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Abstract

Oxidative coupling of methane (OCM) was simulated using plug flow reactor models. Performances of several membrane reactors; i.e. porous
membrane reactor (PMR), mixed ionic and electronic conducting membrane reactor (MIEMR) and solid oxide fuel cell reactor (SOFCR) were
compared with those of a conventional fixed-bed reactor (FBR). For SOFCR, LaSr MnO /8 mol%Y O –ZrO /La Al O (abbreviated as
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LSM/YSZ/LaAlO) were the components of cathode, electrolyte and anode, respectively. The membranes for PMR and MIEMR were�-alumina
and La0.40Sr0.60Ga0.40Fe0.60O3−δ, respectively. The kinetic expressions of Li/MgO catalyst were employed in the FBR, PMR and MIEMR m
All types of membrane reactors obviously improved C2 selectivity compared to FBR. However, only SOFCR was inferior to FBR in te
yield due to much lower methane conversion when operating at the same temperature. PMR was superior to the other membrane re
temperature (<1150 K) while MIEMR was attractive at high temperature (>1150 K). However, PMR might not be suitable for use, especi
case with inerts or impurities in the oxygen feed. Operation at high pressure was obviously beneficial only to MIEMR and SOFCR. The
of PMR was methane loss through the non-selective porous membrane while that of SOFCR was the requirement of higher operating te
approximately 200 K compared to the others. However, the electricity simultaneously generated as a by-product might make SOFCR sti
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The conversion of methane into other valuable hydrocarbons
has significant industrial importance. Among various schemes
for methane conversion, oxidative coupling of methane (OCM)
to C2 hydrocarbons (ethane and ethylene) is a promising process
to upgrade natural gas. After a pioneer work of Keller and Bhasin
[1], there have been extensive research and development efforts
in this area. However, the yield of C2 hydrocarbons achieved
in a conventional fixed-bed reactor (FBR) was limited to about
25%[2,3] due to the presence of undesired complete oxidation
in the gas phase and partially on the catalyst surface.
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Applications of membrane reactors to control oxygen c
centration along the reactors offer a possibility to achieve m
higher C2 hydrocarbons selectivity and yield for OCM. Sa
maria and co-workers[4–7] reported that a porous membra
reactor (PMR) gave a considerably better selectivity than F
however, the improvement in C2 yield was usually small.
and co-workers[8] investigated the performances of OCM re
tion in a conventional FBR and a mixed ionic and electro
conducting membrane reactor (MIEMR) packed with Li/M
catalyst. The kinetic expressions of the reaction over Li/M
were obtained from their previous work[2]. It was found that th
use of MIEMR significantly improved C2 selectivity and yie
They also studied the reaction using a membrane reacto
a catalytically active membrane such as Bi1.5Y0.3Sm0.2O3−δ

(BYS) [9–11]and 25 mol% yttria doped bismuth oxide (BY2
[12]. It was found that the best single-pass C2 yield was ach
in BYS membrane reactor[10]. C2 yield of 35% and C2 sele
tivity of 54% at 1173 K could be obtained in their system[10].
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Nomenclature

a Knudsen parameter defined in Eq.(2)
(mol K1/2 Pa−1 m−2 s−1)

b viscous flow parameter defined in Eq.(2)
(mol K Pa−1 m−2)

d thickness of material (m)
Fi molar flow rate of componenti (mol s−1)
Ji molar permeation flux of componenti across the

membrane (mol m−2 s−1)
L reactor length (m)
Mi molecular weight of componenti (kg mol−1)
Pi pressure of componenti (Pa)
PerO2 specific oxygen permeability (mol m−1 s−1)
rs,i rate of formation of componenti in the shell side

(mol m−3 s−1)
rt,i rate of formation of componenti in the tube side

(mol kg−1 s−1)
Rg gas constant, 8.314 (J mol−1 K−1)
S membrane surface area (m2)
T temperature (K)
V volume of reactor (m3)
W mass of anode catalyst (kg)
WHSV weight hour space velocity (=Ft,T0/W)

