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Abstract
Steam reforming of methanol over Cu/ZnO/Al2O3 catalyst was theoretically studied under created unsteady state. A mathematical approach was proposed to evaluate the effect of periodic inputs on reactor
performance. The efficacy of the periodic separating reactor in term of pure hydrogen and of methanol
conversion was measured during the reaction of methanol steam reforming. The obtained results
showed that under certain operating conditions the periodic operation can be used advantageously to
increase the reactor ability up to a level higher than the maximal steady-state. Moreover, our findings
showed that the pumping of hydrogen through the membrane was stimulated by the effect of periodic
operations. The predicted results suggested that the created unsteady state mode by using a square
wave function could give the better performances compared to the sinusoidal mode. Copyright © 2018
BCREC Group. All rights reserved
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1. Introduction
Currently, environmental pollution became
one of the most focused research area that receives a special attention. Emission from internal combustion engines and electric power generation plants are the largest sources of air pollution [1]. Therefore, several researches are
aimed to find an alternative power sources for
vehicles [2,3]. Moreover, the global demand and
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the great need in term of energy have motivated
research and development in fuel cell domain
[4]. Hydrogen fuel cell seems to be a promising
solution to these global environmental and energy problems by acting on the use of hydrogen
in fuel cells produces useful energy [5,6]. Hydrogen is a promising alternative energy source
that can be used in fuel cell applications to produce electrical energy. Among the various fuels
which can be renewed to hydrogen, alcohols, in
particular methanol is attractive for fuel-cell engines in transportation applications. Because of
its safe manipulation and of its ease production
from a variety of feedstock, such as: renewable
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sources [5,7,8], methanol is very hopeful as a
source of raw material for hydrogen production.
It is also easily transformed in the presence of
water to generate a hydrogen-rich mixture suitable for feeding fuel cells [9] and it could be activated at low temperatures (200-300 °C) than
other hydrocarbons [10,11]. So, it is considered
as a source for fuel cell powered vehicles
[12,13]. Steam reforming of methanol is considered to be the most effective route for hydrogen
production and has been the subject of several
researches works [14-16].
When this reaction was carried out in a traditional reactor leads to a hydrogen-containing
mixture, so hydrogen needs purification before
it can be used. It is known that the fuel cells
need a high degree of hydrogen purity [17].
Thus, purification steps are required. The concept of membrane reactor can be an economical
and effective way for this purpose [18]. So, it
can be used to further increase the hydrogen
production and the reformer efficiency. Thus,
the intensification of technologies is designed to
improve the process by acting on operated parameters. Running chemical reactors in unsteady state is one of the possible used technologies, especially the change of the reactant
composition [19]. For a given process, some inputs are either fixed constants or can be controlled. If the variables are controlled, the state
variables are periodic functions of time and the
process operated in a periodic state [20]. Our
attention is focused on enhancing the performance of a Pd-membrane reactor used for pure
hydrogen production from the reaction of
methanol steam reforming. The novelty of this
work is to prove the possibility of intensifying
the process by simultaneous application of a sequence of steady state in reaction and permeate
zones which constitute the reactor under study.
A comparative simulation study of the dynamics and efficiency of methanol steam reforming
have been done by using the concept of periodic
reactor-separating via a sinusoidal and a
square functions.

the amplitude σ and the angular frequency ω.
These functions are defined as follows:
(1)

f1( t )  sin( t )

  1 for 0  t   / 2
f 2 (t )  
  1 for  / 2  t  

(2)

In order to represent the steady state and
the unsteady state of the membrane reactor, a
mathematical model is adopted subject to the
following assumptions: the membrane reactor
is operated under isothermal and isobaric conditions; the thermal effect is not taken in account; plug-flow is assumed for the reaction
and permeate sides; ideal gas law is applicable;
the catalyst deactivation by coke formation is
not considered; the periodic operation is only
imposed for the steam to methanol ratio and
sweeping gas to methanol ratio via a square
and a sinus way; under forcing conditions, it is
supposed that the period of change of the
modulation function is significantly larger, so
the reactor operates under quasi steady state
conditions; the membrane is only permeable to
hydrogen and possesses an infinite selectivity.
From these assumptions, the governing equations for the reaction and permeate sides are
given below.
2.2 Chemical reaction scheme, kinetics
and mass balance
The reaction network used for modeling the
process of methanol steam reforming consists
of three following reactions, respectively [2124], i.e. methanol steam reforming (R), watergas-shift (W), and decomposition (D) reactions:
CH3OH + H2O  3H2 + CO2 ΔH298 = 49 kJ/mol
(3)
CO + H2O H2 + CO2

