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Abstract:

Coupling of dehydrogenation of ethylbezene with hydrogenation of nitrobenzene in a
catalytic membrane reactor can lead to a significant improvement in the conversion of
ethylbenzene and production of styrene. In this work, the homogeneous reactor model for
a concurrent flow configuration is compared to two heterogeneous models based on the
Fickian diffusion model and the dusty gas model for both isothermal and non-isothermal
pellets. It is observed that both heterogeneous models predict a significant drop in yield
and conversion compared to the homogeneous model, indicating the importance of
heterogeneity. This drop is generally less severe for the dusty gas model than for the
Fickian diffusion model. The assumption of isothermality causes larger deviations than
the assumption of Fickian diffusion. The deviations in the predictions of the homogenous
model and the heterogeneous models from those of the dusty gas model for non-

isothermal pellets are ~6% and ~11%, respectively.

Keywords: membrane reactor, dehydrogenation, hydrogenation, homogeneous model,
heterogeneous model, dusty gas model, Fickian diffusion model
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1 Introduction

Membrane reactors can significantly improve the production rates of thermodynamically-
limited reactionsHydrogen-selective membranes permit hydrogen produced by reactions

to escape under the influence of the difference in the hydrogen partial pressures to the
permeate side where an inert gas such as nitrogen can be used to purge hydrogen. This
type of reactor is promising for thermodynamically limited reactions such as steam
reforming. A number of studies have reported that when steam reforming is operated in
membrane reactors, hydrogen yields can exceed those in simple fixed bed reactors
(Balasubramanian et al., 1999; Chen and Elnashaie, 2005; Chen et al., 2003; Itoh et al.,
2003; Rakib et al., 2008; Tiemersma et al., 2006; Uemiya et al., 1990).

Another type of reaction suffering from thermodynamic limitations is the one involving
the production of olefins from inexpensive parafins via dehydrogenation. Shifting the
equilibrium production rate of these thermodynamically-limited dehydrogenation
reactions was the objective of a number of studies reported in the last decade. Several
reactor configurations and models have stimulated these configurations. In general, the
hydrogen membranes facilitate hydrogen transfer to the permeate side where it is
collected by a sweep gas (Hermann et al., 1997; Itoh et al., 2003) or utilized as a reactant
in complementary reactions (Abo-Ghander et al., 2008; Abdalla et al., 1997; Elnashaie et
al., 2000; Itoh and Wu, 1997; Moustafa and Elnashaie, 2000).

Dehydrogenation of ethylbenzene to styrene and hydrogenation of nitrobenzene to aniline
complement each other and constitute a synergistic pair of reactions to couple in a
catalytic membrane fixed bed reactor (Abo-Ghander et al., 2008). Diffusion of hydrogen
produced on the dehydrogenation side through hydrogen-selective membranes assists
greatly in shifting forward the equilibrium conversion of ethylbenzene, while
simultaneously improving the yield of styrene compared with fixed bed reactors without
membranes. Combining the two reactions in this manner helps to significantly increase
the production of styrene on the dehydrogenation sidéapbduce aniline as a second

useful product on the hydrogenation side. Transferring the heat released from the
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hydrogenation side to the dehydrogenation side also helps to promote the forward
dehydrogenation reaction of ethylbenzene, consequently enhancing the stytdne vyie
(Abo-Ghander et al., 2008). In this configuration, it is possible to boost the styrene yield
from ~40% in catalytic industrial reactors (Moustafa and Elnashaie, 206®8% in an

optimized catalytic membrane reactor (Abo-Ghander et al., 2010a).

Abo-Ghander et al. (2010b) briefly assessed the effect of the intraphase transport by
considering diffusion inside the catalyst pellets on both sides of the coupled membrane
reactor. The Fickian diffusion model was used in which the reactants are assumed to
diffuse through a stagnant bulk phase with the diffusivities of components in the reacting
mixture along the radial direction inside the catalyst pellets evaluated by the well-known

Wilke equation. The predictions of the heterogeneous model are significantly less than
that of the homogeneous model, providing an indication of the importance of the

intraparticle transport resistances.

