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Abstract: The integration of membranes inside a catalytic reactor is an intensification strategy to
combine separation and reaction steps in one single physical unit. In this case, a selective removal
or addition of a reactant or product will occur, which can circumvent thermodynamic equilibrium
and drive the system performance towards a higher product selectivity. In the case of an inorganic
membrane reactor, a membrane separation is coupled with a reaction system (e.g., steam reforming,
autothermal reforming, etc.), while in a membrane bioreactor a biological treatment is combined with
a separation through the membranes. The objective of this article is to review the latest developments
in membrane reactors in both inorganic and membrane bioreactors, followed by a report on new
trends, applications, and future perspectives.

Keywords: membranes; membrane reactors; bioreactors

1. Introduction

Catalytic membrane reactors can integrate reaction and separation steps in one single unit,
providing a high degree of process intensification. So far, numerous experimental and modelling works
have established the superior performance of membrane reactors for a wide range of applications and
for various operating conditions. The importance of membrane reactors lies in the fact that reactions
can generally be performed at milder operating conditions and at higher product selectivities. Most
research studies in recent years have been focused on the investigation of different aspects of membrane
reactors for various reaction systems, ranging from the production of chemicals and pharmaceuticals
to wastewater treatment and CO2 abatement [1–9]. In this review paper, the latest developments of
both inorganic membrane reactors and membrane bioreactors for various applications are compiled
and analyzed and necessary future research directions are discussed.

2. Inorganic Membrane Reactors

A membrane reactor is a process intensification technology where a reaction (carried out on
a heterogeneous catalyst or catalyzed by enzymes) and a separation step (through a polymeric or
inorganic membrane) are combined in a single-unit operation. As a result, higher conversion and/or
yields can be obtained compared to more traditional systems where the reaction and separation steps
are not integrated. A possible scheme of an inorganic membrane reactor (in this case, a fluidized bed
membrane reactor for hydrogen production) is shown in Figure 1.
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Figure 1. Schematic of an inorganic membrane reactor. Hydrogen is produced on catalyst particles 
and removed via Pd-based membranes. 

During the last decade, several theoretical as well as experimental works have demonstrated 
that membrane reactors have a superior performance when compared with traditional systems [10–
13]. Restricting ourselves to inorganic membranes, a very complete study on the performance 
increase in membrane reactors for the water gas shift (WGS) was carried out by Brunetti and 
coworkers [14]. More recently, membrane reactors for the WGS reaction was also reviewed by [15]. 
The WGS reaction is a gas phase, heterogeneously catalyzed, equilibrium-limited reaction and is 
moderately exothermic (see Equation (1)). CO + H O ↔ CO + H     ∆H = −41 kJ/mol. (1) 

This reaction is a typical example of a system where a membrane reactor can give benefits 
compared to conventional systems. As mentioned above, the WGS is a slightly exothermic reaction 
and is equilibrium limited. Traditionally, the WGS is carried out in two reactors, the first working at 
high temperatures (with faster reaction rates and thus a smaller reactor), and a second one at lower 
temperatures (with slower reaction rates and thus a bigger reactor) to convert additional CO. 
Alternatively, using a membrane reactor hydrogen can be removed through a membrane and the 
equilibrium can be shifted (Le Chatelier principle). In this case, the reactor performance to a large 
extent is independent of the thermodynamic equilibrium limitation, and thus a high-temperature 
reactor would achieve a higher conversion and a low-temperature reactor would not be required, as 
shown by Brunetti et al. in Figure 2. 

Figure 1. Schematic of an inorganic membrane reactor. Hydrogen is produced on catalyst particles and
removed via Pd-based membranes.

During the last decade, several theoretical as well as experimental works have demonstrated that
membrane reactors have a superior performance when compared with traditional systems [10–13].
Restricting ourselves to inorganic membranes, a very complete study on the performance increase
in membrane reactors for the water gas shift (WGS) was carried out by Brunetti and coworkers [14].
More recently, membrane reactors for the WGS reaction was also reviewed by [15]. The WGS reaction
is a gas phase, heterogeneously catalyzed, equilibrium-limited reaction and is moderately exothermic
(see Equation (1)).

CO + H2O↔ CO2 + H2 ∆H = −41 kJ/mol. (1)

This reaction is a typical example of a system where a membrane reactor can give benefits
compared to conventional systems. As mentioned above, the WGS is a slightly exothermic reaction
and is equilibrium limited. Traditionally, the WGS is carried out in two reactors, the first working
at high temperatures (with faster reaction rates and thus a smaller reactor), and a second one at
lower temperatures (with slower reaction rates and thus a bigger reactor) to convert additional CO.
Alternatively, using a membrane reactor hydrogen can be removed through a membrane and the
equilibrium can be shifted (Le Chatelier principle). In this case, the reactor performance to a large
extent is independent of the thermodynamic equilibrium limitation, and thus a high-temperature
reactor would achieve a higher conversion and a low-temperature reactor would not be required, as
shown by Brunetti et al. in Figure 2.
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Figure 2. Comparison between the conventional reactor system and a Pd-based membrane reactor
for the WGS (water gas shift) reaction system. Reprinted from [14] with the permission of the Royal
Society of Chemistry (RSC).

