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A simulation study of a multitubular membrane reactor for the water gas shift reaction is presented.
No sweep gas is considered. Two alternative flow configurations between the retentate and permeate
streams are compared: cocurrent and countercurrent. The influence of the flow scheme on the ignition
temperatures, CO conversions and axial temperature profiles is analyzed. Simple algebraic equations are
GS
ydrogen production
d membrane

derived to predict the temperature rise along the reactor length.
The cocurrent scheme enables the attenuation of the thermal effects in the membrane reactor, by min-

imizing the temperature rise in the catalyst bed. Conversely, the temperature rise corresponding to the
countercurrent scheme is considerably higher than that of the cocurrent configuration. Both thermal
increases exceed the temperature rise of a conventional adiabatic fixed-bed reactor. Under countercur-
rent flow, the membrane reactor could exhibit steady-state multiplicity because of the heat feedback
introduced by the permeate stream.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

The hydrogen production process and subsequent purification
teps have been extensively studied in the last two decades for
uel-cell feeding. Hydrogen is industrially obtained from steam
eforming of hydrocarbons or alcohols. In most cases, the CO con-
ent resulting from the reactor has to be reduced to avoid the
oisoning of the fuel-cell anode catalyst. The water gas shift reac-
ion (WGSR) is selected to accomplish this objective, with the
dditional effect of increasing the H2 production:

O + H2O ↔ CO2 + H2 �H◦
298 K = −41.09 kJ/mol (1)

As the WGSR is strongly limited by equilibrium, this reactor
ould become the biggest one of the generation–purification sys-
em [1]. An attractive alternative to the Fixed-Bed Reactor (FBR)
s the Membrane Reactor (MR). A dense membrane (e.g., Pd–Ag
upported on a porous substrate) is used to shift the equilibrium
y means of selective permeation of one of the reaction products

e.g., H2). The advantages of the MR to carry out reactions with
quilibrium limitations have already been demonstrated [2,3]. In
ost of the literature, heat effects are neglected and the MR oper-

tion is assumed to be isothermal. This assumption is reasonable

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address: dborio@plapiqui.edu.ar (D. Borio).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.02.035
for low-scale (laboratory) reactors due to the high heat transfer
area/reaction volume ratios under use. When there are several
membrane tubes inside a shell, however, the hypothesis of isother-
mal operation could no longer be valid and thermal effects need to
be evaluated [4,5].

In order to increase the permeation through the membrane, a
sweep gas (e.g., N2 or steam) is usually employed; this alternative,
however, requires a separation stage downstream. An increase in
the feed pressure on the reaction side leads to high permeation
fluxes, in which case neither the sweep gas nor the consequent H2
purification are necessary.

Brunetti et al. [6] studied the WGSR in a lab-scale MR oper-
ating without sweep gas, by means of a pseudohomogenous
non-isothermal model. The authors analyzed the influence of the
operating pressure on the MR behavior under a cocurrent scheme
and introduced the concepts of volume and conversion indexes.
Basile et al. [7] considered both flow configurations, i.e. cocurrent
and countercurrent, for the WGS membrane reactor. They proposed
a two-dimensional model to study the behavior of the MR operating
with N2 as sweep gas. Isothermal conditions were assumed.

The aim of the present work is to analyze the thermal effects of

a multitubular membrane reactor for the WGSR, operating without
sweep gas, under co- and countercurrent flow. The influence of the
flow scheme on the reaction ignition and the CO conversion is ana-
lyzed. Simple algebraic equations to predict the temperature rise
inside the catalyst bed are proposed.

