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Abstract

Natural gas steam reforming due to the abundant availability of natural gas is the principal way to produce hydrogen. Higher
purity of hydrogen can be obtained with membrane reactor. An integrated membrane reactor that useNi(10)/CeLaZr catalyst
supported on SSiC ceramic foam is analyzed in this research. Respect to other literature works, foam catalyst is used in place of
common pellet catalyst to have better performance of the process with higher distribution of temperature. A rating mode is
carried out founding the correct heat transfer coefficient of the reactor. A modeling of the reactor is carried out in Aspen Plus
using the correlation presented in literature for the catalyst foam, Sieverts' law and Numaguchi kinetic. The commonly used Xu
and Froment kinetic is replaced by Numaguchi kinetic. Results on reactor performance show satisfactory agreement with
experimental data. A study of methane conversion, hydrogen recovery, temperature of reactor, hydrogen partial pressure versus
reactor length and membrane permeability is performed. The membrane permeability has positive effect on methane conversion
and hydrogen recovery. For the other parameters the effect is negative. Future works should optimize the operation of the
integrated membrane reactor to have the higher hydrogen production and methane conversion.

Keywords: Natural Gas Steam Reforming, Integrated Membrane Reactor, Process Simulation, Hydrogen Production,

Kinetic Reaction, Catalyst On Foam.

skkok

1. INTRODUCTION to conventional reactors. In addition, conversion and

o ) selectivity of the reaction are better, so a membrane reactor
Today natural gas, consisting of up to 95% methane, is a can produce hydrogen whit high efficiency.
high quality energy and chemical raw material used in
alternative to petroleum for the production of energy, fuels Hydrogen is separated from the reaction side, shifting the
and chemical commodities [1]. A technique to add a high equilibrium of the reaction towards the hydrogen formation
value to natural gas is the steam reforming reaction, used to and increasing the methane conversion at lower
produce hydrogen, the most significant energy carrier and temperatures [5]. In general, the reactions take place at high
source of the future. Globally, about 50 million tons of temperatures (>1073 K), but higher methane conversion can
hydrogen (about the 80-85% of world’s hydrogen) is be obtained using membrane reactor at lower temperatures
produced via steam reforming while other methods use coal (less than 823 K). Then, the removal of products increases
gasification or are from renewable sources as biomass, water the residence time of the reactor and drives the equilibrium
electrolysis or bio-ethanol for the next future [3]. Among all toward the completion [6]. Hydrogen is carried away from
methods natural gas steam reforming or known as methane the reaction zone using a sweep gas, commonly a stream of
steam reforming is the cheapest and economically H,0, N,, He or O, [2].
competitive method to produce H, on a commercial scale
[4]. Various efforts are carried out to assess the economic Several works are reported in literature about the use of
aspects and environmental impact of the hydrogen membrane reactors to produce hydrogen by steam reforming
production. Hydrogen is used as a raw material in a range of [7, 8]: the most of them are at elevated temperature (>723
chemical, petrochemical and metallurgical processes, for the K) [9, 10], while only few experimental works are at lower
production of ammonia, methanol and other chemical; it is temperature as 623 K [11, 12].
used in the Fischer Tropsch synthesis, in the fuel cells, fuel
cell vehicles, internal combustion engines vehicles and can Different configurations of membrane reactors, with
store energy by water electrolysis. Hydrogen is an embedded or external membrane[13] or with open
alternative to clean energy. Infect, due to economic and architecture [14] are described. In other cases, molten salts
environmental benefits, hydrogen can be used in the future are used as heat transfer fluid using solar energy and
as an energy source and from environmental prospective is improving the thermal efficiency of the process[14, 15]: it is
the most promising solution to reduce the emissions. an environmentally system that produces Ha, reduces CO,

) ) emissions, and saves the otherwise combusted fraction of

The use of membrane reactors to produce high purity CH, [16, 17]. Infect, natural gas steam reforming reaction,
hydrogen has more attention in the recent years, infect the for hydrogen production is strongly endothermic, hence,
simultaneous presence of reaction and separation determines requires a large amount of reaction heat.

lower cost(capital and downstream separation costs)respect
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Different types of materials can be used for membranes in
the hydrogen separation:polymeric membranes, porous
membranes, dense metal membranes and proton conducting
membranes. The most important parameters comparing
membranes are: perm-selectivity, the flux and the
temperature range at which the membrane can be applied.

