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Summary: Hydrogen being a green fuel is rapidly gaining importance in the energy sector. Steam
methane reforming is one of the most industrially important chemical reaction and a key step in the
production of high purity hydrogen. Due to inherent deficiencies of conventional reforming reactors,
a new concept based on fluidized bed membrane reactor is getting the focus of researchers. In this
work, a nickel-based fluidized bed membrane reactor model is developed in the Aspen PLUS®
process simulator. A user-defined membrane module is embedded in the Aspen PLUS® through its
interface with Microsoft® Excel. Then, a series combination of Gibbs reactors and membrane
modules are used to develop a nickel-based fluidized bed membrane reactor. The model developed
for nickel-based fluidized bed membrane reactor is compared with palladium-based membrane
reactor in terms of methane conversion and hydrogen yield for a given panel of major operating
parameters. The simulation results indicated that the model can accurately predict the behavior of a
membrane reactor under different operating conditions. In addition, the model can be used to
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estimate the effective membrane area required for a given rate of hydrogen production.
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Introduction

Methane steam reforming is a predominant
method for the production of synthesis gas, which has
potential use in ammonia and methanol production,
Fischer-Tropsch synthesis and other important
petrochemical and petroleum refining process [1].
Conventionally steam methane reforming is carried
out in fixed bed reformer. These reformers typically
consist of a number of tubes packed with catalyst.
The conventional reformers have many disadvantages
like poor heat transfer rate, coke formation on the
catalyst  surface, thermodynamic  equilibrium
limitations, large temperature gradient etc. [2]. To
overcome these limitations, a new concept of
fluidized bed membrane reactor is introduced in the
recent years that showed convenient results at bench
and pilot scale.

The fluidized bed membrane reactor
(FBMR) is multi-functional in their operation. It can
produce highly pure hydrogen with high methane
conversion in a single step. Whereas, the
conventional industrial reforming process needs
many stages to gain the desired conversion for
methane and carbon monoxide and needs further
separation steps to separate hydrogen from the
reactor outlet. Moreover, the hydrogen separation
through membrane enhances methane conversion and
hydrogen yield by shifting the reaction equilibrium

towards the product [3-5]. Furthermore, it has a
uniform temperature in the catalyst bed and good
heat transfer capability as compared to conventional
fixed bed reactors [6]. Despite these advantages, very
few attempts have been reported in the literature on
the industrial commercialization of membrane reactor
because of complexity in the scale-up, technological
difficulties, and economics. Moreover, a number of
experiments are needed to study the effects of
different operating conditions on the performance of
membrane reactors but, there are some difficulties in
carrying out these experiments such as the
controllability of operating variables, complex
operational concerns, proper maintaining of highly
expensive membrane tubes, and tedious experiments
involved. When the reformer is modeled, these
effects could be investigated while saving time
without a further need to generate highly expensive
data [20].

Various models have been proposed to
model FBMR. Adris (1997) proposed a two-phase
bubbling bed model for steam methane reforming
with hydrogen separation through the membrane.
Later on, this model was extended to model auto-
thermal steam reforming with oxygen addition by
Dogan (2003) and Roy (1998). Grace (2001)
modeled the FBMR with oxygen addition based on
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thermodynamic equilibrium [2, 7-9]. The model was
helpful in investigating the effect of different process
parameters on reactor performance. Chen (2004)
developed a model for a circulating FBMR that was
based on a steady state one-dimensional PFR model
[10]. All these models were solved by MATLAB®,
FORTRAN or other computer programs, which are
not easily accessible to design engineers in industry.
Various process simulators, such as Aspen PLUS®
and Aspen HYSYS®, are employed widely for
industrial process simulations which include built-in
standard and ideal unit operation models. Moreover,
these simulators also provide a tool to integrate a user
defined module in their simulation environment.
Server-Amini (2007) modeled the membrane reactor
for steam methane reforming process using the
environment of Aspen PLUS® [20]. The model
consists of the combination of CSTR and PFR with
mass transfer calculation blocks. The mass transfer
blocks were used to calculate the hydrogen
permeation through a membrane inside the reactor. In
another approach, the process was simulated by using
the sequential modular simulation method [21] in
which Gibbs reactor integrated with FORTRAN sub-
routine was used to develop palladium-based FBMR
model. The developed model had successfully
investigated the effect of different operating
parameters on the reactor performance. However, the
integrated FORTRAN sub-routine is limited to a
specific membrane case and cannot be used to test the
effect of different hydrogen perm-selective
membranes on the reactor performance. Moreover,
FORTRAN language is not widely used now as the
language is very old and not user-friendly. The
present work aims to fill this gap by interfacing Excel
with Aspen PLUS®. Excel provides an easier way to
simulate the FBMR process in a more user-friendly
environment as compared to FORTRAN sub-routine.
In addition, Excel® is flexible enough to extend the
capability of the model to test the effect of other
types of membranes on the reactor performance.

