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Abstract: As an alternative route for aromatics and hydrogen production, methane dehydroaromati-
zation (MDA) is of significant academic and industrial interest due to the abundance of natural gas
resources and the intensive demand for aromatics and COx-free hydrogen. In the present work, a
simulation study on MDA in membrane reactors (MRs) was performed with the aim of co-producing
aromatics and COx-free hydrogen with a highly improved efficiency. The effects of various parame-
ters, including catalytic activity, membrane flux and selectivity, as well as the operating conditions
on the MR performance were discussed with respect to methane conversion, hydrogen yield, and
hydrogen purity. The results show that catalytic activity and membrane flux and selectivity have
significant impacts on CH4 conversion and H2 yield, whereas H2 purity is mainly dominated by
membrane selectivity. A highly improved MDA is confirmed to be feasible at a relatively low temper-
ature and a high feed pressure because of the hydrogen extraction effect. To further improve MDA
in MRs by intensifying H2 extraction, a simple configuration combining a fixed-bed reactor (FBR)
and an MR together is proposed for MDA, which demonstrates good potential for the high-efficiency
co-production of aromatics and COx-free hydrogen.

Keywords: methane dehydroaromatization; membrane reactor; COx-free hydrogen; aromatics;
hydrogen separation

1. Introduction

Natural gas is the most abundant and cleanest energy carrier among fossil resources;
thus, the conversion of methane instead of petroleum and coal into liquid fuels and high-
value-added chemicals has been highly desirable in the chemical industry [1–6], particularly
with the recent boom in the exploitation of unconventional shale gas [7–11] and natural gas
hydrate [12,13] resources and with increasing concerns over environmental issues world-
wide. Currently, the catalytic conversion of methane to important products, for instance,
methanol [14] and olefins [15], is technologically dominated by an indirect route, which
involves multistep reactions, and the highly energy-intensive intermediate step for syngas
production, either by reforming or by partial oxidation, is generally inevitable, which
results in a complicated process with a high production cost and a poor atom economy [16].
Therefore, direct conversion of methane to liquid fuels and chemicals without the syngas
production intermediate step is of significant importance for practical applications.

In particular, a direct route, i.e., methane dehydroaromatization (MDA)
( CH4 
 1

6 C6H6 +
3
2 H2 ) under nonoxidative conditions, has gained significant interest
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for methane utilization after a pioneering study by Wang et al. [17]. Compared with the
conventional aromatic production process using petroleum as the feedstock, the MDA
process has been widely accepted as an attractive alternative to produce aromatics with
a better sustainability. On the other hand, it is noteworthy that the MDA process can
simultaneously generate substantial COx-free hydrogen, which can be directly used as
the fuel for polymer electrolyte membrane fuel cells (PEMFCs) with neither the removal
of CO, which is a poison to the Pt catalyst, nor the emission of CO2, which is mainly
responsible for the greenhouse effect. Therefore, COx-free hydrogen produced from MDA
demonstrates significant advantages against the conventional methane steam reforming
process, i.e., the main route for current hydrogen production with an intensive energy
consumption and massive emissions [18,19], in PEMFC applications. Currently, one of
the major obstacles to the industrial implementation of the MDA process is its relatively
low conversion because MDA is significantly limited by thermodynamic equilibrium. To
achieve an acceptable conversion, MDA must be conducted at very high temperatures
(≥700 ◦C) [20–24]; unfortunately, this results in very rapid catalyst deactivation due to the
serious coking effect. Thus far, how to simultaneously maintain a high conversion and high
catalytic stability for MDA remains a great challenge for industrial applications.

Membrane reactors (MRs), which integrate both separation and catalytic processes into
a compact single unit, are promising for enhancing the conversion and/or enabling a lower
reaction temperature for thermodynamically limited endothermic reactions because of the
equilibrium shift effect. Considering the above advantages against conventional fixed-
bed reactors (FBRs), MRs are extremely attractive for high-temperature MDA reactions,
and various types of MRs have been successfully developed in an attempt to improve
MDA performance [25–33]. Among them, most studies focus on Pd and its alloy MRs for
MDA application because of its exclusive permeation for hydrogen; however, these Pd-
based membranes are very expensive and prone to degradation at high temperatures [26].
Although highly hydrogen-permselective dense ceramic membranes with an excellent
stability have been examined as an alternative for MDA application [30,31], the flux of these
membranes is too low. On the other hand, in addition to hydrogen-permselective MRs,
dense oxygen-permeable ceramic MRs, which allow for finely tuned oxygen distribution
in the feed, were also employed for MDA [32,33], and an improved catalytic performance
was observed due to the favorable thermodynamics of MDA under oxidative conditions.
However, the addition of oxygen to the feed using oxygen-permeable ceramic membranes
should be controlled very carefully; otherwise, overoxidation is prone to occur, which
results in an extremely low selectivity for MDA. Furthermore, because the generation of
CO under oxidative conditions is inevitable, hydrogen produced from oxygen-permeable
MRs must be subjected to further purification before use in PEMFCs, which greatly impairs
the economic and technical feasibility of the produced hydrogen for PEMFC applications
because the separation of CO from hydrogen to an extremely low concentration is both
costly and challenging.

