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Abstract

This paper presents analysis of oxidative coupling of methane on Li/MgO packed porous membrane reactor (PMR) by
the fixed-bed reactor (FBR) model with reliable reaction kinetic equations. PMR can improve the selectivity and yield by
controlling the oxygen feed to the catalyst bed through manipulating the feed pressure. At a fixed methane feed rate there
is an optimal oxygen feed pressure that will achieve the highest yield. With a commercial ultrafiltration ceramic membrane,
theoretical analysis shows that PMR can achieve, by operating with both side pressures at 1 ba€aa B8ximal 30%
yield at 53% selectivity. The maximal yield achieved in the FBR of identical dimension and temperature is 20.7% at 52.5%
selectivity. Parametric study shows that lowering the membrane permeability improves the performance. Higher oxygen feed
pressure will reduce the yield as well as the selectivity. Homogeneous reactions at high shell-side pressure can have adverse
effect on the performance due to the fact that homogeneous reaction rates are strongly pressure dependent. The shell (oxyger
feed) side volume must be minimized to reduce the homogeneous reactions. The results of PMR model calculation fit the
published experimental result unexpectedly well.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Over the past decade, several groups studied OCM
on catalytically active membrane which changes the
Catalytic oxidative coupling of methane (OCM) OCM reaction mechanism or minimizes the presence
represents a large number of partial oxidative reac- of the gas-phase oxygen in the methane strgza].
tions with a selectivity problem. Extensive research In these studies, per-pass @ields obtained were
has been conducted on direct conversion of methanearound 3—-15% though the,Gselectivity was much
by OCM. However, per-pass;Gield on all catalysts ~ higher than that obtained in the co-feed reactors.
reported was limited to about 25¢4]. This is lower A breakthrough in the membrane reactor for OCM
than the economically attractive,Gield threshold ~ was recently reported by Akin and L{f0]. Based on
(30%). Membrane reactors have the potential to ad- the results of a theoretical study1] and membrane
vance the process industry by enhancing selectivity material developmen8,9], they optimized the con-
and yield, reducing energy consumption, improving ditions for OCM in a dense ionic conducting mem-
operation safety, and miniaturizing the reactor system. brane reactor made of a catalytically active fluorite
structured BisY 3% Sy 203 (abbreviated as BYS)
"+ Corresponding authors. Tek:1-513-55622761; membrane _tube. Thg BYSis highly_ oxygen permeable
fax: +1-513-5563473. and catalytically active and selective for OCM. Best
E-mail addressjlin@alpha.che.uc.edu (Y.K. Kao). one-pass & (CoHa+CoHg) yield achieved for OCM

0920-5861/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0920-5861(03)00240-2



256 Y.K. Kao et al./Catalysis Today 82 (2003) 255-273
coworkerq12] was Li/MgO and that by the other two
Nomenclature groups was Sg0s.
A cross-section area of reactor The experimental data reported by the three research
D diameter of reactor groups show that the membrane reactor gives a con-
D;x Knudsen diffusion coefficient of siderably better selectivity than the fixed-bed reactor
component (FBR) at low and moderate methane and oxygen con-
F molar flow rate versions. However, the improvement inp @ield is
J permeation flux marginal. This could be probably because the experi-
P pressure ments were not performed under optimal conditions.
q dimensionless flow rate The essence of catalyst packed tubular porous ce-
rc1 formation rate of carbon dioxide in ramic membrane reactor is to control the oxygen con-
the catalyst bed centration for the OCM reaction by feeding oxygen
re2 formation rate of @ products in through the membrane wall to optimize the reaction
the catalyst bed selectivity along the reactor axial direction. This mem-
rg1 formation rate of carbon dioxide brane reactor offers potential to increase theyi@ld.
in oxygen feed side It also allows a more controllable and safer operation
rg2 formation rate of G products for OCM reaction. The operation of a porous mem-
in oxygen feed side brane reactor (PMR) is in general more complicated
i molar fraction ofi component than that of a conventional FBR. Theoretical study on
z reactor length the performance of OCM in the porous ceramic mem-
brane is particularly desirable in order to identify the
Superscripts key parameters affecting the reactor performance.
1 tube (catalyst bed) side Santamaria et a]16] performed a simulation study
2 shell (oxygen feed) side of OCM reaction in a series of packed-bed reactors
with oxygen introduced between reactors. Cheng and
Subscript Shuai[17] reported simulation studies of OCM in plug
0 initial condition flow reactors, one with inner wall coated with cata-
lyst and the other a catalyst-coated porous wall with

oxygen introduced through the wall. Their work was

in the BYS dead-end membrane reactor was 35% at focused on illustrating the potential improvements on

a G selectivity of 54% at 900C. At the same ¢ the OCM reaction by controlling the oxygen concen-

yield, the membrane reactor mode gives selectiv- tration in the reactor using relatively simple models.