In this work, a nickel-based fluidized bed
membrane reactor model is developed using Aspen
PLUS®-Excel® interfacing. Experimental data is not
available for nickel-based fluidized bed membrane
reactor. However, for palladium based FBMR both
the simulated and experimental data are available in
the literature. Therefore, the nickel-based FBMR
model is simulated and validated by comparison with
the palladium-based FBMR [21]. The performance of
the nickel-based and the palladium-based FBMR are
analyzed by investigating the impact of major
operating parameters (reactor pressure, temperature,
permeate side hydrogen partial pressure and steam
feed rate) on methane conversion and hydrogen yield.
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Then, the nickel and the palladium membrane area
required for a fixed methane conversion and
hydrogen yield at a fixed operating temperature are
calculated for both reactors.

In this study, section 2 describes the process
followed by nickel-based fluidized bed membrane
reactor model development in section 3. Section 4
establishes the results and discussion while section 5
concludes the work.

Process Description
Fluidized Bed Membrane Reactor

Fluidized bed membrane reactor is a
combination of chemical reactor and a membrane. A
schematic diagram of a typical fluidized bed
membrane reactor is shown in Fig 1. Pre-heated
steam and methane are pre-mixed and then fed to the
reactor where the following principal reforming
reactions take place.

CH4+H,0=CO0+3H, AH°298=206kJ/mol (1)
CO+H,0=C0O,+H; AHP298=-41.2 kJ/imol (2)
CHs+2H,0=CO2+4H,;  AH°298=165kJ/mol  (3)
Non-permeated
product gas
Hydrogen &
Freeboard - Sweep Gas
Membrane
tube
Fluidized
catalyst
Distributor
Methane & Steam
Sweep Gas
Fig. 1: Schematic diagram of a typical fluidized bed
membrane reactor.
All of the above reactions are endothermic
except reaction 2 (water-gas shift) which is

exothermic. The reactions are carried out at high
temperature (usually 450-850 °C) and high pressure
(usually 1-3 MPa). Inside the bed, a number of
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membrane tubes are installed that are selectively
permeable to hydrogen. The catalyst bed is fluidized
among the membrane tubes and steam reforming of
methane takes place. As the synthesis gas is
produced, hydrogen from the synthesis gas permeates
through the membrane tubes. The permeated
hydrogen is then carried away by a sweep gas
(usually steam or nitrogen) to reduce hydrogen partial
pressure on the permeate side.

Metallic Membranes

Among different types of membranes, dense
metallic membranes are conventionally used in the
membrane reactor area to separate hydrogen from gas
mixtures. Hydrogen has high solubility and
permeability in metallic membranes. Moreover,
metallic membranes are stable enough at high
operating temperatures and have a good mechanical
stability. The most dominant materials for preparing
this kind of membranes include palladium and its
alloys, nickel, titanium, and vanadium [13].