Considering the high flux and high selectivity, as well as the excellent thermal stability,
porous inorganic membranes, such as zeolite and amorphous silica, are good candidates
for MDA applications. Unfortunately, to the best of our knowledge, no porous MRs have
been reported for MDA, and details regarding how such factors as the catalytic activity,
membrane performance and operating conditions affect the MR performance of MDA in
terms of CH4 conversion, H2 yield and H2 purity are still not well understood. In this
study, a simulation study of MDA in porous hydrogen-permselective MRs is conducted for
the simultaneous production of aromatics and COx-free hydrogen, and insights into the
above membrane intensification process would offer important inspiration for developing
high-performance porous MRs for practical MDA applications.

2. Modeling

The mathematical model for MDA in concurrent configuration MRs was developed
based on the following assumptions: (1) the reactor is isothermal and operates under a
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steady state, (2) both the feed and permeate streams in the reactor are plug flows and
a catalytic reaction only occurs in the feed stream, (3) concentration polarization effects
are negligible, and (4) there are no pressure drops in the MR. A schematic model for the
simulation study of MRs is shown in Figure 1.
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The molar flow rate of component i in the MR can be expressed as follows [34,35]:
Feed side

dFi
dz

= viRwcat − sPi(xi ph − yi pl) (1)

Permeate side
dQi
dz

= sPi(xi ph − yi pl) (2)

where Fi and Qi are molar flow rates of component i in the feed and permeate streams, and
xi and yi are denoted as their corresponding molar fractions, respectively, ph and pl are the
pressures of the feed and permeate streams, respectively, z is the axial position along the
membrane, vi is the stoichiometric number of component i, Pi indicates the permeance of
component i through the membrane, wcat and s indicate the catalyst weight and membrane
area per membrane unit length, respectively, and R is the reaction rate of MDA based on
the following global reaction equation:

CH4 

1
6

C6H6 +
3
2

H2 (3)

It is believed that a highly stable and selective catalyst for MDA can be expected
by carefully tuning the properties of the support and metal species [36–38]. Therefore,
side reactions in MDA are not considered in the present modeling for simplification in
order to evaluate the potential of benzene production in MRs. With the assistance of the
dimensionless parameters of the Damköhler number (Da), permeation number (θ), reaction
rate (R*), pressure (pr), permeance (αH2/i), and axial position (ζ) defined in Equations (4)–(9):

Da = RmaxWcat/FCH4,0 (4)

θ = PH2 sLph/FCH4,0 (5)

R∗ = R/Rmax (6)

pr = pl/ph (7)

αH2/i = PH2 /Pi (8)

ζ = z/L (9)

Equations (1) and (2) can be further expressed as dimensionless forms, as shown in
Equations (10) and (11), respectively.

Feed side
d fi
dζ

= viR∗Da − θ(xi − yi pr)

αH2/i
(10)
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Permeate side
dqi
dζ

=
θ(xi − yi pr)

αH2/i
(11)

where fi and qi are the dimensionless flow rates normalized by the CH4 feed flow rate
for component i in the feed and permeate streams, respectively, ζ is the axial position of
the MR normalized by the membrane length, θ is defined as the permeation number that
corresponds to H2 flux through the membrane normalized by the CH4 feed low rate, αH2/i
is the permeance ratio of H2 to component i, pr is the pressure ratio of the permeate stream
to the feed stream, R* is the ratio of the reaction rate R to the maximum reaction rate Rmax

based on the inlet feed composition, Da is the Damköhler number, which is defined as the
ratio of the product of the maximum reaction rate Rmax and the total catalyst weight of the
membrane module Wcat to the CH4 feed flow rate, and Da indicates the effect of the catalyst
and the feed flow rate on the catalytic performance, which can be used as a measure of the
catalytic activity. The higher Da is, the closer the reaction is to equilibrium.

According to a simple single-site mechanism [39], the global reaction of MDA (Equation (3))
consists of the following series of elementary steps:

I. CH4 + ∗
K1

 CH4∗ (12)

II. CH4∗
K2

 CH2 ∗+H2 (13)

III. CH2∗
K3



1
2

C2H4 + ∗ (14)

IV.
1
2

C2H4
K4



1
6

C6H6 +
1
2

H2 (15)

where * indicates the active site of the catalyst, and step III is obtained by merging the CH2
dimerization and C2H4 desorption steps in Equations (16) and (17):

V. CH2∗
K5



1
2

C2H4∗ (16)

VI.
1
2

C2H4∗
K6



1
2

C2H4 + ∗ (17)

Step II is considered to be the rate-determining step in MDA, yielding a reaction rate
expression for the global reaction in Equation (18) [39].

