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Coupling of reactions in catalytic membrane reactors provides a route to process intensification. Dehy-
drogenation of ethylbenzene and hydrogenation of nitrobenzene form a promising pair of processes to
be coupled in a membrane reactor. The heat released from the hydrogenation side is utilized to break
the endothermality on the dehydrogenation side, while hydrogen produced on the dehydrogenation side
permeates through the hydrogen-selective membranes, enhances the equilibrium conversion of ethyl-
benzene and reacts with nitrobenzene on the permeate side to produce aniline. Mathematical reactor
models are excellent tools to evaluate the extent of improvement before experiments are set up. How-
ever, a careful selection of phenomena considered by the reactor model is needed in order to obtain
accurate model predictions.

To investigate the effect of the intraparticle resistances on the performance of the cocurrent configura-
tion of the coupling reactor, a heterogeneous fixed bed reactor model is developed with Fickian diffusion
inside the catalyst pellets. For the condition of interest, the styrene yield is found to be 82% by the homoge-
nous model, 73% by the heterogeneous model for isothermal pellets, and 69% by the heterogeneous model
with non-isothermal pellets. Hence, the homogeneous model overestimates the yield by 5-15% of their

actual values.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Coupling of reactions in a single reactor can be very beneficial,
offering a number of advantages such as eliminating unnecessary
heat transfer units [ 1], reducing overall heat losses, cost savings 2]
and significant gains in yield and/or conversions due to shifting the
thermodynamic equilibrium conversion by continuously removing
one of the reaction products and supplying heat to the endothermic
reactions [3]. As a result, these reactors are excellent examples of
process integration and intensification.

In the last two decades, a number of studies have appeared
addressing the usefulness of reaction coupling. An interesting reac-
tion for this purpose involves the dehydrogenation of ethylbenzene
to styrene. Abdalla and Elnashaie [4] developed a rigorous model
to describe the behavior of a membrane reactor in which ethyl-
benzene was dehydrogenated to styrene. The dusty gas model
was used to describe the diffusion inside the catalyst pellets.
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Later, this model was used to extract intrinsic kinetics from data
obtained from an industrial reactor and to investigate the potential
economic advantages of a hydrogen-selective membrane. It was
found that a membrane reactor could considerably improve the
ethylbenzene conversion, and the yield and selectivity of styrene.
Abdalla and Elnashaie [5] studied the effect of the sweep gas flow
rates in a catalytic membrane reactor in which dehydrogenation
of ethylbenzene to styrene took place. An appreciable enhance-
ment in ethylbenzene conversion, styrene yield and selectivity
were observed in the proposed membrane reactor. Abdalla and
Elnashaie [6] proposed a fluidized bed with and without a selective
membrane for dehydrogenating ethylbenzene to styrene. Different
design and operating parameters, i.e. bubble diameter, steam-to-
ethylbenzene ratio, feed temperature, and number of fluidized beds
in series, were investigated. It was demonstrated that a careful
choice of those parameters could improve the ethylbenzene con-
version and styrene yield compared to industrial fixed bed reactors.
Hermann et al. [7] studied dehydrogenation of ethylbenzene to
styrene in a composite Pd/porous stainless steel membrane fixed
bed reactor. A model was presented in which different types of
diffusion were considered. After adjusting the kinetics available to
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Notation

a; constant, 1 for hydrogen, 0 otherwise

Acs, AL, area-equivalent diameter of shell and tube side (m?)
G.C concentration of i inside the catalyst pellet on shell

and tube sides (mol/m?3).

Cis, Ci;  concentration of i at the surface of catalyst pellet on
shell and tube sides (mol/m?3)

Cpi, Cp; heat capacity of component i on shell and tube side

(J/mol/K)

D area-equivalent diameter on shell side (m)

Dije effective diffusivity of component i (m?2/s)

Dim diffusivity of component i into mixture (m?2/s)

Djy Knudsen diffusivity of component i (m?2/s)

D¢, effective diffusivity of component i into mixture
(m?/s)

Dg, effective Knudsen diffusivity of component i (m?/s)

Dp, D,  diameter of catalyst particle on shell and tube side
(m)

Dy diameter of tube (m)

E; activation energy of reaction j on shell side (J/mol/K)

E activation energy of hydrogenation reaction on tube
side (J/mol/K)

GG mass velocity on shell and tube side (kg/m?2)

g conversion factor equal to 1.0 in metric unit

Hj, H; enthalpy of component i on shell and tube side
(J/mol)

h, convective heat transfer coefficients of gas mixture
on shell and tube side (J/s/m?2/K)

k, Kk thermal conductivities of catalyst particle on shell

and tube side (J/s/m/K)

kg, ky  thermal conductivities of gas mixture on shell and
tube side (J/s/m/K)

Kio reaction i pre-exponential factor (mol/K™ kg cat/
s/bar™),(fork; and k,,m=0,n=1; for ks and ks, m=0,
n=2; for k4, m=0,n=1.5; for kg, m=3,n=3)

ki reaction i rate constant (mol/K™/kg cat/s/bar™), (for
ki and kp, m=0, n=1; for k3 and ks, m=0, n=2; for
k4, m=0,n=1.5; for kg, m=3,n=3)

L total length of reactor (m)

N number of tubes in hybrid reactor

NERo feed molar flowrates of ethylbenzene on shell side
(mol/s)

NNBo feed molar flowrates of nitrobenzene on tube side
(mol/s)

ng, 1 molar flow rate of component i on shell and tube
side (mol/s)

Ji molar flux of component i (mol/m?2/s)

pi, p; partial pressure of component i on shell and tube
side (bar), partial pressure of component i on tube
side (bar)

P, P total pressure on shell side and tube side of reactor
(bar)

Py, Pf/ feed pressure on shell side and tube side (bar)

Q heat transferred from one tube side to shell side
(J/m)

Qo pre-exponential constant of hydrogen membrane
(mol/m/s/bar?->)

Ry radius of the catalyst pellets on shell side (m)

T rate of reaction j on shell side (mol/kg cat/s)

r rate of reaction on tube side (mol/kg cat/s)

1 inner radius of hydrogenation tube (m)

) outer radius of hydrogenation tube (m)

r3—r,  thickness of palladium membrane (m)

T, T temperature on shell and tube side of reactor (K)

Ts, T; temperature at the surface of catalyst pellets on
shell and tube side of reactor (K)

XNB conversion of nitrobenzene on tube side

wny radial position inside the catalyst pellet (m)

Ysr yield of styrene

z axial coordinate along reactor (m)

[AH(T)]; heat of reaction j at temperature T on shell side
(J/mol)

[AH(T)] heat of reaction at temperature T' on tube side
(J/mol)

Mg, g  Viscosity of gas mixture on shell and tube side (Pa.s)

w dimensionless radial distance inside catalyst pellets
on dehydrogenation and hydrogenation sides

g & porosity of catalyst particle on shell and tube side

T, T tortuosity of catalyst particle on shell and tube side

ps, p.  catalyst solid density on shell and tube side (kg/m?)

