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Abstract. In this paper, a steady state rigorous mathematical model based on the dusty gas model is
implemented to investigate the performance of a novel multi-shell fixed bed membrane reactor for
simultaneous production of styrene and cyclohexane. Catalyst patterns for reaction coupling and multi-shell
configurations as strong means for shifting the thermodynamic barrier are employed. The simulations show
that the complete conversion of ethylbenzene is satisfied only by the combined effect of the membrane and
reaction coupling together. The results indicate that effective operating regions with optimal conditions exist.
Effective length criteria are used for evaluating the optimal regions. It is shown that these regions are sensitive
to changes of catalyst bed composition, feed temperature and pressure. It is also found that the feed
temperature has strong influence on the optimal shell ratio. It is also concluded that the multi-shell
configuration is superior to the single shell configuration.
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Notation
A, external surface area of catalyst pellet, m’
G concentration of component i in catalyst pellet, kmol/m’
C; concentration of component i, kmol/m’
Dy; Knudsen diffusivity of component i, m?/s
D; diffusivity of component i, m*/s
k; reaction 1 rate constant, kmol/kg s kPa
k, reaction 2 rate constant, kmol/kg s
K4 equilibrium constant of reaction 1, kPa
Kg chemisorption equilibrium constant of benzene, kPa™
1 axial reactor length, m
L total reactor length, m
N; molar flux of component i, kmol/m’ s
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partial pressure of component i, kPa
feed pressure, kPa

permeability constant, kmol m/m* s Pa®’
hydrogen permeation rate, kmol/ s
radial distance, m

rate of reaction j, kmol/kg s

inner radius of the tube, m

outer radius of the membrane, m
inner radius of the shell, m
membrane area, m?

temperature, K

feed temperature, K

mean velocity, m/s

volume of catalyst pellet, m’

mole fraction of component i
catalyst pellet coordinate, m

Greek letters

o = D', y;L/u'R?;, dimensionless

B = (1-y;)L/'C,ep, m’.s/kgmol

Yii stoichiometric coefficient of component i in reaction j, dimensionless
o membrane thickness, m

b volume fraction of catalyst j, dimensionless

¢ dimensionless axial distance

Uk effectiveness factor of reaction j, dimensionless
0 dimensionless concentration of component i

A =D%; L/u’ &7, dimensionless

& =R;-R;, m

Pi density of catalyst j, kg/m’

T characteristic length of the catalyst pellet, m
Vi porosity of the catalytic bed, dimensionless

g} porosity of the ceramic support, dimensionless
® dimensionless radial distance

Subscripts

f feed

e  effective

ref reference

Superscripts

b bulk

¢ ceramic support

s  shell side

t  tube side
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Introduction

Styrene is one of the most important monomers as a raw material for synthetic polymers.
The recent worldwide production of styrene is estimated at more than 15 million tons per
year [1, 2]. Ninety percent of the world production of styrene is manufactured by the
catalytic dehydrogenation of ethylbenzene over iron oxide catalysts. The main reaction is
endothermic and reversible and severely limited by the thermodynamic equilibrium. The
maximum ethylbenzene conversion reported is less than 50% [2]. Moreover, the present
commercial processes consume a large amount of energy. Thus, it is highly desirable to
search for new processes and to improve the process design [1-7].

In recent years, multi-functional reactors with membranes and catalyst patterns
have received increased attention [8-11]. The membranes have numerous advantages:
shift of thermodynamic equilibrium, simultaneous reaction and separation of products,
enhancement of yield and selectivity, control of reactants distribution and low costs. The
catalyst patterns can offer the advantage of reaction coupling, shift of the
thermodynamic equilibrium, simultaneous production of more than one product and
supply and removal of heat for autothermal operations. The reported results have shown
considerable improvement in performance of multi-functional reactors [1, 8-11]. Despite
the clear evidence of the multi-functional reactors benefits, still these systems are not
well understood and the technology is not commercially utilized. Furthermore, the
research community has ignored the subject of multi-shell approach.