ity of over 200% higher than the co-feed mode in the In this work, we will present a more systematic sim-

same membrane reactor under similar conditions. ulation study of OCM in porous ceramic membrane
The membrane reactors described above were all reactor packed with catalyst with emphasis on identi-

made of dense ionic or mixed-conducting oxide ce- fying the optimum operating conditions to achieve the

ramics. During OCM the membrane is subjected to highest yield. We will also compare the simulation re-

an extremely large oxygen partial gradient (membrane sults with the recently published experimental data on

sides exposed, respectively, to oxygen and methaneOCM in the PMRg12,13]

streams). The membrane is inherently unstable due

to the chemical expansion induced stress, ion migra-

tion and phase segregation. From stability viewpoint, 2. Mathematical model

porous ceramic (such as alumina or zirconia) mem-

brane reactor is more attractive for OCM. In fact, three The membrane reactor resembles a tube and shell

research groups have reported the experimental studyheat exchanger. Oxygen is fed to the shell side and

of OCM in the membrane reactors made of commer- methane to the tube side of the reactor, which is packed

cial porous alpha-aluminfl2-14] and Vycor glass  with Li/MgO catalyst. The porous membrane allows

[15] membranes. The catalyst used by Santamaria andall components to permeate through it from both sides.
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At a high temperature (>60@), gas-phase oxidation
reactions also take place in the shell side of the reac-
tor without catalyst. The homogeneous reaction rate
has to be significantly lower than the catalytic reaction
rates in order for the porous membrane to act like an
oxygen semi-permeable dense membrane in distribut-
ing oxygen to the catalytic bed. Otherwise, it will act
like an FBR with two parallel chambers separated by
a non-permselective wall.

2.1. Reaction kinetics

The following OCM reaction kinetic equations de-
rived by Wang and Lirf11] are used to describe the
OCM reactions in the Li/MgO catalyst packed tube
side of the membrane reactor:

1.251 05
I K3Pg, 14 8K2(Cp/Cr) Pch, _1
C1="p Ks P(152251
C
+16SoK2—> P, (1)
Cr
1.251 0.5 2
- K3Pg, 1+8K2(Cp/CT)PCH4 1
c2=""¢ K3P(1)'2251
C
—8SoK2—- P, @)
Cr

whereCp and Ct are, respectively, the concentration
of electron—hole and total concentration of all defects
in the catalyst, determined by the partial pressures of
reactants and products as

Cp K1PG;
Cr ~ K1PQ® + K1K2K4 + K2(Poy, + 8S0Pc,)

3)
and Sp is the fraction of ethyl radicals that undergo
deep oxidation reaction at zero conversion condition:

2
- 4
(1+8Z(8K2PcH,/ K3 P§2%h)05 + 1 (4)

So

,_ K1Pg>
K1PGY + K1K2K4 + Ko Pohy

®)

Values of the rate parameters appearing in the above

equations were obtained by linear regresdibt] of
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published experimental data of Tung and Lobfi8],
and the results are summarized below:

Ky = 2.472x 107 e—49.64(kca|/mol)/RT’

K, = 10.10 e—23,15(kca|/mol)/RT
K3 = 0.103x 10—3 e—4.548(kcal/mol)/RT’

K4 = 0.093 x 10—4 e27.94(kcr;1|/mol)/RT (6)

The above equations correlate the formation rates (in
the unit of mol/cni s) for G, and CQ products to par-
tial pressures (in the unit of atm) of oxygen, methane,
and G products, and temperature. Details of the above
kinetic model were presented elsewhgr#,19].

It should be pointed out that the above equations
were obtained based on the kinetic model which con-
siders oxidation of both methane (methyl radical)
the G product (ethylene radical), as detailed in our
previous publication§l1,20] The kinetic model was
verified by comparing the calculated, Gield and
selectivity (with the above kinetic equations) with
the experimentally data for Li/MgO packed FBRs.
The theoretical results agreed very well with the ex-
perimental data. For example, with the above kinetic
model, the theoretical model for FBR gives the maxi-
mum G yield of about 20% in the optimum conditions
[20]. This will be discussed in more detail&ection 3

