers-
ible and approaches its corresponding equilibrium;
selectivities then become predominately controlled by
thermodynamics. At intermediate conversions, reaction
steps that form C

�
}C

	
products approach equilibrium,

but C
�
}C

	
products continue to react to form C

�
}C

��
hydrocarbons. As a result, C

�
}C

	
selectivities ultimately

decrease sharply with increasing contact time. As H
�

concentrations increase, the maximum C
�
}C

	
selectivity

moves to lower CH
�
conversions. At these intermediate

conversions, the selectivity to C
�
}C

	
components

decreases and the selectivity of C
�
}C

��
components

increases with increasing H
�
concentration.

3.3. The ewect of hydrogen removal rate on homogeneous
pyrolysis rate and selectivity

Fig. 5 shows simulation results for methane homo-
geneous pyrolysis with continuous removal of H

�
along

the permeable walls of a tubular reactor. H
�
removal

eliminates thermodynamic constraints for the overall
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Fig. 4. E!ect of hydrogen on homogeneous pyrolysis selectivity (1038 K, 0.59 bar).

pyrolysis reaction; as a result, every elementary step
producing hydrogen proceeds only in the forward direc-
tion. The removal of H

�
, however, does not in#uence the

reaction rate during the critical initial induction period.
During this induction period, pyrolysis rates are control-
led by slow but irreversible initiation steps, which are far
from equilibrium at the low H

�
pressures prevalent

during this initial pyrolysis stage. The results shown in
Fig. 5 re#ect the e!ects of residence time (as given by
the Damkohler number, Da) on methane conversion
and product yields for a wide range of values for the
relative rates of hydrogen formation and removal (�"

10�
}10�).
For a given contact time (or Da), methane conversion

increases monotonically as � increases, because reverse
reactions cannot occur in the absence of H

�
; complete

methane conversions are reached for � values greater
than 1. The residence time (Da) required in order to reach
a given methane conversion decreases with increasing �,
as a result of an increase in the net forward reaction rate
with decreasing H

�
concentration. This is consistent with

the simulated e!ects of H
�
on methane conversion rates

discussed in the previous section. These changes occur at
values of � between 0.1 and 10. Values of � greater than
10 lead to negligible H

�
concentrations at all reactor

locations and residence times. Values of � smaller than
0.1 remove negligible amounts of H

�
and they do not

in#uence local H
�

concentrations throughout the
reactor.
At short residence times (Da�1), H

�
removal increases

C
�
}C

	
yields, but these yields decrease at higher contact

times (Da) because the removal of H
�
also increases the

rate at which C
�
}C

	
molecules react further to form

larger C
��

hydrocarbons. These simulations also show

that the most abundant pyrolysis products are benzene
and naphthalene over the expected range of conversion
and contact time. When � is about 1, C

�
}C

��
yields

higher than 90% are predicted. For values of � between
10 and 10
, higher H

�
removal rates do not signi"cantly

increase C
�
}C

��
yields. Further increases in hydrogen

removal rate lead to increasing coke yields at the expense
of C

�
}C

��
yields. The simulation results shown in Fig.

5 suggest that H
�
removal can lead to near complete

CH
�
conversions with C

�
}C

��
yields greater than 90%,

even in the absence of catalytic sites. For purely homo-
geneous pathways, the required reactor residence times,
however, are impractical ('100 h).
The e!ects of H

�
removal on pyrolysis product yields

are shown in Fig. 6 as maximum attainable yields as
a function of �. Maximum C

�
}C

��
yields require inter-

mediate � values. Small H
�
permeation rates (�(0.01)

do not remove a signi"cant fraction of the H
�
formed via

homogeneous pyrolysis reactions. Very high H
�
per-

meation rates (�'10
), on the other hand, favor the
subsequent conversion of C

�
}C

��
aromatics to polyaro-

matic hydrocarbons.
Figs. 7(a) and (b) show the e!ect of H

�
removal rate on

the selectivity to C
�
}C

	
and C

�
}C

��
, respectively. As

H
�
is removed continuously from the reactor, the reac-

tion steps involving hydrogen cannot approach equilib-
rium, and the selectivity}conversion plots remain in the
chain transfer kinetic region at all CH