The mechanism of hydrogen permeation
through metallic membranes is based on the solution-
diffusion model [11]. The steps that are involved in
hydrogen transport from high to low-pressure region
illustrated in Fig. 2 are the following: (1) diffusion of
hydrogen molecules from bulk of the gas to the
membrane surface, (2) dissociation of hydrogen
molecule to hydrogen atoms and adsorption on
membrane surface, (3) dissolution of hydrogen atoms
into the bulk metal, (4) diffusion through the bulk
metal to the permeate side, (5) association of
hydrogen atoms on the membrane surface at the
permeate side, (6) desorption of hydrogen molecules
from the surface to bulk of the gas, and (7) diffusion
to bulk of the gas from the membrane surface [3, 11].

Nickel-based Fluidized Bed Membrane Reactor
Model Development

In this section, preliminary assumptions for
model development, incorporation of membrane
module within Aspen PLUS®, sequential modular
simulation of FBMR and determination of the
number of sub-separators are discussed. The pre-
exponential factor and activation energy are the main
parameters that determine hydrogen permeability in
metallic membranes and defines the type of
membrane; the pre-exponential factor and activation
energy for nickel membrane are 1.44 x 10 mol m™*
st Pa®5 and — 51070 J mol, respectively [14]. The
nickel-based membrane module is incorporated in
Aspen PLUS® by the method discussed earlier and
the sequential modular method is employed to
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simulate nickel-based fluidized bed membrane
reactor. The developed model is simulated under
different operating conditions and the results are
compared with palladium-based FBMR for hydrogen
production and methane conversion.

H>
H H H H
3
4
¥ RSN S
® H, H Ho H
Hz
Fig. 2. Hydrogen permeation through metallic

membranes [11].
Preliminary Assumptions

In the model development of membrane
reactor within Aspen PLUS®, several assumptions
were made to simplify the methane steam reforming
and hydrogen permeation process in the FBMR. The
area under the dashed line in Fig. 3 is considered for
the model development that assumes:

1) The flow of reaction gases is assumed plug flow,
i.e. the composition of reaction gases varies only
in the x-direction with negligible radial diffusion.

2) Temperature remains constant throughout the
reactor.

3) There is no pressure gradient in the bed as well as
in the membrane

4) All the reactions approach thermodynamic
equilibrium locally i.e. Gibbs free energy is
assumed to reach a minimum locally.

5) Hydrogen permeation through the membrane is
ruled by Sieverts’ law (Sieverts, 1935).
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Fig. 3: Schematic diagram for modeling fluidized bed

membrane reactor.

The membrane performance is negatively
influenced by the co-existence of CO, H,O, CO; or
CHs. The performance is also affected by non-
uniformity in membrane fabrication and blockage of the
membrane surface by catalyst dust. The membrane

permeation effectiveness factor (1 ) account for all
these negative influences on permeation rate and
determined experimentally [15].

Simulation with Aspen PLUS®

Aspen PLUS® does not contain a built-in unit
operation module for FBMR. To simulate the process
within Aspen PLUS®, FBMR is sub-divided into
methane sub-reformer and membrane sub-separator.
The synthesis gas production process is carried out in
methane sub-reformer while hydrogen permeation
through membrane tubes is carried out in membrane
sub-separator. Gibbs reactor module of Aspen PLUS® is
employed as a methane sub-reformer. Membrane sub-
separator is a user-defined membrane module based on
Sieverts’ law (Eq. 4), that is incorporated in Aspen
PLUS® by Aspen PLUS®-Excel® interfacing. The
following two sub-sections describe the membrane
integration within Aspen PLUS® and the combination of
Gibbs reactor with membrane module to simulate the
overall FBMR process.

Incorporation of Membrane Module within Aspen
PLUS®

Aspen PLUS® provides several interfaces for
including custom models in Aspen PLUS® simulations.
In the model library of Aspen PLUS®, there is a section
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called user models which contain three different user
models: User Model, User Model 2, and User Model 3.
All of these user models use FORTRAN as a
programming language. However, User Model 2 can
also be linked with Microsoft Excel® to include different
user-defined unit operations models within Aspen
PLUS®.