In catalytic packed bed reactors, the components in reacting mixtures have to diffuse
through tortuous complex networks of pores ranging from macropores to micropores to
reach active sites, where they react. Hence, the selection of an appropriate diffusion
model accounting for intraphase resistances is highly important when modeling these
types of reactors. The Fickian diffusion model is considered to yield accurate predictions
if the reacting component diffuses in a large excess of a second component and there is
no appreciable change in the number of moles. In contrast, the dusty gas model is
considered to be more general but also more complex. As the assumptions for Fickian
diffusion may not always be met in the studied reactor (Elnashaie and Abashar, 1993;
Elnashaie et al., 1993), the aim of this paper is not only to rigorously evaluate the effect
of intraparticle diffusion, but also to compare the Fickian diffusion and the dusty gas
model. Moreover, also the effect of isothermal versus non-isothermal catalyst pellets is
studied.

Section 2 introduces the reactor configuration, while Section 3 describes the reactor

models and focuses especially on the incorporation of intraphase resistances based on the
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Fickian diffusion and the dusty gas model. Section 4 presents and compares the

simulation results for all models. Finally, Section 5 summarizes the main conclusions.

2 Reactor Configuration

A conceptual schematic of the integrated reactor proposed by Abo-Ghander et al. (2008)
appears in Fig. 1. The reactor is composed of two compartments provided by a shell
containing a bundle of hydrogenation tub&mn the shell side, dehydrogenation of
ethylbenzene takes place producing styrene and hydrogen. Five side reactions also occur,
producing benzene, toluene, and light gases like ethylene, methane, carbon monoxide,
and carbon dioxide. The stoichiometric equations on the shell side can be expressed as:

C,H,CH,CH, <> C,H,CHCH+ H, AH,, = 117.6%Ie )
K]
C.H.CH,CH, - C,H, +C,H, AH, o= 10540 ©
mole
C,H,CH,CH, + H, ->C,H.CH,+CH,  AH,,,= —54.6%} ®)
K]
2H,0+ C,H, —> 2CO+ 4H, AM 5= 2102~ @)
K]
K]
H,0+CO—>CQ, +H, AHygy= 412" (6)

In industrial fixed bed reactors producing styrene, the temperature tends to drop along the
reactor due to the endothermic nature of the main reaction if sufficient heat is no
supplied. In the proposed membrane reactor, hydrogen produced on the shell side diffuses
through a palladium hydrogen-selective-membranes to the tube side where it intermingles
with a feed stream containing only nitrobenzene and steam. The membrane wall
considered is made up of two layers: a layer of stainless steel of a thickness 0.0012 m,
coated by a palladium layer athickness 2010° m.
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Inside the membrane tubes, cocurrently flowing nitrobenzene reacts with hydrogen to

produce aniline as a second major useful product from the integrated membrane reactor.

C,H.NO,+3H, —> C,H.NH,+ 2H .0 AH 0= '443'0%]@ @)

This hydrogenation reaction is irreversible and highly exothermic. The heat generated by
this reaction is transferred through the membrane layer and heats the reacting mixture on

the dehydrogenation side.

The catalyst on the shell side is composed of iron oxidgOgFr@romoted by potassium
carbonate (KCOs;) and chromium oxide (@Ds), whereas that on the tube side is a
palladium catalyst supported on aralumina carrier. Tables 1 and 2 summarize the
kinetics, frequency factors and activation energies (Amon et al., 1999; Elnashaie et al.,
1993).

3 Reactor Mode

The differential equations governing the behavior of different chemical species on both
sides of the reactor, as well as the temperature profiles are derived considering two
infinitesimal slices across which exchanges of moles and energy take place. The

following assumptions are adopted.

Steady state operation.
Ideal gas behavior on both the shell and tube compartments.

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

A 0N P

Heterogeneous model, i.e. there are concentration and temperature gradients
within the catalyst particles.

5. The flow raeson both sides are large enough to minimize external mass and heat
transfer resistances. Only intraparticle diffusion is considered.

6. The reactor external wall is adialzati
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7. Catalyst deactivation is neglected.
8. Pressure gradients along both compartments are estirhatedl on Ergun’s

equation.

Along the integrated membrane reactor, hydrogen diffuses from the dehydrogenation side
to the hydrogenation side while heat is transferred from the hydrogenation to the
dehydrogenation side. The reactor model equations and the rates of both hydrogen

diffusion and heat transfer per unit length are given in Table 3.