Dense metal and ceramic membranes (mainly palladium
alloys) are currently the most used materials due to the high
selectivity to produce hydrogen whit high purity. Pd—alloys
are used to decrease the embrittlement and poisoning (due to
H,S and CO) problems[18, 19]. Several researches are
carried out to study the separation characteristics of Pd
membranes: palladium membrane has high permeability and
selectivity to hydrogen [20, 21].

Extensive experimental studies and DFT-based calculations
shows that the permeability and the stability against
poisoning can be improved using Pd in binary or ternary
alloys [22, 23]: among different additives (such as Ni, Au,
Ag, Rh, Pt) Au or Ag can increase the permeability of about
5 times: the selectivity is reported to be>10’ [24]. The
permeation of hydrogen through the membrane is described
by the Sieverts’ law. The selectivity can be improved in
composite membranes that consist of a thin membrane layer
deposited into a porous support via electrodes plating or
sputtering: the permeability and selectivity depend on the
coverage of the support pores by the membrane layer [25,
26, 27]. In this membranes, higher hydrogen permeability,
increased mechanical resistance, lower cost respect to
unsupported membranes are achieved as described by
Anzelmo et al. [28], describing also the effect of different
parameters as reactor pressure and permeate sweep gas rate
on methane conversion, hydrogen recovery and hydrogen
permeate purity.

The reaction system to produce hydrogen uses catalysts that
show high activity at such low temperatures and decrease
the formation of the coke. The selection of catalyst is
important for the process and should be considered from
catalytic and economic aspect. Ni-based catalysts are the
most common used catalysts due to their high activity and
low costs, however Ni can promote carbon deposition on
catalyst surface [29]. CO,Fe and noble metals, such as Rh,
Pd, Ir, Pt and Ru are also used as catalysts being more active
and more resistance to coke deposition compared to non-
noble metals [30, 31, 32, 33]. Ru instead of Ni, can
maximize the performance of a membrane reactor due to the
high activity and low costs compared to other noble metals,
so it is a potential choice [34, 35, 36]. Various supports as
Al,O5, TiO,, CeO,, ZrO,, La,0;, Ce0,-ZrO,, zeolites,
phyrochlore are used for Ru catalyst. However, the
application of noble metals is limited due to their high price
and unavailability.

Catalytic support materials also have significant effects on
catalyst performances: the widely used pellet supports show
low thermal dispersion because due to low thermal
conductivity. Cold or hot spots are formed on the catalyst
surface during reforming, particularly as the reformer scale
is increased. Hot spots can damage the catalyst and cold

spots can decrease the catalytic activity: an uniform
temperature distribution through the reaction is very
important. To this purpose, recently, metallic and ceramic
foam catalysts (a porous metal inside which many pores are
formed) with high thermal conductivity, uniform thermal
dispersion, and high mechanical strength are widely studied.
These catalyst supports, then, are increasing the heat and
mass transfer. Also the reticulated structure of foam
materials cell provides high activity for unit volume. Open
or closed cells can be presented in the structure of the foam
[37, 38]. Closed cell-type foam has pores that are not
interconnected, while the open cell-type foam has pores that
are interconnected, so a fluid can pass easily through the
cells.

As a catalyst support, metallic foams (e.g., Cu) have good
heat transfer capability, better mixing of reactant gases,
reduced pressure drop in the reactor, low density, high
thermal conductivity, but low thermal shock limitations
[39]. Ceramic foams (e.g., SiC, SSiC), with high mechanical
strength and thermal conductivity [40, 41], are in general
used in reactors with molten salts [42, 43, 44]. Instead, open
cell-type metallic foams are widely used forother industrial
processes as carbon dioxide reforming, Fisher-Tropshc
synthesis, catalytic combustion of methane and methane
steam reforming [31, 44, 45, 46].