If we take into account the amount of catalyst used in the conventional system and in the
membrane reactors, the study shows that the membrane reactor would require much less catalyst and
the reactor volume can be reduced to less than 20% compared to the conventional system, as shown in
Figure 3 [16]. This advantage can be further increased by enhancing the hydrogen permeation through
the membranes by using more permeable membranes or by operating at higher pressures (driving
force for hydrogen permeation). At the same time, by removing hydrogen directly from the reaction
mixture, no hydrogen separation step downstream of the reactor will be required, leading to a reduced
environmental footprint and cost (CAPEX) of the system compared with a conventional process.
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One should note that, although the removal of a product (or feeding of a reactant) through
membranes will result in an improved reactor performance (higher yield and lower energy demand),
the combination of reaction and separation steps will specifically provide significant improvements in
systems where equilibrium constrains limit the conversion, or when there is a problem of selectivities
(as in the case of several consecutive reactions), as shown in Figure 4.
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2.1. Applications of Inorganic Membrane Reactors

Thus far, membrane reactors have been tested and studied for different reaction systems, ranging
from methane and biogas reforming to ammonia cracking [17,18] and to ethanol and methanol
reforming [19]. However, most of the work done on inorganic membrane reactors concerns hydrogen
production, where hydrogen-selective membranes are used to selectively remove the product
of a reaction. Table 1 summarizes the various reactions considered for hydrogen production in
membrane reactors.

Table 1. Reactions considered for hydrogen production in membrane reactors.

Reaction ∆H298K (kJ mol−1)

Water gas shift (WGS)

CO + H2O ↔ CO2 + H2 −41.1

Methane decomposition (Carbon production)

CH4 ↔ C + 2H2 75

Steam reforming (SR) reactions

CH4 + H2O ↔ CO + 3H2 206.2
CH4 + 2H2O ↔ CO2 + 4H2 164.9
CH3OH + H2O ↔ CO2 + 3H2 49
C2H5OH + H2O ↔ 2CO + 4H2 239.5
C2H5OH + 3H2O ↔ 2CO2 + 6H2 173
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Table 1. Cont.

Reaction ∆H298K (kJ mol−1)

Partial and full oxidation reactions

CH4 + 2O2 ↔ CO2 + 2H2O −802
CH4 + O2 ↔ CO2 + 2H2 −71
CH4 +

1
2 O2 ↔ CO + 2H2 −35.6

CH3OH + 1
2 O2 ↔ CO2 + 2H2 −192.3

C2H5OH + 1
2 O2 ↔ 2CO + 3H2 −14.4

Autothermal reforming (ATR) reactions

4CH4 + 2H2O + O2 ↔ 10H2 + 4CO 339
4 CH3OH + 3H2O + 1

2 O2 → 4CO2 + 11H2 0
C2H5OH + 2H2O + 3

2 O2 ↔ 2CO2 + 5H2 −50

Dehydrogenation reaction

C3H8 ↔ C3H6 + H2 124

Ammonia decomposition

2NH3 ↔ 3H2 + N2 45.9

Natural gas is a typical feedstock considered for hydrogen production in membrane reactors.
This is a typical endothermic system where high temperatures (up to 1200 K) are required to activate the
methane and convert to it hydrogen and CO. CO should then be converted into CO2 in WGS reactors,
which operate at relatively lower temperatures because of equilibrium constrains. Figure 5 shows a
conventional steam methane reforming (SMR) process for hydrogen production. In this process, due
to the exo-endothermic nature of the reactions and the effect of pressure and temperature, several steps
(vessels) of and heat exchangers are used to achieve high-purity hydrogen in an efficient way.Processes 2020, 8, 1239 6 of 39 
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Figure 5. Schematic of conventional steam methane reforming process for hydrogen production.

The application of hydrogen-permeable membranes for methane steam reforming is possibly the
most studied application of membrane reactors. This is probably due to the ease of its demonstration,
providing experimental proof that membrane reactors can achieve higher conversions (specifically at
higher pressures) compared to equilibrium-limited conventional systems (Figure 6).
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Figure 6. Methane equilibrium conversion in conventional system and comparison with membrane
reactors at different pressures.

In this case, the membrane reactor technology allows us to achieve the same conversions of
a conventional system while working at much lower operating temperatures (550 ◦C for an MR
compared to 850–900 ◦C for a conventional system). On top of it, as hydrogen is permeating through
the membranes, the WGS reaction is shifted towards the products and a downstream separation is not
required [20].

In another study, Matsuka et al. [21] performed membrane reactor tests in a packed-bed
configuration using nickel-based catalysts coupled with different types of self-supported membranes:
25 and 50 µm-thick Pd77Ag23 and 100 µm-thick V and V92Ni8 layers coated on both sides with Pd
by magnetron sputtering (1 µm). The best performance was observed for the Pd-coated vanadium
membrane, obtaining a ~45% methane conversion at 400 ◦C while the permeation flux was 0.09 (mol
m−2 s−1). This is due to higher diffusion rate of hydrogen molecules in vanadium compared to in
palladium. However, and to enhance the hydrogen-splitting phenomenon, thin layers of Pd are
still required.