3.1 Diffusioninsidethe catalyst pellets

Fixed bed reactors suffer from diffusion limitations resulting in temperature and

concentration gradients between the bulk and surface of the catalysts (external mass and
heat transfer), and between the surface of the catalyst pellets and the active sites inside
the catalysts (intraparticle mass and heat transfer). Consequently, the concentration and
temperature profiles between those phases are not flat anymore causing the homogeneous

model predictions to be not always highly accurate (Elnashaie and Elshishini, 1993).

Operating the reactor at high flow rates can greatly enhance the external masstand hea
transfer coefficients, consequently minimizing the effect of external mass and heat
transfer resistances. The effect of the intraparticle heat and mass transfer resistances,
however, cannot be reduced due to the significant size of the catalyst pellets, ranging
from 6 to 14 mm. As a result, neglecting the effect of the intraparticle resistance when
modeling fixed bed reactors may result in a considerable discrepancy between the model

predictions and reality (Elnashaie and Alhabdan, 1989).

Two diffusion models are commonly used to account for the intraparticle mass transfer
resistance, namely the Fickian diffusion model and the dusty gas model. The Fickian
diffusion model is in general less accurate, but is the most widely used due to its
simplicity (Veldsink et al., 1995). It can be easily derived from the dusty gas model after
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neglecting the effect of the ratio of component molar fluxes. This approximation reduces
the accuracy of the Fickian diffusion model especially in reactive systems subject to

changes in molar flow rates.

The dusty gas model is more rigorous than the Fickian diffusion model. It is considered
to be the most general model for treating diffusion in non-ideal systems and for systems
influenced by external force fields (Krishna and Wesselingh, 1997). It can also be used to
model diffusion in macro- and micro-porous catalysts (Veldsink et al., 1995), adsorbents
(Krishna, 1990) and membranes (Beuscher and Gooding, 1999). The porous medium is
treated in the dusty gas model as composed of giant fixed molecules uniformly
distributed in space, and referred to as dust and treated as one component of the gas
mixture. The model has been used widely in the modeling of reactive systems involving

gases.

Both models have been used by a number of researchers to predict the diffusion inside
catalysts. For example, the Fickian diffusion model was used by Wang et al., 2001 to
model the diffusion inside non-isothermal catalysts in Fischer-Tropsch synthesis.
Diffusion inside the catalyst pellets has been studied for steam reforming of methane
based on the Fickian diffusion model, the dusty gas model and another simplified model
derived from the dusty gas model. Because the reaction is characterized by high diffusion
limitations, a deviation in the predictions of the Fickian diffusion model and a
(simplified) dusty gas model was observed at high steamethane ratios. The dusty

gas model is recommended for rigorous predictions of the influence of intraparticle
diffusion (Abashar and Elnashaie, 1993; Elnashaie et al., 1992; Elnashaie and Abashar,
1993; Soliman et al., 1988).

3.2 Diffusion modelsfor the catalyst pellets

The molar and energy fles inside the catalyst pellets are estimated based on the

following assumptions:
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Steady-state molar and energy flow.
Particles are spherical and their porous structure is isentropic.

Ideal gas law.

P w0 NP

Concentration and temperature profiles within the catalyst particles are spherically

symmetrical.

5. External mass and heat transfer resistances are negligible due to the high gas flow
rates

6. Negligible viscous flow inside the catalyst particles; the pellets are isobaric.

7. Convective diffusion is neglected, only ordinary molecular and Knudsen diffusion
are significant for gas motion within the solid particles.

8. Convective energy transfer is negligible.

9. Thermal conductivities of the catalyst pellets are constant on both sides of the

reactor.

To obtain the dusty gas model describing the diffusion inside the catalyst pellets, the
molar and energy fluxes around small shell inside the catalyst pellet on the
dehydrogenation side are considered as shown in Figure 2. Applying the balance

equations around the shell with no accumulation leads to:

6

+20,1 p(4ry*y)=C (16)
yry 4

(4zy*N, )| ~(4ry*N,)

6
(47ry2q)‘y —(47r yzq)‘y+Ay +Y [-AH(T)] I‘jp( 47 ysz) =0 (17)
j=1
When the shell thickness approaches zero, equations (16) and (17) become:

dN 2 8
4= Ni = ol p (18)
dy y ; )
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dq 2q Z[ _AH(TY] 1 (19)

Expressing the heat flux in equati¢i®) by Fourier’s law leads to:

2
d T 2dT _ Z[ ] (p (20)
a7 yay k4
The molar flux in equation (18) is related to the component mole fractions by the Stefan-
Maxwell diffusion equation. When the pressure drop is neglected, this can be written
(Veldsink et al., 19953s

(21)

For a one-dimensional problem in spherical coordinates, equation (21) becomes:

Pox_xN XN N .