The following non-catalytic homogenous gas-phase
reaction rate equations reported by Lane and \[{&dlf
are used to describe gas-phase reaction in the shell
side:

ropHg = 3.95 % 108 e—51.8(kca|/mol)/RTPé.|E)|j P(:Ij.278’
FOpHa = 9.75 % 10% @52 1(keal/mol)/RT Pcl:'l}lf Pé‘fz,

rco = 3.23 x 1011 e—71.6(kca|/mo|)/RTP((.):.'_S'SPS.ZO’

rco, = 1.02 x 1072 eizg.S(kcal/mOD/RTPES:)SP(%;%
rCH, = 1.10 x 107 6_54'6(kca|/m0|)/RTPé‘|3fP(%'205 (7)

At atmospheric pressure, the homogeneous reaction
rates are significantly lower than the catalytic reaction
rates. For example, at a typical reaction conditibr:
750°C, Pch, = 0.7 bar, Po,=0.3bar. The catalytic
reaction rates of C@and GHg are one to three orders
of magnitude larger than those of the corresponding
homogeneous rates.

In general, the oxidative coupling and deep ox-
idation products are lumped together as two main



258 Y.K. Kao et al./Catalysis Today 82 (2003) 255-273

products, GHg and CGQ. We follow the same ap- 2.3. Reactor model

proach in the following development that the rates are

appropriately combined as the following: In the following derivation, superscript 1 stands for
inside of the membrane reactor (tube side) packed with

Tg.1 = rco+rco, 79.2 = I'CoHe T I'CoHy catalyst and superscript 2 for outside of the membrane
whererco, rco,, rc,Hg, 'cH, are the homogeneous  (Shell side) and subscript 0 stands for the feed condi-
reaction rates as given Bq. (7) tion. The total pressure of each side of the membrane

is constant and the temperatures of the two sides are
2.2. Permeation through porous membrane the same.

Differential mass balances on each species for the

The gas permeation through the mesoporous mem-tuPe and the shell side are:

brane (e.g. 4nm US-Fliter Membranox alumina o In the tube side:
membrane) involves three mechanisms: Knudsen dif- dighyk.)
fusion, molecular diffusion and viscous flow. At high 1949 yen, 1
temperature and low pressure, Knudsen diffusion is Fo dz —A 1+ 2re2) — (D) JeH,

the dominant mechanism in the gas permeation. Other (8)
mechanisms can be neglected. The support of the
commercial mesoporous membrane has a multilayer

1,1
structure with minimal diffusion resistance. There- F&M = —AY(2r¢1 + 0.5/3) — (xD)Jo,
fore, the permeation resistance in the support can also dz '
be neglected. So in our study, only Knudsen diffu- 9)
sion through the mesoporous top layer is considered d(gtyia )
and the diffusion flux of each species is calculated Folﬁ = Alrc1 — (wD)Jco, (10)
according to following equation: dz
Cplyl _ p2.2 digtyg )
= Dl,K (P Vi P yl) F&% — Aer,Z _ (ﬂD)JCZHG (11)
RT 8 <
The Knudsen coefficient is calculated by the follow- L1
ing formula[22]: 19@ yh,0) 1
Fod—z = A™(2r¢,1 +rc2) — (7D)JH,0
2¢ (8RT\%® 12
Dix =25 (2 (12)
’ 3t \nM

It should be noted that the above model assumes
uniform radial distribution of the reactant concen-
trations within the membrane reactor tube. The ef-
fect of this assumption on the simulation model can
be minimized using the effectiveness factor, as to
be discussed later iBection 4.2

In the shell side:

The membrane parameters are= 0.5, T = 2.95,
r = 2 x 10-°m and membrane top-layer thickness
8§ = 5 x 10~2cm for ceramic alumina membrane
properties obtained from the literatyj23].

The gas-phase reaction may take place inside the
pore of the membrane. The homogeneous reactions.
will affect the permeation flux. Under the antici-

pated reactor operating conditiony, = 1 bar and ,d(@®yEy,) 5
Po, = 1bar), the fluxes of methane and oxygen are Od—z4 = —A“(rg1+ 2rg2) + (wD)Jch,
6.267 x 10~°mol/cm? and 4432 x 10~°mol/cn?, (13)

respectively. These fluxes are much greater than

the gas-phase reactions. Therefore, the amounts of 5 5
methane and oxygen consumed by OCM reaction de(‘l Yo,)
inside the pores are very small and its effect on the O dz
permeation fluxes can be neglected. (14)

= —A%(2rg1+ 0.5rg2) + (D) Jo,
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d(@®y20,)

ng—zoz = Azrg,l + (ﬂD)JCOZ (15)
d(g®y2 1)

ng—z“"’ = A%rg2 + (TD)JcyHg (16)
d(q2y2 o)

Fozd—:z = A%(2rg1 + rg.2) + (D) J,0

17)