R = k2

PCH4 −
1

Kp
P1/6

C6 H6
P3/2

H2

1 + K1PCH4 +
K3
K4

P1/6
C6 H6

P1/2
H2

(18)

where

K4 = exp
(
−∆G4

RgT

)(
pΘ

) 1
6 (19)

Kp = exp
(
− ∆G

RgT

)(
pΘ

) 2
3 (20)

pΘ is the standard pressure, PCH4 , PC6 H6 and PH2 are the partial pressures of CH4, C6H6,
and H2, respectively, ∆G and ∆G4 are the Gibbs free energies of the global (Equation (1))
and step IV (Equation (15)) reactions, respectively, k2 is the reaction rate constant of step II,
and K1, K3, K4 and Kp are equilibrium constants for steps I, III, IV and the global reaction,
respectively. For a 0.5%Ru-3%Mo/ZSM-5 catalyst, the reaction rate and equilibrium con-
stants (K1, K3, k2) are shown in Table 1 according to Iliuta et al. [39], which were adopted in
the present work for the simulation study.
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Table 1. Reaction rate and equilibrium constants used in the present simulation.

Temperature
(K)

k2
(mol gcat−1 h−1 bar−1)

K1
(bar−1)

K3
(bar−1/2)

873 0.00717 2.877 2.359
898 0.0102 2.197 2.870
923 0.014 1.675 3.020
948 0.019 1.280 3.185
973 0.025 1.029 3.300

The simulation study of MDA in concurrent MRs was performed at temperatures of
873–973 K, with porous H2-permselective membranes, showing H2/CH4 selectivities in
the range of 10–∞, under feed and permeate pressures of 100–1000 and 5 kPa, respectively.
Because both CH4 and C6H6 are much larger than H2 in terms of molecular size, they
are assumed to permeate through the defects of H2-permselective membranes based on a
Knudsen diffusion mechanism; therefore, the selectivity of CH4 to C6H6 in the MR is fixed
to the Knudsen selectivity in the simulation. Because benzene is a condensable product
that is easily separated and collected on both retentate and permeate sides of the MR, the
yield of benzene in the MR is defined based on the product obtained in both retentate and
permeate streams, and the effect of the presence of benzene on the final H2 purity can be
negligible. On the other hand, both H2 yield and H2 purity is defined based on only the
permeate side, because purified H2 is highly desirable. Therefore, the CH4 conversion
(XCH4 ), benzene yield (YC6 H6 ), H2 yield (YH2 ), and H2 purity (CH2 ) obtained in the MRs are
defined as follows:

XCH4 =
FCH4,0 − FCH4,L − QCH4,L

FCH4,0
(21)

YC6 H6 =
6FC6 H6,L + 6QC6 H6,L

FCH4,0
(22)

YH2 =
2QH2,L

3FCH4,0
(23)

CH2 =
QH2,L

QCH4,L + QH2,L
(24)

For FBRs, the CH4 conversion, benzene yield, H2 yield and H2 purity are defined in
Equations (25)–(28):

XCH4 =
FCH4,0 − FCH4,L

FCH4,0
(25)

YC6 H6 =
6FC6 H6,L

FCH4,0
(26)

YH2 =
2FH2,L

3FCH4,0
(27)

CH2 =
FH2,L

FCH4,L + FH2,L
(28)

3. Results and Discussion
3.1. Thermodynamic Analysis and Model Validation

Figure 2 shows the equilibrium conversion of CH4 in MDA under different temper-
atures and feed pressures. The equilibrium conversion of CH4 is quite low, particularly
under a low temperature and a high pressure. The above calculation confirms that MDA
is significantly thermodynamically unfavorable. Although CH4 conversion in MDA can
be improved by increasing the reaction temperature, catalyst deactivation is reportedly
even faster due to the more serious coking effect at a higher temperature [40]. Therefore,
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to strike a balance between CH4 conversion and catalytic stability, MDA is generally con-
ducted at 700 ◦C and at atmospheric pressure [21–23], which corresponds to an equilibrium
conversion of approximately 12% due to the significant thermodynamic limitation. The
above results demonstrate that there is significant potential to use H2-permselective MRs
for highly enhanced MDA because the equilibrium of MDA can be efficiently shifted to the
product side after selective H2 extraction.
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To validate the proposed model for the simulation study of MDA in MRs, we first
calculated the CH4 conversion based on the present model and previously reported exper-
imental parameters [39] using the same cylindrical reactor without H2 extraction under
various operating conditions. As shown in Figure 3, both the theoretically predicted and
experimentally obtained CH4 conversions showed an excellent agreement, which verifies
the feasibility of the proposed model for the simulation study of MDA. Unfortunately, fur-
ther verification cannot be conducted by applying H2 extraction to MRs because Pd-based
membranes are prone to poison in the presence of hydrocarbons at high temperatures,
and the actual H2 permeation performance of the membrane reactor, which is reportedly
significantly different compared with that obtained during the H2 permeation test [28], is
currently not yet available during MDA.
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Figure 3. Comparison of experimentally obtained and theoretically predicted CH4 conversions in the
MR without H2 extraction.

