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Abstract

The hydrogen production and purification via methanol reforming reaction was studied in a double-jacketed Pd membrane reactor using a
1-D, non-isothermal mathematical model. Both mass and heat transfer behavior were evaluated simultaneously in three parts of the reactor,
annular side, permeation tube and the oxidation side. The simulation results exhibited that increasing the volumetric flow rate of hydrogen in
permeation side could enhance hydrogen permeation rate across the membrane. The optimum velocity ratio between permeation and annular
sides is 10. However, hydrogen removal could lower the temperature in the reformer. The hydrogen production rate increases as temperature
increases at a given Damköhler number, but the methanol conversion and hydrogen recovery yield decrease. In addition, the optimum molar
ratio of air and methanol was 1.3 with three air inlet temperatures. The performance of a double-jacketed membrane reactor was compared
with an autothermal reactor by judging against methanol conversion, hydrogen recovery yield and production rate. Under the same reaction
conditions, the double-jacketed reactor can convert more methanol at a given reactor volume than that of an autothermal reactor.
� 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The application of membrane reactor on hydrogen production
has attracted much attention in the recent years [1–6]. The inte-
gration of reaction and purification has advantages in medium
or small scale power usage. In addition, products removal si-
multaneously by membrane can overcome the constraint of
thermodynamic equilibrium to higher conversion. Therefore,
a membrane reactor is advantageous for higher conversion or
lower reaction temperature. Steam reforming reaction is one of
the potential applications for membrane reactor. A supported
palladium (Pd) membrane can promote the endothermic reac-
tion to higher conversion compared with a conventional reactor
at the same temperature.

Methanol is usually used as hydrogen source in steam
reforming reaction. Liquid methanol is easy to store and trans-
port at room temperature. Furthermore, methanol has high
hydrogen–carbon ratio and absence of carbon–carbon bonds.
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The overall reaction can be expressed in

CH3OH + H2O → CO2 + 3H2, �H298 K = 49 KJ/mol. (1)

Methanol steam reforming mechanisms over copper based
catalyst have been developed in the past decades. Jiang
et al. proposed an empirical power rate equation over a
CuO/ZnO/Al2O3 catalyst at temperature from 443 to 533 K
[7,8]. The main products were hydrogen and carbon dioxide
in the ratio of three, with small amount of dimethyl ether and
carbon monoxide. Detailed kinetic study showed that methanol
dehydrogenation is the rate-determining step of the steam re-
forming reaction. Peppley et al. studied the surface mechanism
based on three overall reactions (methanol steam reforming,
water gas shift reaction, and methanol decomposition) [9,10].
They claimed that methanol decomposition occurred on differ-
ent types of active sites than the other two reactions and was
the slowest reaction among the three reactions.

Palladium is one of the best materials for metallic mem-
brane due to its excellent permselectivity of hydrogen. Many
literatures have been reported in the permeating mechanism
of hydrogen over Pd membrane, [11–13]. In the recent years,
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Nomenclature

A1 heat transfer area between annular and
oxidation side, m2

A2 heat transfer area between annular and
permeation side, m2

Amem permeation area per unit volume, m2/m3

Ci concentration of i species, mol/m3

Cp average heat capacity, J/m K
Cs concentration on the catalyst surface,

mol/m3

Da Damköhler number (defined in Eq. (16))
De effectiveness factor
dmem membrane thickness, m
dp pellet diameter, m
dt reformer diameter, m
Ea activation energy, J/mol
Gmethanol,0 methanol molar rate at the entrance, mol/s
k0 frequency factor of reforming reaction,

mol/(kg s kPa−0.296)

L reactor length, m
N molar flux, mol/(m2 s)
n reaction order
Pem Peclet number for mass transfer
Per dimensionless permeation rate (defined in

Eq. (17))
Pi partial pressure of i species, kPa
R ideal gas constant, atm L/(mol K)
RA/M molar ratio between air and methanol
RW/M molar ratio between water and methanol
ri reaction rate of i species, mol/m3 s

rmethanol reaction rate of methanol reforming, mol/m3 s
S external surface area of pellet, m2