Three of the differential balance equations can be re-
placed by the overall C, H, O atomic humber balances:

F (%, + Y0, + 29E,15)

+F2(yEp, + Y20, + 28,mg) = Fodocn,  (18)
+F2(2y3y, + 38,1, + YB,00=2F5yocH,  (19)

FY2y5, + 2y¢0, + Yh,0)
+F2(2y3 4+ 2y26 + V2.0) = 2F2y2 20
Yo, T 2Yco, + Yh,0) = 2F5Y0,0, (20)

In Egs. (8)—(20)there are total 12 variable%m, y(ljz,

YC0y YeoHg Yiigor @ Yemy Y0, Yo, Yegrg Yo

¢°. The above reactor model equations were solved
numerically with the Gear's BDF method using the
DIVPAG routine of the IMSL® Library (Microsoft).

3. Results and discussion
3.1. Performance of PMR

The dimension of the membrane reactor for the fol-
lowing simulation study is based on a Li/MgO cata-
lyst packed porous tubular ceramic membrane with a
inner radius of 0.5cm. It is surrounded by an outer
shell whose dimension provides an effective outer ra-
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Table 1
List of simulation parameters
Reactor temperature ¢) 750
Reactor length (cm) 10
Tube radius (cm) 0.5
Shell radius (cm) 1
Tube pressure (atm) 1
Shell pressure (atm) 1
Methane permeability (mol/cfbars) 6.26% 10°°
Oxygen permeability (mol/cibars) 4.43210°°

bed, hence the amount of reaction that can take place,
will be determined by the pressure on the oxygen feed
side. Another operational variation is how the oxygen
and methane flow directions are oriented with respect
to each other. The flows on the two sides of the reactor
can be either co-current or counter-current. Under the
counter-current flow configuration, it is very likely
that a significant portion of the feed methane will
permeate to shell side near the tube-side entrance re-
gion because the shell-side methane partial pressure
is very low. A large fraction of methane will pass
through the shell side without participating in the cat-
alytic reaction and the yield will be low. Therefore,
the counter-current flow configuration is not suitable
for OCM reaction.

3.2. Concentration profiles

The operating characteristics of PMR can be under-
stood by examining its concentration profiles on both
sides of the membrane. The concentration profiles of
CHg, Oy, CO; and GHg on either side of the mem-
brane are shown ifrigs. 1 and 2respectively. Pure
methane is fed to the catalyst (tube) side at the rate
of 5¢cn? (STP)/s with pure oxygen to the shell side at
a rate of 3.5 cri(STP)/s. The total pressures on both
sides are kept at 1 bar.

Fig. 1 shows that the oxygen concentration on the
tube side starts at zero and then increases as more oxy-
gen permeates from the shell side and not all of it can
be consumed by the oxidative reactions. In the short

dius of 1 cm. The operating temperature is constant at distance to about 0.5 cm from the inlet, the formation

750°C. Table 1lists the values for parameters used in
the following parametric simulation study.
The operation of PMR is limited by the permeation

rate of G products by the OCM reactions is greater
than the rate of methane undergoes deep oxidation
as shown by the greater increase in thepfoducts

fluxes fixed by transmembrane pressure drop. The concentration than that of the carbon dioxide. Oxygen

amount of oxygen that can be supplied to the catalyst

concentration increases and reaches a maximum 16%
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Fig. 1. Concentration profiles on the tube side of PMR.

at about 1cm from reactor entrance. The maximum concentration increases at about the same rate, while
occurs as the results of more oxygen is needed for thethe carbon dioxide concentration levels off.

deep oxidation of not only the feed methane but also The methane concentration on the shell side as
the G product produced by OCM reaction. Thus, the shown inFig. 2increases rapidly from the entrance as
carbon dioxide concentration increases more rapidly methane permeates from the tube side. Oxygen con-
than the G product concentration. The increasing re- centration decreases rapidly as it permeates to the tube
action rates of OCM and, more so, the deep oxida- side. The oxidative reaction product also increases
tion reactions consume more oxygen than the oxygen along the reactor length. This increase is due mostly
supplied through the porous membrane wall. Oxygen to the permeation from the tube side, where catalytic
concentration decreases. Methane concentration on thereaction rates are much higher than the corresponding
tube side decreases rapidly from the entrance due tohomogeneous reaction rates at the low shell-side total
the reaction and, to a greater degree, to the permeationpressure. Near the end of the reactor, partial pressures
to the shell side. From the middle of the reactor on- of all species on both sides become identical.