3.2. Effect of Catalysts on the MR Performance

Figure 4 shows the effect of the Damköhler number on CH4 conversion, H2 yield, and
H2 purity as a function of the permeation number for MDA in the MR. When the catalytic
activity of the MR is relatively low, for instance, Da = 0.2 and 0.5, both CH4 conversion and
H2 yield obtained in the MR gradually increased with an increasing permeation number,
which could be ascribed to the improved equilibrium shift effect, since H2 extraction from
the MR is enhanced. For MR with a relatively active catalyst (Da ≥ 1), the improvement in
the CH4 conversion and H2 yield is more remarkable due to the enhanced driving force
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for H2 extraction. However, both the CH4 conversion and H2 yield show a maximum
as the permeation number increases, which could be mainly attributed to the adverse
effect of CH4 permeation through the membrane because the amount of CH4 permeation
through the membrane becomes remarkable at high Da values and permeation numbers.
Similar trends were also previously observed for various dehydrogenation reactions in
H2-permselective MRs [34,35]. On the other hand, the H2 purity in the permeate stream
always decreases with an increasing permeation number, regardless of the values of Da,
which mainly results from the enhanced CH4 permeation through the membrane at a high
permeation number. However, for a given permeation number, H2 purity increases as
Da increases because CH4 conversion is improved and the permeation of CH4 through
the membrane becomes slower. The above results demonstrate that an active catalyst is
necessary for the effective enhancement of MDA in an MR with respect to CH4 conversion,
H2 yield and H2 purity.
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αCH4/C6 H6 = Knudsen selectivity, ph = 1 bar, pl = 0.05 bar).

3.3. Effect of Membranes on the MR Performance

Figure 5 shows the effect of H2/CH4 selectivity of the membrane on CH4 conversion,
H2 yield, and H2 purity as a function of permeation number for MDA in the MR. As the
permeation number increases from 0.1 to 100, both the CH4 conversion and H2 yield in
porous MRs with a given H2/CH4 selectivity initially increase and then subsequently
decrease, resulting in a maximum. This is because the equilibrium shift effect after H2
extraction that contributes to the improved CH4 conversion and yield is dominative at a
relatively low permeation number, whereas the effect of CH4 permeation from the feed
to the permeate side that lowers the CH4 conversion and yield becomes very important
at a high permeation number. The maximal CH4 conversion and H2 yield are effectively
enhanced as the H2/CH4 selectivity of the MR is increased from 10 to 500 because the
leakage of CH4 from the feed to permeate sides can be significantly reduced with a highly
H2-selective membrane. Note that the MR shows a low degree of improvement in CH4
conversion and H2 yield at a low permeation number, even though the membrane selectivity
is extremely high. This is because only a very limited amount of H2 is extracted from the
reactor at a relatively low permeation number. Therefore, a remarkable improvement is
achieved only for MR with both an acceptable H2 flux and selectivity.
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Considering the excellent H2 separation performance of Pd-based membranes, MDA
in MRs should be effectively improved after H2 extraction according to the present and
previously reported theoretical simulations [41,42]. However, experimental investiga-
tions [25,26,28] have demonstrated that Pd-based MRs show only a very limited enhance-
ment for MDA compared with FBRs under the same operating conditions. We believe that
the remarkable difference between the theoretical prediction and the experimental results is
most likely attributed to the significantly decreased H2 permeation flux of Pd-based mem-
branes during MDA because Pd-based membranes are reportedly poisoned in the presence
of hydrocarbons at high temperatures [43], which significantly hinder H2 permeation by
blocking Pd sites on the membrane surface from adsorbing and dissociating H2 molecules.
Recently, Natesakhawat et al. [28] compared the H2 permeation performance of a tubular
Pd membrane in 10% H2/N2 and 10% H2/CH4 mixtures at 700 ◦C to study the effect of
CH4 on the Pd membrane performance. The Pd membrane in a later system lost up to 75%
of its H2 permeability, which confirms the occurrence of serious CH4 poisoning for the Pd
membrane. Moreover, the reduction of H2 permeability of Pd membranes was reportedly
even much more noticeable during MDA [28]. The above simulation results confirm that
the poor catalytic performance of Pd-based MRs in experimental investigations most likely
results from the severe degradation of H2 permeation flux during MDA.

Importantly, it is worth noting that the porous MR with a H2/CH4 selectivity of
200 shows almost the same MDA performance in terms of the CH4 conversion and H2 yield
compared with those of the dense Pd-based MR with an infinite H2/CH4 selectivity under
the same permeation number ranging from 0.1 to 30, and both the maximal CH4 conversion
and H2 yield exceed 80%, which demonstrates a significant potential for highly enhanced
MDA in the porous MRs. Although dense Pd membranes show an exclusive permeation
for H2, taking their relatively lower flux during MDA and the high cost into consideration,
porous MRs with an acceptable cost and H2/CH4 selectivity (>200) but a much higher H2
permeance (>10−6 mol Pa−1 m−2 s−1) free of CH4 poisoning, such as amorphous silica
membranes [44–46], would be preferable for MDA in practical applications in terms of the
CH4 conversion and H2 yield.

The H2 purity obtained in the MR can be significantly enhanced as the membrane
selectivity increases, and the effect of the permeation number seems to have much less of
an impact on the H2 purity, particularly for the MR with a H2 selectivity over 200. The
above results demonstrate that both the CH4 conversion and H2 yield obtained in the
MR are greatly affected by both the catalytic activity and membrane performance, while
the H2 purity is mainly dominated by the membrane selectivity. In this regard, dense Pd
membranes with exclusive H2 permeation are preferable when the H2 purity is a priority
for MDA in the MR. Therefore, the selection of membrane materials should be carefully
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considered according to the objective MR performance in terms of the CH4 conversion, H2
yield, and H2 purity.

