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DEHYDROGENATION OF CYCLOHEXANE
IN A PALLADIUM-CERAMIC MEMBRANE
REACTOR BY EQUILIBRIUM SHIFT

A. M. Mondal and S. Ilias*

Chemical Engineering Department, North Carolina A&T
State University, Greensboro, North Carolina 27411

ABSTRACT

With the advances in new inorganic materials and processing
techniques, there has been renewed interest in exploiting the ben-
efits of membranes in many industrial applications. Inorganic and
composite membranes are being considered as potential candi-
dates for use in membrane-reactor configuration for effectively
increasing reaction rate, selectivity and yield of equilibrium lim-
ited reactions. To investigate the usefulness of a palladium-ce-
ramic composite membrane in a membrane reactor-separator con-
figuration, we investigated the dehydrogenation of cyclohexane
by equilibrium shift. A two-dimensional pseudo-homogeneous
reactor model was developed to study the dehydrogenation of cy-
clohexane by equilibrium shift in a tubular membrane reactor.
Radial diffusion was considered to account for the concentration
gradient in the radial direction due to permeation through the
membrane. For a dehydrogenation reaction, the feed stream to the
reaction side contained cyclohexane and argon, while the separa-
tion side used argon as the sweep gas. Equilibrium conversion for
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dehydrogenation of cyclohexane is 18.7%. The present study
showed that 100% conversion could be achieved by equilibrium
shift using Pd-ceramic membrane reactor. For a feed containing
cyclohexane and argon of 1.64 X 10 and 1.0 X 10~ mol/s, over
98% conversion could be readily achieved.

INTRODUCTION

In recent years, there has been increased interest in developing inorganic
and composite membranes for in-situ separation of hydrogen to achieve equilib-
rium shift in catalytic membrane reactors. With the advances in new inorganic ma-
terials and processing techniques, there has been a renewed interest in exploiting
the benefits of membranes in many industrial applications. One of the most at-
tractive applications is in membrane-reactors, where chemical reaction and prod-
uct purification by selective separation takes place in the same device. Selective
separation of one or more reaction products through the membrane wall shifts the
equilibrium considerably in the forward direction and results in higher conversion
[1,2]. In our laboratory we developed a hydrogen-selective palladium-ceramic
composite membrane by electroless deposition of a thin palladium film on a mi-
croporous ceramic substrate. Laboratory study has demonstrated that the new
membrane has significantly higher hydrogen perm-selectivity than many of the
commercially available dense-metallic membrane [3]. The hydrogen permeability
of the new membrane increases with increasing temperature, which makes it an
excellent candidate for use in membrane-reactors to study equilibrium-limited hy-
drogenation and dehydrogenation reactions for enhanced productivity.

We are currently studying the palladium-ceramic membrane in a membrane
reactor for separation and recovery of hydrogen from a dehydrogenation reaction
by equilibrium shift. The dehydrogenation of hydrocarbons is a class of reactions
that have been studied extensively in the past. Itoh et al. [4,5] studied the dehy-
drogenation of cyclohexane in a membrane reactor using thick palladium foil as
the membrane and developed mathematical models using: (a) a well-mixed (ideal)
model in both the reaction and the permeation sides, and (b) a radial mixing model
in the reaction side with plug-flow profile in the permeation side. These models
could not explain the experimental result. It is believed that both convective and
diffusive transport of the species in the reactor side may play an important role in
the overall transport process and conversion.

In this study, we considered a tubular membrane reactor for the dehydro-
genation reaction. Pt-Al,Oj3 catalyst pellets are loaded inside the palladium-ce-
ramic tube. Hydrogen produced by the reaction permeates through the membrane
into the shell side. Argon is used as the carrier gas in the feed side and as sweep
gas in the shell side to remove permeated hydrogen. Concentration of hydrogen
near the membrane wall is depleted due to permeation. As a result, a concentra-
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DEHYDROGENATION OF CYCLOHEXANE 1103

tion gradient is developed in the radial direction. A two-dimensional pseudo-ho-
mogeneous model was developed to describe the transport mechanism through the
catalyst bed. In this paper, we present our modeling work.