(mol s−1 kg−1)
x dimensionless axial length divided by the total

length of reactor
yI mole fraction of inert at the feed

Greek letters
γ molar flow rate ratio (=Fi/FT0)
µ viscosity of gas mixture (Pa s)

Subscripts
i componenti
s shell side
t tube side
T total
0 feed

Some researchers employed a solid oxide fuel cell reacto
(SOFCR) for the electrochemical selective oxidation of methane
to C2 hydrocarbons[13–15]. Electric power was generated
simultaneously with the selective production of C2 hydrocar-
bons. In our previous papers, OCM was studied in SOFCR
Particular focuses were on catalyst preparation methods[15–18]
and reactor performance test[13,15,19]. The fuel cell type-
temperature-programmed desorption (FC-TPD) technique wa
proposed to investigate types of oxygen species under th
fuel cell operation[20]. The knowledge of oxygen species
from FC-TPD [19–21] and the oxygen permeation through
LSM/YSZ/LaAlO [22] were taken into account to obtain the
kinetic parameters of the reactions on the anode[15]. A set of
the kinetic expressions using two different oxygen species; i.e
oxygenate and coupling species, was useful to evaluate OCM i

a tubular SOFCR. The SOFCR for OCM was considered as a
good reactor for C2 production although the obtained electricity
was quite far from a typical SOFC[23].

Nowadays, mixed ionic and electronic conductors with high
oxygen permeability have been developed, offering an opportu-
nity for use in a membrane reactor. Perovskite-type (A, La)(Co,
Fe)O3−δ membranes (where A is alkaline-earth element) are
among the well-known mixed conductors with the highest
oxygen permeability; however, most of them are thermody-
namically and/or dimensionally unstable under large oxygen
chemical potential gradient typically encountered in membrane
reactor operating conditions[24,25]. At temperatures below
1000–1070 K, the membrane performance is degraded with
time. Moreover, it possesses a very high thermal expansion
property[24,25]. One alternative group of the membrane mate-
rials is a LaGaO3-based mixed conductor with perovskite-type
structure. Substitution of La with alkaline-earth cations (Sr,
Ca, Ba) and Ga with bivalent cations (Mg, Ni) results in high
ionic conduction. One of the highest oxygen ionic conductor
is a La(Sr)Ga(Mg)O3−δ (LSGM) solid solution[25,26]. Even
though the use of this conductor in MIEMR is less complicated
than SOFCR, no electricity is obtained as a by-product unlike
SOFCR.

Concerning simulation works, Santamaria et al.[27] pro-
posed a new distributed oxygen feed between a series of pack-
bed reactors. C2 yield of 29% and C2 selectivity of 76% were
o
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btained. Cheng and Shuai[28] simulated OCM in a plug flow
eactor using lead oxide catalyst impregnated on�-alumina. The
inetic equations of OCM with PbO/Al2O3 catalyst obtained b
insen et al.[29] were used in their work. Their simple mod
ssumed non-homogeneous gas phase reaction, uniform p
tion pattern and no permeation of other components thr

he membrane except oxygen. Coronas et al.[30] investigated
he membrane activity on the performance of a catalytic m
rane reactor. A commercial�-alumina membrane (Membralo
CT) was used as the starting material for the catalytic m
rane preparation. Silica was deposited inside the memb

n order to reduce the initial porosity, and to obtain an ap
riate permeation flux. Solution of lithium carbonate or sod
arbonate was impregnated to reduce the surface acidity
odel was developed considering a gas phase reactio

atalytic activity of the modified membrane. Although, i
enerally accepted that the membrane reactors for OCM
uperior to the conventional FBR, comparison between
us membrane reactor configurations has not been perfo
imultaneously.