The objective of this study is to investigate several ways, which have the potential
to improve the performance of membrane reactors for the dehydrogenation of
ethylbenzene to styrene. We seek to accomplish this aim by implementing catalyst
patterns for reaction coupling of ethylbenzene dehydrogenation with hydrogenation of
benzene. This coupling may result in further shift of the thermodynamic equilibrium.
Furthermore, the multi-shell approach is also implemented as a strong mean for the shift
of thermodynamic equilibrium. For this purpose a rigorous heterogeneous dusty gas
model is used which takes into account the combined flux relations. The effects of some
key parameters are also investigated.

Reaction Kinetics
The kinetics of the main and coupling reactions are given as follows:
Main reaction
The kinetics of dehydrogenation of ethylbenzene to styrene on iron-promoted

catalysts in the absence of side reactions is given by [4, 5]:

C,H,CH,CH, f C,H,CHCH, + H, (1)
the rate expression for reaction (1) is given by:
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R'=k(R-PP/K) , kmol/kg s ()

The avoidance of the side reactions in the above kinetics is arrived to through the
continuous improvements in kinetics over the years [5].

Coupling reaction

The recent worldwide production of cyclohexane is about 4.7 million tons per year
[12]. Cyclohexane is a very important chemical that is used in various industries such as
electroplating, solvent extraction and rubber manufacturing. The coupling reaction
chosen for this study is hydrogenation of benzene on nickel catalysts to cyclohexane.
Other alternative hydrogenation reactions such as reaction of hydrogen with carbon
monoxide to form methanol and reaction of hydrogen with nitrogen to form ammonia
are possible. The intrinsic kinetics for hydrogenation of benzene on nickel catalysts to
cyclohexane is given by:

CH, +3H, — CH, 3)

The corresponding rate expression for the intrinsic kinetics is given by [13]:

PP

R, =k, K 3 4 , kmol /kg s

2T (14 KR, ) (P + P J )
the rate and equilibrium constants are given by:
k = 0.01xexp(0.851—wj , kmol / kg skPa (5)
K, = 121.11><exp(— 6038'“) . kmol/kg's ©)
_ _ -3 2
K :100.0><exp(—122725'157 126.27T —2.194x10°T ] a0
RT

KB = 788.0X€Xp(— 301932) s kPa™ (8)

where T is the absolute temperature (K).
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Hydrogen Permeation Rate

The permeation rate of hydrogen through the high flux composite membrane was
assumed to obey the half power pressure law [14]:

Q. -o SR - JR] ©)

The permeability constant of hydrogen (Q,) has been determined experimentally by
Gobina et al. [15], as follows:

(10)

: 767.38 kmol.m
QO:I.OO61><1012€XP(_ j T msPa’

where S is the membrane area (m”) and is given by nndL. This implies that the number
of tubes (n), the membrane tube diameter (d) and length (L) have strong influence on
hydrogen permeation.

Model Development

Tube side

A rigorous two-dimensional heterogeneous model based on the dusty gas model is
developed. This model simulates the operation under steady state conditions. An
isothermal reactor has been assumed since the reactor dimensions used in this study are
relatively small that the temperature gradients cannot generate significant temperature
difference between the reactor points. Radial convective flow and axial diffusion are
neglected and the ideal gas behavior is assumed. For the bulk radial Fickian diffusion is
assumed. A schematic diagram of the multi-shell catalytic membrane reactor that
contains a well-mixed catalyst pattern is shown in Fig. 1.

We consider here a five-component system (CsHio, CsHs H,, C¢Hs, CsHyz) in
which hydrogen participates in more than one chemical reaction. A differential molar
balance on component i gives:

oct Diwifect 14Ct] (-y)&
A Yo |”

n=2
epn R 0<r<R
o Tror | w ZEAIR )

where v;; is stiochiometric coefficient of component i in the jth reaction (negative for
reactants) and g; is volume fraction of catalyst j and is given by:
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_ volumeof catalyst jin a well mixed catalyst bed

J volume of a well mixed catalyst bed (12)
Exit gas
—> Sweep gas
+ R3
H2
N ' Ry
—> | >
] Rl :
N
/
Sweep gas —> | 1
[ [0} N =
Sy
| F Ro
1
T, !

| !
Feed gas Ceramic support
+

Thin Pd-Ag layer

Fig. 1. Schematic representation of the multi-shell catalytic membrane reactor with well-mixed catalysts.