ward, the oxygen concentration is very low. Low oxy- An overall picture of the reactor performance is rep-
gen to methane ratio favors the OCM reaction over resented by the selectivity and yield profilesHig. 3.
deep oxidation reactions. In this region, thepoduct The selectivity drops and the yield increases rapidly
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Fig. 2. Concentration profiles on the shell side of PMR.

from the inlet. The rates of both changes are fast due formance at low pressures. This effect is more impor-
to high oxygen concentration in the catalyst bed. Both tant in the reactor entrance region. In the later part of
OCM and deep oxidation reaction rates increase with the reactor, the shell-side oxygen concentration is very
oxygen concentration, more so for the deep oxidation low, and the homogeneous reactions have insignificant
reaction. Tube-side oxygen concentration drops to be- influence on the performance. This is not true if the
low 3% from 3 cm from the inletKig. 1). The selec- shell side is at a higher operating pressure because the
tivity starts to increase from that point onward. The homogeneous reactions are strongly dependent on the
reverse in the trend of selectivity change is due to the oxygen partial pressure.
very low oxygen concentration, which favors OCM re-
action over the deep oxidation reaction. The operating 3.3. Yield and selectivity surfaces
condition is fairly close to the maximum yield condi-
tion. The PMR is able to overcome the FBR’s limita- The performance of PMR at fixed oxygen and
tion on the maximum yield of 20% in FBR. By dis- methane feed pressures is determined by both oxygen
tributing oxygen across the membrane, the maximum and methane feed rates. An exhaustive parametric
yield can reach 30%. The selectivity at the maximum examination of PMR performance is done on a 10cm
yield is about 50%, which is similar to the selectivity long reactor operating at constant feed pressure of
at the maximum yield condition of FBR. 1 bar on both sides. Results are presented in two sur-
The homogeneous reactions taking place on the face plots,Figs. 4 and 5that depict the variation in
shell side have only minor effect on the overall per- C, yield and selectivity as functions of oxygen and
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Fig. 3. Selectivity and yield profiles of PMR.

methane feed rates. There is a region of low oxygen
feed rates that the 10 cm reactor will be too long with
respect to the oxygen supply. For example, at the
methane feed rate of 5 &(STP)/s, the oxygen feed
rate has to be greater than 2.548TP)/s. Below
this value, the reactor will be too long.

The selectivity surface ploEig. 5 shows that high
methane to oxygen feed rate ratio favors the formation
of Co products. This result is similar to the methane to
oxygen feed ratio dependency in FBR: high methane
to oxygen ratio favors OCM reaction, thus high se-
lectivity. The highest yield at any methane feed rate
occurs at the infeasible region boundary, i.e. by op-
erating the reactor at the lowest feasible oxygen feed
rate for any methane feed rate.

The G yield surface as shown irig. 5provides in-
teresting PMR performance characteristics. At a fixed
oxygen feed rate, yield initially increases with increas-

ing methane feed rate because high methane to oxygen
ratio favors the formation of £products. The yield
reaches a maximum and then decrease as the result of
a shorter residence time when methane feed rate in-
creases. Similar behavior is also observed as the oxy-
gen feed rate varies at a fixed methane feed rate. Low
methane feed rate leads to the oxygen rich reactant
mixture that favors the deep oxidation reaction. The
C, yield increases initially with increasing methane
feed rate. The yield will decrease eventually as the
residence time decrease when too much methane is
fed to the reactor. There is also an optimal oxygen
feed rate that maximizes the,@ield. For example,

at the methane feed rate of 21¢(8TP)/s, the high-

est yield of 22% is achieved when the oxygen feed
rate is about 6 cA(STP)/s (point A inFig. 4). The
selectivity at this highest yield is about 67% (point A

in Fig. 5. There is also an optimal methane feed rate
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Fig. 4. Yield surface and contour plot of PMR.

at a fixed oxygen feed rate that achieves the highest15cn? (STP)/s (point B inFig. 4). The selectivity at

yield such as point B on the same figures. At an oxy-
gen feed rate of 8.3 cP{STP)/s, the highest yield of

this condition is only about 50%. Point A is obviously
a better operating condition than point B in the sense

22% is obtained when the methane feed rate is aboutthat it has a higher selectivity at the same yield. In
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Fig. 5. Selectivity surface and contour plot of PMR.

addition, point A condition also gives higher produc- feed rate, a less steep change in the direction of
tivity, since the methane feed rate at point A is higher methane feed rate. This means that the PMR per-
than that of point B. formance is determined to a greater extent by the