To simulate hydrogen permeation process
through membrane tube, User Model 2 unit operation
block with an Excel® spreadsheet was used to perform
the calculations. All the model equations, parameters,
and variables were defined in the Excel® file. Aspen
PLUS® supplies properties of the feed stream of the user
model and some additional parameters (1, k, Cmp, E, R,
T, PRH, and P MH,) to the Excel® spreadsheet. The
additional parameters are shown in Table-1. The Excel®
organizes this information and calculates product stream
properties with hydrogen production rate (QH,) based on
Sieverts’ law. This information is then returned to
Aspen PLUS® interface and results are displayed. This
two-way communication between Aspen PLUS® and
Excel® is shown in Fig 4.

Table-1: Membrane design parameters used in
simulation [11, 12].
Parameter Value Unit
Number of membrane tubes (N) 12 -
Tube thickness 02 mm
Total membrane surface area (Am) 0.96 m?
Membrane effectiveness factor (1) 0.39 -
Membrane permeation capacity 04 km
(Cryp) (area/thickness) ’
Ideal gas constant (R) 8.3145 J/mol.K
Permeate side hydrogen partial 42000 Pa
pressure (Pwvz)
Pre-exponential factor (K) (nickel 1.44 x 10% mol/m sec.Pads
membrane) ! R
Pre-exponential factor (palladium 1.084 x 107 mol/m.sec.Pads
membrane) : R
Activation energy (Ea) (nickel _51070 Imolt
membrane)
Activation energy (Ea) (palladium _ 9180 Imolt
membrane)

Sequential Modular Simulation of FBMR

To model and simulate FBMR within Aspen
PLUS®, the reactor is sub-divided into a number of
successive steam methane sub-reformers and membrane
sub-separators as shown in Fig 5. To simulate synthesis
gas production process in steam methane sub-reformer,
Gibbs reactor was employed. Gibbs reactor predicts the
equilibrium composition of the products by minimizing
the total Gibbs free energy of the system. Reaction
kinetics is not needed in Gibbs reactor model. However,
the species present in product gas must be specified. The
product gas species that are considered to form the
reactor off-gas are CO,, CO, H,, CHs, and H,O. The
hydrogen permeation process in the membrane sub-
separator was simulated by integrating membrane
module within Aspen PLUS® through Aspen PLUS®-
Excel® interfacing as described in the previous section.
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Feed Stream Data & Additional Parameters

Product
Streams Data Aspen PLUS User Hydrogen
Excel Spreadsheet Defined Unit Operation permeation
Block rate
Feed
Stream Additional
parameters

Fig. 4: Two-way communication between Aspen PLUS® and Microsoft Excel®.

The overall FBMR process illustrated in Fig
5 consists of (n+1) sub-reformers and n sub-
separators. Steam and methane that constitute the
feed to the FBMR are fed to the first sub-reformer
where the reaction takes place. The reactor off-gases
are then fed to the first sub-separator where hydrogen
is permeated through the membrane. Each membrane
sub-separator which is employed for hydrogen
permeation has permeation capacity of Cmpm. The
non-permeated gases are then fed to the 2" sub-
reformer. The permeated hydrogen from the 1% sub-
separator accumulates in the 2" sub-separator. In
general, the reactor off-gases from i sub-reformer
are introduced to the i sub-separator and the non-
permeated gases from it sub-separator are introduced
to the (i™ +1) sub-reformer. The reactor off-gases
from (i +1) sub-reformer are then fed to the (i" +1)
sub-separator that also accumulates permeated
hydrogen from it sub-separator. The same process is
carried out for (n+l1) sub-reformers and n sub-
separators.

Determination of Number of Sub-separators

The number of sub-separators in sequential
modular approach method plays a critical rule and it
should be selected such that the method closely
represents a real FBMR process. At n = 0, there is no
sub-separator and the model represents only a
fluidized bed Gibbs reactor. At n = 1, the model
represents two sub-reformers and one sub-separator
with total membrane permeation capacity of Crp. For
the case n = 2, the model has three sub-reformers and
two sub-separators, where each sub-separator has
same membrane permeation capacity of Cmp/n (N =
2). With increase in number of sub-separators, the
total membrane permeation capacity is equally
divided among the sub-separators. The influence of

number of separator on hydrogen production rate for
a typical case is shown in Fig 6. It can be seen that
the change in the hydrogen production rate is
negligible after n> 50 for all membrane permeation
capacities. Therefore, the optimum number of sub-
separators is taken 50 for this model