T temperature, K
U1 overall heat transfer coefficient between annular

and oxidation side, W/m2 K
U2 overall heat transfer coefficient between annular

and permeation side, W/m2 K
u superficial velocity, m
V pellet volume, m3

z axial coordinate of reactor, m
�Hoxi enthalpy of oxidation reaction, J/mol
�Href enthalpy of reforming reaction, J/mol

Greek letters

� permeation coefficient of the membrane,
mol/(m s atm1/2)

� stoichiometric number of i or j species
�B catalyst density, kg/m3

�g gas density, kg/m3

� generalized Thiele modulus

Subscripts

i component number in annular side
j component number in oxidation side
o oxidation
obs observed
p permeation
r reforming

many researches have been focused on the application of Pd
membrane reactor. However, steam reforming reaction is an
endothermic process; external heat is needed to maintain the
overall energy balance. Lin and Rei used a double-jacketed
reactor for the endothermic reaction [14–16]. Un-reacted
methanol and un-permeated hydrogen were oxidized to supply
the energy required for steam reforming. The double-jacketed
membrane reactor system can be operated under self-energy
balanced condition. They also concluded that the produc-
tion flux of hydrogen was mainly controlled by the ratio of
methanol inlet flow rate and the surface area of membrane, and
WHSV. Lindstrom and Pettersson [17] used a similar strategy
in fuel cell applications and concluded that the optimal setting
of oxygen to methanol ratio was 0.15, which resulted in a
reactor temperature of 260 ◦C.

Another process is to feed a mixture of air, steam, and fuel in
a single reactor, in which partial oxidation and steam reforming
take place in one system. The system can be operated under a
thermal balanced condition, or so-called autothermal reaction,
by adjusting the molar ratio of air–fuel and steam–fuel [18–22].
The ideal overall reaction of the methanol autothermal reaction

is shown as

4 CH3OH + 3H2O + 1
2 O2 → 4CO2 + 11H2,

�H573K = 0 KJ/mol. (2)

The advantages of autothermal reactor are simple reactor de-
sign, less heat transfer resistance, and fast start-up time. Exten-
sive researches of catalyst modification [23–25], fuels [26–28],
process design [28–31], and simulation models [32–35] have
been studied using an autothermal reactor. However, it is diffi-
cult to manipulate the optimal addition of oxygen under zero
reaction enthalpy condition, that is, too much oxygen can lead
to the total oxidation of methanol or even oxidized part of hy-
drogen. On the other hand, too little oxygen results in lower
methanol conversion. Most importantly, it is hard to find a cat-
alyst with both good reforming and oxidation abilities.

Many studies of membrane reactor have focused on estab-
lishing the mathematical model. Harold et al. proposed an
isothermal one-dimensional model of palladium supported
membrane reactor, considering methanol direct decompo-
sition (over Pd/SiO2 catalyst), methanol steam reforming
(over Cu/ZnO/Al2O3 catalyst), and methanol partial oxidation
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(over Cu/Al2O3 catalyst) [36]. Ji et al. studied the simulation
of methane steam reforming membrane reactor, considering
the material and energy balance of both gas (reactants and
products) and solid (catalyst) phases [37]. Fukuhara et al.
proposed a two-dimensional model of a membrane reactor of
dehydrogenation of ethylbenzene, in which both material and
energy balance were considered [38]. So far, methanol reform-
ing in a double-jacketed membrane reactor has been studied by
computer simulation with fixed amount of methanol feeding
[35,39,40]. However, the simulation of a self-energy balanced
double-jacketed reactor with exhausted effluents as the com-
bustion reactants has not been studied. The optimum hydrogen
production under a wide range of operation conditions thus is
still unclear.

The objective of this study is to simulate the double-jacketed
membrane reactor of methanol steam reforming reaction by us-
ing a one-dimensional model; both mass and energy balances
are considered. The methanol conversion, hydrogen recovery
yield and production rate are analyzed by considering reac-
tion rate, convection rate, and permeation rate. In addition, the
double-jacketed membrane reactor and autothermal membrane
reactor in methanol steam reforming are evaluated by the con-
version of methanol, the recovery yield and production rate of
hydrogen.