In literature several works are about the kinetics and
reaction mechanism of steam reforming and several
reactions have to be considered for a proper description of
the process [47]. According the Xu and Froment kinetic the
reactions of carbon intermediates with adsorbed oxygen are
the rate determining steps. However, the model is very
complex and other researches follow the work of Xu and
Froment proposing their own mechanism for the simplified
kinetic model of this reaction [48] as the Numaguchi kinetic
[27].

Studies about design and rating of membrane reactors are
present in literature [1, 45, 49, 50]. The operation of natural
gas reformer is related to its structure parameters, operating
conditions, heat transfer: it is an important aspect in the
design of steam reforming reactor.

Few works are present in literature about the simulation of
integrated membrane reactor for hydrogen production:
except for Sarvar-Amini et al. [51] and Ye et al
[52]regarding a fluidized bed membrane reactor, all models
are solved in Fortran, Matlab or other computers programs
[53, 54]. But a model developed in Aspen for the integrated
membrane reactor using foam catalyst supports for hydrogen
production from natural gas steam reforming is not present.

In this research a rating for natural gas steam reforming is
carried out founding the correct heat transfer coefficient of
the reactor. It is the first integrated membrane reactor in
Europe at pilot plant that use a ceramic foam catalyst as
support, to produce hydrogen by natural gas steam
reforming. A simulation is modeled in Aspen Plus software
using the correlations presented in literature for the catalyst
foam, Sieverts' law and Numaguchi kinetic.
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Material balances and permeation of hydrogen through
membrane are solved with this software: the model
predictions on reactor performance show satisfactory
agreement with experimental results.

Future works should optimize the operation of the integrated
membrane reactor to ensure a higher hydrogen production.

2. MATERIALS AND METHODS
2.1 Description and Modeling of the Integrated
Membrane Reactor

The configuration of the integrated membrane reactor is
shown in Fig. 1: an external steel tube as shell is present
with an inner membrane tube where steam used as sweep
gas flows to subtract the permeate hydrogen from the
reaction zone. The system allows to produce hydrogen with
high purity, increasing the conversion despite the relatively
low operating temperatures. Methane, in natural gas, and
steam are continuously feeded into the reaction zone at a
molar ratio of steam to carbon (S/C) equal to 1:3; steam is
used as sweep gas improving the performance of the
process. The maximum temperature of the process is equal
to 809 K, while the maximum pressure is equal to 10
atmand a Ni(10)/CeLaZr catalyst supported on SSiC
ceramic foam with open cells is used to improve the
reaction.

The heat is externally exchanged by utilizing molten salts,
as the binary mixture of NaNO3/KNOj; (60/40 %w/w) called
“solar salts”, due to the use of solar energy. This innovative
system allows the mismatch between the fluctuating solar
source and the operation of the process. Table 1 and 2 show
the data about the integrated membrane reactor and its
measures respectively.

- Membrane support
Palladium membrane

Catalyst
Shell reactor

-Tube of sweep gas

Fig-1 Section of the integrated membrane reactor

Table 1: Dimensions of the integrated membrane reactor

Internal External
diameter diameter
(mm) (mm)

Membrane support 10 14
Palladium membrane n.a. n.a.
Catalyst 16 40
Shell reactor 42.7 48.3
Tube of sweep gas 6 9

Table 2: Data about the integrated membrane reactor

Number of tubes 10
Length/Diameter 48.39
Length of tube 748 mm
Number of tube series 1
GHSV 384 h'!
Number of baffle 10
Length of membrane 748 mm
Area of membrane 0.57 m’
Volume of catalyst 95 1

A Gibbs reactor is used to model the integrated membrane
reactor in Aspen Plus software, as shown in Fig. 2, while a
code in Fortran sub-routine is build and integrated into the
software to simulate the permeation and separation of
hydrogen through the membrane inside the reactor, as
described by the Sievert’s law. In the Gibbs reactor model,
Gibbs free energy minimization is performed to determine
the product composition. During the simulation, the reactor
is divided into multi plug flow sub-reactors, reaching the
thermodynamic equilibrium locally. It is a one dimensional
model: in the multi plug flow reactors the gas composition
only varies in the vertical direction with negligible axial
dispersion. The temperature is not uniform inside the
reactor: gas and molten salt change the temperature along
the reactor length. Also the co-existence of H,O, CO, CO,,
CH, is neglected on membrane separation. The membrane
permeability for the simulation is set to 20 Nm’bar®’. Soave
RedlickKwong (SRK) thermodynamic model is set to model
the integrated membrane reactor and to have the material
and energy balances. Pressure drops are neglected in the
calculations: the pressure in both sides of membrane is kept
at constant. Steady-state operation is assumed during the
simulations.