Model Validation with Palladium-based FBMR

For nickel-based FBMR experimental data
is not available in the literature. Therefore, the
modeling framework is first validated for palladium
based FBMR whose experimental data is available in
the literature, [12]. Adris (1994) carried out the steam
methane reforming reaction between 720 to 930 K in
a pilot plant palladium-based fluidized bed
membrane reactor with methane and steam feed rate
of 74.2 mol h! and 178.08 mol h*, respectively [12].
The reactor has a length of 1.143 m and a body
diameter of 97 mm. inside the reactor; twelve thin
walled palladium membrane tubes were installed that
are selectively permeable to hydrogen. 99.95 % pure
palladium was used for tube fabrication. Each tube
has 0.2-0.28 mm wall thickness and 14.7 mm outside
diameter with a total membrane permeation capacity
of 0.4 km. Table-2 compares the model predictions
with the experimental data in terms of methane
conversion, hydrogen production rate, and product
gas composition. Methane conversion and hydrogen
yield are calculated by the following formulae:

Ferpmna — FEH:,‘M!

Xew, =
) Sl — (5)
u _ Qg (meolar)
2yield = m ©)
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Fig.5: A schematic diagram of sequential modular
simulation of overall FBMR process.
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Fig. 6: Influence of number of sub-separators on

hydrogen production rate.

(FcHs =1 kmol/h, T = 600 °C, P = 2 MPa, Steam
feed rate = 3 kmol/h, n =1, P mH 2= 0.1 MPa)
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Table-2 shows that the model predicts the
experimental data within an acceptable accuracy and
there is a minor deviation between the results
predicted by the model and experimental results. The
predictions of the current model were also compared
with the results predicted by Ye (2009) model [21]. It
can be seen that the predictions of both models are
also in good agreement.

Table-2: Comparison of model predictions with
experimental data of Adris (1994) and predicted
results of Ye (2009) model.

(F cHa= 74.2 mol/h, Steam feed rate = 178.08 mol/h,
Cmp = 0.4 km, P = 0.98 MPa, Sweep gas flow rate =
80 mol/h, n1=0.39).

Bed Temperature

(K) 720 767 815 867 913
Experimental
Methane Predicted by Ye 12 18 26.4 36.6 479
conversion model 113 164 23 32 415
Xcra (%0) Predicted by current 11 16 22.1 335 42
model
Experimental
Hydrogen Predicted by Ye 1.7 25 35 481 6.23
production model 163 26 3.74 510 6.33
rate Qnz (mol/h)  Predicted by current 1.77 255 3.61 4.95 6.30
model

Product gas composition (Vol %, dry basis)
Experimental
Predicted by Ye 61.7 49.6 37.6 273 195

CHs model 62.2 519 418 318 238
Predicted by current 62.7 52.3 423 321 24
model

Experimental
Predicted by Ye 01 04 12 32 56

co model 02 05 12 27 438
Predicted by current 0.3 05 124 26 4.7
model

Experimental
Predicted by Ye 28.7 385 482 56 616

H2 model 29.8 37.8 457 53.3 59.2
Predicted by current 294 37.6 459 553 59.5
model

Experimental
Predicted by Ye 95 115 13 135 133

COz model 77 96 112 121 121
Predicted by current 7.6 95 108 117 117
model

Results and Discussions
Influence of Operating Parameters on Reactor
Performance

The major operating parameters like reactor
temperature, pressure, permeate side hydrogen partial
pressure and steam feed rate, and design parameters
like membrane area are investigated for both the
reactors and compared with each other. Due to safety
and economic limitation, these parameters cannot be
studied beyond the range of parameter that can be
studied experimentally. The parameters are studied
well above the experimental range to test the
reactors’ performance. The influence of these
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parameters on hydrogen vyield (molar pure H;
production rate/molar CH, feed rate) and methane
conversion for FBMR based on palladium and nickel
membranes were predicted and compared.