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:dborio@plapiqui.edu.ar
dx.doi.org/10.1016/j.cattod.2010.02.035
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Nomenclature

AT cross-sectional area of shell, m2

Cpj heat capacity of component j, kJ/(mol K)
Cp

∑
yj,oCpj = heat capacity of reaction mixture,

kJ/(mol K)
d diameter of tube, m
E activation energy, J/mol
F molar flowrate, mol/s
JH2 permeation flow of H2, mol/(s m2)
k kinetic constant, molCO/(kgcat s)
K equilibrium constant
Kj adsorption constant for component j, atm−1

L tube length, m
N total number of components (reaction side)
nt tube number
pH2 partial pressure of H2, atm
Q0 preexponetial factor in the Arrhenius relationship,

mol/(s m atm0.5)
rCO reaction rate, molCO/(kgcat s)
P pressure, atm

R flow ratio =
FP

H2,L
·nt

FH2,o
(Fig. 8)

T temperature, K
U overall heat transfer coefficient, W/(m2 K)
V catalyst volume, cm3

y molar fraction of component
X conversion
z axial coordinate, m

Subscripts
cat catalyst
j component j
max maximum
P particle
T total
te external tube
ti internal tube
o at the axial coordinate z = 0
L at the axial coordinate z = L

Superscript
m mean temperature
P permeate
* dimensionless

Greek letters
ı thickness of the Pd layer, m
�Hr heat of reaction, kJ/mol

2

s
m
t
(

•
•
•

Tube side (permeate):
Mass balance

dFP

dz
= (±)� dteJH2 (6)

Table 1
The geometric parameters and operating conditions used for the simulations.

Design data Feed conditions Membrane properties

dti = 8 mma FT0 = 345 mol/h (ca. 10 kWth) Q0 = 242 nmol/msPa0.5d

dte = 13.4 mma H2 (%) = 43.48b E = 16.3 kJ/mol
dP = 1 mm CO (%) = 7.97b ı = 60 �m
Vcat = 2260 cm3 CO2 (%) = 10.99b

nt = 63c CH4 (%) = 5.68b

H2O (%) = 31.88b

P = 10–20 atm
PP = 1 atm

Kinetic and equilibrium constants

k = exp
(

− 14778.1
T + 20.292

)
KCO = exp

(
1542.0

T − 3.392
)

KH2O = exp
(

− 3128.3
T − 6.427

)
K = exp

(
4577.8

T − 4.33
)

( )
�Tad adiabatic temperature rise, K
�B fixed-bed density, kgcat/m3

. Mathematical model

A 1-D, pseudohomogeneous mathematical model has been
elected to represent the steady-state operation of the multitubular
embrane reactor [8]. The catalyst is packed in the shell (reten-

ate side) while pure H2 is collected inside the membrane tubes
permeate side) (Fig. 1).
The model considers the following hypotheses:

isobaric conditions
adiabatic shell (heat losses to environment are neglected)
axial dispersion phenomena are neglected
Fig. 1. Scheme of the multitubular membrane reactor.

• temperature and composition gradients in the radial coordinate
are not considered

• ideal membrane, only H2 permeates

The Langmiur–Hinshelwood kinetic model proposed by Podol-
ski and Kim [9] is adopted in the simulations:

rCO =
kKCOKH2O

[
PCOPH2O − PCO2 PH2 /K

]
[
1 + KCOPCO + KH2OPH2O + KCO2 PCO2

]2
(2)

The dependence on temperature of the rate constant (k), equi-
librium constant (K) and adsorption constants (Kj) are presented in
Table 1.

Under the aforementioned hypotheses, the mathematical model
is the following:

Shell side (catalyst):
Mass balances

dFCO

dz
= AT rCO�B (3)

dFH2

dz
= AT (−rCO)�B − � ntdteJH2 (4)

Energy balance

dT

dz
= AT �B(−rCO)(−�Hr) − �ntdtiU(T − TP)

N∑
i=1

FjCpj

(5)
KCO2 = exp 6312.0
T − 9.285

a Criscuoli et al. [11].
b Francesconi et al. [1].
c Adrover et al. [8].
d Barbieri et al. [10].
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Analogous results are presented in Fig. 4 for the countercur-
rent flow scheme. The main difference with respect to Fig. 3 is that
TP(z) ≥ T(z), i.e. when U differs from zero the permeate stream acts
as a heating medium of the reaction side. Fig. 4 also shows that as
U increases, the outlet value of TP (i.e., TP

o ) diminishes and the out-
Fig. 2. (a) Cocurrent scheme and (b) countercurrent scheme.

nergy balance

dTP

dz
= (±)

�dte

FP
H2

CpH2

[
JH2 CpH2

+ U
dti

dte

]
(T − TP) (7)

The molar flowrates of the remaining components are calculated
sing stoichiometric relationships. The signs (+) and (−) in Eqs. (6)
nd (7) correspond to cocurrent and countercurrent arrangements,
espectively.