2. Mathematical model

Fig. 1 shows the schematic diagram of the double-jacketed
membrane reactor. Reactants flow into the annular side packed
with catalysts, and hydrogen from reforming side permeates
across the palladium membrane. The un-reacted effluents flow
into the oxidized zone, mixed with air, where the heat supplies
the steam reforming reaction.

The mathematical model of membrane reactor with materi-
als and energy balance is established based on the following
assumptions:

(1) The mass and heat diffusion in the z-axis direction can be
neglected.

(2) The radial mass and heat gradient can be neglected based
on plug flow reactor behavior.

(3) Physical properties such as heat capacity, gas density, and
heat transfer coefficient are constants with temperature
variation.

(4) The intra-particle diffusion of reactants on catalysts can be
neglected.

(5) The system is well insulated such that no heat exchanges
take place with the surroundings.

Feed gas

H2 Permeation 

Oxidation zone 

r1
r2

r3

z

Air Outlet, air

Fig. 1. Schematic diagram of double-jacketed membrane reactor.

(6) There is no temperature difference between fluid and cat-
alyst particles.

(7) The effectiveness factor is assumed to be one.

The effectiveness factor is assumed to be one based on a
rough estimation. When Reynolds’ number is larger than 100,
the Peclet number for mass transfer is usually in the order of
1 while the reformer diameter is much larger than the pellet
diameter [41], which is evaluated using Eq. (3). The effective
diffusivity is further estimated based on Eq. (4), and is about
10−6m2/s in this study. Based on the result in Eq. (4), the gen-
eralized Thiele modulus is determined using Eq. (5) [42] and is
in the range of 0.1–10, which is dependent on the concentration
of hydrogen and reaction temperature. Therefore it is reason-
able to assume a unity effectiveness factor and the reaction is
running under kinetic limited region.

Pem = 8.0[1 + 19.4(dp/dt)
2], (3)

De = dpu

Pem
, (4)

� = V

S

�Brmethanol√
2

[∫ Cs

0
�B · De · rmethanol(C

′
s) dC′

s

]−1/2

. (5)

2.1. Governing equation and boundary conditions

2.1.1. The reaction side
Mass balance:

ur
dCi

dz
= �i�B,r(−ri)

(i = methanol, steam, carbon dioxide), (6)

ur
dCH2

dz
= 3�B,r(−rmethanol)

− �

dmem
Amem(

√
PH2,r − √

PH2,p). (7)

Energy balance:

�g,rCprur
dTr

dz
= �B,r(−rmethanol)�Href + U1A1(To − Tr)

− U2A2(Tr − Tp), (8)

the boundary condition is

z = 0, Cmethanol = Cmethanol,0, Csteam = Csteam,0,

CH2 = 0, CCO2 = 0, Tr = Tr,0. (9)

2.1.2. The permeation side
Mass balance:

up
dCH2

dz
= �

dmem
Amem(

√
PH2,r − √

PH2,p). (10)

Energy balance:

�g,pCppup
dTp

dz
= (NH2CpH2

+ U2A2)(Tr − Tp). (11)

the boundary condition is

z = 0, CH2 = 0, Tp = Tp,0. (12)
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Table 1
Dimensionless form of simulation model

Reaction side
Material balance

dC∗
i

dz∗ = �i�B,rL

urCmethanol,0
(−ri ) (i = methanol, steam, carbon dioxide),

dC∗
H2

dz∗ = �H2 · �B,rL

urCmethanol,0
(−ri ) − �L

urdmemCmethanol,0
Amem(

√
PH2,r −

√
PH2,p ).

Energy balance

dT ∗
r

dz∗ = − �B,rL

ur�g,rCprTr,0
(−ri )�Href + U1A1L

ur�g,rCpr
(T ∗

o − T ∗
r )

− U2A2L

ur�g,rCpr
(T ∗

r − T ∗
p ).

Boundary conditions

z∗ = 0, Cmethanol = 1, Csteam = RW/M, CH2 = 0, CCO2 = 0, Tr = 1.

Permeation side
Material balance

dC∗
H2

dz∗ = �L

updmemCmethanol,0
Amem(

√
PH2,r −

√
PH2,p ).

