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Modeling of an FAU-type zeolite membrane reactor for the
catalytic dehydrogenation of cyclohexane
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Abstract

A simple mathematical model assuming isothermal operation and a plug flow pattern was developed to evaluate the performance of an
FAU-type zeolite membrane reactor for use in the catalytic dehydrogenation of cyclohexane. The membrane reactor consisted of a catalyst bed
and membrane, containing an impermeable region at the reactor inlet, followed by a permeable region. The impermeable region was required
in order to achieve an equilibrium conversion before entering the permeable region, and the selective permeation of benzene and hydrogen
was sufficient to shift the equilibrium. The results of the simulation for the membrane reactor were in good agreement with the experimental
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esults. On the basis of the simulation, the zeolite membrane reactor was superior to the Knudsen membrane reactor. The effect o
ydrogen with cyclohexane, to restrain coke formation on the catalyst due to the high hydrogen concentration in the feed side w
emonstrated. The effect of permeance and the separation factor on the conversion was evaluated, and as a result, the permea

mportant in terms of increasing the conversion than the separation factor.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Zeolite membranes are of interest for a membrane re-
ctor system because of their desirable thermal properties
nd high hydrogen permeability[1–4]. Although palladium-
ased membranes have an infinite selectivity for hydrogen
ermeation, which is suitable for dehydrogenation, they are
oisoned by sulfur impurities in the feed side[5], deactivated
y coking in dehydrogenation reactions[6], and eventually

ail [7].
To evaluate the performance of a membrane reactor, a

umber of modeling studies have been conducted. Most of
he models are concerned with equilibrium-limited reactions
ince these systems have been mostly studied experimentally
3,4,8–10]. The dehydrogenation of cyclohexane has been
xtensively studied as a model reaction in various membrane
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reactors[11–15].

C6H12 � C6H6 + 3H2, �H = 206.2 kJ/mol (1)

Itoh and coworkers[11,12]experimentally and theoretica
studied this reaction using a microporous Vycor glass m
brane reactor and a palladium membrane reactor. Cyclo
ane in the feed side was diluted with an inert gas and a s
gas was introduced to the permeate side. A mathem
model assuming plug flow and isothermal conditions
developed. An increase in the flow rate of the sweep ga
to a decrease in the concentration of hydrogen in the pe
ate side. This resulted in an increase in the driving forc
diffusion through the membrane, thus increasing the co
sion. As the flow rate in the feed side decreased, the resid
time in the reactor increased, and consequently the co
sion increased. It should be noted that excellent agree
between the model and the experimental data was repo

Kokugan et al.[13] fed pure cyclohexane directly into t
feed side of membrane reactors. The conversions in the
brane reactors were evaluated using the pseudo equilib
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.03.007
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Nomenclature

k apparent reaction rate constant
(mol m−3 Pa−1 s−1)

KB adsorption equilibrium constant of benzene
(Pa−1)

Kp equilibrium constant (Pa3)
l distance from the inlet of the reactor (m)
L length of reactor (m)
Ni,F molar flow rate of componenti in the feed side

(mol s−1)
Ni,P molar flow rate of componenti in the permeate

side (mol s−1)
pi partial pressure of componenti in the feed side

(Pa)
PF total feed pressure (Pa)
PP total permeate pressure (Pa)
Qi permeance of componenti (mol m−2 s−1 Pa−1)
r outer radius of the porous support tube (m)
rC dehydrogenation rate of cyclohexane

(mol m−3 s−1)
R gas constant (m3 Pa mol−1 K−1)
SR cross-sectional area of catalyst bed (m2)
ux,0 gas flow rate at the inlet of the feed side