Silva et al. [22] demonstrated that methane steam reforming can be performed in a packed bed
membrane reactor with an up to 47% hydrogen recovery at a 35% methane conversion (at 600 ◦C).
Additionally, Gil et al. [23] used a catalytic hollow-fiber membrane reactor where the Ni-based catalyst
was supported on the hollow fiber’s walls, while the selective Pd-based layer was coated on the other
side of the hollow-fiber wall. In this case, an up to 45% hydrogen recovery at a >50% conversion was
obtained at 560 ◦C.

Similarly, Gallucci et al. [24] have also showed the advantages of self-supported Pd-based
membrane reactors compared to packed-bed reactors at temperatures higher than 350 ◦C, as reported
in Figure 7.
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2.2. Inorganic Membrane Reactors Configurations

Recently, more interesting ultra-thin Pd-based membranes have been reported that would make
the membrane reactor application even more interesting [25]. By decreasing the thickness of the
membrane, the amount of Pd per square meter of membrane decreases proportionally. Additionally,
the hydrogen flux increases proportionally as well, so, consequently, the required membrane area for
the same amount of separated hydrogen will be much lower. Since both the total required membrane
area and the palladium per m2 are proportionally decreased by decreasing the thickness, the cost benefit
of decreasing the thickness is double. However, when the membranes become thinner, the diffusion
resistance through the bulk of the membrane decreases. Thus, other mass transfer limitations can
become more important and become limiting phenomena. In particular, mass transfer limitations
in the gas phase, also known as concentration polarization, may become the limiting factor in the
efficiency of the system [26–28].

To circumvent concentration polarization, one can either decrease the gas phase pathway—i.e.,
using micro-channel reactors [29]—or increase the mixing in the gas phase, for example using fluidized
bed reactors. In both cases, the heat transfer rate is improved as well, which is beneficial for membrane
reactors in any case. Both strategies have several advantages and have their own disadvantages, which
will be discussed here.

The advantages of micro-reactors have been reported and discussed by several authors in recent
publications [29–31]. In a micro-channel membrane reactor, the distance between the catalyst bed
(generally wash-coated on the channel wall) where hydrogen is produced and the membrane wall,
where hydrogen is recovered, is in the microscale, and thus the mass and heat transfer limitations are
negligible. The ratio between the membrane area and the catalyst bed is also increased, which allows
achieving high recoveries, as this ratio is an essential parameter in membrane reactors [32].

However, in a micro-channel reactor the production of hydrogen per module will be limited due
to very limited amount of available catalyst [33]. This can be solved by numbering up the microchannel
modules; these can also integrate different reaction zones, such that the heat required from the reaction
is supplied by either heating fluids or combustion reactions (see Figure 8).



Processes 2020, 8, 1239 8 of 39

Processes 2020, 8, 1239 8 of 39 

 

microchannel modules; these can also integrate different reaction zones, such that the heat required 
from the reaction is supplied by either heating fluids or combustion reactions (see Figure 8). 

 

Figure 8. (a–c) Stack designs for combustion, reformer, and integrated module for the reforming of 
methane with integrated hydrogen separation. Reproduced from [30]. 

The integration of membranes in micro-channel modules has been extensively studied by 
Norwegian research organization SINTEF as well, where different strategies have been developed to 
improve the membrane stability at the high pressures required for membrane reactor operations [34]. 

On the other hand, fluidized bed reactors are also used to decrease the mass transfer limitation, 
where mixing is induced by catalyst particles circulation inside the reactor [35,36]. As a direct 
consequence, the temperature profiles are also virtually uniform throughout the bed. An application 
of fluidized bed reactors for ultra-pure hydrogen production has been demonstrated by Helmi et al. 
[37] (see Figure 9), who reported stable operation and high-purity hydrogen production for a 
duration of 900 h. In this case, the fluidized bed membrane reactor system was operated with syngas 
composition coming from a reformer; the CO concentration in the permeate side was always below 
10 ppm, thus producing in one step the hydrogen purity required by a low-temperature Proton 
Exchange Membrane (PEM) fuel cell. 

Additionally, in our previous works [32] we have reported fluidized bed membrane reactor 
configurations for ultra-pure hydrogen production with integrated CO2 capture. The reactor is 
divided in two zones: in the first zone, using oxygen membranes and hydrogen membranes, while in 
the second zone using only Pd-based membranes (for both hydrogen separation and partially for 
heat integration). This concept is reported in Figure 10. 
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methane with integrated hydrogen separation. Reproduced from [30].

The integration of membranes in micro-channel modules has been extensively studied by
Norwegian research organization SINTEF as well, where different strategies have been developed to
improve the membrane stability at the high pressures required for membrane reactor operations [34].

On the other hand, fluidized bed reactors are also used to decrease the mass transfer limitation,
where mixing is induced by catalyst particles circulation inside the reactor [35,36]. As a direct
consequence, the temperature profiles are also virtually uniform throughout the bed. An application of
fluidized bed reactors for ultra-pure hydrogen production has been demonstrated by Helmi et al. [37]
(see Figure 9), who reported stable operation and high-purity hydrogen production for a duration of
900 h. In this case, the fluidized bed membrane reactor system was operated with syngas composition
coming from a reformer; the CO concentration in the permeate side was always below 10 ppm, thus
producing in one step the hydrogen purity required by a low-temperature Proton Exchange Membrane
(PEM) fuel cell.