The yield surface shows more precipitous changes oxygen feed rate. The amount of oxygen that can
near the maximum yield in the direction of oxygen permeate to the catalyst bed in PMR is determined
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by the membrane area. When oxygen feed is greaterand oxygen feed rates. At a constant methane feed
than what can be consumed by the reactions, oxygenrate, the conversion increases rapidly with increasing
concentrations will build up on both sides of the re- oxygen feed rate at first as more oxygen is available
actor. High oxygen concentration will lead to more for reaction. The conversion reaches a maximum at
deep oxidation reaction. The yield will decrease due certain oxygen feed rate and then decreases gradually
to further oxidation of the €products. as oxygen feed rate is increased further. This slight
There is an optimal operating condition for a reactor decrease is the result of decreasing space—time when
with a given membrane area. This condition is located more oxygen permeates to the catalyst bed than the
on the lower left corner of the contour plot. For the reactions can consume. The resulting increase in the
reactor condition used, the yield is the highest when total flow rate in the catalyst bed will reduce the re-
the oxygen feed rate is 2.6 é¢STP)/s and methane actor space—time. The reduction is more gradual as
feed rate is 5 c(STP)/s. The yield is about 30% at the permeation flux at a constant pressure differential

the selectivity of 53%. varies only slightly with concentration. At the low-
est methane feed rate examined, the maximal methane
3.4. Methane and oxygen conversions conversion is about 75%. The reduction in methane

conversion is most pronounced in the low methane

The operating characteristics of PMR is rather com- feed rate range. In the range of methane feed rate less
plex due to the coupling of membrane permeation pro- than 28 cmd (STP)/s, there is a certain oxygen feed
cess with the chemical reactions. The operating char- rate that gives the highest methane conversion.
acteristics can best be understood by a close scrutiny The oxygen conversion surfac€ig. 6(b)) shows
of the methane and oxygen conversions as a function that all oxygen can be consumed at low oxygen feed
of their feed rates. The conversions are shown in two rates. At a constant oxygen feed rate, the oxygen con-
contour plots inFig. 6. version increases at first with increasing methane feed

The methane conversion is determined by the oxy- rate. When the methane feed rate is low, less methane
gen supply and the reactor space-tiffig. §@) shows is available for the oxidative reactions. Oxygen con-
that the methane conversion as a function of methane sumption increases when more methane is available
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j; o
J///

5 10 15 20 2é 30 35 40 45 5 10 15 20 25 30 35 40 45
(a) Methane feed rate, cm3(STP)/s (b) Methane feed rate, cm3(STP)/s

a~
o
!

w
o

w
o

[\
o
1

N
o
1

—_
o

Oxygen feed rate,cm3(STP)/s
Oxygen feed rate,cmS(STP)/s

—_
o
L

o
L

o

Fig. 6. Methane (a) and oxygen (b) conversion of PMR.
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for consuming the oxygen. It reaches a maximum the oxygen flux across the membrane, which will re-
at certain methane feed rate and then decreases asluce the oxygen concentration in the catalyst bed. It is
methane feed rate is further increased. Less methaneexpected that selectivity will improve with decreasing
is reacted because of shorter residence time due tooxygen feed pressure. However, the porous membrane
the high methane feed rate. Furthermore, the oxygen also allows methane to permeate to the oxygen feed
to methane ratio in the reactor bed at high methane side. More methane will leave reactor from the oxy-
feed rate is very low. This mixture condition favors the gen feed side mostly unreacted except by the homo-
OCM reaction which requires 1/4 of oxygen usage of geneous reactions taking place there. The yield will
the oxidation reactions. Consequently, less oxygen is drop with reducing oxygen feed side pressure. A PMR
consumed and the contour line slope beyond the max- of the same dimension was used to examine the feed

imum is flatter. pressure effect. Maximal yields (always obtained at
the lowest methane feed rate) at oxygen feed pressure
3.5. Effect of oxygen feed pressure in the range from 0.5 to 1.5 bar is presentedFig. 7.

It shows that the highest yield is achieved with oxygen
The oxygen permeation flux across the membrane feed pressure at around 0.8 bar. The selectivity at this
can be controlled by varying the oxygen feed side pres- pressure is also higher than that at 1 bar feed pressure.
sure. Lowering the feed side oxygen pressure reducesOperating the PMR at a higher oxygen feed pressure
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Fig. 7. Maximum vyield and the selectivity as a function of oxygen feed pressure.
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is definitely undesirable. It causes both selectivity and 3.6. Air as oxygen source
yield to decrease.