(m3 s−1)
ux,1 gas flow rate at the outlet of the feed side

(m3 s−1)
uy,0 gas flow rate at the inlet of the permeate side

(m3 s−1)
uy,1 gas flow rate at the outlet of the permeate side

(m3 s−1)
VF total feed flow rate (m3 s−1)
VP total permeate flow rate (m3 s−1)
VR gross volume of reaction section (m3)
xi mole fraction of componenti in the feed side
xi,0 mole fraction of componenti at the inlet of the

feed side
xi,1 mole fraction of componenti at the outlet of

the feed side
XC conversion of cyclohexane
yi mole fraction of componenti in the permeate

side
yi,0 mole fraction of componenti at the inlet of the

permeate side
yi,1 mole fraction of componenti at the outlet of

the permeate side

Greek letters
α(i/j) separation factor of componenti to component

j
νi stoichiometric coefficient of componenti

Subscripts
A argon
B benzene
C cyclohexane
H hydrogen
i componenti
j componentj

model, derived from the Gibb’s free energy change for the
reaction and the equilibrium constant. The predicted conver-
sions using the pseudo equilibrium model were also in good
agreement with the experimental data.

A pseudo-homogeneous model was recently used to
describe the transport mechanism through a catalyst bed
[14,15]. Radial diffusion and/or axial diffusion were consid-
ered to account for the concentration gradient in the radial di-
rection, due to the selective permeation of hydrogen through
the membrane. They defined the optimal configurations for
various conditions for a given reactor geometry.

In a previous paper[16], the catalytic dehydrogenation of
cyclohexane in an FAU-type zeolite membrane reactor was
examined and an increase in conversion in the membrane re-
actor, exceeding the equilibrium value, was achieved, as the
result of the simultaneous removal of benzene and hydro-
gen. The permeation properties of benzene and cyclohexane
through an FAU-type zeolite membrane have been reported
in detail[17,18]. The contribution of the permeation proper-
ties of benzene and hydrogen to the conversion, however, is
not still clear. The co-feeding hydrogen with cyclohexane to
the feed side can also be tolerated in this system.

In the present study, we report on the development of a
simple mathematical model assuming isothermal operation
and a plug flow pattern, in an evaluating of the performance
o cat-
a tion
r t
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o n the
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per-
f an FAU-type zeolite membrane reactor for use in the
lytic dehydrogenation of cyclohexane and the simula
esults are compared with experimental data[16]. The effec
f co-feeding hydrogen with cyclohexane to the feed
n conversion is evaluated, and the relationship betwee
ermeance and the separation factor is discussed.

. Mathematical model

A simple mathematical model was developed to eva
he performance of an FAU-type zeolite membrane rea
or the catalytic dehydrogenation of cyclohexane unde
ollowing assumptions:

1) isothermal conditions;
2) plug flow in both the feed and permeate sides;
3) no axial or radial diffusion;
4) permeation through the membrane is proportional to

difference in partial pressures between the feed and
meate sides;
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Fig. 1. Schematic diagram of a zeolite membrane reactor.

(5) dehydrogenation reactions take place only on the cata-
lysts packed in the feed side.

The simulated membrane reactor was composed of a
quartz glass tube (i.d. = 10 mm, o.d. = 13 mm) containing
an FAU-type zeolite membrane, which was fixed coaxially in
the tubular reactor, as illustrated inFig. 1. Almost half of the
catalyst was packed in the area upstream from the permeation
portion. The cyclohexane was diluted with argon and fed to
the catalyst bed in the feed side of the membrane. Pure argon
was also introduced to the permeate side of the membrane as
a sweep gas. The total pressure in both the feed and permeate
sides was maintained at 101.3 kPa. The model parameters for
simulation are summarized inTable 1.

The mass balance equations for componenti in the feed
side and the permeate side in the membrane reactor are given
as follows:

Feed side (catalyst bed):

dNi,F

dl
= νirCSR − 2πrQi(PFxi − PPyi) (2)

Table 1
Parameters used in the simulation of a zeolite membrane reactor

Membrane
Inner radius (m) 0.85× 10−3

Outer radius (m) 1.05× 10−3

R

C

F

P

P

Permeate side:

dNi,P

dl
= 2πrQi(PFxi − PPyi) (3)

whereNi is the molar flow rate of componenti. l is the dis-
tance from the inlet of the reactor.νi is the stoichiometric
coefficient of componenti. rC is the dehydrogenation rate of
cyclohexane.SR is the cross-sectional area of catalyst bed.
r is the outer radius of the porous support tube.Qi is the
permeance of componenti. PF andPP are the total feed and
permeate pressures.xi andyi are the mole fractions of com-
ponenti in the feed and permeate sides, respectively.

