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Abstract

Today methane steam reforming is the primary way to produce hydrogen, due to the abundant availability of natural gas and its
economic benefits respect to other processes. Higher purity of hydrogen can be obtained with membrane reactor. In this research
a mathematical modeling for methane steam reforming reaction operating in steady state is developed for an integrated
membrane reactor. A one-dimensional, pseudo-homogeneous model in isothermal mode is used. Ni(10)/CeLaZr catalyst
supported on SSiC ceramic foam is used to ensure a better temperature distribution inside the reactor respect to a common pellet
catalyst. Acceptable results are obtained with Numaguci kinetic and not with the common Xu and Froment kinetic that is very fast.
A sensitivity analysis is carried out to study the effect of temperature and pressure on methane and carbon dioxide conversion and
hydrogen yield: both parameters have a positive effect on the responses. Experimental tests are carried out to measure pressure
drops inside the foam sample according the Hazen-Dupuit-Darcy equation: value of permeability and drag coefficient are
obtained and are equal to 0.00043 m® and 0.04029 s*m respectively. An isotropy test shows that this property is not present for
the studied foam. In this case, the value of permeability and drag coefficient are equal to 4.59-10°>m? and 0.07 s/m respectively.

Keywords: Methane Steam Reforming, Integrated Membrane Reactor, Kinetic Reaction, Mathematical Model,

Pressure Drops, Hydrogen Production.

1. INTRODUCTION

Today the extensive resources of natural gas available over
the world recommend the methane steam reforming as the
most promising and economically most feasible solution for
hydrogen production. Hydrogen is a green energy carrier
and can supply the energy demand in an environmentally
way using the best developed technologies. As the 21’s
century energy, it is the main fuel used in processes for the
production of ammonia, methanol and in the Fischer
Tropsch synthesis [1].

Globally, about 50 million tons of hydrogen are annually
produced via methane steam reforming. Other methods of
hydrogen production are from renewable sources: biomass
or electrolysis of water at high temperature using solar
energy. Also, renewable feed-stokes as bio-ethanol can be
used in the future [2].

Membrane reactors are used to produce hydrogen at high
purity in compact systems, in the last years. A membrane
react or can do simultaneously a reaction (steam reforming,
dry reforming, auto-thermal reforming, etc.) and a
separation through the membrane, that plays the role of a
separator, but also takes place in the reaction itself. So
conversion and selectivity of the reaction are improved,
avoiding the use of other traditional systems as pressure
swing adsorption or cryogenic separation. In literature, there
are several examples about membrane reactors for
hydrogenation and dehydrogenation [3, 4, 5, 6], methane
steam reforming [7, 8] and water-gas shift [9] to produce

hydrogen. In general, tubular reactors filled using nickel as
catalyst, at temperatures above 850 °C, pressure between 3
atm and 25 atm and steam to methane feed flow ratio
between 2 and 4 are traditionally used [10]. Membrane
reactors have several advantages: reduced capital and
downstream separation costs (the separation is integrated),
improved vyields, selectivities (due to the equilibrium shift)
and mass transfer. Several patents about membrane reactors
are reported by Deckman et al. [11], Sufang et al. [12], Mei
et al. [13], Morico et al. [14]. Other works that are present in
literature study the influence of operating conditions such as
temperature, reaction pressure, sweep flow rate and steam to
carbon ratio (S/C) on conversion, H, production rate and
CO;, in the feed [15, 16, 17]. Researches are studying the
configuration of the membrane reactor that can improve the
efficiency of the process. De Falco et al. [18] study
experimentally different configurations of the reactor with
embedded or external membrane involved in the reforming
process. In addition, a separated reformer-Pd membrane
module, called ‘open architecture’” is developed by
Borgognoni et al. [19]. In other configurations, solar heated
molten salts are used as an external source of thermal
energy, improving the sustainability and the thermal
efficiency of the system: the necessary heat to maintain the
chemical reaction is supplied and the carbon footprint is
decreased [20, 21]. The use of membranes allows to work at
very low temperatures and pressures and to have higher
conversions [7, 22]. Infect, the methane steam reforming
reaction for hydrogen production is limited by
thermodynamic equilibrium: the reactions take place at high
temperatures (>800 °C) to have high methane conversion
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and hydrogen yield. However, in membrane reactors higher
methane conversion can be obtained at lower temperatures,
less than 550 °C: the selective removal of hydrogen from
reaction place through membranes allows to overcome the
thermodynamic equilibrium limitation. A sweep gas,
commonly a stream of H,O, N,, He or O, is generally used
to subtract hydrogen from reaction zone and produce a
hydrogen stream with concentration of CO and
COgsignificantly lower [23, 24]. Different type of materials
can be used for membranes: polymeric membranes, porous
membranes, dense metal membranes and proton conducting
membranes (dense and composite ceramic membranes).