Additionally, in our previous works [32] we have reported fluidized bed membrane reactor
configurations for ultra-pure hydrogen production with integrated CO2 capture. The reactor is divided
in two zones: in the first zone, using oxygen membranes and hydrogen membranes, while in the
second zone using only Pd-based membranes (for both hydrogen separation and partially for heat
integration). This concept is reported in Figure 10.
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Figure 9. Long-term performance of the membrane module during 900 h of continuous operation in
the bubbling fluidization regime at high-temperature WGS conditions. Reproduced from [37].
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Reproduced from [32].

The concept allows the complete conversion of the fuel into pure hydrogen and a stream of CO2

and steam, and pure CO2 can be easily achieved followed by a condensation step. However, to achieve
this a very large membrane area is required (because of the shift of the remaining CO to CO2), and 1/3
of those expensive membranes are used for heat supply to the system.

In another work [38], we have developed a new reactor concept combining membrane reactors
and chemical looping concepts to obtain pure hydrogen production with integrated CO2 capture.
Figure 11 schematically shows the newly developed Membrane Assisted Chemical Looping Reactor
(MA-CLR) for hydrogen production via steam methane reforming.
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The results have shown that the MA-CLR can be continuously operated at the lab scale [39] while
pure hydrogen is recovered by Pd-based membranes, and Ni-based particles are used as both oxygen
carriers for the chemical looping system and as catalysts for the reforming reaction. If the system is
scaled up and operated at higher pressures, the produced hydrogen cost will be even lower than the
hydrogen produced via the conventional steam methane reforming process, while also avoiding a
large part of the CO2 emissions associated with hydrogen production [40].

The MA-CLR concept requires two interconnected reactors, with solids circulating between
them. This is a common configuration that has, however, only been used (at industrial level) at lower
pressures. The high-pressure operation is thus one of the challenges to be solved for the large-scale
implementation of this technology.

Membrane-assisted gas switching reforming is another concept which combines chemical looping
and a membrane reactor for operation at high pressures. This concept foresees dynamically operated
fluidized bed reactors where the solids are periodically oxidized and reduced (reforming stage).
Thus, a series of reactors operate in parallel to achieve the steady-state production of pure hydrogen.
This concept has been demonstrated experimentally at the lab scale [41], and a full techno-economic
analysis has been carried out [42]. The results have shown that, although this is an interesting concept,
the economics are worse than the MA-CLR proposed before. In addition, the membranes’ stability is
significantly compromized due to the continuous oxidation/reduction cycles that they will experience.

Pure hydrogen production with CO2 capture can also be obtained by integrating membrane
reactors with a CO2 sorbent, as reported by Madeira et al. [43] (see Figure 12). By combining the
sorption of carbon dioxide on a solid sorbent (an exothermic reaction) and hydrogen recovery through
membranes, a double shift effect is obtained (both products are removed from the reaction system).
In this case, the reactor should be operated dynamically, which means that at least two units need to be
operated in parallel to achieve continuous hydrogen production.
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Wang et al. [44] have used nickel-based hollow-fiber membranes for hydrogen permeation and
the WGS reaction (see Figure 13). The thin-wall nickel membranes have shown a very good stability
in cyclic operation, as well as a very good membrane selectivity (at the expense of lower fluxes).
Interestingly, the membranes showed a high stability in different gas atmospheres, including in the
presence of H2S (detrimental for Pd-based membranes) [45].
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Figure 13. Photo of a bundle Ni hollow fibers (a); SEM images of the nickel hollow fiber membrane
(sintered at 1200 ◦C for 3 h) (b)-cross-section; (c)-fiber wall; (d)-inner surface; (e)-outer surface; From [44].

Bhushan et al. [46] have studied Tantalum-based membranes in membrane reactors for enhancing
the HI decomposition reaction. This concept is experimentally demonstrated over a very thin (2.5 micron)
supported Ta-based membrane. Additionally, in a modelling study reported by the authors, it was
found that the HI conversion can be increased up to 95% in conditions in which the thermodynamic
equilibrium of a conventional system is limited to 22% conversion. Again, the Ta-based membrane
was effectively used in an environment where Pd-based membranes cannot be applied.
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Another Ta-based membrane reactor has been proposed by Suk et al. [47] for hydrogen production
from ammonia decomposition. The authors used a Ta tube and coated it with a very thin Pd layer (to
enhance hydrogen dissociation) and used it for an ammonia decomposition reaction. The membrane
was proven to be very stable in conditions in which Pd-based membranes could suffer ammonia
poisoning. The authors have shown its very good permeation properties and stable ultra-pure hydrogen
production (with ammonia impurities of below 0.1 ppm). A similar reaction has been carried out
by Lamb et al. [48] using a V-based membrane. However, in this case a cascade of catalytic bed and
membrane separation has been used rather than a membrane reactor.

2.3. New Trends and Applications of Inorganic Membrane Reactors

An interesting newly investigated application of metallic membranes is the propane
dehydrogenation reaction. In this case, the product is not hydrogen but propylene. This reaction system
is generally a dynamic process, because the catalyst should be periodically regenerated to remove
the carbon deposited during the reaction. By removing hydrogen from the system, the equilibrium
is shifted towards the product and similar yields can be achieved at lower temperatures, which in
turn will reduce the carbon deposition and reduce the regeneration frequency. This concept has been
studied in the literature by several authors [49–51]. These studies have shown that conventional Pd
membranes were quickly deactivated when used for propane dehydrogenation, probably due to the
carbonaceous species formed on the surface due to the interaction with propylene. On the other hand,
the membranes can be more resistant if protected with an intermediate porous layer that prevents the
direct interaction of Pd with propylene, such as in the double-skin membranes recently proposed by
Arratibel et al. [52].