Oij stoichiometric coefficient of reactant i in reaction j

SH, thickness of hydrogen permeation membrane (m)

nj n]f effectiveness factor forreactionj and hydrogenation
reaction on shell and tube side

r;j” effectiveness factor for heat released or absorbed
due to reaction j

match the conversion and selectivity, the model predicted more
than 90% ethylbenzene conversion as the pressure increased, with
no observable decrease in styrene selectivity.

Elnashaie et al. [8] mathematically coupled dehydrogenation of
ethylbenzene to styrene with hydrogenation of benzene to cyclo-
hexane in a membrane fixed bed reactor. This study replaced the
sweep gas on the shell side with a second useful reaction to produce
another useful product, i.e. benzene. Both cocurrent and counter-
current configurations of the membrane reactor were considered,
with kinetics of four different catalysts, one being an industrial
catalyst. With commercial membranes, the new configured reac-
tor was predicted to give 79% ethylbenzene conversion, and 72%
styrene yield, significantly higher than for the industrial fixed bed
reactor. Mustafa and Elnashaie [9] investigated coupling dehydro-
genation of ethylbenzene with the hydrogenation of benzene in a
membrane reactor. A rigorous mathematical model was developed
in which intraparticle diffusion on both sides was considered. In the
hybrid reactor, the predicted yield of styrene was as high as 87%.
Abashar [3] studied the coupling of the same two reactions, but in
a fixed bed reactor. The reactor chamber contained intermingled
dehydrogenation and hydrogenation catalysts. A number of the
operating parameters were examined, and a substantial increase
in ethylbenzene conversion was predicted in the new fixed bed
reactor.

Abo-Ghander et al. [10] modeled coupling of dehydrogenation
of ethylbenzene to styrene with hydrogenation of nitrobenzene
to aniline in a shell-and-tube autothermal reactor. The model
included for the first time heat transfer across the membrane due
to hydrogen diffusion, as well as due to conduction. Both cocurrent
and countercurrent configurations were examined, and substan-
tial enhancement was predicted compared to the fixed bed reactor.
For the operating conditions investigated, the conversion reached
23.4% for the uncoupled adiabatic fixed bed case, 54.6% for the
cocurrent membrane reactor, and 61.7% for the membrane reactor
in a countercurrent flow configuration. The styrene yield predicted
for the uncoupled adiabatic fixed bed was 18.9%. For the membrane
reactor, the predicted yield increased to 52.5% for the cocurrent
flow configuration and 57.7% for the countercurrent case. Apart
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from membrane reactors, other forms and concepts of reaction
coupling, such as coupling endothermic reactions with exothermic
ones for efficient utilization of energy, have also been considered
[2,11-15].

These studies indicate that component effectiveness factors can
play a significant role for dehydrogenation of ethylbenzene to
styrene in fixed bed reactors. As a result, the homogenous model
of Abo-Ghander et al. [10] should be adjusted to consider the cata-
lyst intraparticle diffusion on both sides of the membrane reactor.
To achieve this aim, a model based on Fickian diffusion is used in
this paper to model diffusion inside the catalyst pellets on both
sides of the membrane. This new model is then used: (i) to study
the molar flow rates of selected key components and temperature
profiles compared with those from the homogeneous model; (ii) to
evaluate the performance of optimal reactor designs in terms of the
styrene yield on the dehydrogenation side, conversion of nitroben-
zene on the hydrogenation side, and temperature profiles on both
sides of the reactor.

The paper is structured as follows. Section 2 introduces the
reactor configuration and presents the thermodynamic and kinetic
information of all relevant reactions. Section 3 elaborates on the
balance equations for the gas and the catalyst phase. On both the
hydrogenation and the dehydrogenation side, mass balances for
the different reaction species, as well as the energy and momentum
balances, are derived and suitable connection terms are added. Also
details about the computational procedure are provided. Section 4
presents and discusses the simulation results.

2. Reactor configuration

The configuration of interest is portrayed in Fig. 1. In the shell
compartment packed with catalyst particles, ethylbenzene (EB) is
dehydrogenated to produce styrene (ST) as the main product; ben-
zene (BZ), toluene (TO), ethylene and other light gases are side
products. The chemical equations representing the reactions are
(see also Egs. (1)-(6) in [10]):

C6H5CH2CH3 <~ C6H5CHCH2 + H2 AHzgg = 11761(_]/1'1]01 (1)

CgHsCH,CH3 — CgHg + CoHy AHzgg =105.4 1(_]/1‘1‘101 (2)

CgHsCH,CH3 + Hy — CgH5CH3 + CHy AHygg = —54.61(]/1‘1’10]

(3)

2H,0 + C;H4 — 2CO + 4H, AHzgg =210.2 1<J/m01 (4)

H;0 + CH4 — CO + 3H, AHjg9g = 206.1 kJ/mol (5)

H,0 + CO — CO, + H, AHzgg =-41.2 k]/mol (6)

The first reaction in this network is the main reversible, endother-
mic one. From Le Chatelier’s principle, the forward reaction, i.e.
production of styrene, is favored by operating at low pressure and
high temperature.

Hydrogen produced in this compartment diffuses through
palladium hydrogen-selective-membrane walls to the inside of
cylindrical tubes extending along the reactor. The tube walls are
permeable to hydrogen, with a layer of stainless steel of a thick-
ness of 1.2 mm coated with a palladium layer of thickness 25 pwm.
The Palladium supported on palladium stainless steel membrane
is completely selective toward hydrogen permeation. On the tube
side, the diffused hydrogen reacts with nitrobenzene (NB) to pro-

duce aniline (AN):
CgHsNO, + 3H, — CgHsNH; + 2H,0 AHygg = —443.0 1(]/1‘1‘101

(7)

Products of Dehydrogenation Side
(Styrene, Benzene, Toluene, Light Gases, and
Unreacted Ethylbenzene)

Products of the
Hydrogenation Side
(Aniline and Unreacted
Nitrobenzene)

=
<
@«
£
s
-
=

INSULATED OUTER WALL
INSULATED OUTER WALL

ydrogenation
Catalyst

‘.’ De

Feed to Hydrogenation
Side (Nitrobezene)

Feed to Dehydrogenation Side
(Ethybenzene)

Fig. 1. Schematic of the integrated membrane fixed bed reactor.

This reaction is irreversible and highly exothermic (see also
Eq. (7) in [10]). Abo-Ghander et al. [10] showed that coupling
these two reactions, i.e. dehydrogenation of ethylbenzene with the
hydrogenation of nitrobenzene, could be very beneficial. Remov-
ing hydrogen from the dehydrogenation side and providing heat to
the same side from the hydrogenation heat of reaction were pre-
dicted to play very important roles in increasing the styrene yield.
The external wall of the coupled reactor is treated as adiabatic, a
reasonable assumption due to the small surface area-to-volume
ratio. Expressions for the rate of reactions and numerical values for
the pre-exponential constants and activation energies are listed in
Tables 1 and 2. Similar values can be found in Tables 1 and 2 of
[10,20]. The shell side of this reactor is assumed to be packed with
an iron oxide (Fe,03) catalyst promoted with potassium carbonate
(K2C03) and chromium oxide (Cr,03) while the tube side is packed
with a palladium catalyst supported on an a-alumina carrier. In
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-;ta;lcililometric equations, heats of reactions and reaction rate expressions for reactions considered.