3. Experiments and simulations

The following reaction rate equation of cyclohexane,rC,
was used[12]:

rC = −k(KppC/p3
H − pB)

1 + (KBKppC/p3
H)

(4)

wherek, KB, andKp are, respectively, the reaction rate con-
stant, the adsorption equilibrium constant for benzene, and
the reaction equilibrium constant.pi is the partial pressure of
componenti.
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s he
Length (m) 2.65× 10−2

eactor
Length (L) (m) 6.00× 10−2

Inner radius of shell (m) 5.00× 10−3

atalyst bed
Cross-sectional area (SR) (m2) 7.50× 10−5

eed side
Total flow rate (VF) (m3 s−1) 3.34× 10−7

Total pressure (PF) (Pa) 1.013× 105

Mole fraction of C (xC,0) 0.10
Mole fraction of A (xA,0) 0.90

ermeate side
Total flow rate (VP) (m3 s−1) 1.67× 10−6

Total pressure (PP) (Pa) 1.013× 105

Mole fraction of C (yC,0) 0.00
Mole fraction of A (yA,0) 1.00

ermeance (Qi)a

Cyclohexane (QC) (mol m−2 s−1 Pa−1) Variable
Benzene (QB) (mol m−2 s−1 Pa−1) Variable
Hydrogen (QH) (mol m−2 s−1 Pa−1) Variable
Argon (QA) (mol m−2 s−1 Pa−1) 1.00× 10−10
a The permeance to each component is taken from Jeong et al.[16]. m and
The dehydrogenation of cyclohexane was performed
acked bed reactor 0.01 m in i.d. and 0.01 m in length
.0 wt.% Pt/Al2O3 particles sized between 149 and 210�m in
rder to determine the reaction rate constant. At 673 K,

o the reaction, the catalyst was treated with 20% O2 diluted
n argon for 3 h in order to remove any adsorbed species
eduction of the catalyst was then carried out with 20%2
iluted in argon for 3 h. The vaporized cyclohexane wa

uted with argon and fed to the catalyst bed, and the rea
hen started. The reaction temperature was in the ran
30−470 K. The total pressure and the total flow rate in
eactor were maintained at 101.3 kPa and 1.67× 10−6 m3 s−1

hroughout the experiments, respectively. The composi
t both the inlet and the outlet were analyzed by mean
gas chromatograph (Shimadzu GC-8A) equipped w

ame ionization detector for hydrocarbons and a thermal
uctivity detector for hydrogen.

The literature values forKB andKp [12] could be succes
ully utilized in these experiments. The reaction rate cons
s a function of temperature were fit to an Arrhenius plo
hown inFig. 2. The activation energy of 32 kJ mol−1 was
imilar to that reported by Itoh et al.[19]. As a result, th
eaction rate constant,k, was obtained as follows:

. Kp = (4.89× 1035) exp(3.190/T ) (Pa3).

. KB = (2.03× 10−10) exp(6.270/T ) (Pa−1).

. k = 0.44 exp(−3850/T ) (mol m−3 Pa−1 s−1).

The model equations were numerically solved by the
lest Euler method using the above parameters. The co
ion of cyclohexane,XC, was calculated from the ratio of t
olar fractions of cyclohexane at the outlets of the feed
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Fig. 2. Temperature dependency of the rate constantk.

the permeate sides to those for cyclohexane at the inlets of
both sides as follows:

XC = 1 − ux,1xC,1 + uy,1yC,1

ux,0xC,0 + uy,0yC,0
(5)

whereux,0 andux,1 are the gas flow rates at the inlet and
the outlet of the feed side, respectively.uy,0 anduy,1 are the
gas flow rates at the inlet and the outlet of the permeate side,
respectively.