Dense metal and ceramic membranes have high hydrogen
selectivity so they can produce a permeate stream with
hydrogen at high purity. Also, micro-porous ceramic
membranes(crystalline and amorphous) are promising
materials, but the selectivity is still limited compared to the
more expensive dense inorganic membranes because they
separate hydrogen by size exclusion. Pd-alloys (mainly Pd—
Ag, Pd-Cu and Pd-X-Au) are used to decrease the
embrittlement problem and the poisoning of membranes
generating by the contact with H,S, CO and other pollutants
[25, 26]. Experimental studies and DFT-based calculations
how that Pd in binary or ternary alloys improves the
permeability of the membranes[27, 28]. In particular, Au or
Ag can increase the permeability of the alloy of up to 5
times respect to Ni, Rh, Pt [29]. The hydrogen permeates
selectively a wall of membrane accordingly to the Sieverts’
law. In order to improve the selectivity, composite
membranes with thin metal films, coated over a porous
support via electrolysis plating or sputtering are also used
[30]: the hydrogen permeability and selectivity depend by
the coverage of the support pores. In the steam reforming
reaction, different catalyst can be used: noble metals, such
as Pt, Pd and Rh, and non-noble metals, such as Co, Ni [31,
32, 33, 34].Ni-based catalysts have been historically used
primarily due to their low costs. However, a more active
catalyst, such as Ru can maximize the performance of a
membrane reactor [35, 36]. In general, pellet supports are
used but show low thermal dispersion due to its low thermal
conductivity: cold or hot spots are produced on the catalyst
surface during reforming, particularly as the reformer scale
is increased. Hot spots can damage the catalyst while cold
spots can decrease the catalytic activity, so an uniform
temperature distribution through the reaction is very
important. 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 have been studied widely. Foams
are classified into two types: open and closed cells [37, 38].
The closed cell-type foam has pores that are not
interconnected, whereas the open cell type metallic foam has
pores that are interconnected: a fluid can pass easily through
the metallic foam. The open cell-type metallic foam is used
widely in a range of industrial fields. The metallic foam can
improve the catalytic activity due to its high specific surface
area, can improve the heat and mass transfer and can
minimize the pressure drops due to its porous structure [39,
40]. The ceramic foam due to the high mechanical strength
and thermal conductivity [41, 42], are used as catalyst

supportin reactors that use solar energy [43, 44, 45].
Metallic foams as Cu, have better thermal conductivity and
are less breakable compared to ceramic foams: the use of
metallic foams is growing [32, 46]. In general, recent
researches focus the attention to develop catalysts that
produce minimum CO content with outing hydrogen
production.

Mathematical modeling of membrane reactor is an active
area of research in developing: there are significant amount
of works that can be used as an effective tool for the design,
evaluation and optimization of the process. There are
isothermal [47, 48] e non isothermal [49, 50, 51, 52]
modeling. Isothermal operation is generally assumed, but
there are few other works that use also energy balances,
simulating the non-isothermal operation [7, 53]. However,
the existing models are one dimensional, so they are not
capable to describe the heat and mass transfer processes
inside the reactor [50, 54, 55, 56, 57, 58, 59]. In addition,
this kind of model, are not able to study the influence of the
structural and textural properties of membrane on the
system[60]. Membrane reactors show radial concentration
and temperature gradients, due to the mass and heat transfer
through the membrane, so bi-dimensional models are more
accurate [61, 62, 63, 64, 65]. Tri-dimensional models are the
most complex and are used only for highly nonsymmetrical
reactors [66]. Optimization purpose of this models is
underlined by Simakov and Sheintuch [58], De Falco [20],
Caravella et al. [67], Oyama and Hacarlioglu [68]. Several
authors are developed mathematical models at various levels
of complexity underlining the advantages of membrane
reactors: mostly are at steady-state condition and one-
dimensional [4, 53, 57] and few works are at steady-state
condition and two-dimensional [69].