Molten salt out

Natural M

gas | ? i
Sweeping |
steam ¢ W W

L S -~ Reformed gas 4}
Hydrogen _
+steam

Molten saltin
Fig-2 a) Scheme of the integrated membrane reactor; b)
Scheme of the integrated membrane reactor in Aspen Plus
environment

2.3 NUMAGUCHI KINETIC REACTION

The reactions that are involved in the natural gas steam
reforming or known as methane steam reforming are the
endothermic steam reforming reactions and the exothermic
water-gas swift reaction according the following system
(See eq. 1-3):
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CH, + H,0 & CO +3- H, 1)
CO + Hy0 © CO, + H, 2)
CH4_+2'H20 (_)602+4'H2 (3)

The reaction enthalpy is respectively equal to 206, -41, 165
kJ/mol and the overall products are CO, CO, and H,. A
mixture of H, and CO is produced, the next processing is
required to convert CO to CO, used the water gas swift, then
to remove the CO, and other impurities. The third reaction is
a linear combination of other reactions. The kinetic rate of
the system is described by the hybrid equation of Langmuir-
Hinshelwood according a power law, assuming that the
surface reaction is the rate-determining step. In the
expressions, o and f are the parameters for the adsorption
term according the Freundlich adsorption rate, while m is
the number of adsorption sites included in the rate (See eq.
4-5).

Tof
=k°-exp<——Ep)

R R-T

Piz

kr'(PCH4'PH20_PC0'E)
— _ @)
(PCH4- HZO) (1+2 1Kk Py)
k. =k "-exp(—i> %)
r R R-T

In methane steam reforming, the adsorption equilibrium
constant for steam is larger respect to other components. For
this reason, the rate of the reactions according the
Numaguchi kinetic are obtained [55] (See eq. 6-7):

Py — Peyace
ryr = kg’ - exp (_ P )( CH4 CH4( 2) )
R-T (p
CH4 '

H20
E
Tsr = kg’ - exp (— R_pT)
(Peo = Pooeq))
(PCH4 ) Pilszo)

where 1,5 is for the steam reforming reaction, r is for the
shift reaction, Pcuseq and Pcoeq are the pressures at
equilibrium conditions and R the constant of universal gas.
Table 3 shows the values of parameters inside the reactions
[55]:

Q)

Table 3: Values of parameters for Numaguchi kinetics

k% 92-10*
Er 106.87 kJ/mol
OR 0
dr 0.596
k% 8.688-10°
Es 54.531 kJ/mol
Og 0
ds 0

2.3 HEAT AND MATERIAL BALANCES OF
THE PROCESS

The mass balance in the gaseous phase is given for each
component by the expression (See eq. 8):

Ngr=3

dF,
dZ:pQZU”T]n] (8)
=1

For the methane and the carbon dioxide, result (See eq. 9-
10):

dF,

dCZH4=P'Q'(_7”1'7]1_7”3'7I3) €))
dF,
% =p- Q- (+ry 1, +1373) (10)

where (Q is the reactor section, p is the catalyst density, 1,
M, M are the effectiveness factors. The hydrogen flow rate
through the membrane is expressed by the following
relationship (See eq. 11):

dFHZﬂ:]HZ-Z-n-(n+5) (11)
dz
with r°is the inner radius, 8 the thickness of the membrane,
Jip the hydrogen permeation through the palladium
membrane according the Sieverts' law as a function of the
difference in the square root of hydrogen partial pressures
on both sides of the membrane [56] (See eq. 12):

de

]H ( HZr Igzsp (12)

where & is the membrane thickness, Q,q the permeation of
hydrogen, Py, and Py, the hydrogen pressure in permeate
and reaction side. The energy balance is described below
(See eq. 13)

Py Cpy s (1—€)- Z( AH;) -7

(T -T,) (13)