Influence of Reactor Temperature

The influence of reactor temperature on
methane conversion for different membrane
permeation capacities is shown in Fig 7. It can be
seen that for both palladium-based and nickel-based
FBMR methane conversion increases  with
temperature. The 0 Cyp line shows FBMR without
hydrogen separation and simply represents a
conventional reformer. The conventional reformers
are operated between 450-850 °C while the operating
temperature range of membrane reformers depend
upon the stability of membrane which is used inside
the reactor [16]. For palladium-based FBMR, the
results are plotted up to 650 °C. It cannot be operated
beyond 650 °C due to the interaction of the palladium
membrane with its support [17]. The results are
plotted up to 850 °C for the nickel-based FBMR due
to its stability at much higher temperature (1000 °C)
as compared to the palladium-based membranes [14].
In Fig 7, it can be seen that both nickel based and
palladium based FBMR achieve higher methane
conversion at a lower temperature than conventional
reformer due to the removal of hydrogen from
reaction products. The Fig also shows that nickel-
based FBMR has lower methane conversion than
palladium-based FBMR. According to equation (4),
at a constant temperature, hydrogen permeation rate
decreases exponentially with the increase of
activation energy (energy required to adsorb
hydrogen atom on membrane surface). The activation
energy required for nickel membrane (- 51070 J mol
1 is higher than palladium membrane (-9180 J mole’
. As a result, nickel membrane removes less amount
of hydrogen from the reaction products and has lower
methane conversion than the palladium-based
membrane reactor. The influence of temperature on
methane conversion at higher permeation capacities
(80 Cryp) is significant for both membrane reactors.

Fig. 8 shows the influence of reactor
temperature on hydrogen yield. It can be seen that the
hydrogen vyield increases with increasing reactor
temperature. The influence of reactor temperature on
hydrogen yield is much more significant at higher
membrane permeation capacities. The nickel-based
FBMR has a lower hydrogen yield as compared to
the palladium-based FBMR. The reason is the higher
activation energy of nickel-based membranes which
is required for the diffusion of hydrogen through the
membrane. To obtain hydrogen yield comparable to
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the one obtained through the palladium-based FBMR,
the nickel-based FBMR should be operated at higher
temperature or with larger surface area.

100

Cpp—+—0km

S0 —8— 40 km, Pd-based FBMR
[ —— 80 km, Pd-based FBMR

80 | —e—40km, Ni-based FBMR
70 [ —#—80km, Ni-based FEMR

60 [
50 L
o |
30 ;

Methane conversion (%)

300 400 500 600 700 800 goo0
Reactor temperature (°C)

Fig. 7: Influence of reactor temperature on methane

conversion.

(F cH,= 1 kmol/h, P = 2 MPa, Steam feed rate = 3
kmol/h, n =1, P MH2= 0.1 MPa)

w
n

C@ —+— 40 km, Pd-based FBMR
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—a— 40 km, Ni-based FBMR
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() N
- wn ~ wn w

o
n

Hydrogen yield (mol/imol CHy)

(=]

300 400 500 600 700 800 900
Reactor temperature (°C)

Influence of reactor

hydrogen yield.

Fig. 8: temperature  on

(F cH,=1 kmol/h, P = 2 MPa, Steam feed rate = 3
kmol/h, # =1, P MH2= 0.1 MPa)