4. Simulation results and discussion

4.1. Comparison of the model to experiments

Fig. 3shows the changes in mole fraction of cyclohexane
in the feed side as a function of distance from the reactor inlet.
The simulations were performed at 423, 448, 473, and 498 K
using the zeolite membrane reactor. The length of the imper-
meable region was 0.0335 m from the inlet of the feed side.
For the simulations of the impermeable region (i.e., a packed
bed reactor segment), the reaction term in the model equa-
tion was only considered by substitutingQi in the permeation
term with 0. Meanwhile, both reaction and permeation terms

F e as a
f mper-
a

Fig. 4. Comparison between experimental and simulated results as a func-
tion of reaction temperature. (�,�) Experimental values; (- - -) simulated
values; (—) thermodynamic equilibrium curve; feed rate of cyclohexane =
3.34× 10−8 m3 s−1. The permeances at each temperature were taken from
Jeong et al.[16].

were taken into account for the simulations of the permeable
region (i.e., a membrane reactor segment). The mole fraction
of cyclohexane decreased and was close to the equilibrium
value at the end of impermeable region. A further decrease
in cyclohexane concentration occurred in the permeable re-
gion, mainly due to the reaction resulting from a shift in the
equilibrium. Consequently, the magnitude of the conversions
at the end of the membrane reactor was much higher than the
equilibrium values.

Fig. 4 shows a comparison between the experimental re-
sults[16] and the simulated ones as a function of reaction tem-
perature. The total feed and permeate flow rates were 3.34×
10−7 and 1.67× 10−6 m3 s−1, respectively. The permeances
to benzene, cyclohexane and hydrogen, which were exper-
imentally determined using an FAU-type zeolite membrane
for ternary mixtures[16], were used for the simulations. For
the case of argon, however, permeation rate was extremely
small and not able to be determined. Thus, the permeance
to argon was assumed to be 1.0× 10−10 mol m−2 s−1 Pa−1.
The separation factors for hydrogen over cyclohexane were
close to the Knudsen diffusion values, while the separation
factors for benzene over cyclohexane were two or three times
higher than those for hydrogen over cyclohexane[16]. The
conversion in the zeolite membrane reactor could be suc-
cessfully increased beyond the thermodynamic equilibrium
v oval
o brane
[ d and
t

4 e
a

of
b rane
r after,
r em-
b out.
ig. 3. Changes in the mole fraction of cyclohexane on the feed sid
unction of distance from the reactor inlet. The permeances at each te
ture were taken from Jeong et al.[16].
alue, which appears to be due to the simultaneous rem
f benzene and hydrogen from the feed side of the mem

16]. Good agreement was found between the simulate
he experimental values.

.2. Effect of selective permeation properties of benzen
nd hydrogen

To evaluate the effect of the selective permeation
enzene on conversion in an FAU-type zeolite memb
eactor, the simulation of a membrane reactor (here
eferred to as a Knudsen membrane reactor) with a m
rane showing Knudsen diffusion behavior, was carried
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Fig. 5. Conversions calculated using the zeolite membrane reactor (solid
line) and the Knudsen membrane reactor (dashed line) as a function of hy-
drogen permeance at (a) 498 K and (b) 448 K, respectively.

Fig. 5a and b shows the calculated conversions for the zeolite
membrane reactor (solid line) and the Knudsen membrane
reactor (dashed line) as a function of hydrogen permeance
at 498 and 448 K, respectively. At a permeation rate of 1×
10−6 mol m−2 s−1 Pa−1, the conversion in the zeolite mem-
brane reactor was approximately 5% and 2% higher than that
in the Knudsen membrane reactor at 498 and 448 K, respec-
tively. As can be known inFig. 5a and b, the increase in the
conversion was largely affected by the selective permeation
of hydrogen than that of benzene. Okubo et al.[20] reported
on the dehydrogenation of cyclohexane in a membrane
reactor with a thin�-alumina membrane, which indicated
Knudsen diffusion properties. The conversions in the Knud-
sen membrane reactor exceeded the equilibrium conversion.