ΔH298 = -41 kJ/mol
(4)

2. Mathematical Model
2.1 Reactor description
A combination of reaction and separation in
a single unit has been explored for pure hydrogen production during the reaction of methanol
steam reforming. Figure 1 shows a scheme of
the Pd-membrane reactor under study. Under
created unsteady state, the square and sinusoidal function is one of the perturbation functions
used in the periodic operations. For each function, the cycle is described by the period τ = 2π,

Figure 1. Schematic diagram of the membrane
reactor
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 S * H i* 

K i*  exp i 
RT 
 R

CH3OH H2 + CO

ΔH298 = 90 kJ/mol
(5)
Reactions (3) and (5) are both reversible and
endothermic reactions and proceed under volume increase, suggesting that the highest
methanol conversions are obtained at high temperature and low pressure. The exothermic reaction (4) is the so-called water gas-shift reaction which proceeds simultaneously with
methanol steam reforming. This process is
strongly endothermic and its reaction temperature is in the range of 160-260 °C [25]. The reaction conditions of methanol steam reforming
are relatively mild, with typical temperatures
around 300 °C [26] and over Cu/ZnO based
catalysts [15]. The kinetic model developed by
Peppley on Cu/ZnO/Al2O3 catalyst is used for
simulation due to its predictive capability over
a wide range of temperature and pressure [26].
The Cu/ZnO is a highly selective catalyst, giving a rather high CO2/CO ratio, making it an
attractive candidate for the fuel processing.
Furthermore, the catalyst has a reasonable activity at moderate temperatures (200-250 °C).
On the other hand, the catalyst has the disadvantage of sensitivity to high operating temperatures (above 270-280 °C) [12]. The Peppley
reaction network is based on the reformingdecomposition-water-gas shift (WGS) mechanism and it consists of rate expressions in
Langmuir-Hinshelwood form [22] (Equations
(6-8)).
For j = R, W, and D, kj is the reaction rate
constant of reaction j which is defined by Arrhenius equation (Equation (9), and Kj is the
equilibrium constant, which is defined by Van’t
Hoff equation (Equation (10)).

k j  k0, j exp(E j / RT)

(9)

K j  K0, j exp(H j / RT )

(10)

PM, PH2, PCO2, PW, and PCO are the partial pressures of CH3OH, H2, CO2, and CO, respectively. Meanwhile, CTS1 and CTS1a are the surface concentration of site types 1 or 1a
(mol/m2), CTS2 and CTS2a are the surface concentration of site types 2 or 2a (mol/m2), and SC is
the surface area for methanol reforming catalyst (m2/kg).
The Cu/ZnO/Al2O3 catalyst properties and
reactor dimensions, operating conditions, kinetic and thermodynamic parameters used for
simulation are summarized in Tables 1 and 2.
Since only two of these reactions are linearly
independent, reaction (3) is the sum of the
other two reactions. the problem is described
by mean of conversion of methanol (XCH3OH) and
of carbon dioxide (XCO2). Under steady state
conditions, the molar flow rates for each species are expressed in Equations (12-16).
a) In reaction side:

~
0
FCH3OH  FCH
(1  X CH3OH )
3OH
~
0
FH2O  FH02O  FCH
X CO2
3OH
~
0
0
FCO2  FCO
 FCH
X CO2
2
3OH

~
0
0
0
 FCH
FCO  FCO
X CO2  FCH
X CH3OH
3OH
3OH
~
0
0
FH2  FH02  2FCH
X CH3OH  FCH
X CO2  FHP2
3OH
3OH

~
0
FHP2  YH 2 FCH
3 OH

K i (I = CH3O(1), CH3O(2), OH(1), OH(2), H2(1a), and
H2(2a)) is the species adsorption constant defined in Equation (11).