It is, therefore, the objective of this paper to comp
erformances of PMR, MIEMR and SOFCR for OCM
2 hydrocarbons. Kinetic expressions of Li/MgO cata

8] and permeation equations of gases through a com
ial “Membralox” membrane with 10 nm pore size[31] and
La0.40Sr0.60Ga0.40Fe0.60O3−δ” mixed conductor [25] were
sed for modeling FBR, PMR and MIEMR. Our previous mo

15,22] was used to simulate the La0.85Sr0.15MnO3/8 mol%
2O3–ZrO2/La1.8Al0.2O3 (abbreviated as LSM/YSZ/LaAlO
OFCR. The obtained C2 selectivity and yield of the diffe

eactors were compared under different operating conditio
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Fig. 1. Proposed schemes for various OCM reactors: (a) FBR, (b) PMR, (c) MIEMR and (d) SOFCR.

2. Modeling

Fig. 1(a) shows the scheme of FBR. Methane, oxygen/air and
inert gas were mixed and co-fed to an impermeable tubular reac-
tor. The membrane reactors in this study are double tubular reac-
tors as shown inFig. 1(b)–(d). The inner tube is made of a porous
�-alumina membrane, a dense La0.40Sr0.60Ga0.40Fe0.60O3−δ

membrane and an LSM/YSZ/LaAlO cell for PMR, MIEMR and
SOFCR, respectively. The outer shell is an impermeable wall.
The simulations were carried out using a reactor length of 20 cm,
an inner diameter of the inner tube of 1.8 cm and an inner diam-
eter of the shell tube of 4 cm.

2.1. Mass balance equations

By assuming plug flow and isothermal conditions, the mass
balance equation of the tube side for PMR, MIEMR, SOFCR

and also FBR, which has only one tube is given as:

dγt,i

dx
=

{
rt,i +

(
S

W

)
Ji

}
W

Ft,T0
(1)

At the entrance (x = 0), γt,CH4 = Ft,CH40/Ft,T0, γ t,i = 0 (prod-
ucts).

The mass balance equation in the shell side is given as:

dγs,i

dx
=

{
rs,i −

(
S

V

)
Ji

}
V

Fs,T0
(2)

At the entrance (x = 0),γs,O2 = Fs,O20/Fs,T0, γs,i = 0 (products).

2.2. Permeation equations

For FBR, the permeation rate of componenti is zero (Ji = 0)
because the tube is made of an impermeable wall. Oxygen/air is
co-fed with the methane feed in the tube.
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For PMR, all of componenti can permeate through the mem-
brane because the�-alumina membrane is not highly selective.
The permeation data for PMR is based on the permeation data
of gases through a commercial “Membralox” membrane. The
membrane consists of porous�-alumina supports and a separ-
ative layer of�-alumina with a pore size of 1× 10−8 m and a
thickness of 5× 10−6 m. Both Knudsen and viscous flow mech-
anisms are important and can be expressed as follows[31,32]:

Ji = a√
MiT

(Ps,i − Pt,i) + b

2µT
(P2

s,i − P2
t,i) (3)

where

a = 2.298× 10−4 mol K1/2 Pa−1 m−2 s−1 (4)

b = 4.779× 10−14 mol K Pa−1 m−2 (5)

The gas viscosity can be estimated by Wilke’s correlation[33].
For MIEMR, the permeation rate of componenti except

oxygen is zero (Ji = 0) due to the highly selective property
of the membrane. The oxygen permeation rate through the
La0.40Sr0.60Ga0.40Fe0.60O3−δ mixed ionic and electronic con-
ductor with a thickness (d) of 1× 10−4 m is expressed as follows
[25]:
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The partial pressures in the tube side and the shell side can
be determined as follows:

Pt,i = Pt,Tγt,i∑
γt,i

(8)

Ps,i = Ps,Tγs,i∑
γs,i

(9)

The simulations were performed by using an all-purpose equa-
tion solver, EQUATRAN-G (Omega Simulation, Japan). FBR
and SOFCR models were verified by comparing the simulation
results with experimental results of Kao et al.[8] and our pre-
vious results[15,23]. Good agreements were observed for both
cases.