The boundary conditions for both configurations are the follow-
ng (see Fig. 2):

Cocurrent

t z = 0 :

{
Fj = Fj,o for j = 1, 2...., N
T = To; TP = To

FP
H2

= 0;
(8)

ountercurrent

t z = 0 :

{
Fj = Fj,o for j = 1, 2...., N
T = To

(9)

t z = L :

{
FP

H2
= 0

T = TP (10)

It is worth mentioning that the cocurrent configuration leads to
n initial value problem (IVP). Under this scheme, the H2 flowrate
n the permeate side is zero at z = 0 (Fig. 2a). Both temperatures (i.e.,
ermeate and retentate side) are equal at z = 0 (To = TP

o ) because a
mall amount of H2 permeates at the inlet temperature value. When
he countercurrent configuration is chosen (Fig. 2b), the tubes are
losed at z = L and H2 flows on the permeate side from z = L to z = 0.
y analogy with the cocurrent operation, the temperatures on both
ides are equal at z = L (TL = TP

L ). This boundary value problem (BVP)
s solved iteratively using the Shooting Method.

The permeation flowrate through the membrane is quantified
y means of the Sieverts’ Law [10]:

H2 = Q0e(−E/RT)

ı

[√
pH2 −

√
pP

H2

]
(11)

The global heat transfer coefficient (U) between retentate and
ermeate sides is assumed as a parameter. In this work, U takes sim-

lar values to those estimated by means of correlations, as described

n [8]. It is important to highlight that the heat losses from the shell
o the environment are neglected.

The geometric parameters and operating conditions used for the
imulations are given in Table 1. The feed corresponds to a typical
utlet stream of an ethanol reformer.
Fig. 3. Axial temperature profiles of retentate and permeate sides obtained at the
same outlet conversion (XCO = 95%). Cocurrent configuration.

3. Results and discussion

The behavior of the MR operating under cocurrent and coun-
tercurrent configurations is shown in Figs. 3 and 4, respectively. In
both cases, inlet temperatures (To) have been chosen to achieve the
same CO conversion (95%) at the reactor outlet. Two different val-
ues of the overall coefficient U are considered, namely U = 0 W/m2 K
and U = 20 W/m2 K. Although the concept of the membrane being a
perfect thermal insulator is strictly theoretical, it provides valuable
information about the maximum temperature rise in the reaction
side, particularly for the cocurrent operation. Besides, the value
U = 20 W/m2 K is similar to those predicted from correlations [8].

Fig. 3 shows that TP augments axially even for the case U = 0,
due to the H2 permeation at progressively higher temperatures (T)
towards the reactor outlet. When U = 20 W/m2 K, the H2 stream in
the permeate side acts as a coolant medium, which tends to atten-
uate the temperature rise in the retentate side. As U increases,
the temperature profiles corresponding to T and TP approach each
other. However, the relationship T(z) ≥ TP(z) is always verified, even
for very high values of U.
Fig. 4. Axial temperature profiles of retentate and permeate sides obtained at the
same outlet conversion (XCO = 95%). Countercurrent configuration.
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(13)). This equation establishes a linear relationship between the
ig. 5. Temperature-XCO trajectories for different pressures and U values. (a) cocur-
ent and (b) countercurrent.

et value of T (i.e., TL) increases, just the opposite of the cocurrent
peration. When the coefficient U → ∞, the temperature profiles
(z) and TP(z) overlap, because of the high convective heat fluxes
hrough the membrane. The overlaping is similar to that observed
n the cocurrent operation. However, when a countercurrent con-
guration is selected, the total temperature rise for the catalyst side
TL − To) reaches its maximum.