Chemical reaction Heat of reaction Kinetic equation Reference
Dehydrogenation side?

CsHsCH,CH3 <> CgHsCHCH, +H, AHaeg =117.6 k]/mol n=k (pEB —psr ”KLAZ) [16]
CgHsCH,CH3 — CgHg + C2Hy AHao5 =105.4k]/mol 1y =kopes [16]
CsHsCH,CH3 +Hy — CgHsCH3 +CH, AH,05 = —54.6 k]/mol rs = kspespi, [16]
2H,0+CyHy — 2CO+4H, AHagg =210.2 k]/mol ry= k4PH20P¥i,4 [16]
H,0+CH4 — CO+3H, AHags =206.1 k]/mol s = kspr,oPcH, [16]
H,0+CO — CO, +Ha AHagg = —41.2k]/mol 16 = kg (T%) PryoPco [16]

Hydrogenation side”

CeHsNO, +3H; — CgHsNH, +2H,0 AHaeg = —443.0kj/mol

/ / ;
KKngKity g+ / P,
r=s —mMm¥+—— [17]
/ ;
(1+KNBPNB+KH2 sz)

@ Partial pressure in bars.
b Partial pressure in kPa.

summary, this section has introduced all necessary thermodynamic
and kinetic information.

3. Reactor model

This section introduces the balance equations for both phases
and both reactor sides (i.e. shell and tube side, respectively). First
the gas phase is considered and second the catalyst particles are
looked at. Each time, first the underlying assumptions are clearly
listed, while afterwards the mathematical equations are detailed.
Suitable relations to connect the reactor compartments as well as to
connect the two phases are also introduced. The overall computa-
tional procedure and the software used to perform the calculations
are summarized at the end of the section.

The differential equations governing the behavior of the
catalytic membrane reactor coupling dehydrogenation of ethylben-
zene with hydrogenation of nitrobenzene are based the following
assumptions:

. Steady-state operation.

. Ideal gas behavior in both the tubes and shell of the reactor.

. Plug flow for the fixed beds on both shell and tube sides.

. Heterogeneous model, i.e. significant gradients in concentra-

tions/temperatures inside the catalyst pellets.

5. The flow rates on both sides are high enough to minimize the
external mass and heat transfer resistances. Hence, only intra-
particle diffusion needs to be considered.

6. The reactor external wall is adiabatic.

7. Catalyst deactivation is neglected.

AW N =

Table 2
Frequency factors and activation energies for reactions considered.
Reaction Kio ? E; (kJ/kmol) Reference
1° 8.32x103 0.909 x 10°
2 423 x 10° 2.080 x 10°
3 6.13 x 10° 0.915 x 10° [16]
4 3.95x 103 1.040 x 10°
5 1.42 x 102 0.657 x 10°
6 5.80 x 1012 0.736 x 10°
7¢ 1.86x 104 10.0 x 10° [17]

2 ki =(10/36)k;,exp(— (E;/RT)), where k;, is the pre-exponential factor for 1 <i<6.
ki =103k, exp(— (E;/RT)), fori=7.

b The equilibrium constant is calculated by: Ks=exp(— AF/RT), where:
AF=a+bT+cT?,a=122725.16,b=—126.27/K, c=-2.194 x 1073 |K2.

¢ Kyp=1.51x 102 kPa, Ky, = 0.14 kPa™">.

8. Pressure gradients in both the shell and tubes are based on
Ergun’s equation.
9. Spherical catalyst pellets.
10. Cocurrent flow in the shell and tubes.

The reactor model differential equations are derived by consid-
ering an infinitesimal element inside the reactor through which
both moles and energy flow. Hydrogen diffuses from the dehydro-
genation side to the hydrogenation side, whereas heat is transferred
from the hydrogenation to the dehydrogenations side. The reactor
model Egs. (8)-(15) and rates of both hydrogen diffusion and heat
transfer per unit length are given in Table 3. In this table mass bal-
ances (Eq.(8)and (11)) for the hydrogenation and dehydrogenation
side have been adopted for the reacting components based on the
balances in Egs. (8) and (11) of [20] and their extensions in Egs. (8)
and (11)in[10].Similarly the energy balances (Egs. (9) and (12)) for
both sides correspond to Egs. (9) and (12)in [20] and their extended
versions in Egs. (9) and (12) in [20]. The Egs. (10) and (13) describ-
ing the pressure evolution on both sides are identical to the ones
(i.e. Egs. (10) and (13)) in [10,20]. Transfer of hydrogen and heat
across the membrane is described by Eqs. (14) and (15) in a similar
way by Eqgs. (14) and (15) in [10,20].

The model equations describing the diffusion inside the catalyst
pellets are based on the following assumptions.

. Steady-state molar and energy flow.

. The porous structure of all catalyst pellets is homogeneous.

. Ideal gas law.

. The concentration and temperature profiles are symmetrical
around the center of the spherical catalyst particles.

5. External mass and heat transfer resistances are negligible

. Negligible viscous flow inside the pellets inducing isobaric dif-
fusion.

7. Convective diffusion is neglected; only ordinary molecular and
Knudsen diffusion are significant.

8. Diffusion is represented by Fick’s law with the component
diffusion coefficient obtained from molecular diffusion and
Knudsen diffusion coefficients.

9. For mathematical simplicity, the variation of the effective
component diffusivity coefficient along the radial direction is
negligible.

10. Heat flux introduced by species, i.e. Dufour effect, is negligible.
11. Thermal conductivities of the catalyst pellets on both the shell
and tube sides of the reactor are assumed to be constant.

AW N =

)]



54 N.S. Abo-Ghander et al. / Chemical Engineering and Processing 77 (2014) 50-65

Table 3
Model equations for coupled catalytic membrane reactor.

Balance equations Mathematical expressions

Dehydrogenation side

1.0
6

Mole % = g _ 1(rij <3/ rjwzdw) (1 —&)Acsps — 27r3Nayj;
= 0

Z}il (3 j;)l.o [*AH(T)]jrjwzdw) (1 —&)Acsps +NQ

Energy % =
dP G
Pressure m - —m
s8cUp

Hydrogenation side

Z:]nCpl

l—s) |:150(1 —&)lhg

&3 D,

+ 1.756}

1.0
dn’
Mole (Tzl =0 (3 / r’w’zdw’> (1 — )AL, + 2T r3ay;
0

@)Y, adi [ CpdT + (3 [ am) r/w'zdw') (1- Wi - Q

>

1-¢ 150(1 — &)y
- (?) [D7+17SG

Qo exp(—Ewn,.p/RT) -
oo 0 ()

(8)

(9)

(10)

(11)

(12)

(13)

(14)

where: Q,=7.29 x 103 (mol x m)/(m? x min x atm®3), 8y, = 25 x 10~ m, Ey, p = 20.5 x 10% J/mol

2711(T' = T)

Ener ar _
gy =
dr’ G
Pressure — =
dz Pg8D;,
Diffusion of hydrogen across membrane Ju, =
Heat transfer across membrane Q=

[(1/h) + (r1/kss)In(r2/11) 4 (1 /kpa) In (13 /12) + (11 /12h)]
where: ke =22.88 W/m x K, kpg =93.3W/m x K

- 0.813(%)0'9

t
o\ 97
4.6D],
exp | ——
g Dr

D!
—_350(
g

(15)

To derive the catalyst model equations, a small spherical shell
inside the catalyst pellets is considered across which both moles
and heat flow, as shown in Fig. 2. Applying the balance equations,
and expressing the molar flux using Fick’s law leads to the follow-
ing.