Energy balance

dT ∗
p

dz∗ = (NH2 CpH2
+ U2A2)L

up�g,pCpp
(T ∗

r − T ∗
p ).

Boundary conditions

z∗ = 0, C∗
H2

= 0, T ∗
p = T ∗

p,0.

Oxidation zone

dC∗
j

dz∗ = �j�B,oL

uoCmethanol,0
(−rj ) (j = methanol, steam, hydrogen,

carbon dioxide, oxygen, nitrogen),

dT ∗
o

dz∗ = − �B,oL

uo�g,oCpoTr,0
(−rj )�Hoxi − U1A1L

uo�g,oCpo
(T ∗

o − T ∗
r ).

Boundary conditions

z∗ = 0, C∗
methanol = C∗

methanol,guess, C
∗
H2

= C∗
H2,guess, C

∗
steam = C∗

steam,guess,

C∗
CO2

= C∗
CO2,guess, C

∗
O2

= 0.2RA/M, T ∗
o = T ∗

o,guess.

2.1.3. The oxidation zone
In the oxidation zone, un-reacted effluent containing

methanol and hydrogen is completely oxidized by air to supply
thermal energy of the endothermic reforming.

Mass balance:

uo
dCj

dz
= �j�B,o(−rj )

(j = methanol, steam, hydrogen, carbon dioxide,

oxygen, nitrogen). (13)

Energy balance:

�g,oCpouo
dTo

dz
= �B,o(−rj )�Hoxi,j − U1A1(To − Tr), (14)

the boundary condition is

z = 0, Cj = Cj,guess, To = Tguess. (15)

2.2. Dimensionless analysis

To simplify the physical interpretation, some dependent and
independent variables are converted to dimensionless groups
based on Eq. (16). Table 1 lists the dimensionless form of
Eqs. (6)–(15).

z∗ = z

L
, C∗

i = Ci

Cmethanol,0
, T ∗ = T

Tr,0
. (16)

The model is based on an empirical rate expression derived
by Jiang et al. using CuO/ZnO/Al2O3 at temperature ranging
from 443 to 533 K [7,8]. This kinetic model is divided into
two regions. When the partial pressure of hydrogen is less than
7 kPa, the rate is proportional to partial pressure of methanol
with order of 0.26, and steam partial pressure with order of
0.03. The rate equation is changed to hydrogen partial pressure
with order of −0.2 when hydrogen partial pressure is larger
than 7 kPa. The hydrogen permeation over Pd–Ag membrane
is expressed by Sievert’s Law; the permeation equation and the
permeation coefficient are listed in Table 2. The dimensions of
double-jacketed membrane reactor, the activation energy and
enthalpies of reactions and overall heat transfer coefficients are
summarized in Table 3.

3. Result and discussion

3.1. Comparison of experimental data and simulation result

The simulation result was firstly confirmed with the ex-
perimental data of a Pd membrane reactor from Pan [43]. A
membrane reactor loaded with catalysts CuO/ZnO/Al2O3 was
simulated to compare with Pan’s result based on the govern-
ing equation listed in Table 1 and the chemical and physical
parameters listed in Tables 2 and 3. Other parameters like the
heat capacity and the reaction enthalpies of gases are evalu-
ated based on the theoretical values of reaction temperature.
The inlet temperature, concentrations of reactants, and mass
flow rates are given in the experimental conditions. The efflu-
ent composition, and outlet temperature are obtained from the
experimental results. The simulation is evaluated based on the
inlet condition of the experiment. Fig. 2 shows the compari-
son of experimental data and simulation results. The conver-
sions of methanol decrease with increasing flow rate, which is
expressed in terms of weight hourly space velocity (WHSV).
The figure shows that the simulation results correlated well with
experimental measurements.
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Table 2
Rate equations of the simulation

Reaction rate equation

−rmethanol = k0,re−Ea/RT P 0.26
CH3OHP 0.03

H2O (when PH2 < 7 kPa)

k0,re−Ea/RT P 0.26
CH3OHP 0.03

H2OP −0.2
H2

(when PH2 < 7 kPa) (mol/kg s)
Hydrogen permeation equation

J = �
dmem

A(
√

Preaction − √
Ppermeation) (mol/s)

� = 1.567 × 10−5 × e−1011.5/T (mol/(m s mol atm1/2))
Ideal gas law for hydrogen partial pressure calculation
PH2 = CH2 RT.