MODEL FOR A MEMBRANE REACTOR

In order to develop a model for a membrane reactor, one needs to consider
the reaction kinetics and the transport mechanisms through the membrane as well
as through the catalyst bed. In the present work, a palladium-ceramic membrane
reactor is studied numerically for the dehydrogenation of cyclohexane to benzene
and hydrogen. Pt/Al,O; catalyst pellets are assumed inside the membrane tube,
i.e. reaction side. The dehydrogenation of cyclohexane on supported Pt/Al,O; cat-
alyst is a reversible reaction, which can be expressed as:

CoH\» S CeHg + 3H, or symbolically C < B+ 3H (1)

A number of rate expressions have appeared in the literature to describe the
dehydrogenation of cyclohexane to benzene and hydrogen. Published expressions
vary from empirical expressions that are more practical to ones based on funda-
mentals. In Table 1, a summary of rate expressions is given that are pertinent to
this work [6-8]. In all cases, the dehydrogenation reaction is considered to be cat-
alytic and Pt/Al,Oj is used as the catalyst.

The rate expression used by Itoh [8] is essentially based on some minor
modifications of the Langmuir-Hinshelwood-Hougen-Watson mechanisms. In his

Table 1. Rate Expressions for Dehydrogenation of Cyclohexane Proposed by Different
Investigators

Investigators (Year) Rate Equation Remarks
- Pire
Shinji et al. 1982 [6] rg = k| Pc— T PPy Homogeneous
4 Reaction,
empirical
expression
—E/RT PPy
Itoh et al. 1985 [7] re = —ke Pc— . Improved from
P

the previous
expression

_ k(KpKclP}; — Pp)

Ttoh, 1987 [8 =
© L8] re 1| + KzKpPoP},

More realistic
model, adsorptio
phenomena

considered
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work, Itoh [8] used this expression in the analysis of membrane reactor using pal-
ladium. The expressions for the constants are:

Ky =2.03 X 1010 exp(igo), pPa! )
K, = 4.89 X 10% exp<%>, Pa® 3)
k=0211 exp(—@) mol/m*-Pa-s @)

Here K, is the pressure equilibrium constant, K is the adsorption equilib-
rium constant of benzene, and k is rate constant.

Transport Mechanism through Palladium-Ceramic Membrane

The Pd-ceramic membrane is nonporous. No pore space is available for dif-
fusion. The transport of gases through nonporous membranes occurs by a solu-
tion-diffusion mechanism. The gas molecules dissolve in the membrane surface
on the high-pressure side of the membranes. The gas molecules then diffuse
through the membrane phase and desorb at the low-pressure side. Different in-
vestigators have studied the mechanism of hydrogen transport through the palla-
dium membrane [9,10] and palladium-ceramic membrane [1,11]. The hydrogen
flux was given by:

(P — Pl ®)
where Py and py are the hydrogen partial pressures of feed side and separation
side, Oy is the permeability and # is the membrane thickness. The values of n range
from 0.5 to 1. The value of 0.5 implies that the transport of hydrogen through the
bulk of metal is rate determining and that equilibrium is established at the surface,
i.e. an equilibrium between hydrogen molecules in gas phase and hydrogen atoms
dissolved in the metal. The hydrogen concentration is proportional to the square
root of hydrogen pressure, which is known as Sievert’s law [10]. The result is ex-
pressed as:

_ On

N ==

(P% — p%) (6)

A value of n equaling 1 implies a slow, rate determining surface reaction of
hydrogen with palladium. The transport of hydrogen through a Pd-ceramic mem-
brane does not follow the Sievert’s law because the value of n is different from 0.5
[2,3,11]. Thus, it is necessary to develop a generalized model for all values of n,
05=n=1.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 49 25 January 2011

Downl oaded At:

ORDER REPRINTS

DEHYDROGENATION OF CYCLOHEXANE 1105
Sweep Gas Catalyst Bed
Ar / Palladium-Ceramic

/ Membrane
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Permeate Side Reaction Side

l‘ H,+Ar

Figure 1. Pd-Ceramic membrane reactor.