rW 

rD 

~
0
(2 X CH3OH  YH2 )
FT  FT0  FCH
3OH

*
T
k R KCH
( PM / PH0.25 )( 1-PH32 PCO2 / K R PM PW ) CST1 CSa
1 SC
3O( 1 )
*
*
0 .5
0 .5
0 .5
( 1  KCH
( PM / PH0.25 )  K *HCOO(1 ) PCO2 PH02.5  KOH(
1 ) ( PW /PH 2 ))( 1  K H 2 ( 1a) PH 2 )
3O( 1 )

*
0.5
T 2
kW KOH
( 1 ) ( PCO PM / PH 2 )( 1-PH 2 PCO2 / KW PCO PW ) (CS1 ) SC

(1  K

*
CH3O( 1 )

( PM / P )  K
0.5
H2

P P K

*
HCOO(1 ) CO2

(12)
(13)
(14)
(15)
(16)

The hydrogen flow rate in permeate side (FH2,p)
(mol/s) is given by the following Equations (17,
18) as function on the hydrogen recovery YH2):

*

rR 

(11)

0.5
H2

*
OH(1 )

0.5
H2

(17)
(18)

(6)

(7)
2

( PW /P ))

*
T
k D K CH
( PM / PH0.25 )( 1-PH22 PCO / K D PM ) C ST 2 C Sa
2 SC
3O ( 2 )
*
*
0 .5
0 .5
0 .5
( 1  K CH
( PM / PH0.25 )  K OH(
2 ) ( PW /PH 2 ))( 1  K H 2 ( 2 a) PH 2 )
3O( 2 )
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The initial total molar flow is given as:

The Equation (23) must satisfy the following
that:

5

FT0   Fi 0

1

i 1

(19)
Because of kinetic limitations, zero cannot be
used as a value for hydrogen partial pressure
because it will give us infinite kinetics. To overcome this problem, a small quantity of hydrogen has to be used (F0H2 = 10-10 mol/s). In absence of CO2 and CO in the reactor inlet, the
initial total molar flow rate is:
0
FT0  FCH
 FH02O  FH02
3OH

(20)

The total molar flow can be expressed as:

 S
FH02 
~
0

FT  FCH3OH 1    2XCH3OH YH2  0 
  C
FCH3OH 


H 2O

 1 f (t ) dt  0

0

(24)

Moreover, at t=0

~
FH2O (0)  FH2O

(25)

Then,

S
S
 (t )   (1   1 f (t ))
C 
C 

(26)
The Equation (21) can be rewritten as follows:
 S
FH02 
~
0







f
t
X
Y
1
(
1

(
))
2
FT (t )  FCH


CH3OH
H2
1
0
3OH 

FCH
3OH 
 C

(27)

(21)
Under the periodic operations, the steam to
methanol ratio (S/C) can be written at constant inlet feed of methanol as:

FH O (t )
S
 (t )  ~ 2
FCH 3OH
C 

(22)
Using a periodic function f(t), it is assumed
that the steam molar flow (H2O) equals to the
sum of the steady state value and a time (t :(s))
dependent value:

~
~
FH2O t   FH2O  FH2O 1 f (t )

~

F

The function f(t) can be a sinusoidal f1(t) or a
square function f2(t) as defined according to
Equations (1) and (2). The σ1 is the running
amplitude. The partial pressures of individual
species (i) used in the rate expressions were
evaluated as follows:

Pi  Pr

Fi (t )
FT (t )

(28)

with Pr (bar) is the total pressure in the reactor
and Fi is the molar flow of species i. The axial

(23)
Table 2. Kinetic and thermodynamic parameters for methanol reforming on Cu/ZnO/Al2O3

Table 1. Reactor dimensions and operating conditions
Parameters

Value

Reaction temperature (T, K)
Reaction pressure side (Pr, bar)
Permeation pressure side (PP, bar)
Methanol inlet flow rate (FoCH3OH , mol/s)
Steam to methanol ratio (S/C)
Sweeping gas to methanol ratio (I)