From literature analysis can be deducted that the extended
and systematic studies of membrane reactors for methane
steam reforming in the last two decades aims at abolishing
the limited understanding of the membrane reactor behavior
and facilitating its industrial implementation. In this
condition the study of membrane reactors at pilot scale is
necessary. In general, at an industrial scale methane steam
reforming reaction operates over Ni-based catalyst pellets in
tubular reactors. The use of Ni-based supported foam is not
meticulously investigated and no profound studies on
modeling reforming reactions over foams exist [70].
Moreover, the lack of profound understanding of large-scale
membrane reactors and their behavior hinders the
implementation of novel membrane reactor strategies and is
therefore attractive to study. To this purpose a mathematical
modeling of integrated membrane reactor for methane steam
reforming is carried out in this paper. It is the first integrated
membrane reactor at pilot plant in Europe that uses
Ni(10)/CeLaZr catalyst supported on SSiC ceramic foam.
Material balances of carbon dioxide and methane and the
permeation of hydrogen through membrane are solved with
Matlab software (using the Runge and Kutta algorithm).
Results show that the used of Xu and Froment kinetic [71] is
not suitable to describe the system, being too fast.
Acceptable results are obtained using the Numaguchi
kinetic. So a new kinetic is used to describe the methane
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steam reforming reaction inside the integrated membrane
reactor and at pilot plant. A sensitivity analysis is carried out
for a better understanding of the process, analyzing the
effect of temperature and pressure on methane and carbon
dioxide conversion and the effect of temperature and
pressure on hydrogen vyield. Experimental analysis of
pressure drops are used to develop a mathematical model
according the Hazen-Dupuit-Darcy equation, funding the
values of permeability and drag coefficient.

2. MATERIALS AND METHODS
2.1description of the Integrated Membrane Reactor
and Catalyst

Fig. 1 shows the configuration of the integrated membrane
reactor that consists of an external steel tube (shell) with an
inner membrane wall tube where sweep gas (steam) flows to
drag the permeate hydrogen.

The selective membrane allows to obtain hydrogen with
high purityand to improve the conversion of the reaction,
despite the lower operating temperatures. Methane and
steam are continuously feeded: the molar ratio of steam to
carbon (S/C) is equal to 1:3, the maximum temperature is
550 °C and the maximum pressure of 10 atm over a
Ni(10)/CelLaZr catalyst supported on SSiC ceramic foam.

The flexibility on providing heat is externally ensured by
utilizing solar energy and molten salts, as the binary mixture
of NaNOs/KNO; (60/40 %w/w) called “solar salts”. This
heat transfer fluid has low cost, allowing mismatch between
the fluctuating solar source and the operation of the
chemical plant.

- 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

A pseudo-homogeneous, one-dimensional and isothermal
model is developed to simulate the performance of the
integrated membrane reactor. The main assumptions of the

models are the following: stationary condition, cylindrical
symmetry, catalytic bed in isothermal conditions, one-
dimension model, modeling of pseudo-homogeneous
catalytic bed with mechanical, thermal and Kkinetic
equivalence to a granular bed, the polarization phenomena
for concentration is not considered, the inhibition
phenomena due to the impurities are negligible, co-current
flow mode. The assumption of the isothermal operation is
guaranteed by the use of molten salts. Infect, the assumption
of isothermal operation in a reactor is related to the higher
reaction heat respect to the heat loss/gain through the reactor
walls. According to this, for the reactor of this research,
ahigh ratio between heat transfer area and reaction volume is
present, respecting the first consideration. However, this
condition may not be true whit higher process scales [53].