Table 3
Physical and chemical parameters of the simulation

Permeator radius r1 6.35 × 10−3 m
Reactor radius r2 1.27 × 10−2 m
Oxidation zone radius r3 1.91 × 10−2 m
Reactor length L 1.5 × 10−1 m
Frequency factor of methanol steam
reforming k0,r

5.307 × 109 mol/(kg s kPa0.296)

Activation energy Ea 1.05 × 105 J/mol
Enthalpy of methanol steam reforming
(298.15 K) �Href

4.9 × 104 J/mol

Enthalpy of methanol total oxidation
(298.15 K) �Hoxi,methanol

−6.76 × 105 J/mol

Enthalpy of hydrogen total oxidation
(298.15 K) �Hoxi,hydrogen

−2.41 × 105 J/mol

Overall heat transfer coefficient in
reactor U1

15.675 J/(m2 s K)

Overall heat transfer coefficient in
permeator U2

20 J/(m2 s K)

Experimental data by Reietal.

Simulation result
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Fig. 2. Comparison of experimental data and simulation result. Reaction
temperature is 583.15 K, the constant wall temperature is 683.15 K, and
reactor pressure is 9 atm. WHSV (weight hourly space velocity) is based on
methanol mass velocity.

3.2. Membrane reactor with oxidation zone

As shown in Fig. 1, the double-jacketed membrane reactor
is a set of three tubes. The permeation tube is in the center.

Fig. 3. The algorithm of double-jacketed membrane reactor iteration.

The reformer filled with catalysts is in the annular side of
the permeation tube and is surrounded by the oxidation tube.
Reactants flow into the reformer, then un-reacted methanol,
steam, carbon dioxide and hydrogen are mixed with air and
oxidized at the oxidation tube. To deal with this calculation,
one should find out the effluent composition and concentra-
tion first; however, the composition and concentration of un-
reacted outlet is unknown at the beginning. As shown in Fig. 3,
it is necessary to guess a set of the concentration and tem-
perature of the effluents, then find the matched solution by
iteration.

Fig. 4 presents methanol conversion versus the air to
methanol molar ratio RA/M with three given air inlet tempera-
tures. Fig. 4 shows a maximum value of methanol conversion
when RA/M is about 1.3 at a given air inlet temperature. In
addition, methanol conversion increases as the air inlet tem-
perature increases. Sufficient air is necessary to supply the
complete oxidation of un-reacted methanol and un-permeated
hydrogen. Methanol and hydrogen are totally oxidized when
RA/M is about 5. However, high airflow rate decreases the
temperature gradient between the oxidation and annular side.
The trade-off between the two effects results in a maximum
value of methanol conversion.

Fig. 5 shows the temperature profile in annular side versus di-
mensionless reactor length with three different air-to-methanol
molar ratios. As shown in Fig. 5, the temperature profile first
drops drastically in the front side of the reactor, and then levels
off in the rear half of the reactor. Most reactants are con-
verted in the front side of reactor because the inlet concen-
tration and temperature are high. The temperature decreases
significantly due to highly endothermic reforming when the
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Fig. 4. Methanol conversion against RA/M with three given temperature. The
reactor pressure is 9 atm, RW/M is 1.2.

0.0 0.2 0.4 0.6 0.8 1.0

440

460

480

500

520

540

560

580

T
e

m
p

e
ra

tu
re

 (
K

)

Dimensionless reactor length

RA/M = 0.5

RA/M = 1.3

RA/M = 5

Fig. 5. Temperature profile in annular side against dimensionless reactor
length with three given RA/M. The reactor pressure is 9 atm, inlet temperature
is 573.15 K, and RW/M is 1.2.

dimensionless length is longer than 0.2. Consequently, the
reaction rate decreases simultaneously. The curves of three
given air-to-methanol molar ratios, RA/M, also show good
agreement with Fig. 4. That is, RA/M = 1.3 gives a higher
conversion than the other two.