Catalyst mole balance equation on dehydrogenation side:

6

?2G  2d¢G 1
ot STl RN 1 16
a2 "ydy T Dy ;U"r’p (16)

Net rate of production within
differential element,

Z o,r,p(47y*Ay)

Moles out at
y+Ay,

)

y+Ay

Moles in /

aty,
(47ryzN,.)’y

(a)

Catalyst energy balance equation on dehydrogenation side:

6

T 2d7 _ 1

o2 T ydy /TZ Dljrie
j=1

Catalyst mole balance equation on hydrogenation side:

27 / 7
dC,. 2dC1. _O‘iT',O/

o yay T D,

Net rate of heat produced
within differential element,

Zjl:[—AH (T)]jr/.p(47ry2Ay)

J=

(4mv')

y+Ay

Heat in
aty,

(47y%)|

(b)

Fig. 2. Infinitesimal slice inside catalyst pellets on dehydrogenation side showing terms considered in: (a) mole balance, and (b) energy balance.

(17)

(18)
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Catalyst energy balance equation on hydrogenation side:

T  2dT _ [AHT)ITp

= 19
a2y dy K (19)

These coupled equations form a split boundary value problem
describing the molar and energy flow inside the catalyst on both
the dehydrogenation and hydrogenation sides. The boundary con-
ditions are:

e Dehydrogenation side:

G=¢,
y=FR= (23)
T=T;

The effective diffusivities, i.e. D;e and D;,, of component i in Egs.
(16) and (18) are calculated considering both the effective binary
diffusivity of component i in a mixture D{ and the effective Knud-
sen diffusivity D [18,19]:

1 1 1
—= 4 = (24)

D. ~Dj, "I

daG _ 0 The binary diffusivity of component i in the above equation is
0 dy — 20 estimated on the dehydrogenation side from the well-known Wilke
y=0= dT (20) equation [18,19]:
0
dy . , Qo
X.
— = L (25)
Ci = Cis Dirn 1- X : DU
y=Ry= (21) ji=1
T=Ts ..
j#i
* Hydrogenation side: The effective diffusivities are obtained [18] from:
ac; .
G =0 D; = ;Dim (26)
y=0= , (22)
dr -0 where ¢ is the internal porosity of the catalyst pellet and 7t is the
dy’ tortuosity, and both are assumed to be isotropic properties.
Feed Condition
Ni, To, Pou'io, TP’
~ >
Catalyst Model Equation /"\ Catalyst Model Equation
On Dehydrogenation Side < _/ > On Hydrogenation Side
Egs (4.16) and (4.17) W and (4.19)
Y Y
Calculate Calculate
n/r/(TA,C\):3Jr/wzd(u 1€j<6 r]'r'(T‘,C‘):3J.r’(u'2da)’
w2 0 o
o
> For non-isothermal catalyst pellets, this term For non-isothermal catalyst pellets, this term

is also calculated:
W/ [AH(E)] 7,(1.C) =3 1 [a(1)] @do

1<j<6

is also calculated:

n" [ AH(T))](T,CL) = SIfr’[AH’(T’)] "de

.| Reactor Model Equations
Eqs (4.8) to (4.13)

B~

Integrate one step
DA
z=z+Az

No

End

Fig. 3. Schematic sequence of computations for the catalyst and reactor models.
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The numerical solution of model Eqgs. (16)-(19) evaluates the
average reaction rates, as well as the average heat released or
absorbed due to reactions. Those values can be related to the reac-
tion rates and heat released or absorbed at bulk conditions, i.e.
concentrations and temperature, through the concept of effective-
ness factors, defined for chemical reactions as the ratio of the rate
of reaction with pore resistance to the rate of reaction evaluated at
the surface conditions:

R,
Jo Tip(4my*)dy

= p(a/37RY) 27

with 1<j<6 for dehydrogenation side and j=1 for hydrogena-
tion side. When the dimensionless catalyst radius (w=y/Rp) is
introduced into Eq. (27), the volume-averaged reaction rate can
be formulated as:

1.0
nri(Ts, Cis) = 3 / riw*dw (28)
0

For non-isothermal catalyst pellets, a thermal effectiveness fac-
tor, relating the actual heat released or absorbed to that at the
surface conditions, can be defined as:

1.0
Uf[—AH(Ts)]rj(Ts,Cis)=3/ ril=AH(T)]w*dw (29)
0

Component effectiveness factors can be defined as:

j
R,

> oy fo” ripl4my?)dy

Jj=1

s ; (30)
> i=1037i(Ts, Cis)p(4/37Ry)

with 1 <j <6 for the dehydrogenation side and j=1 for the hydro-
genation side. Integral terms in Eqs. (27)-(30) are evaluated here by
the trapezoidal rule. Eqs. (28) and (29), representing the actual reac-
tion rate and heat released or absorbed, are used to update reactor
model Egs. (8)-(13) in Table 3.

The conversions of ethylbenzene and nitrobenzene on both
sides of the membrane reactor and component yields on the dehy-
drogenation side are defined as:

Xgp = "EBo —MEB o Dehydrogenation Side

. EB
onversions © 31
c n n
Xnp = 20— NB - on Hydrogenation Side
TINBo
ner —n
Y. = ST STo
NEBo
. Nz — Npz,
Yields { Yp; = ——=2 (32)
NERo
ngg —n
Y. _ TO TOo
NEBo

The sequence of computations followed to link the reactor
model equations with the catalyst pellets model equations is shown
schematically in Fig. 3. The sequence starts by using the bulk con-
ditions to establish the boundary conditions to solve the catalyst
model Egs. (16) and (17) on the dehydrogenation side and (18) and
(19) on the hydrogenation side. These numerical solutions are then
used to evaluate the molar and heat flux at the surface of the cat-
alyst numerically by evaluating Eqgs. (28) and (29), substituted in
the reactor model equations, i.e. (8)-(13), which can then be inte-
grated one step forward. To compute exchange of hydrogen and
heat between the hydrogenation and dehydrogenation side, Eqs.
(14) and (15) are used. This procedure is repeated until the entire
length of the reactor is covered. Hence, the complete model con-
sists of Egs. (8)-(19) and (28) and (29). Solving these equations as
mentioned above results in the simulations presented.

Table 4
Dimensional and operating parameters for hybrid catalytic membrane reactor for
base case.