�
conversion

values. As a result, C
�
}C

	
selectivities increase and

C
�
}C

��
selectivities decrease with increasingH

�
removal

rates (�). The observed decrease in C
�
}C

��
selectivity at

high CH
�
conversions re#ects the ultimate conversion of

C
�
}C

��
products to polyaromatic hydrocarbons and

coke.

L. Li et al. / Chemical Engineering Science 56 (2001) 1869}1881 1875



Fig. 5. E!ect of hydrogen removal on (a) CH
�
conversion, (b) C

�
}C

	
yields, (c) C

�
}C

��
yields, and (d) coke yields (1038 K, 0.59 bar).

The results described above suggest that � values be-
tween 1 and 10 are required in order to attain maximum
C

�
}C

��
yields. The de"ning equation for � (Eq. (6))

shows that for a given reaction rate, � depends on the
membrane permeability P, the membrane thickness l,
and the tube reactor diameter d (proportional to its
volume to surface ratio). The membrane permeability is
controlled by the nature of the dense or porous ceramic
material. For proton-conducting membranes based on
SrCeO



or SrZrO



perovskites, which appear best suited

for methane pyrolysis applications (Schober, Friedrich,
& Condon, 1995; Hamakawa et al., 1993; Hamakawa
et al., 1994; Borry, Lu, Kim, & Iglesia, 1998), reported
hydrogen permeabilities are in the range of
10��
}10��� mol m�� s�� Pa�� at 1000 K. For homo-

geneous pyrolysis, k
���

is 7�10�	 s�� at 1038 K. Thus,
for a reactor diameter of 1 cm, we estimate the required
membrane thickness to be 0.4}4 mm for a � value of 10.
Thus, thick membrane walls provide su$cient hydrogen
removal for purely homogeneous pathways, but only
because of the very low productivities and large volumes
required to achieve signi"cant conversions in these ho-
mogeneous reactors. The ultimate requirement for cata-
lytic sites, in the form of radical-generation sites or
bifunctional cation-exchanged zeolites (Borry et al.,
1998), must lead to&10
 increases in reactor productivi-
ties in order to reduce the required residence times to
practical levels. In such cases, H

�
removal rates must be

correspondingly higher and thin membrane "lms of
about 10}100 �m thickness or materials with greater
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Fig. 6. E!ect of hydrogen removal on maximum attainable yields of
C

�
}C

	
, C

�
}C

��
and coke (1038 K, 0.59 bar).

Fig. 7. E!ect of hydrogen removal on C
�
}C

	
and C

�
}C

��
selectivities (1038 K, 0.59 bar).

Fig. 8. Required residence time at di!erent hydrogen removal rates
(1038 K, 0.59 bar).

permeability will be required for the successful applica-
tion of membrane reactor concepts in CH

�
conversion

(Lu & Iglesia, 1999; Borry et al., 1998).
The solid line in Fig. 8 shows the residence time re-

quired to attain 50% conversion, �
	�
, for purely homo-

geneous membrane reactors. H
�

removal decreases
�
	�

signi"cantly for values of � between 10�
 and 10
.
Higher � values show much weaker e!ects on �

	�
. Even

at � values above 10, the residence times required are
greater than 1 h and they remain impractical for indus-
trial practice. The removal of H

�
, however, eliminates all

thermodynamic constraints. The kinetic enhancement
provided by H

�
removal is not su$cient to make purely

homogeneous pyrolysis process practical and this ac-
counts for the disappointing results obtained in previous
experimental e!orts. It is not feasible to increase methane
pyrolysis rate solely by raising the reaction temperature,
because higher temperatures lead to the predominant
formation of polynuclear aromatics and coke. Also, high-
er temperatures ('1100 K) cause perovskite materials to
conduct also oxygen anions, which lead to the formation
of undesired CO

�
products in the methane side of the

membrane reactor. Thus, it appears from these simula-
tion results that a catalytic material will be required for
practical applications of membrane reactors. In the next
section, we describe the e!ects of catalytic sites that

L. Li et al. / Chemical Engineering Science 56 (2001) 1869}1881 1877



Fig. 9. E!ect of catalytic CH
�
activation sites on CH

�
conversion

(1038 K, 0.59 bar).