Influence of Pressure

The thermodynamic equilibrium of methane
reforming reactions follows Le Chatelier’s principle,
so that low-pressure benefit reaction 1 and 3,
whereas, reaction 2 is independent of pressure. The
membrane installed in FBMR reduces the adverse
effect of high pressure by removing hydrogen from
reaction products. The high pressure in FBMR also
creates a high driving force for hydrogen permeation.
The influence of reactor pressure on methane
conversion is shown in Fig 9. At 0 Cpp, with
increasing reactor pressure conversion decreases,
indicating the behavior of conventional reformer
according to the Le Chatelier’s Principle. For FBMR
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based on palladium membrane, it can be seen that for
lower permeation capacity (40 Cpp), methane
conversion decreases up to 1 MPa due to the adverse
effect of pressure but as the pressure is increased
beyond 1 MPa the driving force for hydrogen
permeation dominates the adverse effect of pressure
and methane conversion increases. At higher
permeation capacities (80 Cnp ), a linear increase
occurs in methane conversion with increasing
pressure. For FBMR based on nickel membrane, the
methane conversion decreases up to 3.5 MPa due to
the adverse effect of pressure. Further increase in
pressure produces no increase in methane conversion
and the conversion remains almost constant. The
reason is the lower permeation rate of hydrogen
through nickel membranes as compared to palladium
membranes. The hydrogen permeation rate (removal
of product moles) through nickel membranes are to
an extent that can only balance the adverse effect of
high pressure but cannot dominate it. This trend of
methane conversion with pressure for nickel-based
FBMR is more prominent for higher permeation
capacity (80 Cnp). The influence of reactor pressure
on hydrogen yield is shown in Fig 10. It can be seen
that hydrogen yield increases with increasing reactor
pressure for all permeation capacities. Hydrogen
production rate is much higher for palladium-based
FBMR as compared to nickel-based FBMR at the
same operating temperature and pressure.

100 rc,  —+—0km
[ ™ —a— 40 km, Pd-based FBMR.
90 —a— 30 km, Pd-based FBMR.
S [ —e— 40 km, Ni-based FBMR
€ 80 ' ——30km, Nibased FB)
E ot
!
3 50
2 I
g 4
2 2
20
10 L
0 1 2 3 4 5
Reactor pressure (MPa)
Fig. 9: Influence of reactor pressure on methane

conversion.

(F cH,=1 kmol/h, T = 600 °C, Steam feed rate = 3
kmol/h, " =1, PMmH2- 0.1 MPa.)
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Fig. 10: Influence of reactor pressure on hydrogen
yield.

(F cH,==1kmol/h, T = 600 °C, Steam feed rate = 3
kmol/h, n =1, PMH2= 0.1 MPa.)

Influence of Permeate Side Hydrogen Partial
Pressure

A sweep gas is used or vacuum is employed
to reduce permeate side hydrogen partial pressure. It
can be seen in Fig 11 that decreasing permeate side
hydrogen partial pressure increases methane
conversion. Increase in methane conversion with
decreasing hydrogen partial pressure is more likely
occurring for palladium-based FBMR while for
nickel-based FBMR the increase in methane
conversion is very small due to much lower hydrogen
permeability through nickel membranes. At higher
permeation capacities (80 Cpp), the influence on
methane conversion is more significant. A similar
trend is observed for hydrogen vyield in Fig 12.
Hydrogen vyield increases with decreasing permeate
side hydrogen partial pressure for both reactors and
the influence on hydrogen yield is more significant
for higher permeation capacities.
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Fig. 11: Influence of permeate side hydrogen partial
pressure on methane conversion.

(F cH,=1kmol/h, T=600°C,S/C=3,1 =1.P=2
MPa.)
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Fig. 12: Influence of permeate side hydrogen partial
pressure on hydrogen yield.

(F cH,=1kmol/h, T=600°C,S/IC=3,1 =1,P=2
MPa.)

Influence of Steam Feed Rate

High steam feed rate could increase methane
conversion according to Le Chatelier’s principle. The
influence of steam feed rate on methane conversion is
shown in Fig 13. It can be seen that methane
conversion increases with increasing steam feed rate
for both reactors. However, hydrogen yield nearly
remains constant with increasing steam feed rate and
does not seem to be significantly influenced by steam
feed rate as illustrated in Fig 14. Methane conversion
increases with increasing steam feed rate but, high
steam feed rate reduces hydrogen partial pressure in
the reactor, which reduces the driving force for
hydrogen permeation through membrane tubes.
These two counteracting effects (high methane
conversion and reduced hydrogen partial pressure)
balance each other and as a result, there is a little
influence of steam feed rate on hydrogen yield.

ot [ Cro Igokﬁn. Pd-based FBMR
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Fig. 13: Influence of steam feed rate on methane
conversion.