Another interesting recent application of inorganic membrane reactors is the oxidative coupling of
methane, where currently research activities are mainly focused on using oxygen separation membranes
in the reactor. A direct route for the production of ethylene from natural gas in a single step has been
on the top position of the wish list of the chemical industry for a long time now. However, methane is
a difficult molecule to activate, and a possible route for methane-to-ethylene reaction is the widely
investigated oxidative coupling of methane (OCM), which involves the conversion of methane together
with oxygen at a high temperature (>750 ◦C) into the desired product C2H4 (or C2H6). However, being
a high temperature oxidative route, undesired by-products (CO and CO2) are obtained through parallel
and consecutive oxidation reactions. To simplify the problem, the main reactions involved in OCM are
the following (although up to 14 reactions have been used to describe the system in the literature [53]):

2CH4 + O2 → C2H4 + 2H2O ∆H
◦

298 = −141 kJ/mol CH4, (2)

CH4 + 2O2 → CO2 + 2H2O ∆H
◦

298 = −803 kJ/mol CH4, (3)

C2H4 + 3O2 → 2CO2 + 2H2O ∆H
◦

298 = −1323 kJ/mol C2H4. (4)

As with many partial oxidation reactions, the competition of many parallel and consecutive
reactions results in the typical conversion-selectivity problem: high CH4 conversions (i.e., feeding
a relatively large amount of O2) result in a relatively poor product selectivity, with a large yield of
undesired combustion products such as COx. In addition, the highly reactive intermediate C2H4

may easily react to the unwanted and thermodynamically favored oxidation products at high O2

concentrations [54]. This is the main reason why the yield of higher hydrocarbons (C2+) is insufficient
(<<30%) to make the OCM concept industrially feasible, which would require C2+ yields of above
30-35% [55,56]. Since the first OCM articles were published [57], there have been many studies aiming
at improving the C2 yield by working on new catalyst formulations, resulting in some of the most
promising catalysts for OCM: Li/MgO [1,2], La2O3/CaO [58], and Mn/Na2WO4/SiO2 [59]. Although
the optimization of the catalyst and the development of various different reactor types has led to an
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improved performance of the process, a single-pass C2 yield above 30–35% has never been achieved
yet (e.g., [60]).

In addition, several reactor concepts have been proposed to achieve a higher product yield by
recycling the reactants to the reactor and selectively separating the desired products of the primary
reactions [60–62]. Most of the new concepts are also looking at improving the heat management of
the system.

One of most interesting concepts to carry out the OCM and to achieve an industrially feasible
yield is the membrane reactor based on oxygen-selective membranes (also studied in the EU-funded
MEMERE project). By using the oxygen separation membranes in the reactor, often perovskite-type
membranes, a distributed oxygen feeding strategy is achieved, thus maintaining a low oxygen
concentration along the reactor and favoring the C2+ production reactions. However, the reactions are
highly exothermic and thus even the membrane reactor needs an optimized cooling system, which
results in a very complicated reactor design [63].

Godini et al. have worked on different configurations of membrane reactors for the OCM
reaction [64] and have reported a techno economic analysis of such a reactor system, showing higher
conversions and yields than conventional reactors and thus better economics [65]. Additionally,
Vamvakeros et al. have reported the real-time characterization of a membrane reactor for the OCM
reaction [66]. Although the membrane reactor for OCM remains a very interesting concept, the sealing
at the reactor temperature and the membrane stability in these conditions remain the main challenges
that still need to be tackled [67].

CO2 valorization is another interesting application of inorganic membrane reactors, especially for
methanol production from CO2 and hydrogen [11]. The methanol synthesis is indeed an equilibrium
system that is best represented by the following set of reactions:

CO + 2H2 ↔ CH3OH ∆H298 K = −90.7 kJ/mol, (5)

CO2 + H2 ↔ CO + H2O ∆H298 K = 41.19 kJ/mol, (6)

CO2 + 3H2 ↔ CH3OH + H2O ∆H298 K = −49.51 kJ/mol. (7)

Either as a component of the syngas or as only source of carbon, CO2 is always present in methanol
production. The third reaction is indeed the typical example of CO2 valorization into chemical building
blocks. Among the different membrane reactors proposed for this reaction, zeolite membrane reactors
have gained increasing interest during the last 20 years [68]. Masuda and co-workers [69] investigated a
zeolite-based membrane reactor for increasing the selectivity of olefins during the methanol conversion.
The membranes resulted in being defect-free and they successfully withdrew the olefins from the
reaction zone during the methanol conversion. In this paper, a method for testing the durability of
membranes under a sequence of thermal and mechanical shocks is reported. Their membrane showed
a quite high durability, while the selectivity of olefins from methanol was increased up to 90% even at
high methanol conversions. The same group [70] further improved the use of ZSM-5 membranes for
the methanol to olefins reaction.