533
1.4
1.013
95×10-3
1
3

Catalyst properties and reactor dimensions
Catalyst weight (W, g)
Catalyst density (ρs, kg/m3)
Mean pores radius (rmp, m)
Particle radius (rp, m)
Porosity of catalyst particle (εs)
Tortuosity factor (τs)
Reactor length (L, m)
Reactor diameter (D, m)
Pd-Membrane properties:
Membrane thickness (δ, m)
Apparent activation energy (ΔEp, kJ/mol)
Pre-exponential factor (Qo, mol.m/(s.m2.kPa0.5)

0.077
1980
14×10-9
0.15×10-6
0.69
2.5
0.3
0.008
20×10-6
29.73
7.7×10-5

Kinetics Parameters
CTS1 = 7.5×10-6 mol/m2

ER = 102.8 kJ/mol

CTS2 = 7.5×10-6 mol/m2

EW = 87.60 kJ/mol

CTS2 = 1.5×10-5 mol/m2

ED = 170.0 kJ/mol

CTS2a = 1.5×10-5 mol/m2
Sc = 50 m2/g
k0R = 9555

K0R = 1.15×104 atm2

m2/mol.s

k0W = 31038

m2/mol.s

K0W = 149.9 atm0
K0D = 76.3 atm2

k0D = 373.8 m2/mol.s
ΔHR = 48950 J/mol
ΔHW = -41180 J/mol
ΔHD = 90130 J/mol
Parameters

ΔSi (J/mol.K)

ΔHi (kJ/mol)

K*CH3OH(l) (bar-0.5)

-41.8

-20

K*HCOO(l) (bar-1.5)

197.2

100

K*OH(l) (bar-0.5)

-44.5

-20

K*H2(la) (bar-1)

-100.8

-50

K*CH3OH(2) (bar-0.5)

30

-20

K*OH(2) (bar-0.5)

30

-20
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differential mass balance in the gaseous phase
is given for each component by:
3
dFi
 A  j ij r i
dL
j 1

(29)

where A is the reactor section (m2); νij is the
stoichiometric coefficient of component i in reaction j; ri is the rate of the consumption or the
formation of each species, given by:

rCH3OH  1r1 3r3

(31)

rCO2  1r1  2 r2

(32)

rCO  2r2  3r3

(34)
The effectiveness factor ηj of each reaction
is defined as the ratio of the observed reaction
to the reaction rate calculated at external catalytic surface conditions. These factors are
evaluated by the following expression [27]:

 dV 
 r P   V 

V

s ,i

j

s

 

rj Pi r  s

(35)
ρs is the catalyst density (kg/m3). The mass balance for CH3OH, H2O, and CO2 is given by the
following dimensionless equations (Z which is
the dimensionless reactor length):

dX CH3OH



dZ
dXH2O
dZ

dX CO2
dZ



LA
0
FCH
3OH

LA
0
FCH
3OH

0
FCH
3OH

3

j 1

(41)
Then the mass balance in the catalytic solid is
given for each component (CH3OH, H2O, CO2,
CO, and H2, respectively) by the following expressions:

d P2s , CH 3OH

De ,CH 3OH

De , H 2O

d

d

d

2
Ps , CO

d P2s , H

  s RTrP2  r1  r2   0
(43)

2
Ps , CO 2

d

De,H 2

(42)

2

d 2

De ,CO

  s RTrP2  r1  r3   0

2

2
Ps , H 2O

d

d

De ,CO2

  s RTrP2  r1  r2   0
(44)

  s RTrP2  r3  r2   0

2

(45)

  s RTrP2  3r1  r2  2r3   0

2

d 2

(46)
Where, ξ is the dimensionless pellet coordinate.
The partial pressures of species H2O, H2, and
CO are related to the pressure of CH3OH by
the following relations:

De,H2O

d 2 Ps,H2O
d 2

 De,CH3OH

2

2

2

2

2

2

d Ps ,CH3OH
d Ps ,H2
d Ps ,CO
  De,H2
 3De,CH3OH
2
2
d
d
d 2
(48)

De,H2

 1r1   2 r2 

(38)
Reaction and diffusion in a single symmetrical
and isotropic catalyst pellet are described by
the following equations:

d Ps,H2
d

2

 De,H2O

N i    i , j rs , j

d

2

 2De,CH3OH

d Ps,CH3OH
d 2

d P2s ,CH 3OH
d

2



d P2s ,CO
d

2

2



d P2s , H O
d

2

2

 0, at   0
(50)