High methanol conversion and pure hydrogen can be ob-
tained using the membrane. It is interesting to study the
operational relations between the annular and the permeator.
However, there are many factors that influence the hydrogen
flow rate in the annular and permeator. It is convenient to in-
troduce a dimensionless term Per as shown in Eq. (17), and
consider the hydrogen extraction using a ratio of superficial
velocity in permeator and annular as shown in Eq. (18). In real
practice, the variation of this ratio can be achieved by changing
the permeator pressure using a back-pressure regulator or vac-
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Fig. 6. Methanol conversion against the dimensionless permeability Per. The
inlet temperature is 573 K, reactor pressure is 9 atm, RW/M is 1.2, and the
RA/M is 1.3.

uum pump. Thus, the value of the ratio can be simulated in a
wide range.

Per = H2 permeation rate at the entrance

methanol molar rate at the entrance

= �/dmemAmem(
√

PH2,r − √
PH2,p)z=0

Gmethanol,0
, (17)

up

ur
= superficial velocity in permeation side

superficial velocity in annular side
. (18)

Fig. 6 shows the profile of methanol conversion versus the di-
mensionless permeability of hydrogen, which is evaluated by
Eq. (17). The velocity ratio, up/ur, is defined by Eq. (18). When
up/ur is large, the hydrogen velocity in permeation side is much
higher than that in annular side, that is, hydrogen is removed
in permeation side as fast as possible. The more the hydrogen
removed in permeation side, the higher the difference of hydro-
gen partial pressure between the annular and permeation sides.
Therefore, the difference of hydrogen partial pressure increases
as up/ur increases.

The hydrogen permeation is affected by temperature, mem-
brane thickness, membrane surface area, and the difference of
hydrogen pressure between the annular and permeation sides.
High permeation rate can be operated under high tempera-
ture, short membrane depth, large membrane surface area, or
high pressure difference between the annular and permeation
side. As shown in Fig. 6, when Per is under 0.02, methanol con-
version is almost the same in three different up/ur. Increasing
the difference of hydrogen partial pressure is not helpful for
the methanol conversion because only a small amount of hy-
drogen permeates into the permeation side. The methanol con-
version starts to have a huge difference between up/ur = 1 and
10 when Per is larger than 0.1. The hydrogen removal to per-
meation side decreases the hydrogen pressure in reaction side,
and thus drives the methanol reforming toward the products
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Fig. 7. Methanol conversion against Da with different temperature. The reactor
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Fig. 8. Hydrogen recovery yield against Da with different temperature. The
reactor pressure is 9 atm, RW/M is 1.2, and the RA/M is 1.3.

of Eq. (1) resulting in more methanol conversion. However, the
methanol conversion of up/ur = 100 is slightly less than that
of up/ur =10 when Per is larger than 0.2. First, the enthalpy of
hydrogen moves to the permeation side as hydrogen permeates
through the membrane. Second, un-reacted methanol and un-
permeated hydrogen are supposed to be oxidized to maintain
the reactor self-energy balance. When up/ur = 100, the oxi-
dation of un-permeated hydrogen may not be enough to sup-
ply heat to sustain the endothermic reaction of high methanol
conversion.

The rate of methanol steam reforming is a function of inlet
temperature. Figs. 7–9 show methanol conversion, the hy-
drogen recovery yield, and the production rate of hydrogen
versus Damköhler (Da) number, respectively, under three
different inlet temperatures. The Da number is the ratio of
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Fig. 9. Hydrogen production rate against Da with different temperature. The
reactor pressure is 9 atm, RW/M is 1.2, and the RA/M is 1.3.

methanol reforming rate and flow rate, which is defined as

Da = methanol steam reforming rate at the entrance

methanol molar rate at the entrance

= �B(−rmethanol,0)

Gmethanol,0
. (19)

In Fig. 7, when Da is less than 0.1, the methanol conversions of
three inlet temperatures are low and almost the same. Increas-
ing temperature is not helpful to enhance methanol conversion
because the methanol flow rate is very high compared with re-
forming rate. When Da is larger than 0.1, the methanol conver-
sion decreases as reaction temperature increases at any given
Da number. Although the reforming rate at high temperature is
higher than that at low temperature, the methanol flow rate at
high temperature is also higher than that at low temperature at
a fixed Damköhler number. That is, the residence time at high
temperature is smaller than that at low temperature. Therefore,
the methanol conversion at low temperature becomes higher
than that at high temperature because reforming is carried on
for a longer time in the reactor at the low temperature. Although
high methanol conversion can be obtained at low temperature,
it costs a larger Pd membrane reactor under the same through-
put of methanol.