Parameter Value Units
Dimensional variables
Net diameter of the dehydrogenation side 1.95 m
Diameter of the hydrogenation tube 3.5x102 m
Total number of the hydrogenation tubes 1500 -
Length of the reactor 4.0 m
Operating conditions (dehydrogenation side)
Ethylbenzene 10.242 mol/s
Styrene 0.1861 mol/s
Benzene 0.0306 mol/s
Toluene 0.2444 mol/s
Steam 125.86 mol/s
Temperature 880.0 K
Pressure 2.5 bar
Catalyst density 2146.3 kg/m?
Catalyst thermal conductivity 0.3 J/m/s
Pore diameters 4800 x 1010 m
Catalyst porosity 0.35 -
Catalyst tortuosity 4.0 -
Bed voidage 0.48 .
Operating conditions per one tube (hydrogenation side)
Nitrobenzene 0.003 mol/s
Steam 0.008 mol/s
Temperature 900.0 K
Pressure 1.0 bar
Catalyst density 1400 kg/m?>
Catalyst thermal conductivity 0.05 J/m/s
Pore diameters 5000 x 1010 m
Catalyst porosity 0.40 -
Catalyst tortuosity 4.0 -
Bed voidage 0.46 -
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Fig. 4. Conversion of key components: (a) ethylbenzene on dehydrogenation side,
and (b) nitrobenzene on hydrogenation side.
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Fig. 5. Yield of: (a) styrene, (b) benzene, and (c) toluene on dehydrogenation side.

In this computational sequence, two Matlab® (The MathWorks,
Natick) subroutines are invoked. The catalyst model equations are
solved by bvp4c, with a relative tolerance of 1 x 104, while the
reactor model equations are integrated by ode15s, with a relative
tolerance of 1 x 1078,

4. Results and discussion

This section presents and discusses the numerical results when
the model developed in the previous sections is employed. The
effect of the intraparticle diffusion on the performance of the
catalytic membrane reactor coupling dehydrogenation of ethylben-
zene with hydrogenation of nitrobenzene to aniline was simulated
for the operating conditions listed in Table 4. The component molar
flow rates and feed pressure on the dehydrogenation side are based
on industrial fixed bed reactors. A feed temperature difference of
20K is chosen to ensure that heat always transfers in the right
direction from the hydrogenation to the dehydrogenation side.

In the following sub-sections, the predictions of several reactor
variables are compared and discussed based on three models, i.e.
(i) homogeneous model, (ii) heterogeneous model with isothermal
catalyst pellets, and (iii) heterogeneous model with non-isothermal
catalyst pellets. For the homogeneous model, the effect of dif-
fusional intrusion was neglected and the reaction rates were
evaluated at the bulk conditions on both sides of the reactor. For
the heterogeneous reactor model with isothermal catalyst pellets,
however, the diffusional model Egs. (16) and (18) were solved to
evaluate the actual reaction rates and net heat liberated due to

reactions from Eqgs. (28) and (29). In the heterogeneous model
with nonisothermal catalyst pellets, Eqs. (16) and (17) on the
dehydrogenation side and (18) and (19) on the hydrogenation
side were considered to evaluate the actual reaction rate and
heat due to reactions on both sides of the reactor using again
Egs. (28) and (29).

4.1. Conversion of ethylbenzene and nitrobenzene

The conversion of (i) ethylbenzene on the dehydrogenation side
and of (ii) nitrobenzene on the hydrogenation side are plotted
versus the dimensionless distance along the reactor in Fig. 4a and
b for the homogeneous and heterogeneous model with isother-
mal and non-isothermal catalyst pellets. In Fig. 4a, the conversion
of ethylbenzene on the dehydrogenation side of the catalytic
membrane reactor increases monotonically along the catalytic
membrane reactor due to the consumption of ethylbenzene. For the
selected operating and design conditions, the homogeneous model
predicts an ethylbenzene conversion of ~88%. When the effect
of intraparticle diffusion is included, the ethylbenzene conversion
predicted by the heterogeneous model is significantly lower, ~78%
for isothermal pellets and ~71% for non-isothermal pellets.

Conversion of nitrobenzene on the hydrogenation side of the
catalytic membrane reactor in Fig. 4b shows similar behavior to that
of ethylbenzene, i.e. it increases monotonically along the reactor. It
is predicted to reach ~68% by the homogenous model, ~59% by the
heterogeneous model for isothermal catalyst pellets, and ~52% by
the heterogeneous model for non-isothermal pellets.
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Fig. 6. Hydrogen molar flowrates on: (a) dehydrogenation side, and (b) hydrogena-
tion side.

4.2. Yield of styrene, benzene, and toluene on dehydrogenation
side

Fig. 5a-c, plot the yields of styrene, benzene, and toluene versus
the dimensionless axial distance along the reactor. All three yields
increase along the reactor, with appreciable differences in predic-
tion among the models. The homogeneous model for the catalytic
membrane reactor predicts a styrene yield of ~82%, a benzene yield
of ~5.0%, and a toluene yield of ~1.0%. The heterogeneous model,
on the other hand, predicts a styrene yield of ~73%, a benzene yield
of ~4.6%, and a toluene yield of ~0.8% for isothermal catalyst pellets
while it predicts corresponding yields of ~69%, ~3.2% and ~0.6% for
non-isothermal pellets.

4.3. Hydrogen molar flow rates on the dehydrogenation and
hydrogenation sides

The molar flow rates of hydrogen on both sides of the catalytic
membrane reactor are plotted versus the dimensionless axial dis-
tance in Fig. 6a and b. As shown in Fig. 6a, the hydrogen molar
flow rate on the dehydrogenation side predicted by both homoge-
nous and heterogeneous models increases monotonically in the
first portion of the reactor fraction length until it reaches a max-
imum where the rate of hydrogen diffusion to the hydrogenation
side is balanced by the hydrogen net production due to the reac-
tions. After that, the hydrogen molar flow rate continues at a nearly
constant level to the reactor exit. The hydrogen flow rate predicted
by the heterogeneous model for the non-isothermal catalyst pellets
is significantly lower than that predicted by either the homoge-
nous model or the heterogeneous model with isothermal catalyst

0.0
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1
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Fig. 7. Temperature profiles on: (a) dehydrogenation side, and (b) hydrogenation.

pellets, due to the significant effect of temperature. This gives a
strong indication of the significance of intraparticle heat resistance
in retarding the chemical reactions and the diffusion through the
membranes.

The molar flow rate of the diffused hydrogen toward the
hydrogenation tubes is plotted in Fig. 6b as a function of the dimen-
sionless axial distance. All three models predict monotonically
increasing profiles, with a significant difference for the heteroge-
neous model with non-isothermal catalyst pellets. At the reactor
entrance, the homogenous model and the heterogeneous model
for the isothermal catalyst pellets give similar predictions over 40%
of the reactor length, with a somewhat higher subsequent value for
the heterogeneous model with isothermal catalyst pellets, resulting
from a higher hydrogen diffusion rate compared to that predicted
by the homogenous model. The difference in the predictions of
these two models becomes more pronounced as the reactor exit
is approached. The prediction of the heterogeneous model for the
non-isothermal case is considerably lower than for the other two
models due to the temperature gradient inside the catalyst pellets.

