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Dehydrogenation of Cyclohexane

A membrane reactor, which is a double-tubular reactor equipped with a selective membrane tube as the inner
tube, was proposed. Such a reactor makes it possible to obtain a product yield of a reversible reaction beyond its

equilibrium value by continuous removal of the products during reaction.

A microporous glass tube was employed as the selective membrane, through which gases permeate almost
according to Knudsen’s law. Experiments in the dehydrogenation of cyclohexane to benzene as a model reaction
were carried out, using the membrane reactor under atmospheric pressure in the range of 453-493 K. It was shown
experimentally and theoretically that a marked increase in conversion over that at equilibrium can be achieved.

Introduction

About 20 years ago, Michaels® pointed out that the
application of membranes in reaction engineering
would produce new chemical processes. According to
his suggestion, it is possible to prevent a reaction
mixture from attaining equilibrium composition by
using a reactor containing a membrane separation
unit, which is used for continuous and selective
removal of products from the reaction mixture. This
system, of course, will increase product yield and
decrease the energy requirement for separation. We
call such a reactor a “membrane reactor”.
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Such an idea has been tested by several investi-
gators. Gryaznov? and Nagamoto et al.”*® studied
dehydrogenation and/or hydrogenation using pal-
ladium and its alloy membranes, through which only
hydrogen can diffuse. Carles et al."’ attempted direct
thermolysis of water vapor using a calcia-stabilized
zirconia membrane, through which oxygen can be
transferred in the form of O?~ ions. In these cases, the
membranes simultaneously function as catalysts. On
the other hand, when the membrane itself does not
have catalytic activity, a catalyst must be packed in
the membrane reactor to make a reaction progress at
sufficient speed. Regarding such a membrane reactor,
Kameyama et al.>) and Shinji et al.'® succeeded in
selective separation of hydrogen from a reacting
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mixture using a microporous glass membrane. As a
result, they obtained a higher conversion than that at
equilibrium.

We made a computer simulation of the latter type
and showed in the previous paper® that its reactor
performance would be much improved over that of a
conventional catalyst-packed reactor. However, the
quantitative analysis of this type of reactor is incom-
plete from the standpoint of chemical reaction
engineering. It is neccessary to verify the principle
experimentally and to establish a reactor design pro-
cedure. Therefore, we have tried to clarify such
subjects using the dehydrogenation of cyclohexane to
benzene with a microporous membrane as a model.

For the dehydrogenation of cyclohexane to ben-
zene over a Pt-Al,O; catalyst, the rate equation has
already been determined.*” While the permeation
rates of inorganic gases such as He, Ar, H,, N, and O,
through the microporous glass membrane have been
measured,” there are no data available for benzene
and cyclohexane. Accordingly, in the present study
the permeation rates of benzene and cyclohexane were
first measured at temperatures from 344 to 464K
under atmospheric pressure; their permeabilities were
determined by analyzing the results. Then, it was
shown both experimentally and theoretically that a
remarkable increase in conversion over that at
equilibrium can be obtained using this membrane
reactor.

1. Experimental

1.1 Apparatus

Figure 1 shows the experimental apparatus. The
membrane reactor is set in an oil bath to ensure a
constant temperature. Its details are shown in Fig. 2.
The cylindrical microporous glass membrane used as
the inner tube has the physical properties shown in
Table 1. For measurement of the permeation rates,
glass beads of 1.4mm average diameter were packed
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Table 1. Physical properties and geometries of tubular mic-
roporous glass membrane

Mean pore diameter 4.0nm
Void fraction 0.28

Outside diameter 17.1 mm
Inside diameter 14.4mm
Axial length 391 mm

in both sides of the double-tubular reactor instead of
catalyst pellets, which were packed inside the tubular
membrane for dehydrogenation experiments. The
catalyst used was 0.5wt% platinum supported on
cylindrical alumina (3.3 mm in diameter and 3.6 mm
high).
1.2 Method

Each permeation rate of the two gaseous species
(benzene and cyclohexane) in the temperature range
344-464K was determined by applying a continuous
and co-current flow method for binary systems as
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described below. The feed gas of benzene or cyclo-
hexane was generated as a saturated vapor by flowing
argon through an evaporator, and it was sent to the
inner side of the reactor. To the outer side, argon was
introduced as a sweep gas. The flow rates of benzene
or cyclohexane at the outlets were determined by
adsorbing them for 0.3-1.0 h with two activated car-
bon (1-1.4mm?) columns (16® x 200 mm) in an ice-
cold water bath and then measuring the weight of
adsorption. Within the adsorption time, which was
dependent on the flow rate of benzene or cyclohexane,
it was confirmed experimentally that no benzene (or
cyclohexane) was included in the gas mixture flowing
from the columns.