RT dy =3 D D¢

J¢I

Equations analogous to equations (18), (20) and (22) may be written to describe the

diffusion inside the catalyst pellets on the hydrogenation side:

dN' 2

Vs (23)
ay vy

27 © |AH(T) | r'p’

T 2dT [ ] p (24)

+
dy? "y dy K
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P'dXZ“: —XN N

25
RT'dy ‘5 Df D’ke (23)

Alternatively, the diffusion inside the catalyst pellets can be described by the Fickian
diffusion model. For multicomponent systems, Fick’s law is expressed (Froment and
Bischoff, 1990; Elnashaie and Elshishini, 1993) as:

N =-D, & (26)
dy

where the diffusivity of component i is expressed (Abashar and Elnashaie, 1993;
Elnashaie et al., 1992; Elnashaie and Elshishini, 1993) as:

1 1 1
— = +
D. Dy Di

e

(27)

The diffusivity of component i in the mixture is calculated using the Wilke equation:

1<i<10 (28)

where effective diffusivities are defined (Froment and Bischoff, 1990; Elnashaie and
Elshishini, 1993) as:

Di?n:EDim (29)
T
Inserting equation (27) into (18) gives the Fickian diffusion model on the
dehydrogenation side (Abo-Ghander et al., 2010b) as:
2

2dG 1
EVRET TR (30)

e j=1

Journal homepage: http://www.sciencedirect.com/science/journal/00981354
Original file available at: http://dx.doi.org/10.1016/j.compchemeng.2011.10.007




Postprint version of paper published in Computers & Chemical Engineering 2012, vol. 38, pages 11-23.
The content is identical to the published paper, but without the final typesetting by the publisher.

Similarly, on the hydrogenation side, the Fickian diffusion model equation is written as:

T @)
In the above set of equations, the dusty gas model requires solution of the coupled
equations (18), (20) and (22) on the dehydrogenation side and (23), (24) and (25) on the
hydrogenation side. On the other hand, the Fickian diffusion model is given by the
coupled equations (20) and (30) on the dehydrogenation side and (2@1arwh the
hydrogenation side. Each pair of these equations forms a set of split boundary value
problems describing the molar and energy dkixside the catalyst on both sides of the
reactor. These pairs must be solved at each axial position along the reactor to evaluate the
volume-averaged reaction rates, as well as the volume-averaged heat of reactions. The

corresponding boundary conditions for the dusty gas model are:

e on the dehydrogenation side:

N =0
Centre of the catalyst pellets: y=0=,dT _ 0 (32)
dy
. X =Xs
Surface of the catalyst pellets: = 33
ystp y=R, :»{T _T (33)
¢ on the hydrogenation side:
N/=0
Centre of the catalyst pellets: Y’ =0=1dT" _ (34)
dy
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Surface of the catalyst pellets:  y'=R, :{_}ﬂ,i_)lis, (35)

For the Fickian diffusion mode, the boundary conditions:

¢ on the dehydrogenation side:

@ g
dy
Centre of the catalyst pellets: y=0= JT (36)
—— -0
dy
Surface of the catalyst pellets: =R = G =G (37)
- YER= g =T,
e on the hydrogenation side:
G _o-0
, dy
Centre of the catalyst pellets: y'=0= 4T (38)
— =0
dy
G =G
Surface of the catalyst pellets: y=R,= T T (39)

Numerical solution of the dusty gas and Fickian diffusion on the hydrogenation side of
the reactor leads to the evaluation of the volume-averaged reaction rates and the volume
averaged heat released or absorbed due to reactions. These values can be related to the

bulk concentrations and temperatures through effectiveness factors, defined as the ratio of
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the reaction rate with pore resistance to the reaction rate which would prevail if the

concentrations and temperature throughout the particles were equal to those at the surface.