3.4. Effect of Operating Conditions on the MR Performance

Thermodynamically, the coking reaction is much more favorable than MDA at a high
temperature and leads to catalyst deactivation during MDA. To reduce the effect of coking
on the catalytic stability, it is preferable to perform MDA under a relatively low temperature,
which would impair the CH4 conversion for MDA in the conventional FBR. However, MR
allows for the possibility that MDA is conducted at a lower temperature, whereas the CH4
conversion remains high because of the equilibrium shift effect after H2 extraction. Figure 6
shows the effect of the reaction temperature on the CH4 conversion, H2 yield, and H2
purity as a function of the permeation number for MDA in the MR. As expected, for a given
permeation number, although CH4 conversion, H2 yield, and H2 purity all decrease with a
decreasing reaction temperature because MDA is thermodynamically unfavorable at a low
temperature, the MR performance greatly surpasses that obtained in the conventional FBR
under the same reaction temperature, and the improvement is still extremely remarkable,
even under 873 K if the MR is highly permeable. The above results demonstrate the
significant importance of intensifying the MR performance for MDA by improving H2
permeance via reducing the membrane thickness. This is particularly important for MDA
operated under a lower reaction temperature because the H2 partial pressure difference
across the membrane is lower for H2 permeation. Recent progress has demonstrated that
emerging two-dimensional-material membranes [47] constructed by 2D nanosheets with
few atomic thickness layers show both a high flux and high selectivity, which would be a
future candidate for the development of high-performance MRs for MDA.
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Figure 6. Effect of the reaction temperature on (a) CH4 conversion, (b) H2 yield, and (c) H2 purity
as a function of the permeation number for MDA in the membrane reactor. (Simulation conditions:
Da = 5, αH2/CH4

= 200, αCH4/C6 H6 = Knudsen selectivity, ph = 1 bar, pl = 0.05 bar).

On the other hand, although a high feed pressure is not favorable for MDA in an
FBR according to the equilibrium shift by Le Chatelier’s principle, as also confirmed in
the aforementioned calculation (Figure 2), the effect of the feed pressure on MDA in the
MR is more complicated because a high pressure also favors H2 permeation through the
membrane, which is believed to boost MDA in MRs from the viewpoint of an equilibrium
shift due to the enhancing H2 extraction. Therefore, whether a high feed pressure benefits
MDA in MRs depends on the equilibrium shift effect caused by both H2 extraction and
the feed pressure. However, how the feed pressure affects MDA in MRs remains unclear.
Figures 7 and 8 show the effect of the feed pressure on CH4 conversion, H2 yield, and
H2 purity as a function of permeation number for MDA in the MR at 873 and 973 K,
respectively. For the same permeation number with a relatively low value, the MR shows
a decreased CH4 conversion with an increasing feed pressure, regardless of the reaction
temperature, because the final CH4 conversion is largely affected by the equilibrium shift
effect by high feed pressures. However, when the permeation number is larger than 10,



Membranes 2022, 12, 1175 10 of 16

compared with MDA in the MR under atmospheric pressure, the MR shows an enhanced
CH4 conversion along with an improved H2 yield and purity in a pressurized system,
although the high pressure is unfavorable for MDA in FBRs, which could be ascribed to the
significant contribution of the equilibrium shift effect by enhanced H2 extraction at high
feed pressures. It should be noted that the MR performance could again deteriorate at much
higher pressures because the effect of feed pressure on the MR performance becomes more
remarkable. For instance, the CH4 conversion at a feed pressure of 10 bar is lower than
that obtained at atmospheric pressure at 873 K, even though the MR is highly permeable
(Figure 8). Therefore, there is an optimal feed pressure to maximize the MDA performance
in MRs, and the value highly depends on the specific reaction conditions used, such as
temperature and catalyst.
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3.5. Integration of an FBR and an MR for Enhanced MDA

The enhancement of the MR performance is significantly affected by the amount of
extracted H2 during the reaction, and thus a high membrane packing density is highly
desirable for practical MDA applications. Hollow fiber MRs are generally preferable when
taking the very high packing density into account [48]. However, one of the major obstacles
to the practical use of hollow fiber MRs is the relatively low catalyst loading capacity, which
generally results in a poor performance of MRs due to the relatively low catalytic activity,
as confirmed in Figure 4. This is because the H2 partial pressure across the membrane,
which is the driving force for H2 permeation, is too low to extract sufficient H2 from the
MR. Consequently, H2 permeation in hollow fiber MRs should be further intensified to
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more efficiently promote the MDA performance. To achieve a higher MDA performance, a
facile configuration that integrates a fixed-bed reactor (FBR) and an MR is suggested for
MDA in which the FBR functions as a pre-reactor. For comparison, the performance of
MDA in a single conventional FBR and a single MR are studied under identical operating
conditions. The schematic reactor configurations are shown in Figure 9.
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(c) integration of a fixed-bed reactor and a membrane reactor.