In the reaction experiments, a vapor saturated with
-cyclohexane was fed inside the membrane tube, and
simultaneously argon as a sweep gas was introduced
into the outer annular space co-currently. Both the
product (benzene) and the unreacted cyclohexane
from the outlets of both sides were analyzed by means
of a gas chromatograph (Shimadzu 4C, 3mm® x 1 m
column of Durapak) and their total flow rates on each
side were measured in the same manner as that
mentioned above. The material balance was with-
in+59%. Considering a mass balance of cyclohexane
on both the inner and outer sides, the conversion X
[—] can be calculated by

ug—(uc+vc)

X= 0]

ue
where 42 [mol-s '] is the flow rate of cyclohexane at
the inlet and u. and v, [mol-s~'] are those at any axial
position on the inner and outer sides of the reactor
tube, respectively. Experiments were carried out un-
der atmospheric pressure and within a temperature
range of 453-493 K.

2. Analysis

2.1 Assumptions

The following assumptions were made so as to
develop basic equations for analysis.

(1) Attainment of isothermal condition.

(2) Plug flow and negligible pressure drop in the
axial direction exist on both the inner and outer sides.

(3) Absence of axial or radial diffusion.

(4) Permeability of each gas is independent of its
concentration.
2.2 Equations for determining the permeabilities

Figure 3 shows a schematic diagram of the mem-
brane reactor. In a steady state, the driving force of
the permeation of each gas component through the
microporous membrane is its partial pressure differ-
ence between the inner and outer sides. This leads to
change in the molar flow rate of components i and j in
both the inner and outer sides. In Fig. 3, u; and v,
[mol-s *] show the molar flow rate of component i
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(argon) in the inner and outer sides, respectively;
similarly, u; and v; for component j (benzene or
cyclohexane). Therefore, taking a mass balance of
each gas component across a longitudinal length d/
[m] of the inner and outer sides of the membrane
reactor, two simultaneous ordinary differential equa-
tions are obtained; they are represented in dimension-
less form as

du; 2nP.P ], P 1-U;
dL -(u?—kv?)ln(rom/rin) P, 14+B-U,—BU;
_ Pin Ui (2)
P, U,+pU,
du; 2P P, P,. 1-U;
dL  ulIn(r,/r,) \ Py 1+1/B—U,—~U/p
P. U,
_ mn 3
P Uj+Ui/ﬁ> ¥
where
u; u; l
U=t _ y=2 =" [—
i ul()+v!0 > 7 u;) > lo [ ]
0
_ Y -
P T

i

Also, the following relations in terms of mass balance
are valid.

Vi=1-U; (4)
Vi=1-U, (5)

where P; and P; [mol'm~'-s™'-Pa"'] are the per-

meabilities of components i and j, respectively. P [Pa]

[m]
- Lo -
d1
o fe— ] e
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Fig. 3. Flow model inside the double-tube reactor using a
membrane as the inner tube

Table 2. Parameters in Eq. (7)
H, Ar
K % 10! [(mol-kg-K)!?/{(m s Pa)] 4.01 4.12
e*/k [K] 142 249
o* [—] 0.246 0.246
p* [—] 0.606 0.606
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is a reference pressure for obtaining dimensionless
form and was 1.013 x 10° Pa (1 atm). P,,, and P;, [Pa]
are the total pressures in the outer and inner sides,
respectively. Equations (2)—(5) were solved numeri-
cally under the initial condition that

L=0:U;=

i

: U;=1 (6)