4.3. Effect of co-feeding hydrogen with cyclohexane

When the dehydrogenation was performed in the mem-
brane reactor with hydrogen selective membranes, coking on
the catalyst, due to the lack of hydrogen, gradually decreased
the conversion[7,21–23]. In the FAU-type zeolite membrane
reactor, on the other hand, the co-feeding of hydrogen with
cyclohexane to the reaction side is possible.Fig. 6a shows
the influence of mole fraction of hydrogen at the inlet of the
feed side on the conversion at 473 K. The mole fraction of
c ed at
0 2

Fig. 6. Influence of the mole fraction of hydrogen at the inlet of the feed
side on (a) conversion and (b) mole fraction of hydrogen at the outlet of
the feed side at 473 K. The mole fraction of cyclohexane at the inlet of the
feed side was maintained at 0.1. The hydrogen permeance was fixed to 2×
10−6 mol m−2 s−1 Pa−1.

10−6 mol m−2 s−1 Pa−1. The conversion decreased with in-
creasing mole fraction of hydrogen at the inlet. The mole
fraction of hydrogen at the outlet of the feed side increased
with increasing the mole fraction of hydrogen at the inlet of
the feed side, as shown inFig. 6b. The closed square symbols
in Fig. 6a and b indicate the conversion and the mole fraction
of hydrogen calculated for the Knudsen membrane reactor,
respectively. The co-feeding hydrogen with cyclohexane into
the zeolite membrane reactor permits the hydrogen concen-
tration on the reaction side to be maintained, thus inhibiting
the extent of coking. This may be the most useful feature of
the zeolite membrane reactor, compared to a membrane re-
actor containing a hydrogen selective porous ceramic mem-
brane.

4.4. Effect of the permeance and the separation factor

Fig. 7a and b show the changes in conversion calcu-
lated for the zeolite membrane reactor as a function of the
permeance to benzene and hydrogen at 498 and 448 K, re-
spectively. The solid circles indicate the experimental data
for the zeolite membrane reactor. The conversion signifi-
cantly increased with increasing permeance. Meanwhile, the
yclohexane at the inlet of the feed side was maintain
.1 and the permeation rate of hydrogen was fixed to×
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Fig. 7. Conversions calculated using the zeolite membrane reactor as a func-
tion of permeance to benzene and hydrogen at (a) 498 K and (b) 448 K,
respectively.

conversion was changed only slightly as the separation fac-
tor increased. Thus, it can be concluded that the increase
in conversion is mainly dependent on the permeance, rather
than the separation factor. This conclusion is quite different
compared to previously reported results[15,24], in which
the separation factor is considered to be more important than
permeance in a membrane reactor. Itoh and Haraya[25] ex-
amined a carbon membrane reactor for dehydrogenation, in
which the membrane showed a molecular-sieving like dif-
fusion behavior. For a binary system of hydrogen and cy-
clohexane, the permeance to hydrogen in the membrane was
2.0× 10−7 mol m−2 s−1 Pa−1, which was approximately ten
times lower than that in the zeolite membrane, and the sep-
aration factor for hydrogen over cyclohexane was 730 at
468 K. As a result, the carbon membrane reactor showed an
increase in conversion comparable to the zeolite membrane
reactor.

Thus, the permeance and the separation factor of a mem-
brane should be optimized together for the optimal perfor-
mance of a membrane reactor although the two factors have
a trade-off relationship. From the view point of industrial ap-
plications, situations can arise where a high permeability in
combination with a moderate selectivity is a better alternative
to a high selectivity with a low permeability.

5. Conclusions

The catalytic dehydrogenation of cyclohexane in an FAU-
type zeolite membrane reactor was simulated using a sim-
ple mathematical model, which was developed under the as-
sumptions of isothermal operation and a plug flow pattern.
The length of the impermeable region in the membrane reac-
tor was found to be sufficient to permit an equilibrium conver-
sion, and the selective permeation of benzene and hydrogen
was effective in shifting the equilibrium. The conversion in
the zeolite membrane reactor was much higher than the equi-
librium conversion, and good agreement was found between
the calculated values and the experimental ones. Based on
the simulation results, the zeolite membrane reactor showed
a better performance than the Knudsen membrane reactor.
The co-feeding of hydrogen with cyclohexane into the reac-
tion side, to prevent coking of the catalyst was effective. This
can be attributed to the high hydrogen concentration on the
reaction side. The increase in conversion in the zeolite mem-
brane reactor was more dependent on the permeance than the
separation factor.
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