2.2 XU and Froment Kinetic Reaction According to
the Langmuir-Hinshelwood Model

Methane steam reforming consists in two endothermic
reactions and the exothermic water-gas swift reaction
according the following scheme (See eg. 1-3):

CHy + Hy0 © CO +3-H, (1)
CO + Hy0 © CO, + H, @)

The reaction enthalpy is respectively equal to 206, -41, 165
kJ/mol and the overall products are CO, CO, and H,. The
third reaction is a linear combination of the other reactions.
The mathematical model of the Kkinetic follows the
Langmuir-Hinshelwood mechanism according to Xu and
Froment [71]. The rates of reactions are (See eq. 4-7):

k P, - P,
PTl.S'(PCH4 *Przo —%160)
r = 2 4)
! DEN?
k Py, - P
P—z'(PCH4'PH2 _%CO)
2 DEN?
k Pi, - P,
PTE.’S' (Pcya * Phizo — —H2K3 £0z)
2
3= 2 DEN?2 (6)
DEN
_ 1+ Kco " Peo + Kya " Puz + Keya " Peya + Koo * Przo )
= 7

where rj(j=1-3) are the reaction rates, k; are the reaction
constants according Arrhenius relation k= k’%exp(-Ej/R-T),
Ki(i=CH4, H,O, H,, CO) are the adsorption constants
expressed as Ki=K%exp(—AH/R-T). In the system reaction,
only the first and second reactions are linearly independent:
the expressions for methane and carbon dioxide conversion
are the following (See eq. 8-9):
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Féna — Fepa

Xcna = TR, 3
Féoz — Feoz

Xco2 = R, C))

where Xcps and Xco, are the methane and carbon dioxide
conversion respectively, Fco, and Fcpsthe flow rate of
carbon dioxide and methane respectively, F°cps and Fecop
respectively the initial methane and carbon dioxide flow
rate. The expressions for partial pressures of components are
a function of the conversions (See eq. 10-16):

(1= Xcua)
Pepy = ——— (10)
o
(Bco — Xcoz + Xcua)
Peo = (11)
o
(Bcoz + Xco2)
Peoy =———— (12)
o
(Bco — Xcha — Xco2)
Puyo = (13)
o
(Onz + 3 Xcna — Xco2 — Yuz)
Pyp = pn (14)

_ (1 + Buz0 + 0co + Ocoz + Ou2)

o P (15)
()

9. = 16

S (16)

where P+ is the total pressure and F;° the initial flow rate of j
species [72]. The values of parameters of these equations in
the simulated system are present in Table 2 and 3.

Table 2: Values of adsorption constants for the compounds
involved in the reactions

CH, H,O Cco H,

K (1/bar) 6.65-10" | 1.77-10° | 8.23:10° | 6.12:10°

Table 3: Values of kinetic parameters of the involved

reactions
Reaction steam water gas | methanatio
reforming shift n
k° 4.22-10° | 1.9510° | 1.02:10®
(kmolbar®>/kgcath)
Activation energy 240100 67130 243900
(J/mol)

The hydrogen permeation through the palladium membrane
involves with the dissociation of molecular hydrogen and
the diffusion of their atoms. The flux of hydrogen depends
by membrane properties and driving force (the square root
of hydrogen partial pressures on both sides of the
membrane) [73] (See eq. 17):

Qpa
Jnz = =5~ (Pi5r = Pii3y (17)

where § is the membrane thickness, Qpq the permeation of
hydrogen, PH,and Py, the hydrogen pressure in permeate
and reaction side respectively. The permeation coefficient of
hydrogen is a function of the temperature according the
Arrhenius equation, as below (See eq. 18):

Qpa = 0 exp () (18)

A differential form of hydrogen flow is expressed by the
following relationship (See eq. 19):

M=]H2.2.n.(n+5) (19)
dx
with r, the inner radius and 6 the thickness of the membrane.
Considering the variable Yy, as the ratio between the
hydrogen flow in the permeation side and the initial flow of
methane, it is possible to obtain this differential equation
(see eq. 20):

dYHZ Qd27T(To+5)L o
i £ 5 © 224 Foyy

(PR3, — PAS, (20)

where & is the dimensionless length of the reactor, Fo, the
initial flow rate of methane and L the length of the reactor.
The mass balance for the gaseous phase is according this
expression (See eq. 21):

dF;
E:P'Q'zvi]"ﬁ'm (21)