4.4. Temperature profiles along coupled reactor

Temperature profiles along the reactor on both the shell and
tube sides are plotted in Fig. 7a and b. In Fig. 7a, the temperature on
the dehydrogenation side decreases over the first 15% of the reac-
tor length due to the net endothermic heat of the reaction. A point
is then reached where the heat lost is balanced by the heat gained
from the hydrogenation side. Given the large temperature differ-
ence established between the two sides of the integrated reactor,
the temperature on the shell side then increases over the reminder
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of the reactor due to significant heat transfer from the tube side.
The temperature profiles predicted by all three models are similar
in shape.

In Fig. 7b, the temperature profiles predicted by the three mod-
els, are plotted against dimensionless axial distance along the
reactor. The temperature on the hydrogenation side rises due to the
high exothermic heat of reaction. A clear maximum temperature is
obtained from the homogenous model about 40% of the way along
the reactor at which the heat transferred to the dehydrogenation
side balances the endothermic requirement of the main reaction.
This point is clearly observable for the homogeneous model, while
it is less observable in the profiles predicted by the heterogeneous
model for isothermal catalyst pellets, and not observable for the
heterogeneous model with non-isothermal catalyst pellets.

From the temperature profiles on both sides of the reactor, it
should be noted that the intraparticle diffusion resistance not only
retards the chemical reactions, but also the heat transfer between
the two sides by reducing the driving force, i.e. the temperature
difference between the dehydrogenation and hydrogenation com-
partments.

4.5. Reaction effectiveness factors and reaction rates

Intraparticle effectiveness factors, defined as the ratios of the
observed rates of reaction to those evaluated if the surface condi-
tions prevailed throughout the catalyst pellets, are plotted versus
the bulk temperature in Fig. 8 for both sides of the membrane.
Actual reaction rates and those evaluated at the conditions of the
catalyst surface are plotted in Fig. 9. In Fig. 83, effectiveness factors
for both reactions (1) and (2) exhibit a strong nonlinear behavior
with different turning points. The bulk temperatures at which the
turns take place correspond to the axial location inside the reactor
at which the net endothermic heat of reactions balances the heat
transferred from the hydrogenation side. While the effectiveness
factors of reactions (1) and (2) for the isothermal case are slightly
lower than 1.0, those for the non-isothermal case are significantly
lower, indicating the significance of the intraparticle heat resis-
tance. Consequently, the difference between the actual reaction
rates and these evaluated at the conditions of the catalyst pellet
surface for reactions (1) and (2) is higher for the non-isothermal
case than for the isothermal catalyst pellets, as shown in Fig. 9.
As the bulk temperature increases, the actual reaction rates for
both the isothermal and non-isothermal cases and those evalu-
ated at the surface conditions approach each other. The actual rate
of reaction (1) for the isothermal case coincides with that for the
non-isothermal case when the bulk temperature on the dehydro-
genation side exceeds 865 K.

The effectiveness factors of the other reactions, i.e. reaction
(3)-(6), for the isothermal and non-isothermal catalyst pellets,
plotted in Fig. 8b also exhibit highly nonlinear behavior with differ-
ent turning points. Their values start from infinity, decrease sharply
in the first part of the reactor, then turn around and decrease as the
bulk temperature increases until they fall below unity. The initial
infinite values of the effectiveness factors result from the fact that
the reaction rates at the surface of the catalyst start at zero due to
the absence of some components in the bulk such as hydrogen. In
Fig. 8b, all four effectiveness factors of the reactions pass through
a point in the reactor where the intraparticle resistances are
negligible, i.e. n3 =14 =1n5=ng=1.0. This point can be identified in
Fig. 9 by those points at which the actual reaction rates are equal
to those evaluated at the surface conditions. The temperature at
which this occurs varies from one reaction to another, e.g. ~860K
for reaction (3), ~861K for reaction (4), ~875K for reaction (5),
and ~864K for reaction (6) for isothermal pellets and ~873K
for reaction (3), ~874K for reaction (4), ~870K for reaction (5),
and ~868 K for reaction (6) for non-isothermal pellets. The large
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Fig. 8. Reaction effectiveness factor profiles versus bulk temperature for: (a and b)
dehydrogenation reactions, and (c) hydrogenation reaction.

effectiveness factor in Fig. 8b indicates the large differences
between the actual reaction rates and those evaluated at the cat-
alyst surface, with the consequence that the homogenous model
predictions must be interpreted with care, e.g. when utilized in
optimization studies.

On the tube side, the hydrogenation reaction rate is zero at
the entrance of the reactor as shown in Fig. 9 due to the absence
of hydrogen in the feed stream. Due to the diffusion of hydrogen
from the dehydrogenation side to the hydrogenation side, the intra-
particle effectiveness factor increases sharply from  « 1.0 to ~0.7.
The hydrogenation effectiveness factors for isothermal and non-
isothermal catalyst pellets in Fig. 8c vary in a nonlinear manner with
the bulk temperature. The effectiveness factors for both isothermal
and non-isothermal cases are almost identical for temperatures on
the hydrogenation side lower than 970 K. Similar behavior is shown
in Fig. 9, with a constant difference between the actual reaction
rates and those evaluated at the condition of the surface of the
catalyst pellets. For temperatures exceeding 970K, the effective-
ness factors for both cases diverge, approaching unity as shown in
Figs. 8c and 9, with the actual reaction rates and those evaluated at
the surface approach each other.

4.6. Component effectiveness factors

The component effectiveness factors defined by Eq. (30) are the
ratios of the actual net production rates of component i to those
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evaluated for the surface conditions of the catalyst pellets. In Fig. 10,
they are plotted for key species i.e. ethylbenzene, styrene, hydro-
gen, benzene, toluene and nitrobenzene for the heterogeneous
model with both isothermal and non-isothermal catalyst pellets.
On the dehydrogenation side, the component effectiveness factors
show a non-monotonic behavior when plotted against the dimen-
sionless axial distance along the reactor for all components except
toluene for both isothermal and non-isothermal catalyst pellets.

The toluene effectiveness factor is infinite at the inlet of the reactor
because components involved in the production reaction diffuse
to the active sites of the catalyst and react. It then decreases with
increasing distance along the reactor, passing a point where the
actual rate of production reaction is equal to the reaction rate at
the surface conditions (1o =1.0) as hydrogen is produced on the
dehydrogenation side and the surface reaction rate becomes sig-
nificant, finally it approaches 11 =0.80. As hydrogen is produced
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Fig.10. Component effectiveness factor profiles versus dimensionless axial distance
for: (a) ethylbenzene, styrene, hydrogen, benzene, and toluene on dehydrogenation
side; and (b) nitrobenzene on hydrogenation side.

in the bulk, the toluene effectiveness factor drops sharply. In gen-
eral, the component effectiveness factors reflect the fact that the
net production rates of the components from the homogeneous
model are not as accurate as from the heterogeneous models.