UnD

where Ty, is the temperature of the outer reactor wall, D is
the outer reactor diameter, U the heat transfer coefficient
between the outer wall and the reacting/separating zone, p,
and p; the density of gas and salt respectively, C,, and C,;
respectively the heat capacity of gas and salt, A the section
flow rate, ethe void fraction. The assumptions, reported in
table 4, are considered for the gas properties, foam catalyst
and molten salts, while Fig. 3 shows the foam catalyst
support used in the integrated membrane reactor.
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Fig-3a) Images of SSiC-foam coated with Ni(10)/CeLaZr
catalyst; b)Stereomicroscopic image of SSiC-foam coated
with Ni(10)/CeLaZr catalyst

Table 4: Properties of gas, catalytic foam, molten salt
Properties of gas

Conductivity at inlet of reactor 0.09756 W/mK
Conductivity at outlet of reactor 0.13232 W/mK
Conductivity average 0.11494 W/mK
Viscosity at inlet of reactor 0.00003 Pas
Viscosity at outlet of reactor 0.00003 Pas
Viscosity average 0.00003 Pas
Heat capacity at inlet of reactor 2145 J/kgK
Heat capacity at outlet of reactor 3063 J/kgK
Heat capacity average 2604 J/kgK
Density at inlet of reactor 2.827 kg/m’
Density at outlet of reactor 2.405 kg/m’
Density average 2.616 kg/m’
Properties of foam catalyst support
Porosity 15 ppi
Degree of vacuum 0.83
Pore diameter 0.001693 m
d 0.000268 m
Cell size 15753 m
Fiber diameter 0.000272 m
Properties of molten salt
Heat capacity 0.37 kcal/kgK
Density 1742 kg/m’
Viscosity 4.32 kg/mh
Flow rate 800 kg/h
Section of flow rate 0.017 m’
Velocity 0.008 m/s

3. RESULTS AND DISCUSSIONS
3.1 CALCULATION OF THE HEAT TRANSFER
COEFFICIENTS

To have a correct model of the integrated membrane reactor,
the heat transfer coefficients for gas, molten salt and the
global heat coefficient are calculated as reported in table 5.
The heat transfer coefficient of gas is calculated according
the correlationsof foam reported by Lu et al. [57]. Infect in
general, two different models can be used to describe the
heat transfer in a porous medium: the one-equation
equilibrium model or the two-equation non-equilibrium
model [58]. Temperatures of molten salts at the inlet and
outlet of the reactor are set equal to 823 K and 817 K
respectively. The temperatures of natural gas at inlet and

outlet are equal to 798 K and 809 K for retentate and 723 for
permeate respectively while the duty of reactor is set to
1870 kcal/h.

Table 5: Heat transfer parameters of the integrated
membrane reactor calculated in rating mode

Reynoldof salt 1631
Prandtlof salt 3.37
Nusseltof salt 13.90
Prandtlof gas 0.64
Reynold of gas 1.04

278 keal/hm*K
142 keal/h m’K
90 kcal/hm*K

Heat transfercoefficient of gas
Heat transfercoefficient of salt

Global heat transfer coefficient

3.2 RESULTS OF
SENSITIVITY ANALYSIS

SIMULATION AND

A modeling of the integrated membrane reactor is carried
out with Aspen Plus software, comparing the obtained
results with experimental data. Also a rating mode is
developed to verify the heat capacity of the system, using
the previous found parameters for the heat transfer.

Infect, therating mode uses these results as input to simulate
the reactor with the kinetic expression. Physical data are
update in the model of the integrated membrane reactor.
Comparing the values of hydrogen partial pressure, as in
Fig. 4, it is evident that the model implemented in Aspen
Plusis correct. In particular, Fig. 4 shows thehydrogen
partial pressure in the retentate and permeate side of the
integrated membrane reactor versus the reactor length.In
addition, the reactor can exchange the imposed duty, so the
verification is satisfied.

Hydrogen partial pressure (bar)

0.5
0 B . )
0 0.2 0.4 0.6 0.8
Reactor length (m)
Retentate model Permeate model

B Retentate experimental data Permeate experimental data

Fig-4 Hydrogen partial pressure in the retentate and
permeate side of the integrated membrane reactor (data
model: continuous line; experimental data: points)
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Table 6 reports the heat and material balances of the process
obtained by the simulation in Aspen Plus.