It should be noted that for simplicity the isothermal condition
and negligible radial and axial diffusion effects were assumed
in this study. Due to the exothermic nature of OCM, the hot spot
temperature may be observed particularly with FBR. However,
the hot spot problem is less severe for the membrane reactors
with the distributed oxygen supply along the reactors. Therefore,
the reactors can be maintained at a nearly isothermal condi-
tion. The isothermal behavior of PMR and SOFCR has been
reported in the literature[23,37,38]. The radial diffusion could
be neglected because of small bed diameter[39,40] and the
effect of axial diffusion becomes negligible when the reactor
is operated under the turbulent flow regime[40,41]. It is further
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here

erO2 = 0.0645 exp

(−108 400

RgT

)
(7)

he value of PerO2of La0.40Sr0.60Ga0.40Fe0.60O3−δ membrane
as determined from Fig. 6 of Ref.[25].
For SOFCR, the permeation rate of componenti excep

xygen is zero (Ji = 0) due to the highly selective prope
f the membrane. The oxygen permeation rate through
SM/YSZ/LaAlO SOFCR can be estimated from our previ
odel[22]. The thickness of YSZ membrane was 1.5× 10−3 m

n this study.

.3. Kinetic rate expressions

.3.1. Tube side reactions
Li/MgO catalyst was placed in the tube side of FBR, P

nd MIEMR. The solid density of catalyst with the size
00–200�m is about 2022 kg m−3 [34] and the void fraction o
.34 was assumed[35]. The kinetic expressions of the reactio
n the Li/MgO catalyst were obtained from Kao et al.[8]. For
SM/YSZ/LaAlO SOFCR, the reaction rate expressions w
rovided in our previous work[15].

.3.2. Shell side reactions
There was no catalyst in the shell side. The homogeneou

hase reaction rate on the shell side (rs,i) was cited from Lan
nd Wolf[36].
e

s

ssumed that the catalytic activity of the membrane is ne
le. This assumption for the�-alumina porous membranes h
een made by a number of previous works on oxidative deh
enations of ethane[42], propane[43] andn-butane[44,45]and
lso on OCM reaction[4,5,28,46]. However, no literature ha
eported the activity of the La0.40Sr0.60Ga0.40Fe0.60O3−δ mem-
rane on OCM.

In this study, the feed molar flow rates of methane, oxy
nd inert gas are the same for FBR, PMR and MIEMR for e
imulation condition. For SOFCR, the amount of catalyst is
he same as the others; however, WHSV and methane to o
atio of all simulation are fixed at 1.8× 10−3 mol s−1 kg−1 and
.0, respectively.

. Results and discussion

.1. Characteristics of different reactors

The characteristics of different reactors for OCM were in
igated. Li/MgO OCM catalysts are packed in FBR, PMR
IEMR while LaAlO is used as the anode catalyst for SOF
ole fraction of methane: oxygen: inert in feed of 0.3:0.15:0
nd WHSV of 1.8× 10−3 mol s−1 kg−1 are maintained for a
imulations. The temperatures of FBR, PMR and MIEMR
onsidered at 1073 K while at 1273 K for SOFCR; the rea
ill be discussed in the following section.
Fig. 2shows methane and oxygen conversions along the

or length for various types of reactor. It is worth to note
xygen is completely consumed within the initial part of FB
hile at the same oxygen feed flow rate, it is enough to su
long the reactor for the other membrane reactors. This res
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Fig. 2. Methane and oxygen conversions along the reactor length
for various types of reactor (WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m,
Pt,T = Ps,T = 1.013× 105 Pa, methane (in the tube side):oxygen (in the shell
side):inert (in the shell side) = 0.3:0.15:0.55,T = 1073 K for FBR, PMR and
MIEMR, andT = 1273 K for SOFCR).