Ps,CH3OH = PCH3OH, Ps,CO2 = PCO2, Ps,H2O = PH2O at
(39)

Ni is the flux of the species i

De ,i dPi
RT dr

d Ps,H2O

(49)
Where, Ps,H2O, Ps,CO, and Ps,H2 are evaluated by
integration the Equations (47), (48), and (49),
with the boundary conditions:

3

Ni  

d 2

d 2 Ps ,CO
 De,CO
d 2

(36)

(37)

j 1

d 2 Ps,CH3OH

(47)

De,CO

1r1 2r2 

LA



 1r1  3r3 

  s RTrP2   i j rs , j 

d 2

(33)

rH2  31r1  2r2  23r3

0

d P2s , i

(30)

rH2O  1r1 2 r2

j 

D e ,i

(40)
The internal mass transfer resistances are accounted using the following expression.

ξ =1

(51)

In general, in the solid phase continuity
equation, the effective diffusivity of components i is related to the molecular and Knudsen diffusivities [28]. Since the process operated under forcing conditions and in highly tur-
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bulent flow, the contribution of molecular diffusion is usually negligible [29]. Thus, using the
average value of Knudsen diffusivity, the effective diffusivity would have the following form
[27,30]:

De ,i 

4 s rmp
3 s 2

8 RT
M i

(52)
rmp is mean pores radius (m), T is temperature
(K), R is universal gas constant (8.314 J/mol K),
τs is tortuosity factor, εs is porosity of catalyst
particle, and Mi is the molar mass (kg/mol).
b) In permeate side:
The permeate hydrogen flow rate at any distance in the membrane having a radius rm(m)
is written as follows:

dFH 2 , p

 2rm J H 2

dL

(53)
The flux of hydrogen permeating through the
Pd membrane with a thickness δ is assumed to
follow the half-power pressure law [31] and is
expressed by:

JH2 

P


Q

0 .5
H 2 ,r

 PH0.25, p



(54)
The hydrogen permeation coefficient Q is a
strong function of temperature and can be described by an Arrhenius type of equation, as
follows:

Q  Q0 exp(Ep / RT)

(55)
The hydrogen permeation activation energy
and the pre-exponential factor are taken from
Basile et al. [32]. In this relation, ΔEp is hydrogen permeation activation energy, kJ/mol; Q is
is the permeation coefficient of hydrogen,
mol/m s Pa0.5; Qo is is pre-exponential factor,
mol/ m s Pa0.5.
On the other hand, we have:
0
FH2 , p  YH2 FCH
3OH

(56)

Substituting JH2, Q, and FH2,p are given by Eqs.
(54), (55), and (56) in eq. (53) and by introducing a dimensionless length, we obtain:

dYH 2
dZ





2rm L
Q0 exp(  E p / RT ) PH02.5,r  PH02.5, p
0
FCH
3OH



(57)
PH2,r is the hydrogen partial pressure in the reaction side. The hydrogen pressure in the permeate zone PH2,p is defined by:

PH 2 , p 

YH 2 PP
YH 2  I

(58)
I is the sweeping gas to methanol ratio, which
is defined as the ratio of the sweeping gas flow
rate (FIo) to that of methanol at the inlet of the
catalyst bed (FoCH3OH).

I

FI0
0
FCH
3OH

(59)
Under forcing conditions using a periodic function f(t), we obtain:

~ ~
FI (t )
FI  FI  2 f (t )
I 0

0
FCH 3OH
FCH
3OH

~ ~
FI (t )  FI  FI 2 f (t )

(60)

(61)
The equation (61) must satisfy the conditions
that:
2

~
 F  f t dt  0
I

2

0

~
FI (0)  FI

(62)