Table 6: Material and energy balances of the integrated
membrane reactor obtained by the simulation in Aspen Plus

Feed Retentate Permeate

Composition (% w/w)

Methane 0.1917 0.1136 0
Hydrogen 0.1114 0.1243 0.551
Carbon dioxide 0.0517 0.1896 0
Carbon monoxide 0.0042 0.0116 0
Water 0.6409 0.5609 0.499
Nitrogen 0 0 0
Ethane 0 0 0
Propane 0 0 0
I-butane 0 0 0
N-butane 0 0 0
I-pentane 0 0 0
N-pentane 0 0 0
Helium 0 0 0
Total flow rate (kmol/h)  0.2629 0.2068 0.196
Density (kg/m’) 2.604 3.113 0.241
Temperature (K) 798 809 723
Pressure (barg) 9 9 0.65
Enthalpy (cal/mol) -43439 -21981 -45218

The total flow rate at the inlet of the reactor is equal to
0.2629 kmol/h: the methane composition is equal to 0.1917
%w/w so the value of S/C is equal to 3.3. In the feed there is
0.1114 %w/w of hydrogen: upstream of the integrated
membrane reactor, a reactor for natural gas steam reforming
with a membrane stage at the downstream is present. The
permeate stream of this membrane reactor is the feed for the
integrated membrane reactor. For this reason, hydrocarbons
as propane, butane, pentane are not present in the feed: they
are removed in the previous stages. Table 6 shows that the
composition of hydrogen in the permeate stream is equal to
0.55 %w/w: to improve the recovery of hydrogen and so to
have a higher hydrogen mole fraction in the permeate a
higher membrane permeability can be used, as shown in the
sensitivity analysis.

In the retentate stream CO, and H,O are the main products,
while CO, H,, CH,; are the secondary products. The
temperature of gases in the retentate is equal to 809 K, a
higher value of temperature respect to feed and permeate
respectively equal to 798 K and 723 K. Also, 0.088 kmol/h
of steam are send to the reactor as sweep gas.

The methane conversion is equal to 61%. A sensitivity
analysis is carried out to study the process: the effect of
membrane permeability is analyzed for methane conversion,
rector temperature, partial pressure of hydrogen, hydrogen
recovery versus the reactor length.

Fig.5 shows the methane conversion as a function of reactor
length and membrane permeability. Methane conversion
increases faster near the inlet of the reactor, but decrease
along the length: an equilibrium between the changes of
reaction rate and variations of species concentration is
achieved [59]. It is evident that the methane and water
consumption rate and carbon dioxide production rate are
higher near the inlet of the reactor, because the mixture is
not in equilibrium [60]. The membrane permeability has a
positive effect on methane conversion but this effect is not
linear at high methane conversion due to the mass transfer
limitations inside the reactor. Methane conversion reaches a
value of 60% for lower value of permeability but it can
assume a value of 90% at higher value of permeability.

90 4
80 -+
70 4
60 -
50 4
40 A
30 4
20 A
10 4
0

Methane conversion (%)

0 0.2 0.4 0.6 0.8
Reactor length (m)

————P=30Nm3hbar0.5 =———P=20Nm3hbar0.5
P=10Nm3hbar0.5

Fig-5 Methane conversion versus membrane length and
membrane permeability

The reaction temperature has an important role in the reactor
performance, because influences the thermodynamic and
kinetic: with the increase of the temperature, the hydrogen
permeation rate through the membrane and the reaction rate
also increase, producing a higher methane conversion and
hydrogen recovery [61]. Fig.6 shows a cold spot at the inlet
of the reactor, while the endothermic behavior of the
methane reforming determines a reduction of the
temperature in the remaining length. After 0.1 m of the
reactor length, the system seems to be isothermal with
temperature near to 810 K [62]. In the initial portion of the
reactor, the temperature decreases strongly due to the large
amount of converted methane: the net balance of the
reaction is strongly endothermic. After the minimum
temperature, the gas is heated (the heat that is transferred
from the membrane tube is higher than the heat consumed
by the reaction),while after the middle of the reactor the
thermodynamic equilibrium is achieved. The membrane
permeability has a negative effect on temperature, however,
the permeability has a mild effect on the maximum
temperature enabling the satisfaction of the membrane
operating requirements. The use of foam support improves
the heat transfer inside the reactor, resulting in a lower mean
temperature difference between the region near the wall and
the region near the membrane. Moreover, the maximum
temperature drop that occurs near the inlet of the reactor is
significantly smaller, an important parameter in order to
protect and prolong the lifetime of the Pd-based membrane.
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Fig-6 Temperature of reactor versus reactor length and
membrane permeability