The optimal oxygen feed pressure depends on the The oxygen feed pressure dependency indicates that
membrane permeability. For a membrane with a lower low oxygen feed pressure will improve PMR perfor-
permeability, the highest yield will occur at a higher mances. However, low total shell-side pressure allows
pressure. The maximal yield is also higher. It should be too much methane to leave the catalyst bed without
noted that the homogeneous deep oxidation reactionreaction. The loss of feed methane through the oxygen
is strongly dependent on the pressure. The shell-sidefeed side can be reduced by providing the oxygen feed
volume must be kept as low as possible in order to side with low oxygen partial pressure. An inexpensive
suppress the undesirable homogeneous reactions. lisource of oxygen is air. The same reactor operating
is possible also to prevent the homogeneous reactionwith air as oxygen feed is examined in detail with the
from taking place by not allowing the hydrocarbon methane feed rate ranging from 1 to 45%(®TP)/s.
species to permeate to the oxygen feed side. One of The minimal air feed rates at given methane feed
the possibility is to counter the diffusion flux from rate are higher than using oxygen due to the fact that
the reactor tube side to the shell side by maintaining air contains 21% oxygen. Other than that, the yield
a high hydrodynamic flow from the shell to the tube surface has similar topography as the surface for pure
side. This requires the extension of the present model oxygen feed. On the whole, the yield achieved by an
by replacing the Knudsen diffusion by the dusty-gas air feed PMR is higher than that achieved by a pure
model. oxygen feed PMR. The contour plétig. 8 shows that

|

-
>

45

Air feed rate, cm3(STP)/s

Methane feed rate, cm3(STP)/s

Fig. 8. Contour plot of the yield surface with air as oxygen source.
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Fig. 9. Contour plot of the selectivity surface with air as oxygen source.

the yield reaches as high as 36% at the optimal feed porous membrane to reduce its permeability. Lower

condition: air feed rate at 7 ch{STP)/s and methane  oxygen flux will lower the oxygen concentration in the

feed rate at 4 cR(STP)/s. catalyst bed, which can improve the selectivity. When
The selectivity surface is also similar to the surface selectivity increases, it will also improve the yield. In

when pure oxygen is used as shell-side feed. The se-the following discussion on the effect of permeability,

lectivity of a PMR improves when air is used in place the porous membrane’s permeability is reduced by a

of pure oxygen as feed. From the contour pkay. 9, factor of 10.

the selectivity at the maximal yield condition is about The performance for the case of oxygen feed pres-

70%. This value is higher than the selectivity of 65% sure at 2 bar is shown iRig. 10 (yield surface con-

at the maximal yield of 30% when pure oxygenis used tour plot) andrFig. 11(selectivity contour plot). There

as the shell-side feed. is a region of high oxygen feed rate that exceeds the
methane feed such that all methane will be consumed
3.7. Effect of permeability in the middle of the reactor. This region was not re-

vealed in the previous plots when the permeability is

The PMR performances can be improved by reduc- 10 times larger and the oxygen side pressure is at 1 bar.
ing the oxygen flux across the membrane to the reac- Otherwise, the topography of both yield and selectivity
tion zone. This can be accomplished by modifying the surfaces is similar to the previous higher permeability
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Fig. 10. Contour plot of the yield surface of PMR using membrane with low permeability operating at the oxygen feed pressure of 2 bar.

situation. Lowering the oxygen flux improves the se- with a feed mixture consisting 70% methane and 30%
lectivity, which will also increase the yield. The max- oxygen at the mixture feed rate of 25.7¢(BTP)/s.
imal yield is at 43% with the selectivity of 55.2%. The same maximal yield can be obtained by a PMR
The oxygen flux will be smaller when the oxygen side of the same dimension at the methane feed rate of
pressure is reduced to 1 bar. The selectivity can reach24.5 cn? (STP)/s and 6 cf(STP)/s of oxygen to the

69% at the maximal yield of 53%. shell side. The selectivity obtained by the PMR is
69.2% which is considerably higher than that of FBR
at 52.3%.

4. Comparison study The improvement of PMR is the result of using
porous membrane as oxygen distributor. The oxygen

4.1. Comparison with FBR concentration in the catalyst bed is lowered through-

out the reactor lengthrig. 12shows the methane and

A PMR and an FBR with the same physical di- oxygen profiles of PMR and FBR for the cases un-
mension in terms of catalyst loading and aspect ra- der comparison. The methane to oxygen composition
tio can achieve different maximal yields. The maxi- ratio throughout the PMR is considerably lower than
mal yields, using pure oxygen as the feed, are about that of the FBR. This favorable mixture composition
21% for FBR and 30% for PMR. The comparison was means more methane can be converted fopd-
made at the maximal yield that an FBR can achieve, ucts by the OCM reaction instead of deep oxidation
which is 20.7%. The best performance for FBR is reactions, as well as lesg @roducts would undergo
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Fig. 11. Contour plot of the selectivity surface of PMR using membrane with low permeability operating at the oxygen feed pressure of 2 bar.