(63)
The function f(t) can be a sinusoidal f1(t) or a
square function f2(t) as defined above according
to Equations (1) and (2) and σ2 is the running
amplitude.
3. Results and Discussion
3.1 Solution procedure
The principal running modes of steam to
methanol ratio (S/C) and of sweep gas ratio (I)
are presented in Figure 2. The established differential equations for the gas phase on reaction and permeate sides are integrated by
Runge-Kutta method [33]. Once the partial
pressures for all the components (Ps,i) are obtained, the effectiveness factors for the considered reactions are calculated by the orthogonal
collocation method [33]. The characteristics
equations of the periodic operations are considered. Here, the steam to methanol and sweeping gas to methanol ratios are oscillated
around their steady state values which are 1
and 3, respectively. In order to evaluate the potential of periodic reactor operation by means
of mathematical modeling, methanol conversion and hydrogen recovery are used as indicators to quantify the process performances. Let
us assume that, when the reaction was performed under steady state operation, X~
CH OH
a n d ~ are the corresponding meas3

YH2
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urements of methanol conversion and of hydrogen recovery, respectively. Their average values under unsteady state conditions are XCH3OH
and YH2, respectively.

~
X  X CH3OH  X CH3OH

~
Y  YH2  YH2
The differences of ΔX and ΔY could be negative,
zero or positive. If ΔX and ΔY are positives, the
periodic operation can be considered as favorable, as they correspond to increased conversion and hydrogen recovery, in comparison to
the steady state operation.
3.2 Discussion
The purpose of the simulation is aimed to
study the effect of the modulation of inlet feed
composition and sweeping gas (inputs) on proc-

Figure 2. The principal running modes of inputs
parameters: (1) Modulation of S/C by sinusoidal
way at I constant, (2) Modulation of S/C by
square way at I constant, (3) Modulation of S/C
and I by sinusoidal way; I is out of phase (phase
lag=π), (4) Modulation of S/C and I by square
way; I is out of phase (phase lag=π), (5) Modulation of I and S/C by sinusoidal way; S/C is out of
phase (phase lag=π), (6) Modulation of I and S/C
by square way; S/C is out of phase (phase lag=π),
(7) Modulation of S/C and I in phase by sinusoidal way, (8) Modulation of S/C and I in phase by
square way

ess performance. To evaluate the reactor behavior and its performance during cyclic operation, all calculations were carried out at 533 K
and at total reaction pressure of 1.4 bar. These
performances were quantified by the criterions
metrics (ΔX and ΔY) defined above and only
the significant results are shown below for an
amplitude range between 0 and 0.3. Performance comparison was considered for two cases
of interest: steady state operation (represented
by horizontal lines) and periodic operation.
3.2.1 Modulation of steam to methanol ratio
(S/C) at constant sweeping gas to methanol ratio (I)
Figure 3 shows the evolution of methanol
conversion and hydrogen recovery with modulation of steam to methanol ratio (S/C) at constant sweeping gas to methanol ratio (I). The
inputs modulation was performed via a square
wave function and a sinusoidal function. The
main results show that the first run using a
square function allowed the highest conversion; the second one which is running with a sinusoidal function shows lower methanol conversion. Here, it appears that the effect of
modulation of S/C ratio was powerful and
dominant; the methanol conversion was
boosted above the steady state levels for both
variants of modulation. Therefore the hydrogen
recovery was also increased over the steady
state level when the running amplitude is
ranged from 0.025 to 0.25 in the case of the
square function wave. In the case of the sinusoidal function, the hydrogen recovery can be
also enhanced when using the amplitude range

Figure 3. Reactor response for modulation of
S/C at I constant. (a) and (b): methanol conversion by sinusoidal and square way, respectively
(c) and (d):hydrogen recovery by sinusoidal and
square way, respectively