It is interesting to study the hydrogen partial pressure along
the reactor, as shown in Fig. 7. The trend reaches a
maximum, while after the separation through the membrane
the hydrogen partial pressure decreases. Comparing Fig.5
and 7, the methane conversion increases with the decreasing
of hydrogen partial pressure. In the same conditions the
hydrogen recovery will increase.

L6
s
g 1.4
@ 1.2
Z2 1 —
£ 08
= 06
5 04 -
(=% |
= 02 -
D |
%‘0 0 - T T 1
= 0 0.2 0.4 0.6 0.8 1
= Adimensional length
=== P=30 Nm3hbar0.5 P=20Nm3hbar0.5
P=10Nm3hbar0.5

Fig-7 Hydrogen partial pressure versus adimensional length
of the reactor and membrane permeability

Fig.8 shows the hydrogen recovery defined as the ratio of
the permeated hydrogen to the total amount of hydrogen
generated by the reaction.

The graph shows that a back permeation is present at the
inlet of the reactor due to the permeation of hydrogen before
that the gas enters in the reaction zone. After the reaction
zone, the hydrogen recovery reaches its maximum value at
the maximum driving force(the difference in partial pressure
of hydrogen between reaction side and permeation side).As
the magnitude of the driving force decreases, the hydrogen
recovery decreases too. Infect, when the temperature
decreases, according the thermodynamic equilibrium the
amount of formed hydrogen is smaller: the reactions
proceed towards the consumption of hydrogen, instead to its
formation. Fig. 8 shows that the membrane permeability has

a positive effect on hydrogen recovery. The positive effect is
higher at higher value of permeability. At 30 Nm’hbar’* the
maximum value of hydrogen recovery is equal to 93%.
Hydrogen permeation rates can be further enhanced by the
increased membrane surface area.

100 ~
g 95 -
= 90 w
z 85 -
[>]
S 80 -
S 75
Z 70
= 65 -
60
0 0.2 0.4 0.6 0.8
Reactor length (m)
= P=30 Nm3hbar0,5 P=20Nm3hbar0,5
P=10Nm3hbar0,5

Fig-8 Hydrogen recovery versus reactor length and
membrane permeability

In addition to membrane permeability, pressure has a
positive effect on methane conversion and hydrogen
recovery. When the pressure increases, both methane
conversion and hydrogen recovery increase: a high reaction
pressure increases the driving force for the products,
especially for hydrogen recovery resulting in an
enhancement of the methane conversion [63].

4. CONCLUSIONS

Natural gas steam reforming to produce hydrogen in an
integrated membrane reactor is studied from a modeling
point of view using Aspen Plus simulator.

Catalyst supported on ceramic SSiC foam coated with
Ni(10)/CeLaZr is used to ensure an uniform temperature
distribution. The correct heat transfer coefficients are found
by adequate foam correlations and rating procedure.
Material and energy balances are imposed considering that
molten salts are used to exchange heat from solar energy.
Numaguchi kinetic is used to describe the process.

The mathematical model developed in Aspen Plus shows a
good agreement with the experimental data, obtained by the
integrated reactor at pilot plant scale. The methane
conversion obtained from the simulation is equal to 61%
with 0.55 %w/w of hydrogen in the permeate stream. A
sensitivity study of methane conversion, hydrogen recovery,
temperature of reactor, hydrogen partial pressure versus
reactor length and membrane permeability is performed.
Results suggest that permeability of membrane has positive
effect on methane conversion and hydrogen recovery. For
the other parameters the effect is negative.
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