Figure 10 shows the effect of reactor configurations on the CH4 conversion, H2 yield,
and H2 purity for MDA in the MR under different feed pressures. For a comparison,
catalyst loading in the FBR (Figure 9a) and MRs (Figure 9b,c) are fixed at the same amount,
while the CH4 conversion in the FBR (Figure 9c) is assumed to achieve equilibrium under
atmospheric pressure because a high catalyst loading in the FBR is practically feasible. For
the single conventional FBR (Figure 9a), the CH4 conversion, H2 yield and H2 purity are
10.7, 10.7 and 10.5%, respectively, at a feed pressure of 1 bar, and all of these values decrease
with an increasing feed pressure, which can be ascribed to the equilibrium shift of MDA
to the backward side at high feed pressures. However, the MDA performance is much
enhanced in the single MR, particularly under a high feed pressure, although a pressurized
system is unfavorable for MDA in an FBR. As the feed pressure increases from 1 to 2 and
3 bar, the CH4 conversion gradually increases from 23.3 to 32.7 and 37.6%, with the H2
yield increasing from 21.3 to 32.1 and 37.3%, and the H2 purity decreasing from 74.3 to
66.6 and 60.1%, respectively. This remarkable improvement in the MDA can be ascribed
to the equilibrium shift effect of the MR after H2 extraction, where a higher feed pressure
effectively promotes H2 extraction due to the higher H2 partial pressure difference across
the membrane, as evidenced by the axial profiles of the normalized H2 partial pressure
in the MR under different feed pressures in Figure 11a. The above result demonstrates
that the MR performance under present pressurized conditions is largely affected by the
equilibrium shift effect caused by H2 extraction, rather than by a high pressure. When
an FBR is coupled with the MR (Figure 9c), after completion of the reaction in the FBR,
the H2 partial pressure is quite high at the inlet of the MR, which would facilitate H2
extraction during the subsequent MR due to the increased driving force for H2 permeation.
As expected, CH4 conversion in the MR is further improved to 31.3% at a feed pressure of
1 bar with the assistance of an FBR, and a higher feed pressure in the MR even improves
the CH4 conversion to a higher degree (41.2 and 46.2% at 2 and 3 bar, respectively). The
corresponding H2 yield also increases from 29.4 to 40.7 and 46.1%, whereas the H2 purity
decreases from 74.3 to 66.6 and 60.1 at 1, 2 and 3 bar, respectively. Previously, an improved
conversion was also observed for methylcyclohexane dehydrogenation in an MR when a
FBR was coupled [49]. With the assistance of FBR as a pre-reactor, the exceptional MDA
performance in the MR was primarily ascribed to the enhanced H2 extraction. As confirmed
by the axial profiles of the normalized H2 partial pressure for MDA in the MR in Figure 11b,
the employment of a pre-reactor indeed increases the H2 partial pressure difference across
the membrane, particularly near the inlet zone of the MR. This effect is even more effective
under pressurized systems, which further promotes the equilibrium shift of MDA to the
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forward side and results in a much higher CH4 conversion and H2 yield and purity than
those obtained in the single FBR and the single MR.
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Figure 10. Effect of reactor configurations on (a) CH4 conversion, (b) H2 yield, and (c) H2 purity
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Figure 11. Axial profiles of H2 partial pressure normalized by the standard pressure for MDA
in the membrane reactor under different feed pressures (a) with and (b) without the assistance
of a pre-reactor. (Simulation conditions: Temperature = 973 K, catalyst amount = 0.15 g, CH4

feed = 6.59 × 10−3 mol h−1, H2 permeance = 72 mol m−2 h−1 bar−1, membrane length = 0.4 m,
membrane diameter = 2.5 × 10−3 m, αH2/CH4

= 200, αCH4/C6 H6 = Knudsen selectivity, pl = 0.05 bar,
and ph = 1, 2 and 3 bar).

Considering the effectively enhanced H2 extraction, the proposed simple reactor
configuration that combines an FBR and an MR is superior to both the conventional single
FBR and the single MR in terms of the CH4 conversion, H2 yield and H2 purity. In addition,
it should be noted that MDA is endothermic; therefore, heat transfer to the catalyst bed
must be fast enough to maintain a constant temperature in the reactor. The new reactor
configuration consisting of two parts allows for sectional heating for MDA, which again
benefits MDA for simultaneous large-scale production of aromatics and COx-free H2 in
industrial applications under isothermal conditions.
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4. Conclusions