an increase of C2 yield with increasing reactor length for all of
membrane reactors as shown inFig. 3. It should be pointed out
that C2 selectivity is the highest at the reactor inlet and sharply
decreases in the case of FBR while slightly decreases in the case
of PMR. For MIEMR and SOFCR, C2 selectivities are almost
constant along the reactor. To understand this behavior, mole
fraction profiles were plotted. For FBR as shown inFig. 4, COx

increases more than C2 along the reactor and becomes constant
after oxygen is completely consumed. Since FBR gives lower
C2 selectivity than other membrane reactors (Fig. 3), the oxygen
consumption is higher (Fig. 2) in order to produce CO and CO2
by the reaction of:

CH4 +
(x

2
+ 1

)
O2 → COx + 2H2O

Compared between membrane reactors, PMR gives lower
methane conversion and C2 yield than MIEMR and SOFCR
(Figs. 2 and 3). Mole fraction profiles in both shell and tube sides
in PMR are provided as shown inFig. 5. Solid lines and dashed
lines are the simulation results considering and not considering
homogeneous gas phase reaction on the shell side, respectively.
Almost the same results are obtained. These indicate that lower

F for
v
P hell
s d
M

Fig. 4. Mole fraction profiles with reactor length of FBR (WHSV = 1.8×
10−3 mol s−1 kg−1, L = 0.2 m, Pt,T = Ps,T = 1.013× 105 Pa, methane (in the
tube side):oxygen (in the shell side):inert (in the shell side) = 0.3:0.15:0.55,
T = 1073 K).

C2 yield obtained in PMR is not affected by homogeneous gas
phase reaction on the shell side. On the contrary, since the porous
membrane is not highly selective membrane, not only methane
loss to shell side that makes low methane conversion but also
the permeation of inert from the shell side to the tube side which
makes low reaction rate. However, homogeneous gas phase reac-
tions on the shell side are still included in our models in the
following sections.

Mole fraction profiles of MIEMR and SOFCR are shown in
Figs. 6 and 7, respectively. No reactant and product losses to
the shell side occur because only oxygen permeates selectively
through membranes in both cases. It should be noted that oxygen

F R
(
methane (in the tube side):oxygen (in the shell side):inert (in the shell
side) = 0.3:0.15:0.55,T = 1073 K).
ig. 3. C2 yield and C2 selectivity along the reactor length
arious types of reactor (WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m,

t,T = Ps,T = 1.013× 105 Pa, methane (in the tube side):oxygen (in the s
ide):inert (in the shell side) = 0.3:0.15:0.55,T = 1073 K for FBR, PMR an
IEMR, andT = 1273 K for SOFCR).
ig. 5. Mole fraction profiles with reactor length of PM
WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m, Pt,T = Ps,T = 1.013× 105 Pa,



68 W. Kiatkittipong et al. / Chemical Engineering Journal 115 (2005) 63–71

Fig. 6. Mole fraction profiles with reactor length of MIEMR (WHSV = 1.8×
10−3 mol s−1 kg−1, L = 0.2 m, Pt,T = Ps,T = 1.013× 105 Pa, methane (in the
tube side):oxygen (in the shell side):inert (in the shell side) = 0.3:0.15:0.55,
T = 1073 K).

Fig. 7. Mole fraction profiles with reactor length of SOFCR
(WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m, Pt,T = Ps,T = 1.013× 105 Pa,
methane (in the tube side):oxygen (in the shell side):inert (in the she
side) = 0.3:0.15:0.55,T = 1273 K).

Fig. 8. Effect of temperature on C2 yield and C2 selectivity for vari-
ous types of reactor (yI = 0, WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m and
Pt,T = Ps,T = 1.013× 105 Pa).

consumption in the case of SOFCR, which is much larger than
PMR and MIEMR (Fig. 2) is dominated from further reaction
of ethane to ethylene:

C2H6 + 1
2O2 → C2H4 + H2O

Even though different types of membrane give different reac-
tor characteristics and performances, it should be noted that
the membrane reactor could distribute oxygen feed and keep
low oxygen partial pressure in the reaction side (as shown in
Figs. 5–7), leading to high C2 selectivity.