Ceramic support
In the ceramic support, the differential mass balance equation on component i is
given by:

0°CY 10CY
Dy, —-+—-1=0 , R<r<R
eil//2|: al ror :| 1 2 (13)

Shell side
The differential mass balance in the shell side gives:
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6€i+18Q , R <r<R,
or r or
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(14)

Equations (11), (13) and (14) are coupled together by their boundary conditions as

follows:

At the inlet of the reactor:

1=0 cl=ci , Ci=C;

At the catalytic layer/ceramic support interface:

oc! oC’
r:R , C_I:C_c , Dt i c i , |:1_5
1 i i =] WI ar ] ‘//2 ar
At the ceramic support/shell side interface:
oC; .
r=R, , Defz//2 o =0, i#zH,

for H, :

oCy, Q [ :
- P~ [P }
or {5 De°H2 v, 2 2

On the wall of the reactor:

o,

=R or

Equation (13) can be solved analytically to give:

(15)

(16)

(17

(18)

(19)

(20)
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Cinfercim
C-c — r R1
' R
In—% 21
R (21)

1
Now let us define the following dimensionless quantities:

r

0= S 0<r<R,
R]
w:r_Rl , R <r<R,
Rz - R]
w:r_Rz , R, <r<R,
R3 - Rz
Dy, L DL C
gzl . a = ;% . A=, G=—
L u Rl US§ Cref
and the following quantities:
_(d-y)L _
=70, » TRTR @)
The effective diffusivity coefficient is calculated from [16]:
_ -y
€ m=5
(v, /Dy) (23)

j=t
j#i

With these substitutions, Eqs. (11) and (14) may be written in dimensionless form as
follows:

agit 626: 1 aelt n=2
ow” w 0w

g_ai +ﬂz7’jigjpj77]R;
= (24)
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oc | 0w’ [m F;z j ow (25)

s 2ns s
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Catalyst pellet and the dusty gas model

The catalyst pellet is assumed to be at isothermal steady state conditions and having
slab geometry with characteristic length 7 [17]. The external mass and heat transfer
resistances are assumed to be negligible and the concentration profiles are symmetrical
about the center of the pellet. The intraparticle mass balance differential equations are
expressed as follows:

dNi n=2 ,
& - 7iPiR; (26)

]

By using the rigorous dusty gas model, the total diffusive flux can be written as [18, 19]:

N, =3 YN - viN;
—gradc, = Del + Z%
“ou 27)
with the following boundary conditions:
z=0 , N, =0
=1 ¢, =¢ (28)
The characteristic length 7 is given by [17]:
V%
£= A (29)

where V, and A, are the volume and external surface area of the catalyst pellet.

The effective diffusivity of any component ( D) can be obtained from equation
(27) by dividing its flux by the negative of its concentration gradient:

1 1 m:SyJ'_yi(Nj/Ni)
+ . —

- M
SR (30)
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The effectiveness for reaction j is given by:

[ Ry dz
: GD

= rleb

Numerical Solution

The global orthogonal collocation technique [20] is implemented to change the set
of the partial differential equations (Egs. (24) and (25)) into a set of ordinary equations.
Then, the new set of ordinary differential equations are integrated by an IMSL
subroutine (DGEAR) based on a Runge-Kutta-Verner fifth and sixth-order method with
automatic step size and double precision to ensure accuracy. The catalyst pellet
equations resulting from using the dusty gas model are forming a two-point boundary
value problem and solved by the global orthogonal collocation technique. Details of the
efficient computation algorithm developed for the dusty gas model is given elsewhere
[18].