Fig. 5 shows the influence of the feed temperature (To) on the
utlet conversion of CO, for different values of the retentate pres-
ure (P) and the heat transfer coefficient (U). Fig. 5a, corresponding
o the cocurrent flow, shows that all the ignition curves present the
haracteristic sigmoid shape. As U increases the curves shift to the
ight, i.e., higher feed temperatures are needed for the same con-
ersion level due to the cooling effect performed by the permeate
tream, as explained in Fig. 3. For the countercurrent case (Fig. 5b),
he ignition temperatures shift to the left as U increases. In other
ords, higher values of U contribute to a faster ignition of the reac-

ion because the permeate stream acts as a heating medium and
auses a partial feedback of the reaction heat.

Fig. 5 also includes curves corresponding to a lower value of
he pressure in the shell side. For both flow configurations, lower
otal pressures in the catalyst side lead to higher ignition tempera-
ures (compare curves for P = 10 atm and P = 20 atm). This effect can
e attributed to the lower driven force for the permeation of H2
hrough the membrane [6,8].

The ignition curves described above can be analyzed from a ther-
al point of view by quantifying the temperature rise (inlet–outlet)

f the retentate and permeate streams. Fig. 6 shows these temper-
ture increments for two values of the heat transfer coefficient for
he cocurrent configuration. As To increases, the CO conversion aug-
ents (see Fig. 5a) and so does the total amount of heat generated
y the reaction. This implies that the temperature rise at both the
eaction side (TL − To) and the permeate side (TP

L − To) increases
ith the feed temperature, To. However, as already mentioned, an
Fig. 6. TL − To and TP
L

− To curves as a function of To , for different U values. Cocurrent
configuration.

increase in the U value contributes to moderate the temperature
increase in the catalyst bed (TL − To).

For high values of U, the temperature rise of both streams (reten-
tate and permeate) tends to match, i.e.:

TL − To ∼= TP
L − To = �TadXCO (12)

where

�Tad = (−�Hr)yCO,o

Cp
(13)

is the adiabatic temperature rise of a conventional fixed-bed reac-
tor.

Eq. (12) can be verified by means of the overall heat balance of
the global unit. Thus, a heat balance between the reactor inlet (z = 0)
and any axial position leads to:

FCO,oXCO(−�Hr) = FT,oCm
p (T − To) − ntF

P
H2

Cm
pH2

(T − TP) (14)

Rearranging Eq. (14) and evaluating it at the reactor outlet (z = L)
the following can be obtained:

TL − To = �TadXCO +
(

ntFP
H2,L

FT,o

)(
Cm

pH2

Cm
p

)(
TL − TP

L

)
(15)

Eq. (15) can be used to predict the temperature rise in the
catalyst side of the membrane reactor when a cocurrent flow
configuration is selected. It becomes clear that the temperature
increase depends not only on the value of �Tad and the conver-
sion level, but also on the total permeated hydrogen/feed flowrate
ratio and the difference between the outlet temperatures of both
streams. Eq. (15) demonstrates that the MR leads to a higher tem-
perature rise than the conventional FBR, even for the same outlet
conversion (XCO) [12].

At high values of the coefficient U, the outlet temperatures of
both streams tend to coincide (i.e., (TL − TP

L ) → 0, see Fig. 3). There-
fore, the second term of the right hand side of Eq. (15) vanishes, and
Eq. (12) is verified. As a result, when the MR operates under cocur-
rent configuration and the heat exchange between both streams of
the MR is highly efficient (high heat exchange areas per unit vol-
ume and heat transfer coefficients), the temperature rise in the MR
can be calculated from the same equation used for the FBR (Eq.
conversion and the increase of temperature on the catalyst side.
Nevertheless, the actual temperature rise (TL − To) of the MR will be
higher than that of the FBR because of the equilibrium shift caused
by the membrane, which leads to higher CO conversions.
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ig. 7. TL − To and TP
o − To curves as a function of To , for different U values. Counter-

urrent configuration.