3.2. Effect of operating temperature

Fig. 8 shows the effect of temperature on C2 yield and C2
selectivity of various types of reactors. Pure methane and oxy-
gen are fed with a molar ratio of 2.0. The temperatures of FBR,
PMR and MIEMR are considered in a range of 1023–1173 K,
corresponding to the validation limit of the kinetic expressions
[8]. C2 yield and C2 selectivity increase with increasing temper-
ature for all reactors. It is obvious that both PMR and MIEMR
give higher C2 yield and C2 selectivity than FBR as expected.
It should be noted that for the case with pure oxygen feed in
the shell side, methane conversion of PMR is higher than that
of MIEMR especially at temperature lower than 1150 K (the
results are not shown) because of higher oxygen permeabil-
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ntage
sly
ctive.
ature
wing
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ity. On the other hand, C2 selectivity of PMR is lower th
MIEMR because the decrease of methane partial pressure
tube side due to methane loss leads to low methane and
gen ratio, which is not favorable. Even though C2 selectivi
SOFCR dramatically increases with increasing temperatur
yield is very low. This suggests that SOFCR should be o
ated at higher temperature than the others in order to o
enough oxygen permeability. Our previous work suggested
our SOFCR system was a good reactor for C2 produ
where electric power was generated simultaneously[23]. The
high temperature requirement may be the main disadva
of SOFCR; however, the electricity, which is simultaneou
generated, may compensate and make SOFCR still attra
From this reason, SOFCR was simulated at higher temper
than the others in the previous section and also the follo
sections.
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Fig. 9. Effect of inert mole fraction in shell side at the feed on C2 yield and
C2 selectivity for various types of reactor (WHSV = 1.8× 10−3 mol s−1 kg−1,
L = 0.2 m,Pt,T = Ps,T = 1.013× 105 Pa,T = 1073 K for FBR, PMR and MIEMR,
andT = 1273 K for SOFCR).

3.3. Effect of inert mole fraction at the feed

According to a viewpoint of the oxygen purification cost, air
is considered to use as an oxidant in the system. Methane and
oxygen feeds are kept at a mole ratio of 2.0 and WHSV is main-
tained at 1.8× 10−3 mol s−1 kg−1 for all simulations. The inert
mole fraction in the shell side at the feed was increased from 0
to 0.55, corresponding to mole fraction of methane:oxygen:inert
as 0.667:0.333:0 for pure oxygen feed and 0.3:0.15:0.55 for
air feed. In the case of FBR, inert was mixed and co-fed with
methane and oxygen. As shown inFig. 9, the increase in the
inert mole fraction does not significantly affect C2 selectivity.
Even though, methane residence time increases with increasing
inert mole fraction at the feed, methane conversion may not be
improved because of insufficient oxygen supply, and therefore,
C2 yield only slightly increases.

For the membrane reactors, the oxygen partial pressure in
the shell side is decreased with increasing inert mole fraction
and thus decreases the driving force for the oxygen permeation.
It results in high methane and oxygen molar ratio in the reac-
tor side, which leads to higher C2 selectivity as shown in PMR
case. However, when oxygen permeation decreases, the overall
reaction rate decreases. In addition, even though the residence
time increases with decreasing methane feed flow rate, methane
conversion may not be efficiently improved because of the sig-
nificant loss of methane to the shell side in the case of PMR.
T itab
f inert
o

the
s ere
i verte
m sults
i erve
i wa
s ther
c

rfor-
m tub
s
s mol

Fig. 10. Effect of inert mole fraction in tube side at the feed on C2 yield and
C2 selectivity for various types of reactor (WHSV = 1.8× 10−3 mol s−1 kg−1,
L = 0.2 m,Pt,T = Ps,T = 1.013× 105 Pa,T = 1073 K for FBR, PMR and MIEMR,
andT = 1273 K for SOFCR).