In another study, Li et al. [71] synthesized an Linde type A (LTA) zeolite membrane for improving
the performances of the Fisher–Tropsch (FT) reaction. The use of a hydrophilic membrane during the FT
reaction can allow the separation of water (a product of the reaction) for the permanent gases, resulting
in an increase in the conversion per pass and, more importantly, avoiding the catalyst deactivation
caused by the high amount of water present in the reaction system. The authors produced their LTA
zeolite membrane with an in situ method improved with microwaves on a α-Al2O3 tubular support.
They obtained very high perm-selectivities over a broad range of experimental conditions.

The use of membranes for the FT reaction was also suggested by Espinoza et al. [72]. In this work,
the possibility of water recovery from the reaction system is investigated, leading to increase in the
catalyst lifetime and conversion by using different types of membranes, such as silicalite-1, Mordenite,
and ZSM-5.
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De Falco et al. [73] simulated a zeolite membrane reactor for the production of Dimethyl ether
(DME). The authors simulated the behavior of the reactor in different conditions, demonstrating once
more that the zeolite membrane reactor can be used for DME as a CO2 reuse route. They reported
a conversion enhancement compared to a conventional reactor of more than 30% (see Figure 14).
These results should be, of course, confirmed by an experimental study.
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In another effort, the efficient synthesis of the DME in a membrane reactor is experimentally
demonstrated by Zhou et al. [74] by using an FAU-LTA zeolite dual-layer membrane in a membrane
reactor. The authors were able to boost the conversion of methanol up to >90% at a 100% DME
selectivity in their membrane reactor.

Barbieri et al. [75] performed a thermodynamic analysis of the CO2 hydrogenation into methanol
by using zeolite membranes with different values of methanol and steam permeation. As indicated
in Figure 15, the authors found a sharp increase in the carbon dioxide conversion while using the
membrane reactors with respect to the conventional system. Additionally, the increase in the methanol
permeation in the membrane (compared to water) resulted in a higher selectivity and methanol yield.
The methanol yield (per pass) increased from 5.8% in a conventional system to up to 13.7% in the best
membrane reactor.

Processes 2020, 8, 1239 14 of 39 

 

De Falco et al. [73] simulated a zeolite membrane reactor for the production of Dimethyl ether 
(DME). The authors simulated the behavior of the reactor in different conditions, demonstrating once 
more that the zeolite membrane reactor can be used for DME as a CO2 reuse route. They reported a 
conversion enhancement compared to a conventional reactor of more than 30% (see Figure 14). These 
results should be, of course, confirmed by an experimental study. 

 
Figure 14. CO2 conversion enhancement varying the inlet feedstock composition for Dimethyl ether 
(DME) production. Reproduced from [73] with the permission of Elsevier. 

In another effort, the efficient synthesis of the DME in a membrane reactor is experimentally 
demonstrated by Zhou et al. [74] by using an FAU-LTA zeolite dual-layer membrane in a membrane 
reactor. The authors were able to boost the conversion of methanol up to >90% at a 100% DME 
selectivity in their membrane reactor. 

Barbieri et al. [75] performed a thermodynamic analysis of the CO2 hydrogenation into methanol 
by using zeolite membranes with different values of methanol and steam permeation. As indicated 
in Figure 15, the authors found a sharp increase in the carbon dioxide conversion while using the 
membrane reactors with respect to the conventional system. Additionally, the increase in the 
methanol permeation in the membrane (compared to water) resulted in a higher selectivity and 
methanol yield. The methanol yield (per pass) increased from 5.8% in a conventional system to up to 
13.7% in the best membrane reactor. 

 
Figure 15. CO2 conversion profiles for MR and TR at oven temperatures of 210, 230, and 250 ◦C. Feed
flow rate, 400 cm3 (STP)/min; sweep gas flow rate = 1000 cm3 (STP)/min; H2/CO2 feed molar ratio = 3,
PReaction = PPermeation = 10 bar. Reproduced from [75] with the permission of Elsevier.
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The modeling study of Barbieri and co-workers heavily relies on the permeation rates of methanol
and water in zeolite membranes. The more reliable the data available on this separation are, the better
the modeling of membrane reactors can be. In this sense, Sawamura and co-workers [76] studied the
selective removal of water from a water-methanol-hydrogen mixture using a mordenite membrane.
The membrane was prepared by the secondary growth method on the outer surface of an α-alumina
commercial tube with an asymmetric structure.

The methanol production in zeolite membrane reactors has also been studied from an experimental
point of view, as reported by [77]. Figure 16 shows the behavior of CO2 conversion versus temperature
in terms of experimental results for both the traditional system and the membrane reactor at 20 bar
and at two different H2/CO2 feed ratios. The membrane reactor generally outperforms the traditional
system. However, for temperatures higher than 230 ◦C, the membrane reactor tends to converge
with the traditional reactor. Two explanations can be given for this loss in performance. The first
explanation is related to the thermal stability of the zeolite membrane. However, another possible
explanation is the impossibility, at high temperatures, of methanol condensing inside the pores of
the structure. Methanol has a critical temperature at 238 ◦C, so at T > 238 ◦C a behavior like a gas
is expected. The critical temperature of water (374 ◦C) assures us that, in the range of temperature
considered for experimental tests (200–263 ◦C), only methanol is expected to change phase from vapor
to gas when passing 238 ◦C. Above 238 ◦C, due to this effect a weaker increase in the CO2 conversion
versus temperature is expected. In fact, at 255–263 ◦C both the membrane reactor and the traditional
reactor show a similar CO2 conversion.
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Gorbe et al. [68] have recently reported the permeation data of zeolite membranes for this reaction
system. The authors have reported that a temperature gradient between the reaction side and the
permeation side of the zeolite membrane can be effectively used to improve the water permeation
through the membrane, and thus improve the methanol yield in a membrane reactor.