Two-Dimensional Pseudo-Homogeneous Membrane Reactor Model

Figure 1 shows the schematic of the membrane reactor. Pellets of Pt-Al,O;
catalyst are assumed inside the palladium-ceramic membrane tube. Hydrogen pro-
duced by the reaction permeates through the membrane into the shell side. Argon
is used as the carrier gas in the feed side and as sweep gas in the shell side to re-
move the permeated hydrogen. The concentration of hydrogen near the membrane
wall is depleted due to permeation. Hence a concentration gradient occurs in the
radial direction. There are two types of models to describe the transport mecha-
nism through the catalyst bed: pseudo-homogeneous and heterogeneous. Pseudo-
homogeneous models do not account explicitly for the presence of catalyst, in
contrast with heterogeneous models, which lead to separate conservation equa-
tions for fluid and catalyst. From the discussion of different reactor models, it can
be concluded that a two-dimensional model is suitable to describe the transport
mechanism through the catalyst bed.

A two-dimensional heterogeneous model requires the knowledge of an ef-
fectiveness factor. For a first-order reaction it can be evaluated easily. However,
dehydrogenation of cyclohexane is a complex reaction and defining the effective-
ness factor is complicated. In order to avoid this complexity, a two-dimensional
pseudo-homogeneous model is assumed to describe the transport mechanism
through the catalyst bed. In developing the mathematical model for a membrane-
reactor for the dehydrogenation reaction, the following simplifying assumptions
are made:

* Isothermal, isobaric and steady-state flow through the whole reactor
(both the packed-bed and separation sides) and axial diffusion is negli-
gible.

* Plug flow is assumed through the shell side or separation side and ideal
gas law is applicable

* A flat concentration profile is assumed on the separation side

MaRcEL DEKKER, INC.
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e A partial pressure gradient of hydrogen in the radial direction, caused by
the permeation of hydrogen through the palladium-ceramic membrane,
is taken into account.

¢ The amount of dehydrogenation taking place on the palladium-ceramic
tube is negligibly small compared to that on the catalyst pellet surface.

The permeation rate of hydrogen gas through the palladium-ceramic membrane,
Ny, can be expressed by Eqn. (5), where n is different from one-half, i.e. 0.5 <n
< 1.0 [11]. Based on these assumptions, the governing equations (continuity
equations) for different components in dimensionless form may be expressed as:

a(U(I)A) _ dplo <L GCDA n 32(1),4) (7)
0z (Pe)art \R 0R OR?
B(U(DB) _ dpl() 1 6<DB 62(1)3
Z  (Pepyi \R 9k ' gr2) ¥ ®
WUP) _ dply (1 0Pc | PDc 9
Z  (Pepel \R ok o )¢ ®
B(U(DH) _ dpl() 1 6(I)H 62(DH
Z  (Pepuri \R aR  gre )T {10

where Z and R are the dimensional axial and radial coordinates, respectively. The
component dimensionless partial pressures on the reaction and separation side are
given by @, and ;, respectively.

The dimensionless variables are defined as:

lo; Mo. 1’1. P = R,T withi = A, B, C, and H

P X, P

_bi _ X Ds,

(Di:P_o_ 2X; Py’ d)i_Po_zxiP_o’

2P, =lL,andX ;=1

where r and z are the radial and axial directions, respectively. The variables [, is
the length of the membrane reactor, r; is the inner radius of membrane tube, u is
the interstitial velocity of gas on reaction side, and u is the gas velocity at the in-
let on reaction side. The pressure terms are defined as follows: P; is the partial
pressure of component i on the reaction side, Py is the reference pressure, p; is the
partial pressure of component i on the separation side, and P, & p; are total pres-
sures on the reaction and separation sides, respectively. The component molar
flow rates on the reaction and separation sides are given by X; and x;, respectively.
The dimensionless source term and Peclet numbers ((Pe,);) are defined as:

_ R,Tly kK, — P3D3Pg)

Modp
- 9’ P . e —
¢ =Py P23 + KK, Dc (Per)s

(D er)A
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uod, Uod, uod,
(Pe)s == (Pe)c=—"=  (Pe)y=—""
(Der)B (Der)C (Der)H

where (D.,); is the effective radial diffusion coefficient of component i, and d,
is the sphere-equivalent diameter of catalyst pellets, and R, is the universal gas
constant.

Boundary conditions in dimensionless form are given as:

(agif‘:o 85113:0
atR=0,0=Z=1: obe _ % _, (11)
| or N or
rﬂzo 9P _
R=10=z=1{" or (12)
at CET  abe 0 a0,
| or - ar _B( H PH)
ry RgTQH

where, B = -
B rn—n P(]) n(Der)H

Initial conditions in dimensionless variables on the reaction and separation sides
are given by:

Z-00=r=1{2 "% =0
we=00=R=Noc=at  @y=0 (13
... Dy = DY
at Z = 0, for any position . =0 (14)
g =

Details of the derivation of the above system of equations are reported elsewhere
[12].

Numerical Solution

The Eqns. (7)-(10) are subject to initial and boundary conditions, Eqns.
(11)-(14) can not be solved analytically. A Finite Difference method is used to
solve these equations. Forward finite difference approximations for axial deriva-
tives and central finite difference approximations for radial derivatives are used in
discretization of the governing equations, Eqns. (7)-(10). The second term of the
right hand side of the differential equations, except the equation for argon, is the
reaction term and this is a source term. This term is highly non-linear and complex
in form. It is not possible to linearlize this term. It has been treated as a constant
and evaluated at a previous grid point. The source term is given as:

¢ = ¢ ((¢p)i)» (‘PC)I’,/', (@H)iJ) = @i (15)

MaRcEL DEKKER, INC.
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The finite difference approximations of the Eqns. (5)-(8) are:

(UDy)ij+1 = (U, + MA(<1 + %)

| (16)
X (‘I’A)Hlj - 2((1)A)ij + (1 - E) (q)A)ilj)
(U®p)ij+1 = (UDPp);; + MB(<1 + %)(q)B)iJrlj
1 (17
- 2(¢B)ij> + MB(<1 - Z) ((I)B)ilj> + ¢, AZ
(UD0)ijr1 = (UPe);; + Mc<<1 + %)(‘I’c)iﬂj - 2(¢’c)g‘>
1 (18)
+ Mc(<1 - Z) ((I)C)ilj> + ¢, AZ
(U‘DH)i,jH = (U(DH)iJ + MH((I + %)
1 (19)
X (q)H)i+lj - 2((131-1)1']') + MH((I - E)((DH)ilj) + 3‘Pi,jAZ
where,
_ bl AZ o dl,  AZ
A (Pegart (ARY TP (Pe,)pr} (AR)
dl, AZ dl, AZ
MC and MH =

" (Peycri AR (Pe)ur} (AR

Here M4, Mg M and My are dimensionless modulus including Peclet numbers for
argon, benzene, cyclohexane and hydrogen, respectively. These finite difference
equations are written for ith radial and jth axial grid points where AR and AZ are
the radial and axial increments, respectively. They are indexed asi =0, 1, 2,..., 1
(=1/AR)andj=0,1,2,...,J (= 1/ AZ). The details of the finite difference
formulation of the problem, stability analysis of the finite difference scheme and
solution methodology are given elsewhere [12]. The solution algorithm used in
solving is as follows:

1. Calculate Re,, Sc and Pe, using appropriate correlations
Solve the finite difference equations to determine (U®); ;.
Assume Uy, 4