Results and Discussion

The multi-shell membrane reactor is packed with two well-mixed catalysts, which
are involved in the reactions. The well-mixed configuration can be made of composite
pellets i.e. the two catalysts are co-extruded into composite pellets or two distinct
discrete types of pellets that are physically well mixed. In our case, the well-mixed
pattern involves loading the reactor with two catalysts after physical well mixed as
shown in Fig. 1.

In order to distinguish between the catalysts employed in this investigation, the
catalyst used for dehydrogenation of ethylbenzene (the main reaction) is considered to be
catalyst 1 and that used for the hydrogenation of benzene (the coupling reaction) is
catalyst 2. Two cases are considered in this study. The first case involves single shell
and the second case involves two shells. The data used for this simulation study is shown
in Table 1.

Single shell membrane reactor

In order to make fair evaluation to the effect of the coupling reaction and the
membrane on the performance of the fixed bed reactor, each factor is tested separately
and after that the combined effect is examined. For the membrane reactor a single shell
is employed. Figure 2 (a) compares the performance of the fixed bed reactor (FBR), the
fixed bed reactor with the coupling reaction (FBR+CR), the fixed bed membrane reactor
(FBMR) and the fixed bed membrane reactor with the coupling reaction (FBMR+ CR).
As it can be seen that the performance of the fixed bed reactor (FBR) is poor and the
reaction attains low equilibrium conversion (32.96%). The reaction is severely limited
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by thermodynamic equilibrium and only small part of the reactor is utilized. To test the
effect of implementing the coupling reaction on the performance of the fixed bed reactor,
a small amount of catalyst 2 is added to catalyst 1 (g, =0.90, &, =0.10) and the mixture is
physically well mixed. It is clear that considerable enhancement in ethylbenzene
conversion (87.15%) is achieved by the coupling reaction. It is also shown that the fixed
bed membrane reactor (FBMR) achieves substantial increase in ethylbenzene conversion
(85.89%). The presented results show that the trend in the conversion profiles for these
two effects are completely different. It is interesting to note that both effects alone are
not sufficient to drive the thermodynamic equilibrium to complete the conversion of
ethylbenzene. The combined effect of these factors is shown by the performance of the
integrated membrane reactor with coupling reaction (FBMR+ CR). It appears that the
complete conversion of ethylbenzene is achieved by this configuration. The
corresponding partial pressure of hydrogen along the length of the reactor for all cases is
shown in Fig. 2 (b). As it can be seen that the partial pressure passes through a maximum
when the coupling reaction and membrane are involved. The occurrence of the
maximum could be due to the balance of simultaneous formation, consumption and
permeation of hydrogen. The mole fractions of all components in the radial position at
four collocation points for the integrated membrane reactor with coupling reaction
(FBMR+ CR) are shown in Table 2. It is clear that the profiles are flat in the radial
direction. In the analyses that follow the membrane reactor with coupling reaction
(FBMR+ CR) is considered.

Table 1. Data for the simulation

Reactor length 1.0 m
Reactor diameter 25%102m
Membrane thickness 6.0 um
Catalyst pellet diameter 475%10° m
Porosity of catalyst bed 05

Catalyst 1 bulk density 1400 kg/m’
Catalyst 2 bulk density 1200 kg/m’
Pressure of sweep gas 101.325 kPa
Feed flowrate (STP) 24.0% 10° m’/s
Sweep gas flowrate (STP) 5.0% 10° m’/s
Feed composition mol%
Ethylbenzene 50.0

Benzene 43.0

Hydrogen 07.0
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Fig. 2. Comparison of the fixed bed reactor (FBR), fixed bed reactor with the coupling reaction
(FBR+CR), fixed bed membrane reactor (FBMR) and fixed bed membrane reactor with
coupling reaction (FBMR+CR): (a) ethylbenzene conversion; (b) partial pressure of hydrogen.
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Table 2. Axial and radial profiles of all components in the membrane reactor with coupling reaction