deep oxidation reaction. The selectivity is, therefore, However, for the cases of the methane to oxygen feed

higher. rate of 4:1, there is enough information available that
allows a detailed comparison of our model with their
4.2. Comparison with experimental data data.
The reactor was operated by adjusting the feed side
There was only one experimental wofk2] re- pressure so that the exit flow rate from the oxygen shell

ported on OCM in Li/MgO catalyst packed PMR (us- side was 5% of the oxygen feed. It is reasonable to
ing a modified alpha-alumina ultrafiltration membrane assume that the pressure required for a given methane
tube). The original membrane’s permeability was re- and oxygen feed rate combination to achieve the exit
duced by depositing silica inside the membrane pore. shell-side flow rate to be 5% of its inlet is the same
The permeabilities reported were about 1/30 of the with and without the reaction. The operating pressures
values used in the above simulation studies. The dataat the highest and the lowest feed rate combinations
reported for the tubular membrane reactor has the ex-are determined to be 2.6 and 1.23 bar, respectively.
act configuration as the present PMR model. Unfortu- This allows the interpolation of operating pressures
nately, details of the data conditions were not reported. between the limits.
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Fig. 12. Comparison of CiHand & profile of PMR with FBR.

The actual reactor operation was neither isothermal the lowest reported feed rate (or largest space—time)
nor adiabatic. At different flow rates, the tempera- is the basis for the determination of the isothermal
ture profile changes. The average temperature, whichtemperature and the proportional constant. The best
was used in the isothermal PMR model, would also fits for isothermal temperature and the proportional
change. At the lowest feed rate condition, the reactor constant were determined to be 69D and 0.2,
would most likely approach the isothermal condition. respectively.

This condition was used to determine the reaction In the tubular membrane reactor there is a radial
rates. The catalyst used in their work were Li/MgO oxygen concentration distribution with a maximum
catalyst, for which our kineticEHgs. (1)—(6) were de- near the membrane tube wall. Following the concept
veloped. However, different preparation methods may of the reaction and diffusion in a porous catalyst
result in different activities. In addition, the present cylinder, and reaction rate in the packed-bed within
reactor model assumes that the mixture composition the membrane tube can be correlated to the reactant
is uniform in the radial direction. In reality, the con- concentration near the inner membrane tube wall with
centration varies from the porous wall, where the a correction factor called the effectiveness fa¢adl.
oxygen partial pressure is the highest, to the lowest at Egs. (1) and (2indicate that the oxygen concentration
the center of the catalyst bed. A proportional constant dependency of the reaction rate is approximated as of
was incorporated into the reaction rate expressions of first order ¢ = kCo,). The OCM reaction data pro-
Egs. (1) and (2)o account for the difference. The best vided by Tung and Lobbafi8] give the rate constant
match of the model with the experimental result at k of about 7.15! at 600°C. Assuming that the bed
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Fig. 13. Comparison of PMR simulation results with experimental data.

porosity of 0.4 and tortuosity factor of 2 for the catalyst these two limits. A number of simulations at interme-
packed-bed in the membrane reactor and oxygen dif- diate flow rates were generated. The simulation results
fusion in the catalyst bed is governed by the Knudsen are plotted with the experimental dataHig. 13 The
mechanism, the effective oxygen diffusivity in the model’'s prediction is remarkably close to the experi-

packed-bed in the membrane tube is estimatdtat mental data.

0.12 cnf/s at 600°C. With the reactor tube diameter of Another model parameter that has influence on

1cm, this gives a Thiele modulus=@ipe(k/De)Y/?) the performance is the shell volume. This is espe-

of 8.5, which in turn yields an effectiveness fac- cially significant when the shell-side pressure is high

tor of about 0.3 for the cylindrical geometi24]. because of the strong pressure dependency of the

This is very close the correction factor of 0.2 used homogeneous reaction rates. In the comparison, the
above for comparison of model with the experimental shell-side volume has been kept very small. Oth-
data. erwise, the shell-side reaction would cause serious

The highest isothermal temperature would be for degradation in the reactor performance. This point
the case operated at the highest feed rate. This tem-was also stated in the experimental investigation by
perature was determined, without changing the pro- Santamaria and coworkefd?2]. In addition, when
portional constant, to be 79C. Since the amount of  the shell-side volume is large, the strongly pressure
the reaction heat would be proportional to the feed dependent homogeneous reaction rates also make the
rates, the isothermal temperature at intermediate flow computation very stiff. In this case, a solution cannot
rates were determined by linear interpolations between be obtained.
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