(F cH,= 1 kmol/h, PMmH2- 0.1 MPa, T=600°C, " =
1, P=2MPa)
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Fig. 14: Influence of steam feed rate on hydrogen
yield.

(F cH,= 1 kmol/h, PMH2= 0.1 MPa, T=600°C, 1 =
1,P=2MPa)

Comparison between Nickel-based and Palladium-
based FBMR

Fig 15 shows the comparison between
nickel-based and palladium-based FBMR in terms of
methane conversion. The two reactors having the
same membrane area installed are operated at the
same operating conditions. It can be seen that
palladium-based FBMR achieves 68.2 % methane
conversion at 650 °C while nickel-based FBMR
achieves this conversion at a higher temperature (748
°C). Similarly, it can be seen in Fig 16 that nickel-
based FBMR produces 1.86 mol/mol CH4 at much
higher temperature than palladium-based FBMR. The
operating cost of the process is reduced in case of
both the membrane reactors as compared to the
conventional reformer but the nickel-based FBMR
has still higher operating cost than palladium-based
FBMR. To achieve 68.2 % methane conversion with
hydrogen yield of 1.86 mol/mol CH., nickel-based
FBMR should be operated with higher membrane
area.
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Fig. 15: Influence of reactor temperature on methane
conversion.

(F cH,=1kmol/h, P = 2 MPa, An, =8 m?, S/C= 3,1
=1, PMH2- 0.1 MPa)
Required Membrane Area and Cost Analysis
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The main parameter on which cost of
membrane tubes depends is the price of raw material.
Having a membrane surface area and membrane
thickness, the weight and cost of raw material can
then be estimated. Fig 17 shows the influence of
membrane area on methane conversion in nickel-
based FMBR. It can be seen that methane conversion
increases linearly with increasing membrane area.
The graph shows that about 49 m? membrane area
should be installed within nickel-based FBMR to
achieve 68.2 % methane conversion with hydrogen
yield of 1.87 mol/mol CH4 which are achieved by
palladium-based FBMR with only 8 m? membrane
area. The nickel-based membrane, the required area
is about 6.1 times larger than the palladium
membrane area required. On the other hand, the
market price of palladium is 2300 $/100g which is
2300 times more expensive than nickel (nickel price,
1.1 $/100g) [18, 19]
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Fig. 16: Influence of reactor temperature on methane
conversion.

(F cH=1kmol/h, P =2 MPa, Am=8m?, S/IC=3, 1
=1, PMH2- 0.1 MPa)
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Fig. 17: Influence of nickel membrane area on

conversion.
(FcH,= 1 kmol/h, P=2 MPa, T = 650 °C, S/C =3, =
1, PMH,- 0.1 MPa.)
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Conclusion

A nickel-based fluidized bed membrane
reactor model for steam methane reforming is
developed and simulated within Aspen PLUS®. The
simulated results of the model are compared with the
palladium-based fluidized bed membrane reactor for
methane conversion and hydrogen yield. The results
indicated that at about 748 °C, nickel-based FBMR
achieved 68.2 % methane conversion which is
achieved by palladium-based FBMR at 650 °C. It was
found that about 6.1 times larger surface area is
required for the nickel-based FBMR than the
palladium-based FBMR to achieve the same methane
conversion at the same operating conditions.
However, the substantially lower price of nickel,
stability at higher operating temperature and its
resistance towards sulfur, steam and carbon
monoxide makes it a suitable alternative to be used in
steam reforming membrane reactors.

Nomenclature

Fluidized bed

FBMR
membrane reactor

Qrz Hydrogen permeation rate

SC  Steamtocarbonratio 1 Permeation effectiveness
factor
Number of sub- k Pre-exponential factor
separators used
Membrane permeation
capacity
Reactor side hydrogen

FCH. Methane feed rate~ Cump

XCHs;  Methane conversion  Pru2 .
partial pressure
Membrane side hydrogen
T Reactor temperature  Pw2 partial pressure
P Reactor pressure Ea Activation energy
R Ideal gas constant
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