Fig. 10. E!ect of CH
�
catalytic activation site on product yields

(1038 K, 0.59 bar).

merely increase the rate of methyl radical generation
during the induction period. In a later report, we describe
the behavior of a more complex catalytic system consist-
ing of bifunctional materials with ethylene formation and
conversion sites.

3.4. Ewect of catalytic sites for the formation of methyl
radicals from methane

In the absence of a catalyst that can limit chain growth
via steric e!ects or shape selectivity, pyrolysis reactions
must be carried out at low temperatures in order to limit
the rate of formation of undesired C

���
hydrocarbon.

The residence times required for signi"cant CH
�
conver-

sions via exclusively homogeneous pathways are imprac-
tical, even with rapid H

�
removal, which increases

reaction rates, decreases required residence times, and
eliminates thermodynamic constraints.
According to the simulation results shown in Fig. 5,

the Damkohler number, Da, must be greater than 20 in
order to attain high C

�
}C

��
yields. The "rst-order reac-

tion rate constant for homogeneous pyrolysis of methane
is 7�10�	 s��, and the required reactor residence time is
&100 h. At 1038 K for pure methane reactants, the in-
itiation step (10)

CH
�

��
" CH



) #H )

is very slow (k
�
"2.21�10�� s��) (Dean, 1990) and

limits overall reaction rates. Catalytic sites that can acti-
vate C}H bonds in CH

�
to form methyl and hydrogen

radicals may be able to increase overall pyrolysis rate.
Here, we examine the e!ect of catalytic activation of
methane by introducing a catalytic surrogate for the
elementary step shown in Eq. (1) into the homogeneous
kinetic network. We consider only the e!ects of faster
methyl radical formation step on methane pyrolysis rates
by introducing a hypothetical catalytic surface capable of
dissociation of methane to form methyl radicals, as ex-
perimentally demonstrated in oxidative coupling reac-
tions.
The e!ects of methane activation sites on CH

�
conver-

sion and product yields are shown in Figs. 9 and 10,
respectively. In these "gures, the parameter �"k

��
/k

�
,

represents the relative magnitude of the catalytic rate
constant (k

��
) and the rate constant for the purely homo-

geneous activation of methane (k
�
). The rate constant of

methane catalytic dissociation reaction, k
��
, can be esti-

mated from the surface area, the density of active sites,
site turnover rate and particle density of typical catalysts.
Values of � as high as 10� are readily attainable (Reyes,
Iglesia, & Kelkar, 1993). Catalytic sites shorten and ulti-
mately eliminate the induction period (Fig. 9). Therefore,
sites that merely form methyl radicals, which then enter
homogeneous methane pyrolysis pathways, can decrease

markedly the residence time required to reach practical
methane conversions (Fig. 9). Such sites, however, do not
in#uence the yields and selectivities characteristic of ho-
mogeneous pathways (Fig. 10). The selectivity}conver-
sion trends remained unchanged by catalytic initiation
steps, but a given CH

�
conversion level can be reached at

a much shorter residence time, primarily as a result of
a much shorter induction period.
The predominant CH

�
pyrolysis products are ethy-

lene, benzene, and naphthalene at 823}1073 K. Thus, we
may refer to their inter-conversion using the non-elemen-
tary steps below in order to discuss the behavior of the
overall reaction, even when the simulations rigorously
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Fig. 11. Approach to equilibrium for the methane to ethylene reaction
(1038 K, 0.59 bar).