For the flow of methane and the carbon dioxide, result (See
eq. 22-23):

dFepa
d =p-Q-(ryn +15:13) (22)
x
dFeo;
P Q- (ry-my +13.13) (23)

where Q is the reactor section, p is the catalyst density, n;,
M2, M3 are the effectiveness factors, ry, ry, rs are the reaction
rates. The mathematical model that describes the process in
a dimensional form is the following (See eq. 24-26):

dXcys p-Q-L

< (' +r3 24

de FCH,4 (ri-m 3 173) (24)
dXcoa p-Q-L

=— “(ry "1y + 13 25

de FCH,4 (ry -1, 3.13) (25)
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dYy, _de-Z-n-(r +6) L
de

224 Fiyy
( e — PR3y (26)

with dx=L-de. These equations are numerically solved
through the method of Runge and Kutta using these initial
conditions:  z=0, Xcns=Xco.=0.Matlab software and
ad"order algorithm are used for the numerical solution of
the differential equation; the step side is equal to 0.001. The
operating conditions and reactor parameters used for
modeling the integrated membrane reactor according the
previous equations are shown in Table 4.

2.3 Numaguchi Kinetic Reaction

In the methane steam reforming process, the mainly
independent reactions are the steam reforming and the shift
reaction as the following (See eq. 27-28):

CH, + H,0 & CO+3-H, (27)
CO + H,0 & CO, + H, (28)

The kinetic rate is described by the hybrid equation of
Langmuir-Hinshelwood with the power law, assuming that
the surface reaction is the rate-determining step (See eq. 29-
30). a and B are the parameters for the adsorption term in the
power law expression, according the Freundlich adsorption
rate expression. m is the number of adsorption sites included
in the rate.

Table 4: Operating conditions and reactor parameters

Operating conditions and reactor parameters

Tubes number 10
Tube passage 1
Tube length 900 | mm
Total length of membrane module 748 | mm
GHsSV 384 | h'!
Catalyst volume 9.6 | I
Duty of reaction 1870 | kcal/h
Heat transfer coefficient, gas side 278 | kcal/lhm®°C
Heat transfer coefficient, salt side 142 | kcal/lhm®°C
Overall heat transfer coefficient 90 | kcal/hm®C
Membrane area 03| m?
Flow rate of molten salts 800 | kg/h

Trf

P,
kr'(PCH4'PH20 Peo - k};z)

(29)
(Pc‘m, 1550) 1+ Z£=1 K; 'Pk)m
E,
k. =ko°- <_ _p) 30
r =k’ exp (- o (30)

In methane steam reforming, the adsorption equilibrium
constant for steam is larger respect to other components. For
this reason, the rates of the reactions according the
Numaguchi Kinetic are obtained [72] (See eq. 31-32):

(PCH4— - PCH4(eq))

Ep
Ty Sl e (_R ' T) | (Pis - B H20 G
E
iy = ks exp(~ )
(Peo = Pcoeq) 32)
Pas .PSS
( CH4 HZO)

where r,; is for the steam reforming reaction, ry is for the
shift reaction, Pcuaeq and Pcoeq are the pressures at
equilibrium conditions and R the constant of universal gas.
Table 5 shows the values of parameters for the reactions
according the Numaguchi kinetic [72]:

Table 5: Values of parameters for Numaguchi Kinetic

Fitted parameters
K’k 92:10°
Er 106.87 | kJ/mol
OR 0
Or 0.596
K’ 8.688-10°
E 54.531 | kJ/mol
Og 0
S 0

2.4 Experimental Analysis of Pressure Drops inside
the Foams

Ceramic or metallic foams with open structures are
important for industrial application, in recent years. Infect,
they have high specific surface area, high porosity, low
density, favorable mechanical, thermal and corrosion
resistance. For these reasons, they can be used as support in
the reaction catalyst [70]. It is necessary to increase the
knowledge of their hydrodynamic properties: studies are
about the relation of foam structural parameters to pressure
drops. A review of pressure drops correlations in foams is
provided by Edouard et al. [74] and are based on the Darcy—
Forchheimer equation (See eg. 33):