The recovery yield of hydrogen is the percentage of pure
hydrogen that can be collected from the total hydrogen gener-
ation as shown in Eq. (20). As shown in Fig. 8, the tendency
of the hydrogen recovery yield is similar to methanol conver-
sion in Fig. 7. According to Sievert’s law, hydrogen permeation
rate is proposed to the difference of the square root of hydro-
gen partial pressure through Pd membrane. The increasing of
Da number leads to higher methanol conversion and hydro-
gen permeation. At a fixed Da number, the hydrogen recovery
yield increases as reaction temperature decreases. The reason
is the same as methanol conversion. That is, the residence time
of low temperature is higher than that of high temperature.
The amount of hydrogen permeation increases increasing the
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residence time at the low temperature, but at the cost of larger Pd
surface area.

H2 recovery yield

= H2 collected in the permeation side

total amount of H2 generated by reforming reaction
× 100%. (20)

Fig. 9 shows maximum hydrogen production rates at three in-
let temperatures. The hydrogen production rate is the mole of
hydrogen collected per hour at the end of permeation tube.
A high Da number can mean either high methanol reform-
ing rate or low feed rate. The hydrogen production rate is
leverage between methanol conversion and feed rate. When
the temperature is 573.15 K, the maximum value of hydrogen
production rate occurs at Da near 5. The optimum condition
can be operated at Da ranging from 1 to 10. For a given re-
actor volume, the feed rate (methanol) is too small to get a
high hydrogen production rate at Da > 10 although the con-
version is high (Fig. 7). The conversion is too low to get a
high hydrogen production rate at Da < 1 although the feed
rate is high.

Fig. 9 also shows that the hydrogen production rate increases
as temperature increases when Da is larger than 0.2, while the
trend is reverse when Da is less than 0.2. The elevation of tem-
perature promotes the reforming reaction and hydrogen perme-
ation when it is operated at Da > 0.2. However, at Da < 0.2,
more hydrogen permeation is at low temperature than that at
high temperature because of the longer residence time at low
temperature.

The maximum hydrogen production rate does not imply high
recovery yield. For instance, when the inlet temperature is
523.15 K, the maximum hydrogen production rate is 0.3 mol/h
at Da = 1 (Fig. 9), whereas the recovery yield is only ∼ 40%
(Fig. 8). The hydrogen recovery yield has to be decreased if
a high production rate is desired. That is, the faster you get
hydrogen, the less you will obtain.

3.3. The comparison between double-jacketed and
autothermal membrane reactor

The concept of the autothermal reactor is that pure oxygen or
air is directed into the reformer to oxidize part of reactants for
self-energy balance. Reforming and oxidizing in one reactor
facilitate the enthalpy generated by oxidation transferring to
reforming reaction, and thus avoids the thermal resistance from
outside furnace combustion like double-jacketed reactor. How-
ever, a catalyst with good reforming ability may not be good
for oxidation. Take CuO/ZnO/Al2O3 as an example; the total
oxidation of methanol can be expressed in Eq. (21). The rate
expression of methanol total oxidation over CuO/ZnO/Al2O3
is shown in Eq. (22) [44]. The methanol oxidation rate over
catalyst CuO/ZnO/Al2O3 is much smaller than traditional
oxidation catalyst such as Pt/Al2O3 or Pd/Al2O3.

CH3OH + 1.5O2 → CO2 + 2H2O,

�H298 K = 676.4 KJ/mol, (21)
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Fig. 10. Methanol conversion against Da of double-jacketed and autothermal
reactor. The inlet temperature is 473.15 K, reactor pressure is 9 atm, RW/M
is 1.2, and the RA/M is 1.3.