Determine ®; ;.| from (UD); ;4 1/U,;j+1

Calculate hydrogen permeation rate, (Ng);+

Calculate generation of moles G within the grids j and j + 1
Compare the averaged permeation rate:

Nk wb

{05 (N + (Nim)y=1)} with {(U; — Uy—)* XTO + G}

Copyright © Marcel Dekker, Inc. All rights reserved.
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where XTO is the total mole flow rate at the feed inlet

0.5 (Nm); + (Nw)j+1) — (U; — U;-1)* XTO + G)
(U; — U;—)* XTO + G

If = gy, then go

to the next grid j + 2. Otherwise assume new U, | and repeat steps 4-8.

RESULTS AND DISCUSSIONS

A two-dimensional pseudo-homogenous reactor model is presented to de-
scribe the dehydrogenation of cyclohexane to benzene in a membrane-reactor. To
have a better understanding of the performance of a membrane reactor, we inves-
tigated the dehydrogenation of cyclohexane in a tubular reactor. The physical pa-
rameters used in the numerical simulation are:

Reactor Dimensions:

Total reactor length, lp = 0.140 m

Inner radius of inner tube, 1 =28.50x 103 m
Outer radius of inner tube, r,=8.70x 103 m
Inner radius of shell, r3 = 14.00 x 103 m

Dimensions of cylindrical catalyst-pellet:

Outer diameter = 3.3 mm
Length = 3.6 mm
Permeation parameters:
Power index, n=20.5
Permeability, Oy = 1.618 x 10°® (mol/m.Pa".s)
Permeation constant, a = 1.824 x 108 (mol/s)

In numerical solutions, predicted results should be stable and also needs to
be grid independent. Figure 2 shows the effect of grid spacing on numerical solu-
tion-stability. This analysis was done for a two-component system argon (=1.348
x 10™#; hyrdrogen = 7.248 x 10"* mol/s). From the stability analysis, the number
of grid in the axial direction is N = 577 when the number of grid in the radial di-
rection is 10. Results with N = 600 show oscillation with increasing amplitude.
But for N = 700 or more, results are stable. In stability analysis, the dimension-
less flow rate (U) is assumed to be unity. But the value of U decreases due to per-
meation of hydrogen through the membrane. As a result, larger N is required for
stable operation. Variation in results obtained by setting N = 700, 800 or 900 is
minimal. A value of N = 900 is about 50% more than the calculated grid numbers
(577) for stability. In all work reported here, we used 50% more grids than that ob-
tained by stability analysis.

To solve the model equation for gas permeation using radial diffusion, the
value for effective diffusivity in the radial direction is required. For a binary sys-

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Effect of grid spacings on numerical stability of reactor model.

tem, few data are available and these are related to the Reynolds number (Re,,) and
Schmidt number (Sc) by the following correlation [13]:

1 __04 0.09

- + for 11090.4 Re,, < J7<Sc<12 (2

Pe,  (Re,Sc)°® T or 11090.4 Re,, < 500, 0.77 < Sc (20)
Re,Sc

No such relation is available for three or four component systems. To ana-
lyze the radial diffusion of hydrogen in four component systems, Wen and Fan’s
equation (Eqn. (20)) which is applicable to binary systems, is used. For non-reac-
tive four component systems, the effect of Sc number on the dimensionless flow
rate was investigated to determine an acceptable Sc number for calculation of ef-
fective radial diffusivity. The results are shown in Figures 3(a,b) and 4(a,b). It is
clear from Figure 3(a,b) that the Sc numbers has no effect on the flow rate at high
Reynolds number. Figure 4(a,b) reveal that the Sc number has little effect on flow
rate at small Reynolds number, and essentially remains unchanged at some dis-
tance away from the inlet position.