Copyright © 2018, BCREC, ISSN 1978-2993

Bulletin of Chemical Reaction Engineering & Catalysis, 13 (2), 2018, 282
from 0.025 to 0.3. It should be noted that, the
improvement in performances can be obtained
when the criterions metrics ΔX and ΔY are
positives. In the case of modulation by a square
function, it was observed a non-enhancement
zone when the amplitude was between 0.25 and
0.30. The absence of this zone in the case of sinusoidal modulation was observed.
A notable difference in the criterions metrics
was obtained for the two modes of modulation.
The optimal amplitudes giving the best
(higher) performance are as follows: In the case
of the sine modulation, the obtained highest
conversion was 91% corresponding to the optimal amplitude of 0.18; the optimum quantity of
hydrogen recovered was 1.12 which corresponds to the optimal amplitude of 0.12. The
optimal amplitudes that give the best performances in the case of square wave are as follows:
for the conversion, an amplitude of 0.14 can
boost the conversion to 94%, on the other hand
an amount of the hydrogen of 1.14 can be recovered at low amplitude (0.08). Based on these results, it is clear that the effect of modulation of
steam to methanol ratio is a favorable way
which can be used for obtaining performance
above the steady state. i.e. switching the inlet
composition (S/C) around the steady state
value between low and high values can boost
the conversion and hydrogen yield. This can be
explained by the fact that under the using forcing conditions, the methanol steam reforming
reaction was enhanced in the direction of hydrogen production. In other hand, performing
the system under periodic operation for the
running amplitudes by means of a symmetric
square way is more favorable compared to the
sine mode, because it is the most effective and
it guarantees the largest possible variation
from the mean value.

and square). The quantity ΔX was positive all
over the range of the considered amplitudes.
On the other hand, because the quantity ΔX
was still higher than that of the sine mode, it is
noteworthy that the use of square signal gives
good results in terms of conversion. The higher
value of the criterion ΔX was 0.14 which is obtained at an amplitude of 0.14 in the case of
modulation by a square function. While for the
sine modulation, the higher value of the quantity ΔX was 0.12 which is obtained for an amplitude of 0.18.
Regarding the hydrogen recovery, it should
be noted that there was a slight improvement
in a very small amplitude range for both modulation modes. When the modulation was performed by a square function, the results show
that from the amplitude of 0.018, the criterion
ΔY becomes less than or equal to zero. In the
case of the sinusoidal function, the corresponding amplitude in which this quantity is less
than or equal to zero was 0.125. It should be
noted that beyond these amplitude values,
there was no performance improvement. This
reactor response can be explained by the fact
that the phase lag between the modulated inputs, i.e. the steam to methanol and sweeping
gas ratios operate alternately. During the S/C
was modulated with the wave which goes from
low to high amplitudes (above the steady state
level); there was an enhancement of the methanol conversion, because methanol and steam
becomes in excess, which favors the methanol
steam reforming reaction. For the case when
the wave goes from high to low values amplitudes (below the steady state level), there was
a decrease in methanol conversion and in par-

3.2.2 Modulation of steam to methanol ratio
(S/C) in phase and sweeping gas to methanol
ratio (I) out of phase
To examine the effect of steam to methanol
and sweeping gas to methanol ratios on the reactor performance with another variant of
modulation, these inputs were modulated as
follows: the steam to methanol ratio (S/C) was
in phase and the sweeping gas ratio (I) was
running out of phase (phase lag = π). Figure 4
shows the methanol conversion and the hydrogen recovery as function the amplitude for the
two modes of modulation. The main results
show that there was a significant improvement
in conversion compared to the steady state conditions for both cases of modulation (sinusoidal

Figure 4. Reactor response for modulation of
S/C and I out of phase (phase lag=π), (a) and (b):
methanol conversion by sinusoidal and square
way, respectively, (c) and (d): hydrogen recovery
by sinusoidal and square way, respectively
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allel the modulation of sweeping gas ratio is
started in the positive direction by removing
hydrogen present in permeate side. Here, the
hydrogen pumping through the membrane was
not occurred and the reverse water gas shift reaction is favored for consuming hydrogen.
Based on these results it should be noted that
this condition of modulation is not favorable for
obtaining best performances, especially in
terms of pure hydrogen recovery.
3.2.3 Modulation of sweeping gas to methanol
ratio (I) in phase and steam to methanol ratio
(S/C) out of phase

improved, at this moment the modulation of
sweeping gas was not yet started, so the
amount of hydrogen which is normally removed by the sweeping gas reacts according to
reverse water gas shift reaction. This can be
further explained by the incoherence actions
between the two inputs used under this variant
of modulation.
3.2.4 Modulation of steam to methanol ratio
(S/C) and sweeping gas to methanol ratio (I)
both in phase