A dimensionless mathematical model was formulated and verified for a simulation
study on methane dehydroaromatization in H2-permselective MRs for the simultaneous
production of aromatics and COx-free H2. The simulation results showed that the im-
provement in the CH4 conversion and H2 yield in the MR is strongly influenced by the
catalytic activity and membrane flux and selectivity, whereas H2 purity is mainly deter-
mined by the membrane selectivity. Compared with dense Pd-based membranes, porous
membranes, such as amorphous silica, with a H2/CH4 selectivity of several hundred are
highly preferable for MDA with respect to the both CH4 conversion and H2 yield due to the
high H2 permeance and the absence of CH4 poisoning. Operating conditions, including the
reaction temperature and pressure, also exert important impacts on the MR performance.
A low temperature generally results in a decrease in the MDA performance due to unfa-
vorable thermodynamics, but a significantly higher performance, compared with that of
conventional FBRs, can still be achieved in MRs due to the equilibrium shift effect after H2
extraction. Therefore, MRs have great potential to lower the reaction temperature and thus
reduce the coking on the catalyst for MDA. A pressurized system is confirmed to further
improve MDA in the MR under certain conditions due to the enhanced H2 extraction,
although a pressurized system is unfavorable for MDA in FBRs. Finally, a simple configu-
ration that combines an FBR and an MR is proposed for MDA, which demonstrates a much
better performance in terms of the CH4 conversion, H2 yield, and H2 purity compared
with both the single FBR and single MR due to the intensified H2 extraction. This simple
and effective configuration shows a great potential for the simultaneous production of
aromatics and COx-free H2 with a high efficiency for practical applications.
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Nomenclature

Da Damköhler number, dimensionless
f dimensionless feed-side flow rate, dimensionless
F feed-side molar flow rate, mol h−1

C purity of hydrogen, dimensionless
k reaction rate constant, mol gcat

−1 h−1 bar−1

k2 reaction rate constant, mol gcat
−1 h−1 bar−1

K1 equilibrium constant, bar−1

K3 equilibrium constant, bar−1/2

K4 equilibrium constant, bar1/6

Kp equilibrium constant, bar2/3

L membrane reactor length, m
p partial pressure, bar
pΘ standard pressure, bar
ph feed-side pressure, bar
pl permeate-side pressure, bar
pr pressure ratio, dimensionless
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P gas permeance, mol m−2 h−1 bar−1

q dimensionless permeate-side flow rate, dimensionless
Q permeate-side molar flow rate, mol h−1

R reaction rate, mol gcat
−1 h−1

Rg ideal gas constant, J mol−1 K−1

Rmax maximum reaction rate, mol gcat
−1 h−1

R* dimensionless reaction rate, dimensionless
s membrane area per unit membrane axial length, m2 m−1

T absolute temperature, K
wcat catalyst weight per unit membrane axial length, gcat m−1

Wcat catalyst weigh of the membrane module, g
x feed-side mole fraction, dimensionless
X conversion, dimensionless
y permeate-side mole fraction, dimensionless
Y yield, dimensionless
z axial coordinate, m
Greek letters
α permeance ratio, dimensionless
θ permeation number, dimensionless
ν stoichiometric coefficient, dimensionless
ζ dimensionless axial coordinate, dimensionless
∆G Gibbs free energy, J mol−1

∆G4 Gibbs free energy, J mol−1

Subscripts
0 inlet of the membrane reactor
i component
L outlet of the membrane reactor

References
1. Schwach, P.; Pan, X.; Bao, X. Direct conversion of methane to value-added chemicals over heterogeneous catalysts: Challenges

and prospects. Chem. Rev. 2017, 117, 8497–8520. [CrossRef] [PubMed]
2. Wang, B.; Albarracín-Suazo, S.; Pagán-Torres, Y.; Nikolla, E. Advances in methane conversion processes. Catal. Today 2017, 285,

147–158. [CrossRef]
3. Guo, X.; Fang, G.; Li, G.; Ma, H.; Fan, H.; Yu, L.; Ma, C.; Wu, X.; Deng, D.; Wei, M.; et al. Direct, nonoxidative conversion of

methane to ethylene, aromatics, and hydrogen. Science 2014, 344, 616–619. [CrossRef] [PubMed]
4. Jin, Z.; Wang, L.; Zuidema, E.; Mondal, K.; Zhang, M.; Zhang, J.; Wang, C.; Meng, X.; Yang, H.; Mesters, C.; et al. Hydrophobic

zeolite modification for in situ peroxide formation in methane oxidation to methanol. Science 2020, 367, 193–197. [CrossRef]
[PubMed]

5. Shan, J.; Li, M.; Allard, L.F.; Lee, S.; Flytzani-Stephanopoulos, M. Mild oxidation of methane to methanol or acetic acid on
supported isolated rhodium catalysts. Nature 2017, 551, 605–608. [CrossRef]

6. Spivey, J.J.; Hutchings, G. Catalytic aromatization of methane. Chem. Soc. Rev. 2014, 43, 792–803. [CrossRef] [PubMed]
7. Schnoor, J.L. Shale gas and hydrofracturing. Environ. Sci. Technol. 2012, 46, 4686. [CrossRef]
8. Dong, D.; Wang, Y.; Li, X.; Zou, C.; Guan, Q.; Zhang, C.; Huang, J.; Wang, S.; Wang, H.; Liu, H.; et al. Breakthrough and prospect

of shale gas exploration and development in China. Nat. Gas Ind. B 2016, 3, 12–26. [CrossRef]
9. Chang, Y.; Liu, X.; Christie, P. Emerging shale gas revolution in China. Environ. Sci. Technol. 2012, 46, 12281–12282. [CrossRef]
10. Striolo, A.; Cole, D.R. Understanding shale gas: Recent progress and remaining challenges. Energy Fuels 2017, 31, 10300–10310.