Rp
frjp(4ny2)dy
0

)

(40)

=
[
_\.;
S
3

Introducing the dimensionless catalyst radims:(Rl) into equation (40) leads to:
P

1]

1.0
nt (T,,C,) =3[ 1, 0’do (41)
0

where:

1< j <6 for the dehydrogenation si

j =1 for the hydrogenation sir

For non-isothermal catalyst pellets, the volume-averaged heat of raact&fined as:
1.0
n,[AH (T))Ir, (Cy T.) =3[ [AH(T)] 1, (C, T) @ doo (42)
0

with j as for equation (41). Integral terms in equations (41) anyl W&2e evaluated
numerically by the trapezoidal rule. Equations (41) and (42) represent the actual reaction
rates and actual heatf reactions, and they are used to update the reactor model,
equations (8) to (13) in Table 3.

The conversion of ethylbenzene on the dehydrogenation side, the conversion of
nitrobenzene on the hydrogenation side and component yields on the dehydrogenation

side along the reactor are defined as:
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N, — 1 e
Xy =120 B Dehydrogenation Side
Conversion = Meso 43)
n n D
X NB; N8 Hydrogenation Side
NBo
v, = Bsr ~lsro
. Ngp,
. Ng, —N
Yield=1Y,, =82 8% (44)
Ngg,
Y. = Do oo
0 Ngp,

Mean square and absolute deviations from the best model predictions are defined for the

styrene yield and nitrobenzene conversion as:

\/ Z Yer for styrene yield

pll

Mean square deviation = 45)
— Z (Xl )*  for nitrobenzene conversion
p i=1
1 & A
N_ z ‘ - ‘ for styrene yield

Mean absolute deviation = I; (46)
2

=1

s — Xis | for nitrobenzene conversion

The sequence of computations which successfully couples the diffusion models with the
reactor model is depicted in Figure 3. At the inlet of the reactor, the feed conditions, i.e.
feed molar flow rates, inlet temperatures and inlet pressures, provide boundary conditions
for the catalyst equations (33), (35), (37) and (39). The dusty gas model and the Fickian
diffusion model equations on both sides of the reactor are solved numerically using the

Matlab® (The MathWorks, Natick) routine bvp4c with a relative tolerance of 1x10™ in
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order to retrieve the molar flux, mole fraction and temperature profiles inside the catalyst

pellets. Those profiles are used to calculate the volume-averaged reaction rates and
volume-averaged heat of reactions by numerically evaluating the integrals in equations

(41) and (42). The reactor model equations are then integrated one step forward and this
procedure continues until the whole length is covered. For this integration the ‘Matlab

routineode15s is employed with relative and absolute tolerances of £x10

4 Resultsand Discussion

The model of the catalytic membrane reactor was solved for the operating conditions in
Table 4. The molar flow rate and feed pressure were set to match the industrial values
given by Moustafa and Elnashaie (2D00he feed temperature on the dehydrogenation
side was adjusted to ensure the sustainability of the membrane, i.e. the local temperature
of the membrane must never exceed 923 K. On the hydrogenation side, the total molar
feed rate is 17 mole/s composed of only nitrobenzene and steam. The feed temperature on
the hydrogenation side is chosen to ensure that heat always flows from the hydrogenation
to the dehydrogenation side. Three models, i.e. the homogeneous and heterogeneous
based on the Fickian diffusion and the dusty gas model, are evaluated. In addition, the
influence of isothermal versus non-isothermal catalyst pellets is assessed for both

heterogeneous models.

4.1 Conversion of ethylbenzene and nitrobenzene

The conversion of ethylbenzene on the dehydrogenation side and nitrobenzene on the
hydrogenation side versus the dimensionless distance along the membrane reactor are
plotted in Figures 4a and 4b for the homogenous model and heterogeneous models based
on Fickian diffusion and the dusty gas model, for isothermal and non-isothermal catalyst
particles. All three models predict monotonic increases on the dehydrogenation side as
shown in Figure 4a. The predictions of the three models, however, diverge due to the
different methods of assessing the intraphase transport resistances. For example, the

overall ethylbenzene conversion is predicted to be ~88% by the homogeneous model,
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~78% and ~71% by the heterogeneous reactor model based on Fickian diffusion for
isothermal and non-isothermal catalyst pellets, and ~79% and ~75% according to the
heterogeneous reactor model incorporating the dusty gas model for isothermal and non-

isothermal catalyst pellets, respectively.