include the detailed steps included in the homogeneous}
heterogeneous kinetic network:

Surface-catalyzed CH
�
activation steps increase reaction

rates at low conversions. At higher conversions, surface-
initiated and purely homogeneous pathways lead to sim-
ilar rates, because the reaction products also `catalyzea
homogeneous reaction rates via chain transfer steps that
abstract hydrogen atoms from methane reactant. There-
fore, reaction rate and product selectivities depend only
weakly on the rate of initial methane activation steps,
because step 1 approaches its unfavorable equilibrium as
H

�
is formed in subsequent dehydrogenation steps

(2CH
�
"C

�
H

�
#2H

�
is limited to &8% conversion at

1038 K). The approach to equilibrium for step 1 can be
calculated as

�"

[C
�
H

�
][H

�
]�

[CH
�
]�

1

K
����

,

where � is equal to 0 for an irreversible reaction and it
equals 1 at equilibrium. Then the net rate of reaction
becomes k

	�
[CH

�
](1!�). From lines A and B in Fig. 11

we observe that without removal of H
�
(�"0) catalytic

activation of methane has no in#uence on � at a given
conversion. At methane conversions of 10%, the value of
� is 93%; therefore, the net forward rate of methane
conversion reaction and the product distribution are
determined only by the rate of the subsequent C

�
H

�
conversion to products (via steps 2}4). Catalytic sites that
activate only CH

�
increase initial methane conversion

rates but cannot achieve higher conversions ('10%) at
practical reactor residence times because of thermodyn-
amic limitations for the methane to ethylene conversion
reaction.
In order to increase the rate of the overall methane

conversion reaction, equilibrium limitations must be
overcome by catalyzing C

�
H

�
conversion pathways

and/or by removing one of the products of reaction (H
�

or C
�
H

�
). Fig. 11 also shows � values at di!erent values

of hydrogen removal rate. By removing hydrogen from
the reactor, � can be decreased markedly; as a result, the
net forward rate of methane conversion increases. Fig. 8
shows the e!ect of hydrogen removal rates on the resi-
dence time required to attain 50% conversion (�

	�
) in

homogeneous (�"0) and homogeneous}heterogeneous
reactors (�"10�). H

�
removal decreases �

	�
in homo-

geneous}heterogeneous reactors for values of � greater
than 1 by removing thermodynamic limitations on the
concentration of C

�
hydrocarbons available for further

conversion to C
�
}C

��
aromatics. Reactions rates be-

come limited by the subsequent conversion of C
�
hydro-

carbons to C
�
}C

��
products, which are una!ected by

surface catalysis because the catalytic sites activate only
CH

�
. Catalytic sites that activate C}H bonds in CH

�
can

also activate the weaker C}H bonds in ethane, and thus
remove the remaining kinetic barriers preventing conver-
sion of CH

�
at practical reactor residence times. We will

address in a subsequent study the detailed simulations
for Mo/H-ZSM5 catalysts, which increase the rate of the
subsequent oligomerization and cyclization using acid
sites contained within shape-selective environment.
A marked e!ect of methane activation sites is observed

for � values between 1 and 10
 (Fig. 9). Higher � values
do not in#uence methane conversion rate or selectivity.
The pseudo-"rst-order reaction rate (k

���
) of homogene-

ous methane pyrolysis is 7�10�	 s�� at 1038 K; it re-
#ects the characteristic reaction time in the fast reaction
region (chain transfer region). When � is 10
, the ratio of
k
��
/k

���
is about 1, which means that for � that greater

than 10
, the initial methane activation is no longer the
rate-determining step. Increasing methane conversion
rates in this fast reaction region requires that we in#u-
ence the new rate-determining steps. It is likely that the
slow conversion of an equilibrated mixture of C

�
}C

	
hydrocarbons to more stable aromatics leads to quasi-
equilibrated concentrations of ethane and ethene. Here,
the role of a catalyst, such asMo/H-ZSM5, that is able to
catalyze the conversion of alkanes to aromatics via bi-
functional pathways, would remove such kinetic barriers.
Neither purely homogeneous pathways nor selective
catalytic formation of CH



radical can in#uence the rate

of these reactions of higher alkanes and thus the overall
rate of CH

�
reactions.