AP _u c-u? (33

AL g uteCrut (33)

where4L is the thickness (or length) of the porous media, 4p
is the pressure drop, u is the flow velocity, p is the medium
density, p is the medium viscosity, K is the permeability and
C is the drag force coefficient of the porous media. The term
pCV2considers the inertia effects. For creeping flow in
porous media, the Darcy’s law is obtained. The key
geometrical parameters of the foam are its porosity (g)which
is the ratio of the void space(V..g) to total volume,
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(Viota)occupied by the foam, the foam strut diameter (dgyy),
the mean pore diameter (dy),the pore per linear inch
number(ppi) and specific surface area as a ratio of the
surface in contact with the flow(S) to the whole volume
occupied by the foam. These parameters are correlated
between them.

For the measures of pressure drops a sample is used: SSiC
foams coated with Ni(10)/CeLaZr catalyst as reported in
Fig. 2.

Fig-2 a) Images of SSiCfoams coated with Ni(10)/CeLaZr
catalyst; b)Stereomicroscopic images of SSiCfoams coated
with Ni(10)/CeLaZr catalyst

Table 6 reports the characteristics of the catalyst sample.

Table 6: Characteristics of SSiC foams coated with
Ni(10)/CelLaZr catalyst

SSiC-foam Ni(10)/CeZrLa
M ds Hs¢ € M loading
(9 (mm) | (mm) | (%) ©)] (9/1)
1.62 14 21.2 | 84.24 0.9 275.78

The parameters of the catalyst as permeability and drag
coefficient are evaluated from the experimental measures of
pressure drops and the fitting of the obtained data. These
parameters are present in Darcy—Forchheimerrelation, so the
pressure drops of ceramic foam are characterized.

To evaluate these parameters, an experimental test is
realized: compressed air is sent within the sample, as Fig. 3
shows and the flow rate is measured by the position of
rotameters, as shown in Fig. 4 a. A system of solenoid
valves regulars the flow rate of compressed air. A digital
manometer and a differential pressure gauge measure the
pressure drops inside the foams, as shown in Fig. b.

Fig-3. Sample of catalyst inside the tube where compressed
air is sent from the bottom during the experimental tests

Fig-4. Experimental apparatus used to measure the pressure
drops inside the catalyst sample (fig. 4a shows the
rotameters used to measure the flow rate of compressed air,
fig. 4b shows the digital and differential manometer used to
measure the pressure drops)
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An isotropy test is used to ensure the property of the
catalyst: the position of sample is inverted and compressed
air is sent again, while the digital and differential
manometer measure the pressure drops inside the catalyst.

3. RESULTS AND DISCUSSIONS
3.1 Modeling of the Integrated Membrane Reactor

Using the XU and Froment Kinetic Reaction

The equations system to model the integrated membrane
reactor is solved using the Xu and Froment kinetic reaction
and the trend of methane and carbon dioxide conversion as a
function of temperature and pressure is obtained, as shown
in the following figures. For the trend of methane and
carbon dioxide conversion, reported in Fig. 5 and 6
respectively, the results are comparable with the studies of
Shu et al. [75] and Lin et al. [76].
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Fig-5. Performance of methane conversion as a function of
temperature and pressure inside the integrated membrane
reactor according to the Xu and Froment kinetic
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Fig-6. Performance of carbon dioxide conversion as a
function of temperature and pressure inside the integrated
membrane reactor according to the Xu and Froment kinetic

For the integrated membrane reactor temperature and
pressure have a positive effect on methane and carbon
dioxide conversion: the chemical equilibrium is shift to the
products, resulting in higher conversion.