On the hydrogenation side, the nitrobenzene conversion is plotted versus the axial
dimensionless distance in Figure 4b. The overall conversion is predicted to be ~68% by
the homogeneous model compared with ~59% and ~52% by the heterogeneous reactor
model with Fickian diffusion for isothermal and non-isothermal catalyst pellets, and
~61% and ~57% according to the heterogeneous reactor model in conjunction with the

dusty gas model for isothermal and non-isothermal catalyst pellets, respectively.

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

The vyields of styrene, benzene, and toluene on the dehydrogenation side are plotted
against the dimensionless axial distance based on all three reactor models in Figures 5a,
5b, and 5c, respectively. The yields of all three components from the reactor models are
predicted to increase monotonically along the reactors. Predictions, on the other hand,
differ from one model to another due to the alternative intraparticle resistances. For
example, the homogenous model predicts an overall styrene yield of ~82%, a benzene
yield of ~5.0%, and a toluene yield of ~1.0%, whereas the heterogeneous reactor model
with Fickian diffusion predicts respective overall yields of ~73%, ~4.4% and ~0.9% for
isothermal pellets and a styrene yield of ~68%, a benzene yield of ~3.0%, and a toluene
yield of ~0.6% for non-isothermal pellets. The heterogeneous reactor model based on the
dusty gas model predicts an overall styrene yield of ~73%, a benzene yield of ~4.6%, and
a toluene vyield of ~0.8% for isothermal pellets and respective overall yields of ~69%,

~4.4% and ~0.9% for non-isothermal pellets.
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4.3 Hydrogen molar flow rates on dehydrogenation and hydrogenation sides

Predicted hydrogen molar flow rates on both sides of the reactor are plotted in Figures 6a,
and 6b. On the dehydrogenation side, the hydrogen molar flow rate is predicted to
increase linearly in the first portion of the membrane reactor as indicated in Figure 6a due
to the significant net production of hydrogen. However, this is then balanced by the
hydrogen diffusion through the membrane, causing the molar flow rate of hydrogen to
become almost constant on the dehydrogenation side. The difference in predicting
hydrogen molar flow rates between the homogenous reactor model and the heterogeneous
model with Fickian diffusion for non-isothermal pellets is ~0.4 mole/s, whereas it is ~0.2
mole/s for the heterogeneous reactor model based on the dusty gas model for non-

isothermal pellets.

On the hydrogenation side, the hydrogen molar flow rate is predicted to increase along
the membrane reactor by all three reactor models, due to the significant hydrogen
diffusion rate compared tits consumption rate. The heterogeneous reactor model based
on Fickian diffusion for the isothermal pellet predicts a higher hydrogen flow near the
entrance on the hydrogenation side than the homogenous model. The heterogeneous
reactor model based on the dusty gas model for the non-isothermal pellets f@edicts
hydrogen flow similar to that predicted by the homogeneous model, whereas the other

models all predict smaller hydrogen flow rates.

4.4 Temperature profilesalong both sides of the coupled reactor

Predicted temperature profiles along the dehydrogenation side are plotted in Figure 7a for
the homogeneous model, the heterogeneous model with the Fickian diffusion and the
dusty gas model for the isothermal and the non-isothermal cases. In all five cases, the
temperature is predicted to decrease at the entrance of the reactor due to the net
endothermicity on the dehydrogenation side until a minimum is reached where the heat
absorbed by reactions is balanced by that transferred from the hydrogenation side.

Beyond this point, the temperature increases monotonically until the outlet of the reactor.
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The point of balance occurs at a fractional length of ~0.2, but at different temperatures.
The lowest temperature at which the point of balance occurs is predicted by the
homogeneous model, while the highest is predicted by the heterogeneous reactor model
with Fickian diffusion for non-isothermal pellets. The heterogeneous dusty gas model

predicts intermediate values for both isothermal and non-isothermal pellets.