fraction in the tube side at the feed. In PMR case, as the inert
mole fraction in the tube side increases, the partial pressure of
methane decreases and then C2 selectivity decreases. However,
it results in reduction of methane loss to the shell side. These
effects make C2 yield to be traded off and shown some opti-
mum conditions. The mole fraction profiles of each species of
PMR are shown as solid lines, methane and oxygen conversion
as dashed line inFig. 11. Comparison between two cases with
the inert feed in the shell and the tube sides atyI = 0.55 as shown
in Figs. 2 and 11, respectively, reveals that oxygen conversion
increased rapidly when changing inert feed from the shell side
to the tube side due to the increased oxygen feed concentration
which increases the driving force of oxygen permeation. Since
the oxygen permeation increases, the methane conversion also
increases.

F with
r
P hell
s

his suggested that the porous membrane might not be su
or use in the membrane reactor especially in the case of
r impurities in the oxygen feed.

For MIEMR case, the increase in the inert mole fraction in
hell side is insignificantly affected C2 selectivity. Since th
s no methane loss to the shell side, methane can be con

ore completely with increasing the residence time. It re
n the increase of C2 yield. The same results are also obs
n SOFCR case. However, it should be noted that SOFCR
imulated at 1273 K, which was 200 K higher than the o
ases.

The effect of inert mole fraction at the feed on reactor pe
ance was extended to the case of diluted reactant in the

ide. Pure oxygen was fed to the shell side of reactors.Fig. 10
hows the reactor performances at various values of inert
le
s

d

d
s

e

e

ig. 11. Mole fraction profiles, methane and oxygen conversions
eactor length of PMR (WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m,

t,T = Ps,T = 1.013× 105 Pa, methane (in the tube side):oxygen (in the s
ide):inert (in the tube side) = 0.3:0.15:0.55,T = 1073 K).
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Fig. 12. Effect of operating pressure on C2 yield and C2 selectivity (yI = 0,
WHSV = 1.8× 10−3 mol s−1 kg−1, L = 0.2 m, T = 1073 K for FBR, PMR and
MIEMR, andT = 1273 K for SOFCR).

For MIEMR case, the effect of increase of residence time
which leads to higher methane conversion plays more impor-
tant role than the effect of reduction of methane partial pressure
which leads to the decrease of C2 selectivity as shown inFig. 10.
Consequently, the increase of C2 yield is obtained. Similar ten-
dency can be observed for SOFCR case. It should be pointed
out in this section that C2 yield usually increases with increas-
ing residence time (as shown inFigs. 9 and 10) in MIEMR and
SOFCR cases; however, it may not increase in FBR and PMR
cases.

3.4. Effect of operating pressure

Effect of operating pressure on the performances of the reac
tors was studied. In order to avoid cell damages, the pressure
in both shell and tube sides are maintained at the same value
the cases of PMR, MIEMR and SOFCR. The results shown in
Fig. 12indicate that C2 yield increases with increasing operating
pressure for all types of reactor except FBR. For the membran
reactors, as the operating pressure increases, the driving force f
the oxygen permeation through the membrane increases. Th
tendency can be explained by the increase of oxygen partial pre
sure in the shell side and also the acceleration of the reaction ra
by the increased methane partial pressure. However, in the cas
of FBR and PMR whose C2 selectivity strongly depends on par
t ease
w PMR
s n an
t sure
F ben
e ions
s oxid
c itabl
o

4

rfor
m rea
t ane
r R)

with those of the conventional fixed-bed reactor (FBR) on the
oxidative coupling of methane (OCM) for C2 hydrocarbons
production. It was found that FBR was not recommended for
OCM while PMR and MIEMR were suitable at temperatures
lower than 1150 K and higher than 1150 K, respectively. How-
ever, the use of PMR is not recommended for in the case of air
feed or oxygen feed with impurities. Operation at high pressure
was beneficial only to MIEMR and SOFCR. The drawback of
PMR was the methane loss through the non-selective porous
membrane while that of SOFCR was the requirement of higher
operating temperature of approximately 200 K compared to the
others. However, the electricity simultaneously generated as a
by-product might make SOFCR still attractive.
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