Figure 5 shows the reactor response when
the sweeping gas to methanol (I) is in phase
and the steam to methanol (S/C) ratio is running out of phase (here the phase lag is equal to
π). Clearly, under this variant of modulation,
the periodic operation offered much lower conversion and hydrogen yield than steady state
operation. No enhancement of methanol conversion and hydrogen recovery was measured
for the sine or square function. Since the quantities ΔX and ΔY are negative, this mode of
modulation with sine and square functions was
not favorable to obtain the best performance.
This could be explained by the fact that a large
amount of hydrogen produced was consumed
via the reverse water gas shift reaction. i.e.
when starting the modulation of sweeping gas,
initially the permeate side is poor in hydrogen
because the modulation of S/C was not yet
started (here the S/C and I ratios are not in
phase).
On the other hand, when the modulation of
S/C was started, the methanol conversion was

The study of the effect of modulation of
steam to methanol (S/C) and sweeping gas to
methanol (I) ratios running both in phase show
a positive behavior. This behavior can be explained by means of Figure 6, in which the conversion and hydrogen recovery levels for both
runs are presented. Since the measurements
ΔX and ΔY are positives, high methanol conversion and pure hydrogen can be obtained using the sine and square functions for modulation of the considered inputs. It is noteworthy
that the obtained results concerning the hydrogen yields and methanol conversion in the case
of modulation via a square function are greater
than the obtained in the case of modulation by
sinusoidal function.
The hydrogen permeation was affected by
the periodic operation. The hydrogen removal
to permeate side decreases the hydrogen pressure in reaction side, and thus drives the
methanol reforming toward the products of
methanol steam reforming reaction, resulting
in more methanol conversion. Considering the
obtained hydrogen yield (Figure 6), it was
found that the periodic operation provided hy-

Figure 5. Reactor response for modulation of I
and S/C out of phase (phase lag=π), (a) and (b):
methanol conversion by sinusoidal and square
way, respectively, (c) and (d):hydrogen recovery
by sinusoidal and square way, respectively

Figure 6. Reactor response for modulation of
S/C and I in phase. (a) and (b): methanol conversion by sinusoidal and square way, respectively,
(c) and (d): hydrogen recovery by sinusoidal and
square way, respectively
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drogen yield as high as that of the steady state
operation, indicating equivalent performance of
periodic operation at 533 K. Based on these results, the applied mode of periodic operation
seemed to become an attractive operation mode
regarding the equivalent hydrogen yield. It
should be noted that there was an optimal amplitude for obtaining best performances. For example, once the process was performed with
the square wave function, the optimal amplitudes give the following performances: for
methanol conversion the optimal amplitude
was 0.14 giving a ΔX=0.14, while the ΔY=0.18
was obtained with an optimal amplitude of
0.16.
When the reactor was operated under periodic operation according to the sinusoidal function, the optimal amplitude (0.18) gives a
ΔX=0.12, and the optimal amplitude concerning the sweeping gas (0.20) gives a ΔY=0.15.
Therefore, it was obtained that tuning the inlet
composition feed and the sweeping gas with
square wave function can boost the reactor performance compared to the sinusoidal periodic
operation. Here, it is clear that the coherence
and the harmony between modulation of S/C
and I running both in phase, can boost significantly the reactor performance above the
steady state level. i.e. the modulation of steam
to methanol ratio enhance the methanol conversion, at the same time, the modulation of
sweeping gas enhance the hydrogen recovery
by shifting the equilibrium towards the direction of hydrogen production. In this case, the
reverse water gas shift reaction could not be occurred. Consequently, the methanol conversion
was still improved again.
4. Conclusion
In conclusion, we would like to emphasize
once more the key role of the periodic operations. Periodic operation was applied for
methanol steam reforming in a Pd-membrane
reactor. A comparative analysis of the different
variants of modulation has demonstrated that
modulating the S/C and I ratios both in phase
with a square wave function appears to be the
best strategy to enhance the reactor performances. The best performances could be obtained
if the inlet composition and the sweeping gas
are tuned at optimal amplitudes of 0.14 and
0.16, respectively. This method of reactor operation presents a new and strategic way for
pure hydrogen production from methanol
steam reforming. The hydrogen being produced
in this intensified novel process could be directly used in fuel cells.
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