As shown in Figure 7b, the temperature on the hydrogenation side is predicted to increase
along the reactor due to the high heat release from the hydrogenation reaction. Only the
homogenous model predicts a clear point of balance. The temperatures predicted by the
heterogeneous models become almost constant until the end of the reactor after a
monotonic increase. The heterogeneous reactor model based on the dusty gas model gives
intermediate temperature profiles for both isothermal and non-isothermal pellets
compared to both the homogeneous reactor model and the heterogeneous model with

Fickian diffusion.

45 Predictions of Styrene Yields and Nitrobenzene Conversions in the Coupled

Reactor by the various M odels

Previously, optimal trade-off curves for conflicting conversion and yield objectives were
determined based on the homogeneous reactor model in Abo-Ghander et &) (2010
using multi-objective approaches similar to those ones employed by Logist et al.. (2009)
The calculated optimal operating and design parameters for the coupled reactor are
summarized in Table 5 for three cases: (i) focus on the production of only styrene, case A
(i) equal focus on styrene and aniline as products, case Biigndo¢us on the
production of only aniline, case C. The coupled reactor is simulated for these three cases
using the heterogeneous reactor model based on dusty gas diffusion, listing the yield of
styrene and the conversion of nitrobenzene in Table 5. The predicted styrene yields and
nitrobenzene conversions differ significantly indicating the importance of intraparticle
transport resistances and the sensitivity to the diffusion model inside the catalyst pellets.
When Fickian diffusion is used to describe the intraparticle diffusion, the predicted

styrene yields and nitrobenzene conversions are reduced more than when the dusty gas
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model is utilized. The homogeneous reactor model predicts higher styrene yields and
nitrobenzene conversions because the effect of the intraparticle resistance is neglected
while the Fickian diffusion model underestimates both the styrene yields and
nitrobenzene conversions because it can be strictly applied for dilute systems and not for
multicomponent ones. It cannot also account for the change of moles as dusty gas model
does in reactive systems. All the previously mentioned reasons result in making the
Fickian diffusion model only an approximating tool for complex reactive systems but not

a well predicting one.

The deviations of the homogeneous model, the heterogeneous model with Fickian
diffusion for isothermal and non-isothermal catalyst pellet cases and the heterogeneous
model with dusty gas for the isothermal catalyst pellet case from the heterogeneous
model with dusty gas for the non-isothermal catalyst pellet case are given in Table 6 for
the base case operating conditions listed in Table 4 and the three optimization cases of
Table 5. The prediction of the heterogeneous dusty gas model for the non-isothermal
catalyst pellets is taken as the most accurate and sophisticated predictive model. The
predictions of the styrene yield and nitrobenzene conversion by all other models are
evaluated along the reactor with a dimensionless spacing of 0.1. Deviations are evaluated
based on both the mean square deviation and mean absolute deviation. The highest
deviation is observed for the homogenous reactor model, while the lowest is for the
heterogeneous model with Fickian diffusion for the non-isothermal catalyst pellet case.
The predictions of all other models are intermediate between these two models. The
assumption of isothermality causes greater deviations than the Fickian diffusion
simplification for all investigated cases. Moreover, even the worst heterogeneous model
yields in all cases predictions within 6% of the most accurate model, compared to

deviations of up to ~11% for the homogeneous model.

5 Conclusion

A catalytic membrane fixed bed reactor coupling the dehydrogenation of ethylbenzene

with the hydrogenation of nitrobenzene is modeled in three ways: via a previously
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employed homogeneous model and two heterogeneous models one employing the
Fickian diffusion and the other dusty gas model to describe the intraparticle transport. In
these last two, both isothermal and non-isothermal catalyst pellets are considered. The
homogeneous model overestimates both the yield of styrene on the dehydrogenation side
and the conversion of nitrobenzene on the hydrogenation side, while the heterogeneous
Fickian diffusion model under-predicts these quantities. The heterogeneous dusty gas
diffusion model is more rigorous than the heterogeneous Fickian diffusion model, and it
generally results in predictions intermediate between the homogenous and heterogeneous
Fickian models. When all three models are compared with the heterogeneous reactor
model with the dusty gas diffusion model for non-isothermal pellets, the highest deviation
is observed for the homogeneous reactor model, while the lowest is provided by the
heterogeneous reactor model with Fickian diffusion for non-isothermal catalyst pellets.
However, even the worst of the heterogeneous models yields predictions within 6% of the

most accurate model, while the deviations are up to ~11% for the homogeneous model.
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