The scenario for the countercurrent flow configuration, how-
ver, is opposite. As shown in Fig. 7, as U increases the temperature
ise in the reaction side (TL − To) also increases. Conversely, the out-
et temperature of the permeate stream (TP

o ) tends to approach the
eed temperature (To) because of the heat transferred from the per-

eate stream to the retentate side (compare the dashed curves in
ig. 7). Under these conditions, the total temperature rise in the
atalyst bed could exceed considerably the value given by Eq. (12).

This phenomenon can be explained from the overall heat bal-
nce for the countercurrent configuration. A heat balance between
he inlet (z = 0) and the outlet (z = L) of the MR can be written as
ollows:

CO,oXCO(−�Hr) = FT,oCm
p (TL − To) − ntF

P
H2,oCm

pH2
(TL − TP

o ) (16)

Rearranging Eq. (16):

L − To = �TadXCO +
(

ntFP
H2,o

FT,o

)(
Cm

pH2

Cm
pH2

)
(TL − TP

o ) (17)

Eq. (17) predicts the total temperature rise in the retentate side
or the countercurrent scheme. The main difference between Eqs.
17) and (15) is that, for the same heat exchange area and the
ame U, the term (TL − TP

o ) (countercurrent) is considerably higher
han (TL − TP

L ), corresponding to the cocurrent case. In addition, as
he heat exchange between the permeate and retentate streams
ncreases, the term (TL − TP

o ) in Eq. (17) tends to reach its maximum
alue, i.e.:

TL − TP
o ) → (TL − To) (18)

Combining Eqs. (17) and (18):

TL − To)max = �TadXCO

1 − (ntFP
H2,o/FT,o)(Cm

pH2
/Cm

p )
(19)

Eq. (19) predicts an upper bound for the temperature rise in a
ountercurrent membrane reactor.

Finally, it is important to mention that the countercurrent
R can exhibit steady-state multiplicity. This phenomenon was

ecently found in an MR with a sweep gas stream under counter-
urrent flow [13].

Fig. 8 shows the outlet CO conversion as a function of the feed

emperature, for two different operating conditions under coun-
ercurrent flow. The curve corresponding to R = 0 is the same as the
pper curve of Fig. 5b; clearly, the steady-state multiplicity phe-
omenon is not observed. Conversely, the curve corresponding to
= 1.51 represents a hypothetical membrane reactor where a given
Fig. 8. Temperature-XCO trajectories. Effect of the hydrogen fed as sweep gas in the
permeate stream (z = L). Countercurrent configuration.

amount of H2 is fed as “sweep gas” at the axial coordinate z = L. This
additional H2 flowrate (FP

H2,L), fed at temperature TL, is assumed to
be 1.51 times the H2 flowrate in the feed stream, FH2,o. For this new
operating condition, the countercurrent MR presents steady-state
multiplicity; e.g., for To = 250 ◦C at least two different steady-states
exist.

For the operating conditions studied in this work, the coun-
tercurrent MR operating without sweep gas did not present
steady-state multiplicity. However, unicity for other operating con-
ditions cannot be guaranteed.

4. Conclusions

The comparison of the performance of the membrane reactor
operating co- and countercurrently with the permeate stream leads
to the following conclusions:

• The selected flow configuration has an important influence on
the thermal behavior of the MR.

• The cocurrent scheme attenuates the thermal effects in the MR
by minimizing the temperature rise in the catalyst bed. This
favorable effect is a consequence of the heat exchange with the
permeate stream, which acts as a cooling medium along the reac-
tor length.

• Although the countercurrent configuration facilitates the reac-
tion ignition due to the preheating effect caused by the permeate
stream, this flow scheme can lead to high temperature rises along
the axial position. These high temperature rises can exceed con-
siderably the value of �Tad. The heat feedback, which is inherent
in any countercurrent heat exchange, is a source of instability that
could lead to conditions of steady-state multiplicity.

• The temperature rise of both the cocurrent and countercurrent
MRs can be calculated from simple algebraic expressions (Eqs.
(15) and (17)) derived from the overall heat balances. It is impor-
tant to note that the cocurrent MR can operate on the same linear
trajectory as a conventional adiabatic FBR (Eq. (12)), provided that
an efficient heat exchange between the two internal streams of
the MR occurs.
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