The nitrobenzene effectiveness factors on the hydrogenation
side for both isothermal and non-isothermal catalyst pellets plot-
ted in Fig. 10b behave in a similar manner. They are mathematically
undefined at the inlet point of the rector, due to the absence of
hydrogen in the compartment, making both the diffusion to the cat-
alyst active sites as well as reaction at the surface zero. As hydrogen
diffuses to the hydrogenation compartment though the membrane,
a sharp increase is observed in both effectiveness factors, head-
ing toward 1.0. Note that the differences between both factors for
isothermal and non-isothermal catalyst pellets are negligible.

4.7. Behavior inside the catalyst pellets on both sides of the
coupled reactor

InFig. 11, the intraparticle mole fractions, temperature and com-
ponent effective diffusivity profiles on the dehydrogenation side
are plotted at three axial positions, i.e. z/[L=0.1, 0.5, and 0.8. The
abscissa in Fig. 11 is interpreted as the dimensionless radial dis-
tance inside the catalyst pellet, i.e. @ =0.0 represents the center of
the catalyst pellet, while @ =1.0 indicates its surface.

As can be seen, the ethylbenzene mole fraction at the pellet sur-
face decreases as the fractional length increases from 0.1 (close to
the inlet of the reactor) to 0.8 (close to the exit) due to the consump-
tion in the bulk. Although the profiles for the other components are
not presented for brevity, it has been observed that the production
of these, i.e. hydrogen, benzene, and toluene, are limited. The mole
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Fig. 11. Intraparticle profiles of ethylbenzene and hydrogen mole fractions, and
temperature at fractional lengths of 0.1, 0.5, and 0.80 for both the isothermal and
non-isothermal catalyst pellet cases on dehydrogenation side.

fraction of hydrogen on the surface of the catalyst pellet is less than
0.01 due to diffusion through the membrane to the hydrogenation
side.

The thermal resistance inside the catalyst pelletis detrimental as
it reduces the production of all components inside the catalyst par-
ticles. The drop in temperature inside the catalyst pellet decreases
from ~50K at z/L=0.1 to ~25K at z/L=0.8. This is because at the
inlet of the reactor, the mole fractions of the reactants are high
at the catalyst surface, while this is no longer the case when the
reactor exit is approached.

Hydrogen has the highest effective diffusivities inside the cat-
alyst pellet because of its small molecular size. As a consequence
for the heat transferred from the tube side to the shell side, the
diffusivities increase with the distance along the reactor. Inside
the catalyst, however, hydrogen diffusivity decreases as the cen-
ter of the particle is approached due to the drop in temperature.
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Fig. 12. Intraparticle profiles of nitrobenzene and hydrogen mole fractions, and
temperature at fractional lengths of 0.1, 0.5, and 0.80 for both the isothermal and
non-isothermal catalyst pellet cases on hydrogenation side.

The effect of temperature on the component effective diffusivities
is greater than that of compositions when both isothermal and non-
isothermal profiles are compared. The effective diffusivities of the
other components, i.e. ethylbenzene, styrene, benzene and toluene,
are limited within the range from 44 to 53 cm?/h. The effective dif-
fusivity of ethylbenzene decreases as the outlet of the reactor is
approached as aresult for the decrease of ethylbenzene concentra-
tion in the bulk phase. Similar behavior is also observed inside the
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Fig. 13. Effective diffusivity of hydrogen inside the catalyst pellet on both sides of
the reactor at fractional lengths of 0.10, 0.50, and 0.80 for both the isothermal and
non-isothermal catalyst pellet cases.

catalyst pellet, but this decrease becomes more pronounced as the
temperature inside the catalyst pellets drops. The effective diffu-
sivities of styrene, benzene and toluene increase at the surface of
the catalyst pellets as the outlet of the reactor is approached due
to their production in the bulk, and the increase in temperature,
due to the heat transfer, whereas they decrease inside the catalyst
as the center is approached, due to the drop in temperature which
has a more pronounced effect than variation in mole fractions.

On the hydrogenation side, the mole fraction of nitrobenzene
decreases at the surface of the catalyst as the fractional length
increases from 0.1 to 0.8 and also as the center of the catalyst pel-
let is approached as shown in Fig. 12. This drop in mole fraction
is more significant for the isothermal catalyst pellets than for the
non-isothermal catalyst pellets. Aniline, on the other hand, exhibits
the opposite behavior; it increases at the surface of the catalyst and
inside the catalyst pellets with increasing distance along the reactor
and decreasing radius inside the catalyst pellet.

The temperature profile, on the other hand, decreases at the sur-
face of the catalyst as the fraction length increases, i.e. it is ~990 K at
z/L=0.1 and ~980K at z/L=0.8. This decrease is due to the transfer
of heat from the hydrogenation side to the dehydrogenation side.
The rise in the temperature inside the catalyst pellet is ~35K, and
this is maintained as the exit of the reactor is approached.

As far as the effective component diffusivities are concerned, it is
observed in Fig. 13 that hydrogen maintains the same performance



N.S. Abo-Ghander et al. / Chemical Engineering and Processing 77 (2014) 50-65 63

1.0 0.8

@ — @
0.8 ~ — - 0.6
Cd

0.4

Styrene Yield
<
N
s
A
Styrene Yield

0.2 =

0.0 0.0

0.5

(®
0.4 -

0.3 - -

-
0.2 =

Styrene Yield

=
0.1 ///

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

Dimensionless Axial Distance

0.25 0.6

0.4 0.6 0.8

Dimensionless Axial Distance

0.0
0.0 0.2 0.4

S

0.6 0.8 1.0

Dimensionless Axial Distance

(b) 0.5

0.4

0.3
e
4/ 0.2

0.05 0.1 “

Nitrobenzene Conversion
A
\
Nitrobenzene Conversion

0.00 0.0

(h)
0.8

0.6 —
0.4 "

0.2 -

h\
Nitrobenzene Conversion

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

Dimensionless Axial Distance

920

920

0.4 0.6 0.8 1.0 0.0 0.2 0.4

Dimensionless Axial Distance

0.0

0.6 0.8 1.0

Dimensionless Axial Distance

920

900
880
860 Hydrogenation Dehydrogenation
840 Sid Side

820
800
780
760

900  (H
880
860
840
820
800
780
760
740

Temperature Profiles (K)

Temperature Profiles (K)

//I Iydrogenation
Side

900 | @

880 47T _
v Hydrogenation
/ Side

Dehydrogenation 860

Dehydrogenation
Side

Side

V)

840
820

Temperature Profiles (K)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

Dimensionless Axial Distance

0.4 0.6 0.8 1.0 0.0 0.2 0.4

Dimensionless Axial Distance

800

0.6 0.8 1.0

Dimensionless Axial Distance

Homogeneous model
Heterogeneous model (Isothermal catalystpellets)
Heterogeneous model (Non-isothermal catalyst pellets)

Fig. 14. Styrene yield, nitrobenzene conversion, and temperature profiles for the optimal designs of the coupled membrane reactor, i.e. solution A (a-c), solution B (d-f),

solution C (g-i).

due to its highest effective diffusivity. An increase in the effective
diffusivities of most components is also observed as the dimen-
sionless radial distance w goes to 0 when the profiles of isothermal
catalyst pellets, are compared to those for non-isothermal pellets
although they have not been shown for brevity. For nitrobenzene,
the effective diffusivities decrease slightly at the surface of the cat-
alyst and inside the catalyst as a result of being consumed in the
bulk and inside the catalyst. Aniline effective diffusivities, however,
increase at the surface of the catalyst pellets as the exit of the reac-
tor is approached and inside the catalyst pellets as the center is
approached due to its production in the bulk, as well as inside the
catalyst. The temperature rise for the non-isothermal catalyst pel-
lets also plays an important role in enhancing the diffusivities of
aniline.