Based on the above results, it was concluded that the effect of Schmidt num-
ber, Sc, on the numerical prediction for gas permeation is minimal. Thus, S¢ = 1.0
was used in the study of dehydrogenation reaction by equilibrium shift in the

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 3. Effect of Schmidt number on flow rate. (a) Re, = 27.06; Sweep = 4.0E-04
mol/s; and (b) Re, = 27.06; Sweep = 1.60E-03 mol/s.

membrane reactor. Two sets of feed compositions were used in the analysis. Feed
compositions and their corresponding dimensionless numbers are given in Table
2.

Figures 5(a,b) show the pressure profile of benzene, cyclohexane, and hy-
drogen along the reactor length for Feed-2 at two sweep rates. The average pres-
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Dimensionless Reactor Length, L

(b)

Cyclohexane Argon
Feed (mol/s) (mol/s) Rep Per
1 5.00 X 107° 1.00 X 1074 2.275 4.466
2 1.64 X 10°° 5.00 X 107 2.010 4.098
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sure of cyclohexane (reactant) decreases with reactor length and the average pres-
sure of hydrogen and benzene (products) increases. The increase in hydrogen
pressure would be three times the pressure of benzene if the membrane were not
used. Hydrogen pressure at the reactor outlet is less than the three times of ben-
zene pressure, Figure 5(a). It may be even less than the benzene pressure, when

1113

Figure 5. Pressure profile of reactive components. (a) Re, = 2.01; Sweep = 1.0E-04

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 49 25 January 2011

Downl oaded At:

ORDER |

REPRINTS

MONDAL AND ILIAS
0.0
0.04 | N ]
= [— — Benzene T~ 4
% 0.03 = —— Cyclohexane \\\\\\\
A~ —— Hydrogen
& [
g 0.02 - -
> F —
z P
0.01 -7 ]
0.00';/./.(1....1....|.,..|‘...'
0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Reactor Length, L
@
005 LA I B N L L B 4 T
0.04 [ N .
) \\\\
g 0.03 | — — Benzene S~ ]
QE | ——— Cyclohexane —<_1
b . —— Hydrogen ]
5 002 yeroe 7
> - -
< -
0.01 |- 7 ]
00048t v v v vl o]
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless Reactor Length, L

(b)

mol/s; and (b) Re, = 2.28; Sweep = 1.0E-03 mol/s.

conversion is high, as shown in Figure 5(b). At high conversion of cyclohexane,
one may observe a hydrogen peak. As shown in Figure 5(b), at 98% conversion a

peak is observed in the hydrogen pressure profile.

Figure 6(a,b) shows a similar behavior for Feed-1. No peak in hydrogen
pressure was observed, as the conversions were significantly lower. Conversions

Figure 6. Pressure profile of reactive components. (a) Re, = 2.28; Sweep = 1.0E-04
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Figure 7. Effect of sweep-gas flow rate on conversion.

achieved are 42.6% and 48.4% at sweep rate 1.0 x 10 and 1.0 x 10> mol/s,
respectively.

Figure 7 shows the %conversion of cyclohexane as a function of sweep rate
for two feed compositions. At a particular sweep rate, conversion is higher for
Feed-2. In Feed-2, the feed rate of cyclohexane is less. So the residence time is
high for lower feed flow rate, thus giving higher conversion. For each case, con-
version increases with increasing sweep rate. More of hydrogen permeates with
higher sweep rates. As a result, the reaction is moving into the forward direction
and giving the higher conversion by equilibrium shift.

CONCLUSIONS

A mathematical model is presented to describe the dehydrogenation of cy-
clohexane to benzene and hydrogen in a membrane-reactor. The model considers
the radial diffusion due to selective permeation of hydrogen through the mem-
brane wall. The concentration of the permeable component, hydrogen, near the
membrane wall is depleted due to permeation. Hence, consideration of radial dif-
fusion is required in the modeling of a membrane reactor. Equilibrium conversion
for dehydrogenation of cyclohexane is 18.7%. The present study shows that 100%
conversion can be achieved by the proper selection of parameters. For a feed con-
taining cyclohexane and argon of 1.64 x 10°® mol/s and 1.0 x 10~ mol/s, respec-
tively, 98% conversion is possible.
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