[CrossRef]
11. Salygin, V.; Guliev, I.; Chernysheva, N.; Sokolova, E.; Toropova, N.; Egorova, L. Global shale revolution: Successes, challenge, and

prospects. Sustainability 2019, 11, 1627. [CrossRef]
12. Li, J.-F.; Ye, J.-L.; Qin, X.-W.; Qiu, H.-J.; Wu, N.-Y.; Lu, H.-L.; Xie, W.-W.; Lu, J.-A.; Peng, F.; Xu, Z.-Q.; et al. The first offshore

natural gas hydrate production test in South China Sea. China Geol. 2018, 1, 5–16. [CrossRef]
13. Ye, J.-L.; Qin, X.-W.; Xie, W.-W.; Lu, H.-L.; Ma, B.-J.; Qiu, H.-J.; Liang, J.-Q.; Lu, J.-A.; Kuang, Z.-G.; Lu, C.; et al. The second

natural gas hydrate production test in the South China Sea. China Geol. 2020, 3, 197–209. [CrossRef]
14. Blumberg, T.; Tsatsaronis, G.; Morosuk, T. On the economics of methanol production from natural gas. Fuel 2019, 256, 115824.

[CrossRef]
15. Tian, P.; Wei, Y.; Ye, M.; Liu, Z. Methanol to olefins (MTO): From fundamentals to commercialization. ACS Catal. 2015, 5,

1922–1938. [CrossRef]

http://doi.org/10.1021/acs.chemrev.6b00715
http://www.ncbi.nlm.nih.gov/pubmed/28475304
http://doi.org/10.1016/j.cattod.2017.01.023
http://doi.org/10.1126/science.1253150
http://www.ncbi.nlm.nih.gov/pubmed/24812398
http://doi.org/10.1126/science.aaw1108
http://www.ncbi.nlm.nih.gov/pubmed/31919221
http://doi.org/10.1038/nature24640
http://doi.org/10.1039/C3CS60259A
http://www.ncbi.nlm.nih.gov/pubmed/24253354
http://doi.org/10.1021/es3011767
http://doi.org/10.1016/j.ngib.2016.02.002
http://doi.org/10.1021/es3040939
http://doi.org/10.1021/acs.energyfuels.7b01023
http://doi.org/10.3390/su11061627
http://doi.org/10.31035/cg2018003
http://doi.org/10.31035/cg2020043
http://doi.org/10.1016/j.fuel.2019.115824
http://doi.org/10.1021/acscatal.5b00007


Membranes 2022, 12, 1175 15 of 16

16. Mevawala, C.; Bai, X.; Kotamreddy, G.; Bhattacharyya, D.; Hu, J. Multiscale modeling of a direct nonoxidative methane
dehydroaromatization reactor with a validated model for catalyst deactivation. Ind. Eng. Chem. Res. 2021, 60, 4903–4918.
[CrossRef]

17. Wang, L.; Tao, L.; Xie, M.; Xu, G.; Huang, J.; Xu, Y. Dehydrogenation and aromatization of methane under non-oxidizing
conditions. Catal. Lett. 1993, 21, 35–41. [CrossRef]

18. Alhamdani, Y.A.; Hassim, M.H.; Ng, R.T.L.; Hurme, M. The estimation of fugitive gas emissions from hydrogen production by
natural gas steam reforming. Int. J. Hydrog. Energy 2017, 42, 9342–9351. [CrossRef]

19. Chen, B.; Liao, Z.; Wang, J.; Yu, H.; Yang, Y. Exergy analysis and CO2 emission evaluation for steam methane reforming. Int. J.
Hydrog. Energy 2012, 37, 3191–3200. [CrossRef]

20. Kosinov, N.; Uslamin, E.A.; Coumans, F.J.A.G.; Wijpkema, A.S.G.; Rohling, R.Y.; Hensen, E.J.M. Structure and evolution of
confined carbon species during methane dehydroaromatization over Mo/ZSM-5. ACS Catal. 2018, 8, 8459–8467. [CrossRef]
[PubMed]

21. Thakur, R.; Hoffman, M.; Vahi dMohammadi, A.; Smith, J.; Chi, M.; Tatarchuk, B.; Beidaghi, M.; Carrero, C.A. Multilayered
two-dimensional V2CTx MXene for methane dehydroaromatization. ChemCatChem 2020, 12, 3639–3643. [CrossRef]

22. Vollmer, I.; Li, G.; Yarulina, I.; Kosinov, N.; Hensen, E.J.; Houben, K.; Mance, D.; Baldus, M.; Gascon, J.; Kapteijn, F. Relevance of
the Mo-precursor state in H-ZSM-5 for methane dehydroaromatization. Catal. Sci. Technol. 2018, 8, 916–922. [CrossRef]

23. Liu, Y.; Zhao, M.; Cheng, L.; Yang, J.; Liu, L.; Wang, J.; Yin, D.; Lu, J.; Zhang, Y. Facile synthesis and its high catalytic performance
of hierarchical ZSM-5 zeolite from economical bulk silicon oxides. Microporous Mesoporous Mater. 2018, 260, 116–124. [CrossRef]
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