As the temperature increases, the hydrogen permeation rate
through the membrane and the reaction rate increase
producing a higher methane conversion. Equally, higher
pressures and therefore higher partial pressure inside the
reaction increases the driving force of hydrogen, resulting in
a higher conversion of methane. Infect, the fluid temperature
increases when the pressure increases. Conversions next to
unit are obtained for values of pressure next to 30 bar and
temperatures greater than 500 °C. Temperature and pressure
have an important role in the reaction kinetic, being the
reaction endothermic. A similar consideration can be drawn
for the hydrogen production, shown in Fig. 7. Higher
pressures contribute to the transfer of hydrogen from the
reaction zone to permeation zone; an ideal value of 4 is
asymptotically reached with a pressure of 30 bar [77]. The
positive effect of the pressure is less significant for values of
pressures that are higher than 5 bar. The yields of hydrogen
are proportional to methane conversion.
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Fig-7. Performance of hydrogen yield as a function of
temperature and pressure inside the integrated membrane
reactor according to the Xu and Froment Kinetic

Fig. 8 shows the methane conversion as function of pressure
and dimensionless length of the reactor. It is evident that the
kinetic reaction is very fast: the conversion is unitary in all
length of the reactor. Then, using data related to the existing
integrated membrane reactor, it is evident that the Xu and
Froment kinetic used in literature is not suitable for the
description of this process.
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Fig-8. Performance of methane conversion as a function of
dimensionless length of the reactor and pressure inside the
integrated membrane reactor according to the Xu and
Froment kinetic
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Fig. 9 shows the methane conversion as a function of
pressure and temperature. An optimal value of methane
conversion can be obtained with pressure and temperature
equal to 30 bar and 500 °C respectively.

Methane conversion

8o

%5 ¢

Fig-9. Performance of methane conversion as a function of
temperature and pressure inside the integrated membrane
reactor in 3D plot according to the Xu and Froment kinetic
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A comparison with a corresponding packed reactor can be
made by evaluating delta parameter, which represents the
efficiencies difference of the two types of reactors. As
shown in Fig. 10, high values of delta should indicate where
the membrane reactor is more efficient respect to a packed
reactor: with high pressures and medium temperatures the
integrated membrane reactor is advantageous respect to a
packed one.
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Fig-10. Performance of delta function as a function of
temperature and pressure of the reactor

3.2 Modeling of the Integrated Membrane Reactor
Using the Numaguchi Kinetic Reaction

Fig. 11 and 12 show the results obtained by modeling the
system with theNumaguchi kinetic. In Fig. 11 the methane
conversion increases with the increase of pressure and
temperature, for the same reasons analyzed first. Analog
consideration can be treated for carbon dioxide conversion
as Fig. 12 shows.
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Fig-11. Performance of methane conversion as a function

of temperature and pressure inside the integrated membrane

reactor according to the Numaguchi kinetic

Temperature and pressure have a positive effect on
hydrogen production as shown in Fig. 13. Fig. 14 shows the
methane conversion as a function of pressure and
dimensionless of the reactor: the used kinetic is suitable to
describe the process. The pressure has a positive effect on
dimensionless length and the trend is similar to works of
Kyriakides et al. [77], Patrascu and Sheintuch [44] and
Castillo et al. [78]. High value of methane conversion can be
obtained with high pressure.
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Fig-12. Performance of carbon dioxide conversion as a

function of temperature and pressure inside the integrated

membrane reactor according to the Numaguchi kinetic
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Fig-13. Performance of hydrogen yield as a function of
temperature and pressure inside the integrated membrane
reactor according to the Numaguchi kinetic.
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3.3 Experimental Analysis of Pressure Drops Inside
The Foams

Pressure drops through foams depend on foam
microstructure and fluid velocity. A correct estimations of
pressure drops inside the foams can be used to do some
previsions during the operation of the process. To this
purpose, parameters as permeability (K) and drag coefficient
(C) are important and should be defined properly. These
parameters are estimated by the fitting of experimental data,
according the model of Hazen-Dupuit-Darcy or called as
Forchheimer-extended Darcy equation [79]. The pressure
drops per unit of length as function of fluid velocity used in
experimental tests (compressed air)are provided according
the Hazen-Dupuit-Darcy equation (See eq. 34):