(FBMR+ CR)
Radial concentration profiles of components (mol fraction)
Collocation 1 2 3 4
point
Axial Components  Radial position 0.29760 0.63989 0.88750 1.00000
position
0.0 CsH,o 0.50000 0.50000 0.50000 0.50000
CgHg 0.00000 0.00000 0.00000 0.00000
H, 0.07000 0.07000 0.07000 0.07000
CeHg 0.43000 0.43000 0.43000 0.43000
CeHiz 0.00000 0.00000 0.00000 0.00000
0.4 CsHio 0.05070 0.05070 0.05070 0.05070
CsHg 0.45634 0.45634 0.45634 0.45634
H, 0.05689 0.05689 0.05689 0.05685
CeHs 0.31305 0.31305 0.31305 0.31307
CeH\2 0.12302 0.12302 0.12302 0.12304
0.8 CsHyo 0.01351 0.01351 0.01351 0.01351
CsHg 0.50719 0.50719 0.50719 0.50719
H, 0.03737 0.03737 0.03737 0.03730
CeHs 0.30980 0.30980 0.30980 0.30983
CeH)2 0.13213 0.13213 0.13213 0.13217
1.0 CsHio 0.00001 0.00001 0.00001 0.00001
CsHg 0.52919 0.52919 0.52919 0.52919
H, 0.01525 0.01525 0.01525 0.01525
CeHs 0.29467 0.29467 0.29467 0.29467
CeH\2 0.16088 0.16088 0.16088 0.16088

The ethylbenzene conversion profiles at different catalyst bed compositions are
shown in Fig. 3 (a). It is clearly shown that the addition of catalyst 2 to the bed has
significant impact on improving the performance of the reactor. It seems that the
benefits of increasing catalyst 2 in the bed is limited to certain compositions beyond
which more increase in catalyst 2 has a negative effect on the reactor performance. This
could be due to the fact that the increase of catalyst 2 in the bed is at the expense of
catalyst 1. As it has been shown in Fig. 3(a) that there is a wide range of bed
composition, which gives *100% conversion of ethylbenzene at different reactor lengths
and in some cases far from the reactor exit, i.e. at shorter reactor lengths. Therefore, in
order to investigate the reactor performance in a unified way, we defined a
dimensionless effective axial length (C¢r) as the length of the reactor that gives 99.85%
conversion of ethylbenzene. Figure 3 (b) shows the effective axial length versus the
composition of the bed. As the concentration of catalyst 2 (g,) increases the effective
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length tends to assume an inflection point of a minimum value at &=0.3987.
Consequently, this bed composition gives an optimum effective length (Cir =0.4333).
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Fig. 3. Fixed bed membrane reactor with coupling reaction (FBMR+CR): (a) ethylbenzene conversion
along the reactor for different concentrations of catalyst 2; (b) dimensionless effective axial
length as a function of catalyst 2 concentration.
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Figure 4 shows the effect of the feed temperature on the effective reactor length. It
appears that the feed temperature has a pronounced effect on the effective length, and the
optimum effective length is sensitive to the feed temperature changes. However, the
optimum bed composition is insensitive to changes of the feed temperature. The
complete conversion of ethylbenzene can be achieved at a noticeable decrease in
temperature using this kind of reactor. This is very interesting results, since it is known
that excessive temperatures have destructive effects on the catalysts and the mechanical
stability of the reactors. Moreover, the energy cost is high at elevated temperatures.
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Fig. 4. Effect of catalyst 2 concentration and feed temperature on the dimensionless effective axial
length.

Sensitivity analysis for the effect of the feed pressure on the effective axial length is
shown in Fig. 5. The increase of the feed pressure favors the hydrogenation reaction of
benzene due to the decrease in number of moles (Eq. (3)) and the permeation driving
force for hydrogen. There is a noticeable decrease in the effective reactor length when
the feed pressure increases. It is interesting to note that the values of the minima
decrease and then increase (forming an optimum value) as the feed pressure and the
concentration of catalyst 2 increase. The increase of catalyst 2 in the bed, however, is
obtained at the expense catalyst 1 which could be the cause of this behavior. It seems
that the composition of the bed, feed temperature and pressure should be well controlled.
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Fig. 5. Effect of catalyst 2 concentration and feed pressure on the dimensionless effective axial length.