−roxi,methanol = 3.6 × 109 × e− 115 000
RT

P 0.18
methanol · P 0.18

oxygen

P 0.14
water

× (mol/(s gcat kPa0.22)). (22)

Fig. 10 shows the methanol conversion against Da number
of double-jacketed and autothermal membrane reactor using
CuO/ZnO/Al2O3 catalyst. As shown in Fig. 10, when Da is
under 0.4, the methanol conversion of double-jacketed reactor
is almost the same as that of autothermal reactor. This trend in-
dicates that the reactor type is not an important factor when Da
is less than 0.4. At the small Da number region, the methanol
flow rate is relatively higher than reforming rate, thus heating
from outside (double-jacketed reactor) or inside (autothermal
reactor) does not make a difference of the methanol conversion.
When Da is larger than 1, the methanol conversion of double-
jacketed reactor becomes higher than that of autothermal reac-
tor. This result reveals that, in the reaction-dominating region
(Da > 1), the double-jacketed reactor outperforms autothermal
reactor. Under the same reaction conditions (inlet temperature,
pressure, water to methanol molar ratio, and air to methanol
molar ratio), the air dilutes the reactant concentration in annu-
lar side of the autothermal reactor resulting in a lower reaction
rate of autothermal reactor than double-jacketed reactor. Con-
sequently, the methanol conversion of autothermal reactor is
less than that of double-jacketed reactor.

Fig. 11 presents the hydrogen recovery yield and production
rate versus Da number in autothermal and double-jacketed
reactors, respectively. The hydrogen production rate of double-
jacketed reactor is always higher than that of autothermal
reactor in full Da range. The hydrogen recovery yield of
double-jacketed reactor is higher than that of autothermal reac-
tor when Da is smaller than 2, and vice versa when Da is larger
than 2. Under a given reaction pressure, the diluted effect of
autothermal reactor decreases the hydrogen partial pressure,
thus the hydrogen permeation rate of autothermal reactor is
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Fig. 11. Recovery yield and production rate of hydrogen against Da of
double-jacketed and autothermal reactor. The inlet temperature is 473.15 K,
reactor pressure is 9 atm, RW/M is 1.2, and the RA/M is 1.3.

lower than that of double-jacketed reactor. Consequently, the
hydrogen recovery yield of autothermal reactor is lower than
that of double-jacketed reactor. The same situation is also
shown in the hydrogen production rate. However, when Da
is larger than 2, the conversion of double-jacketed reactor be-
comes much higher than that of autothermal reactor as shown
in Fig. 10. Thus, the total amount of hydrogen (i.e. annular
side and permeation side) of the double-jacketed reactor is
much higher than that of autothermal reactor. However, the hy-
drogen recovery yield is defined as the amount of hydrogen in
permeation side dividing by the amount of hydrogen produced
(Eq. (20)). For the double-jacketed reactor, the increment of de-
nominator (total amount of hydrogen produced) is higher than
that of numerator (the recovered hydrogen from permeation).
Thus, the hydrogen recovery yield of double-jacketed reactor
is slightly less than that of autothermal reactor when Da is
larger than 2.

4. Conclusions

In this study, a 1-D mathematical model of double-jacketed
reactor is established to simulate a self-sustained double-
jacketed reactor. It is found that an optimum velocity ratio
between permeation and annular sides is of at the order of
10 because of the hydrogen and enthalpy removing simul-
taneously. In addition, at a given Da number, the methanol
conversion and hydrogen recovery yield decreases as temper-
ature increases, while the hydrogen production rate increases
as temperature increases. The optimum air to methanol molar
ratio RA/M is about 1.3, though the required RA/M to com-
pletely oxidize methanol and hydrogen is about 5. High RA/M
leads to high methanol and hydrogen conversion and high flow
rate of air in oxidation zone. The competition effect of oxi-
dation and methanol flow rate leads to the optimum value of
RA/M. Under the same reaction conditions (inlet temperature,
pressure, water to methanol molar ratio, and air to methanol
molar ratio), double-jacketed reactor gives better performance
than autothermal reactor.
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