4.8. Effect of intraparticle diffusion resistance on the reactor
optimal design

In an earlier paper [20], the authors addressed the bi-objective
optimization problem of this coupled membrane reactor. The two
objective functions considered were: (i) the yield of styrene on the
dehydrogenation side, and (ii) the conversion of nitrobenzene on the
hydrogenation side. The homogenous reactor model was used for
the calculations. 12 operating and design parameters were used to
optimize the objectives considering a number of linear and non-
linear constraints. The Pareto set, representing the set of optimal
solutions, was obtained by similar approaches as in [21] using
two numerical scalarisation based multi-objective techniques: the
normalized normal constrained method and the normal boundary
intersection method. In this optimization problem, the production
of styrene on the dehydrogenation side can be increased by maxi-
mizing the yield of styrene, whereas the production of aniline can

be increased on the hydrogenation side by maximizing the conver-
sion of nitrobenzene. Optimal solutions are summarized in Table 5
representing three cases where the focus is on: (i) production of
styrene only (solution A), (ii) production of both styrene and aniline
(solution B), and (iii) production of aniline only (solution C).
Testing the heterogeneous reactor model developed for the
membrane reactor has revealed differences in the values of both
objectives, i.e. styrene yield and nitrobenzene conversion, for all
three optimal solutions. For instance, the homogenous model pre-
dicts a styrene yield of 0.975 on the dehydrogenation side for solu-
tion A, whereas the heterogeneous predicts 0.930 for the isothermal
catalyst pellets and 0.925 for the non-isothermal pellets. On the
hydrogenation side, the homogeneous model predicts a nitroben-
zene conversion of 0.211, whereas the heterogeneous model
predicts 0.208 for isothermal pellets and 0.202 for non-isothermal
pellets. For solution B, the homogenous model predicts a styrene
yield of 0.564 on the dehydrogenation side, whereas the hetero-
geneous model 0.518 for isothermal pellets and 0.488 for non-
isothermal catalyst pellets. The nitrobenzene conversion predicted
on the hydrogenation side is 0.555 by the homogenous model,
0.508 by the heterogeneous model for the isothermal catalyst pel-
lets, and 0.477 by the heterogeneous model for the non-isothermal
catalyst pellets. For solution C, the styrene yield predicted on the
dehydrogenation side by the homogenous model is 0.491, 0.428 by
the heterogeneous model for the isothermal pellets, and 0.396 by
heterogeneous model for the non-isothermal pellets. On the hydro-
genation side, the predicted nitrobenzene conversion is 0.796 from
the homogenous model, 0.720 from the heterogeneous model for
isothermal pellets, and 0.675 by the heterogeneous model for non-
isothermal pellets. There are also significant differences in temper-
ature profiles along both sides of the reactor. These differences may
result in overestimating the design and operating parameters due
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Table 5
Representative solutions for Pareto frontier.?
Parameter Optimal Optimal Optimal
solution A solution B solution C
Feed molar of ethylbenzene (mol/s) 7.66 9.36 11.27
Dehvdrosenation side Steam-to-ethylbenzene ratio 7.00 7.00 20.00
ydrog Feed temperature on shell side (K) 825.41 780.00 820.02
Feed pressure on shell side (bar) 4.00 2.52 4.00
Feed molar of nitrobenzene (mol/s) 0.005 0.002 0.002
Hydrogenation side Steam-to-nitrobenzene ratio 4.00 4.00 4.00
ydrog Feed temperature on tube side (K) 825.41 780.00 820.02
Feed pressure on tube side (bar) 3.62 1.00 1.00
No. of hydrogenation tubes 2500 1582 1000
Di ional variabl Equivalent-area diameter of dehydrogenation side (m) 3.00 2.39 1.95
imensional variables Diameter of hydrogenation tube (m) 0.048 0.035 0.040
Reactor length (m) 4.00 4.00 4.00
Homogeneous modeling 0.9747 0.5644 0.4909
Yield of styrene Heterogeneous modeling (isothermal catalyst pellets) 0.9300 0.5124 0.4259
Heterogeneous modeling (non-isothermal catalyst pellets) 0.9245 0.4775 0.3859
c R ¢ Homogeneous modeling 0.2119 0.5548 0.7957
pnvgrsnon 0 Heterogeneous modeling (isothermal catalyst pellets) 0.2078 0.5018 0.7130
nitrobenzene Heterogeneous modeling (non-isothermal catalyst pellets) 0.2011 0.4663 0.6594

@ Bold values are constrained limits.

to neglecting important effects caused by the intraparticle diffusion
resistance. Styrene yield, nitrobenzene conversion and tempera-
ture profiles on both sides of the reactor are plotted in Fig. 14.

In summary, the homogeneous model systematically overesti-
mates the conversion and yield by 5-15% of their actual values.
However, the computation times required for one simulation of
the homogeneous model and the heterogeneous non-isothermal
model are less than 4s and around a day, respectively. Supplying
the analytical Jacobians for the boundary value problems in the
catalyst pellet models, as well as using vectorization options, can
help significantly in reducing the execution time to around twenty
minutes. Hence, as the trends are generally well-captured by the
simpler homogeneous model, this one may in practice serve for
a preliminary rapid screening of different alternatives, or even a
first systematic optimization purpose. Nevertheless, these results
must be interpreted with due care, given the model’s tendency to
overestimate. Afterwards, the design and optimization can be fine-
tuned based on the more complex heterogeneous (non-isothermal)
model.

5. Conclusion

In order to evaluate the importance of intraparticle resistances
in a novel coupled membrane reactor integrating the dehydrogena-
tion of ethylbenzene with the hydrogenation of nitrobenzene in
view of process intensification, a heterogeneous model is devel-
oped. Intraparticle diffusion resistances, assuming both isothermal
and non-isothermal conditions, are considered. It is found that
intraparticle diffusion resistances are significant and should be
taken into consideration, as they not only retard the chemical reac-
tions, but also the driving forces for permeation, as well as the
heat transfer. The homogenous model used earlier by the authors
to optimize the membrane reactor of interest results in overesti-
mation of both the styrene yield and the nitrobenzene conversion
in the integrated reactor by 5-15% of their actual values. Hence, if
possible, the full model should preferably be used in any further
optimization studies.
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