The previous sections have shown that there is quite an amount of works dealing with inorganic
membrane reactors. However, despite the big amount of data showing that the membrane reactors
have a superior performance compared to conventional reactors, still the scale-up of these reactors
at the larger industrial scale is missing. A few examples of scale-up to pre-industrial scale have
been attempted for hydrogen membrane reactors and for hydroformylation (see the MEMBER and
MACBETH H2020 projects). The reason for such slow scale-up exercises is to be found in the lack
of evidence of the long-term stability of the membranes in reactive conditions, as well as to the very
large scale of these chemical pants. A real break-through application is required to push forward the
implementation of inorganic membrane reactors. On the other hand, membrane reactors have already
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found their industrial application in biological systems where the scale of the plants is smaller and the
cost of the membranes is much lower, which allows for pilot-plant application in the short term. In the
next section, the status of membrane bioreactors will be reviewed and possible future directions will
be discussed.

3. Membrane Bioreactors

A membrane bioreactor (MBR) can be described as a chamber designed for a biochemical
transformation combined with a membrane separation process. The membrane can be used for
different purposes inside the bioreactor, such as the addition of a reactant or the selective removal of
one of the reaction products [78,79]. Moreover, membranes can be utilized to retain the biocatalyst or
act as the support for the biocatalyst or for the separation of enzymes by size exclusion.

Historically, MBRs were first studied in the 1970s and for applications in the food industry [80].
Later on, MBRs were introduced as a prominent wastewater treatment methodology with several
advantages over the Conventional Activated Sludge Process (CAS) [79,81]. MBRs and in comparison,
with the CAS process, have smaller environmental footprint and higher effluent quality. Additionally,
they offer possibility of having decoupled hydraulic retention time (HRT) and solids retention
time (SRT).

Despite the many advantages offered by MBRs, their widespread application has been hampered
by the high energy demand of the process, which is mainly consumed by the air scouring process
used for membrane-fouling mitigation [81]. It is important to note that the above-mentioned cons and
pros for the MBR technology have been reported for lab/pilot-scale applications, and for larger scales
this picture might be considerably different. For the fundamentals of membrane bioreactors and the
challenges associated with the full-scale application of this technology, the interested reader is referred
to [81,82].

3.1. Applications of Membrane Bioreactors

Membrane bioreactors have been in use for a variety of applications during the last few decades.
This ranges from food and biofuel production to amino acids, antibiotics, proteins, and fine chemicals
manufacturing; the removal of pollutants; and wastewater treatment [78,83,84]. Thus far, the treatment
of industrial, municipal, and domestic wastewater remains the most important application of membrane
bioreactors. More than 400 full industrial-scale MBRs have been built in Europe alone, and with a
perspective to have more be built [79]. In the coming section, an overview of MBRs’ applications will
be given, followed by a discussion on the associated challenges and rewards.

3.1.1. Wastewater Treatment

The first full-scale MBR plant for domestic wastewater treatment was demonstrated in England in
1998 with a capacity of 1.9 megaliters of water per day (MLD). Since then, the range and size of MBR
plants for wastewater treatment have increased significantly, with some reaching up to 100 MLD [85].
This is by far the largest area for the application of MBRs, with many full-scale industrial plants
operational around the world [78,86,87]. Specifically, for the removal of pathogenic microorganisms
and micropollutants, MBRs are considered the leading technology in comparison with CAS technology
for municipal wastewater treatment and reuse.

In comparison with the CAS process, where the separation of biomass from water occurs
based on gravitational forces, inside a membrane bioreactor the activated sludge removal process is
conducted utilizing an ultrafiltration or microfiltration membrane. Therefore, separation no more is
dependent on gravity, and higher qualities of effluent water can be achieved. MBRs were initially
demonstrated in side-stream mode and later in the 1980s were further developed as submerged MBRs,
consisting of flat-sheet or hollow-fiber membranes [79]. Although there have been numerous advances
for the demonstration of both configurations for full industrial scale, the fouling formation at the
membrane surface remains the most important challenge for the full commercial application of this
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technology. It has been widely reported that bio-macromolecular compounds (protein substances
and polysaccharides) contribute mostly to the formation of a fouling layer on the membranes [79].
For more information on the application of the MBR technology for the treatment of municipal and
industrial wastewater, the interested reader is referred to [34].

3.1.2. Water Recycling

Another promising potential application of MBR technology is water recycling for the production
of high-quality water. This is possible due to the robust performance of MBRs, being simple in operation
with a low to moderate need for technical support and, ultimately, the possibility of contaminant
removal in one single step. In this process, typically a conventional biological sludge process for the
biodegradation of waste compounds is combined with a micro- or ultrafiltration membrane system for
the separation of water from the mixture. As a result, water with a higher quality can be produced with
a lower environmental footprint. Only in Europe, and by the year 2006, about 100 full-scale municipal
water recycling plants were in use and around 300 industrial plants (with a capacity of >20 m3/day)
were in operation [88].