We have also explored the possible in#uence of ethane
on homogeneous methane pyrolysis rates. The reaction
rate of ethane to form methyl radical is 10� times greater
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than that of methane, so the introduction of ethane in the
feed could lead to a marked increase in methyl radical
concentrations and to higher methane pyrolysis rates.
Our simulations show, however, that the presence of
ethane in the feed does not in#uence methane conversion
rates. In fact, methane remains essentially unconverted
until most ethane molecules were converted. The ap-
proach to equilibrium parameters for each elementary
step, �

�
, showed that the high methyl radical concentra-

tions prevalent during ethane conversion cause all
elementary steps involving methane to proceed in the
direction of methane formation or to approach equi-
librium. Therefore, the addition of ethane in the
system actually inhibits the net rate of conversion of
methane.

5. Conclusions

Non-oxidative CH
�
pyrolysis with hydrogen removal

was simulated using detailed reaction-transport model
and available literature data and correlations. The pres-
ence of hydrogen in the reaction medium strongly in-
#uences methane conversion and selectivity through
both thermodynamic and kinetic e!ects. The equilibrium
conversion and the initial reaction rate of methane
decrease with increasing hydrogen partial pressure. By
removing hydrogen, thermodynamic constraints are
completely removed. It is then possible to attain nearly
100% conversion of methane with C

�}��
yields greater

than 90%, but it is impractical to attain high C
�}��

yields
via homogeneous pathways because of the long required
residence times. The introduction of catalytic sites ca-
pable of initiating pyrolysis by forming methyl and hy-
drogen radicals increases CH

�
conversion rates at low

methane conversions, but they do not in#uence the max-
imum attainable C

�
}C

��
yields because at high methane

conversions, the net forward rate of methane pyrolysis is
controlled mainly by the conversion of C

�
to higher

molecular weight hydrocarbons.

Notation

d inner diameter of reactor, m
Da Damkohler number
f
�

dimensionless rate expression for reaction i
F
��

mole feed #ow rate of component j, mol m�� s��

k
���

empirical pseudo-"rst-order rate constant of CH
�

conversion, s�� or cm
 mol�� s��

k
	

forward reaction rate constant, s�� or
cm
 mol�� s��

k
�

rate constant of reaction i, mol m�
 s��

k



reverse reaction rate constant, s�� or
cm
 mol�� s��

k
��

CH
�
catalytic activation rate constant, s��

K equilibrium constant vector
l membrane thickness, m
¸ reactor length, m
p partial pressure vector, Pa
P permeability of hydrogen through membrane,

mol m�� Pa�� s��

P
	

permeability of fast component, mol m��Pa�� s��

P
�

total pressure, Pa
q
�

dimensionless #ow rate of component j in
permeate side, mole #ow rate/mole feed #ow rate

R
�

formation rate of component j, mol m�
 s��

t
��

induction time, s
X

���
equilibrium conversion

y
��

mole fraction of component j on tube side
y
��

mole fraction of component j on shell side

Greek letters

� permeability ratio, de"ned by Eq. (8)
� reaction rate constant ratio, de"ned by Eq. (9)
� ratio of permeation rate to reaction rate, de"ned by

Eq. (7)
� approach to equilibrium parameter, de"ned by Eq.

(20)
�
��

stoichiometric coe$cient for species j in reaction i
� rate constant ratio for catalytic and homogeneous

activation of CH
�

�
	�

residence time required to attain 50% conversion, s
�
�

dimensionless #ow rate of component j in reaction
side, mole #ow rate/mole feed #ow rate
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