O’
ul + v I

All values except P; and P; are known from the
experimental conditions; thus two parameters remain
unknown. However, P, for the permeability of argon
can be estimated by using a correlation by Shindo et
al.,”’ according to which the permeabilities of some
inorganic gases such as argon and hydrogen at a

temperature of 7 [K] are represented by

K 1
e Jm[l ekt GPERT) - U:l 7

where M, is the molecular weight of component i. The
parameters used in Eq. (7) are given in Table 2. Thus,
the number of unknown parameters is reduced to one.
Finally, P; (Py or P;) was determined by comparing
the experimentally obtained flow rates of component j
at the outlet with those calculated by Egs. (2)-(5) and
by obtaining good agreement between the two rates
by trial and error. The model equations above were
numerically solved by the Runge-Kutta-Gill method.
2.3 Equations for evaluating membrane reactor
performance

The basic differential equations describing the
changes occurring in the flow of each component ac-
companying the reaction in the membrane reactor
were presented in the previous study.®’ The disap-
pearance rate of cyclohexane, r [mol-m~3-s™!], can
be expressed by*

_kc(Kch/P% —Pp)
1+ KBKPPC/piI

ke=0.221exp(—4270/T) [mol-m~3-Pa~'-s7]
Kp=2.03x10""exp(6270/T) [Pa~1]
Kp=4.89 x 103 exp(—26490/T) [Pa’]

(8)

C=

where p; [Pa] is the partial pressure of component i.

Using the P, determined above and the rate equa-
tion by Eq. (8) the basic equations can be numerically
solved by the Runge-Kutta-Gill method.

3. Results and Discussion

3.1 Permeabilities of C;Hg and C,H,,

Experimental points indicated by some of the sym-
bols in Fig. 4 show a change in the flow rate of
cyclohexane at the outlet when the flow rate of the
sweep gas (argon) increases in the order: i< A < @
Values of P, which was used as a parameter in
calculations, were obtained by fitting the calculated
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Table 3. Permeability for benzene

T Pyx 10! P, x 10" Deviation
K] [mol/(m-s-Pa)] [mol/(ms-Pa)] [—]
344 5.49 1.06 7.24
404 1.95 0.961 2.84
463 1.26 0.890 1.97

Table 4. Permeability for cyclohexane

T Pox 10! B, x 10" Deviation
[K] [mol/(m-s-Pa)] [mol/(m-s-Pa)] [—]
347 2.12 1.04 2.90
406 1.15 0.959 1.74
463 0.804 0.889 1.31

value of U, at the outlet to the experimental point as
indicated in Fig. 4. By taking the average of the values
thus obtained, the permeability was determined. It is
clear from the calculated curves that the dimension-
less flow rate of cyclohexane in the inner side, U,
gradually decreases due to its permeation from the
inner to outer side.

The permeabilities of benzene and cyclohexane at
various temperatures are summarized in Tables 3 and
4. The deviation factors in these tables were in-
troduced to show clearly the extent to which the flow
behavior deviates from the so-called Knudsen flow.
They are defined as:

PB/PA or PC/PA (9)
MMy /MM,

The permeation of argon is quite close to Knudsen’s
flow. When the factor becomes 1, it can be said that
the permeation of benzene or cyclohexane occurs by
Knudsen’s flow. Practically, the deviation of the
factor from 1 increases with decrease in temperature
in both cases.

The temperature dependency of Py, P,, P, and P,
is shown in Fig. 5. Since the flow of hydrogen and
argon closely obeys Knudsen’s flow, linear relations
can be found between the permeabilities (P, P,) and

Deviation factor=
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the inverse of the square root of temperature (1 /\/7).
Such relations are not valid for Py and P, especially
in a lower temperature range. Marked increases in Py
and P are considered to be mainly due to the so-
called surface diffusion flow.

3.2 Comparison between experimental and calculated
results for the membrane reactor

In Figs. 6-8, experimental and calculated results are
shown as plots of conversion vs. flow rate of the
sweep gas v [mol-s™']. In the calculations, the
permeabilities of benzene and cyclohexane at the
reaction temperatures were estimated by extrapo-
lation or interpolation based on the values in Tables 3
and 4. In the case of v%=0, since it is the same
situation as that occurring with a conventional cata-
lytic reactor, the attainable maximum conversion is
an equilibrium one determined thermodynamically
and can never exceed this value. However, it is
possible by using the membrane reactor to obtain a
conversion greater than that at equilibrium through
selective and continuous removal of the products.
This is confirmed by all the experimental data. The
conversion increases and exceeds that at equilibrium
with increasing flow rate of the sweep gas v% and with
decreasing feed rate of cyclohexane v2. The former is
because the flux of the products removal is increased
by increasing the sweep gas and thus increasing the
differences in their pressures between the inner and
outer tubes to provide the driving force of per-
meation. Such an effect is also enhanced by decreasing
the feed rate of cyclohexane; this is the reason for the
latter.