=3455 u?+227u 34
y

where y is the pressure drop per unit of length of catalyst
and u the fluid velocity, calculated dividing the volumetric
flow rate by the cross-sectional area. The pressure drops
across the foam are a quadratic function of the flow velocity.
The length of catalyst used in the experimental tests is equal
to 5 cm while the section equal to 0.00203 m% Fig. 15
shows the trend of pressure drops as a function of fluid
velocity: the experimental results are in good agreement
with the model with R%>98%. Also, the trend is according to
previous studies of Bhattacharya et al. [80] and Boomsma
and Poulikakos [81]: the pressure drops increase with the
increasing of wvelocity according a quadratic equation.
Results suggest that the pressure drops of foams are much
lower compared to a packed bed of spheres and short
contact times are present. Richardson et al. [82] find that the
pressure drops through foams are about ten times lower
respect to a spherical particles fixed bed.

P/L (Pa/mm)

0 0.5 u(m/s) 1 15

Fig-15. Performance of pressure drops per unit of length of
catalyst as a function of fluid velocity used in the
experimental tests

The value of permeability K and drag coefficient C of
ceramic foam obtained from the regressions of experimental
data are equal to 4.89-10"m? and 1.81 s*m respectively.
The value of K and C are calculated as K=p/o and C=f/p,
where dynamic viscosity (i) and density of compressed air
(p) are taken as 0.000017 kg/ms and 1.225 kg/m®
respectively. K and C values are related to the pore
diameters of the foams: in general, the pore diameter has a
positive effect on K parameter and negative effect on C
parameter. [83]. Several works show the relation between
porosity and permeability: the permeability increases with
the increasing of porosity [80, 81]. The concentrated
pressure drops produced during the experimental tests are
neglected, because are insignificant (between 0 and 0.06
mmH,O/mm, as obtained by experimentation). The drag
force C allows to have an accurate estimation of the pressure
drops and depends on porosity [83]. Diedericks and Du
Plessis [85] show that coefficient C is significant with
higher flow velocity. Permeability of the metal foam is
more accurate if determined experimentally and it is
difficult to model due to the complex structure of these
materials. Several researchers correlate the permeability
with structural parameters of metal foam [81]. Antohe et al.
[86] show that K and C are related to fluid velocity.

From isotropy test it is possible to notice that the catalyst
does not respect this property because the equation for
pressure drops is not equal to that found previously (See eq.
35).

y =35.66-u’+856-u (35)

where y is the pressure drop per unit of length of catalyst
and u the fluid velocity. Fig. 16 shows the trend of pressure
drops as a function of fluid velocity. In this case, the value
of K and C coefficients are respectively equal to 4.76:107
m? and 6.84 s%/m.
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experimental isotropy tests

4. CONCLUSION

Pure hydrogen production is of great interest, because
hydrogen is an energy green carrier and methane steam
reforming is commonly used for its production. Integrated
membrane reactors enable a pure hydrogen stream and
allows that the reaction take places at significantly lower
temperatures than conventional reactors. Infect, membrane
reactors can do the reaction and separation simultaneously
in order to produce hydrogen.

In this research methane steam reforming in an integrated
membrane reactor is studied experimentally and from a
modeling point of view. Catalyst supported on ceramic foam
(SSiC foams coated with Ni(10)/CeLaZr) is used to ensure
an uniform temperature distribution. It is a first integrated
membrane reactor at pilot plant in Europe.

Results suggest that the Xu and Froment kinetic, commonly
used in the literature, is not suitable to describe the system,
being very fast. Acceptable results are obtained using the
Numaguchi kinetic. So a new Kinetic is used to describe a
methane steam reforming reaction inside the integrated
membrane reactor.

An analysis to study the effect of pressure and temperature
is carried out: these parameters have a positive effect on
methane and carbon dioxide conversion and hydrogen yield.

The developed model can form the basis for an optimal
design and process control studies of reactor system aiming
at high methane conversion, high hydrogen recovery vyield
and a suitable energy management procedure, while
ensuring safe operating conditions. Several experimental
tests are carried out to measure the pressure drops inside the
catalyst sample according the Hazen-Dupuit-Darcy
equation; from regression of experimental data, drag
coefficient and permeability are obtained. The isotropic test
of this kind of foam is not satisfied.
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