Two-shell membrane reactor

In order to achieve further displacement in the thermodynamic equilibrium, the
concept of a multi-shell integrated membrane reactor is introuduced. The basic idea
behind the shellwise configuration is to enhance the permeation driving force for
hydrogen by introducing fresh sweep gas. Two shells are considered in this preliminary
investigation. The effect of the shell size on the performance of the fixed bed membrane
reactor with coupling reaction is shown in Fig. 6 (a). Three shell ratios are considered
(SR;=1/9, SRy=1/4, SR3=2/3). The shell ratio is defined as the volume of shell 1 divided
by the volume of shell 2. The shells are numbered from the bottom of the reactor. The
results show that for the three shell ratios, the complete conversion of ethylbenzene is
satisfied. However, this improvement in ethylbenzene conversion is achieved at different
effective reactor lengths. It is clearly shown the superiority of the two-shell
configuration over the single shell configuration, i.e. the single shell is the limiting case.
The corresponding hydrogen permeation driving force is shown in Fig. 6 (b). As it can
be seen that the introduction of fresh sweep gas to the second shell has strong influence
in enhancing the permeation driving force for hydrogen. The presented results reveal, in
relatively rough form, how the shellwise configuration affects positively the membrane
reactor performance.
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Fig. 6. (a) Ethylbenzene conversion vs. dimensionless axial length for the single-shell and two-shell
configurations; (b) corresponding hydrogen permeation driving force for the single shell and
two-shell configurations.

Figure 7 shows the effective axial length versus the shell ratio for several bed
compositions. It is shown that at a specific bed composition the effective length passes
through a minimum with the increase of the shell ratio. The locus of the minima shows
that the locations of the minima (at SR~0.535) are insensitive to the changes in the shell
ratios. However, the locations with respect to the effective axial length are sensitive to
the bed composition.
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two-shell configuration.

The same trend at different feed temperatures is observed. It is found that the
minima at feed temperatures (T ) of 840.0 K and 900.0 K are located at shell ratios (SR)
of 0.649 and 0.151 respectively. This result indicates that the optimal shell ratio is
strong function of temperature. The influence of the bed composition on the minima is
shown in Fig. 8 at different feed temperatures. A computer program is developed to
calculate the minima based on Fibonacci search method, which is an efficient region
elimination method for a one-dimensional search. As one can see that the curves may
assume optimal values of minimum nature with the increase of the composition of
catalyst 2 in the bed. The locations of the minima are sensitive to the changes of the bed
composition and temperature.

Conclusion

A rigorous mathematical model has been used to investigate the behavior of a
multi-shell integrated membrane reactor. Substantial improvement in ethylbenzene
conversion over the equilibrium conversion has been achieved by the membrane and
coupling reaction. However, the complete conversion of ethylbenzene is satisfied only
by the combined effect of the membrane and coupling reaction together. An effective
length criterion is used to evaluate the performance of the reactor. The results indicate
that effective operating regions with optimal conditions exist. These regions are sensitive
to changes of catalyst bed composition, feed temperature and pressure. It is also found
that the feed temperature has strong influence on the optimal shell ratio. In the light of
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the results presented the multi-shell configuration is shown to be superior to a single
shell configuration.

0.8

P=3000kPa = T—==== Locus of minimum

Minimum Dimensionless Effective Axial Length

0.8

Fig. 8. Effect of catalyst 2 concentration and feed temperature on the minimum dimensionless effective

reactor length for the two-shell configuration.

The present study clearly illustrates the potential of a multi-shell integrated

membrane reactor in ethylbenzene industry. Further experimental studies are, however,
required to assess the reported results. Work along the directions of investigating dual-
functionality of catalysts via structured patterns for reaction and energy integration is
currently in progress.
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