Although it is possible to obtain a higher con-
version than that at equilibrium with the membrane
reactor, the reaction cannot be completed owing to
the permeation of cyclohexane itself to the outer side.
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The rates of permeation of gaseous species through
the porous membrane are approximately propor-
tional to the reciprocal of the root of the molecular
weight, so that even the reactant, i.e., cyclohexane,
passes through the membrane tube: this leads to some
loss in conversion as can be easily understood from
Eq. (1). If a membrane having a higher selectivity for
products is wused, reactor performance will be
improved.

In Figs. 6-8, the calculated curves corresponding to
the experimental data are also shown. Since the
results obtained by solving the basic equations are
approximately consistent with the data, the simple
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model proposed seems reliable with regard to mem-
brane reactor design.

Conclusion

We proposed a membrane reactor of the double-
tubular type using a microporous glass membrane as
the inner tube to improve the yield of a reversible
reaction by selectively removing the products through
the membrane. Dehydrogenation of cyclohexane to
benzene was taken as a model reaction.

First, the permeation rates of benzene and cyclo-
hexane through the membrane were measured in a
temperature range of 344-464 K under atmospheric
pressure. Experiments for binary systems, i.e. CoHg—
Ar and C,H,,—Ar, were conducted by a co-current
flow method. Model equations for analyzing changes
in flow rates of two gaseous species and determining
their permeabilities were derived assuming isothermal
and plug flow conditions within the reactor. The
permeabilities (P, and P.) were obtained by using
them as unknown parameters in the calculations and
through greater agreement between the calculated
results and experimental data. A marked increase in
both Py and P, was observed, especially in a low
temperature range.

Dehydrogenation experiments were carried out un-
der atmospheric pressure in the range of 453-493 K.
The conversions obtained were increased beyond
those attainable at the equilibrium condition with an
increase in flow rate of the sweep gas, that is, in the
separation speed of the products, especially hydrogen.
A simple model presented in the previous study could
describe the experimental results.

Nomenclature
K = constant in Eq. (7)
[(mol-kg-K)!/2-(mol-s-Pa)~"]
Ky = adsorption equilibrium constant
of benzene [Pa~!
Kp = equilibrium constant [Pa®]
k = Boltzmann constant [J-K7']
ke = apparent rate constant in Eq. (8)
[mol'm™3-Pa~'-s7']
L = [/Io (I
! = reactor length [m]
Iy = total reactor length [m]
M, = molecular weight of component i [kg-mol '}
P, = permeability of component i
[mol'm™'-s7!-Pa™!]
404

P, = total pressure on the inner side [Pa]
Pou = total pressure on the outer side [Pa]
P, = reference pressure (=1.013 x 10° Pa) [Pa}
D: = partial pressure of component { [Pa]
e = dehydrogenation rate of cyclohexane
[mol-m™3-s71]

Fin = inner radius of membrane tube [mm]
Tom = outer radius of membrane tube [mm]
T = absolute temperature K]
U; = dimensionless flow rate [—]
u’ = flow rate of argon at inlet

of the inner side [mol-s™1]
u? = flow rate of cyclohexane at inlet

of the inner side [mol-s™1]
u; = flow rate of component /

in the inner side [mol-s™1]
A = flow rate of argon at inlet

of the outer side [mol-s 1]
V; = dimensionless flow rate [—]
; = flow rate of component i

in the outer side [mol-s™1]
X = conversion [—]
o* = constant in Eq. (7) [—]
B = u /) +09) [—]
p* = constant in Eq. (7) [—]
e* = constant in Eq. (7) [J]
{Subscripts)
A = argon
B = benzene
C = cyclohexane
H = hydrogen
i,j = components i,j
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