3.1.3. Bioconversion and Manufacturing of Bio-Products

Additionally, looking at the open literature, several examples can be found of the application of
MBRs for the bioconversion or manufacturing of bio-products. For this purpose, catalytic membranes
are used for the immobilization of enzymes (e.g., lipase or β-galactosidase) for the hydrolysis of triolein,
the synthesis of glycerides, and biodiesel production from waste oil [78].

3.1.4. Food Production

The integration of membrane technology with bioreactors for food production has been reported
in several previous articles [84,89]. Generally, the application of MBR technology for the food industry
can be divided in two main domains: first, in the processing of food and beverages (such as wine, fruit
juice, and milk), and second in the production of a variety of food ingredients produced via biocatalytic
processes [80].

Specifically, this technology is used in the enzymatic hydrolysis process production of value-added
products such as low-fat milk, sugar syrup, fructose, glucose, and grapefruit juice. This technology has
been further utilized for the viscosity reduction in fruit juices by the hydrolyzing of pectins, lactose
reduction in milk and whey by transforming it into digestible sugar, and the treatment of wine for the
conversion of polyphenolic compounds [90].

For the processing of juices and beverages, ultra- and microfiltration membrane processes are
considered as attractive options for replacing the conventional clarification processes. However, in order
to reduce fouling formation at the surface of the membranes, the pretreatment of juices and pulps
is recommended. In diary processes, Enzymatic Membrane Bioreactors (EMBRs) are mainly in use
for the hydrolysis of lactose to improve the digestibility of milk. Specifically, EMBRs are far more
studied than whole-cell MBR possibly due to the difficulty of using biological cells at an industrial
level with decaying cell activity. However, during fermentation processes many byproducts may form,
requiring an additional separation step for enzymes or enzyme cofactors, and thus whole-cell MBRs
are preferable [80].

For the full industrial application of EMBRs, further investigations need to be performed. Most
importantly, research needs to be directed to the revealing of the membrane fouling mechanism, which
can largely hamper the performance of the process. In addition, enzyme production with a lower
cost and higher activity and stability rates should be taken into consideration in order to improve the
economic viability of the process [80].
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3.1.5. Biofuel Production

Biogas and bioethanol production from renewable sources such as municipal waste can be an
attractive replacement for conventional fossil-based fuels. For that, the application of MBRs for
biofuel production has been widely considered as a promising approach [89,91]. An extensive list
of research works on the production of bioethanol, bio hydrogen, and bio methane production by
whole-cell membrane bioreactor technology can be found in [5,89]. Different routes for biohydrogen
production have been reviewed in [92]. In this study, different pathways for biological hydrogen
production are critically analyzed and compared with each other, future trends are described, and
possible research directions are mapped in order to mitigate the associated challenges for AnMBRs for
biohydrogen production.

In addition, different aspects related to the production of biodiesel are summarized and analyzed
by [93]. The numerous advantages of this application include it being an environmentally friendly
process, having a lower investment cost, having no limitation by chemical equilibrium, and there being
a high process flexibility of the feedstock conditions. However, the membrane lifetime and fouling
production remain the main barriers for the commercialization of this technology. This point has been
confirmed in other studies and for biorefining and bioenergy production [94].

3.1.6. Pharmaceuticals and Biotechnology

The application of MBRs for pharmaceuticals has been the topic of many research papers during
the last few years [95]. Similarly, this trend can be found in looking at the patents and recent progress
of MBRs in food, pharmaceuticals, and biofuel production [96]. For this purpose, EMBRs have
been reported as suitable options for the production of many pharmaceutical products, such as
(s)-ibuprofen, antibiotics, vitamins, amides, and antioxidants. In a recent review by [89,90], the superior
performance of EMBRs has been shown for many pharmaceutical applications and in comparison with
conventional batch bioreactor technology. Despite the many advantages of EMBRs for the production
of pharmaceuticals over conventional bioreactors, its application in industry is still very limited mainly
due to the lack of holistic and predictive research [90]. In addition, several factors can largely influence
the long-term application of the technology for pharmaceuticals. These include the poor stability of
the process, the low viability of cells, and significant membrane fouling.

The majority of industrial scale biotechnology processes are conducted in batch reactors with large
holdup times. Recently, and to circumvent this limitation, the continuous production of biotechnological
products has gained much more attention. For that, membrane technology has demonstrated its
added value for upstream and downstream separation processes and in comparison with conventional
separation technologies [89]. Specifically, the ultrafiltration and microfiltration membrane processes
can replace conventional separation processes. A systematic review of the application of membrane
technology for different biotechnology processes is reported in [89].

3.1.7. Other Applications

MBR technology is known to be appropriate for large-scale applications, such as municipal
wastewater treatment plants. However, it can also be successfully integrated in small-scale applications
ranging from buildings, landfill leachate processing, and the shipping industry, providing the possibility
of using less labor for the process and, through the reuse of wastewater, being able to comply with
ever-stricter environmental regulations. Examples of such applications can be further found in
the water-intensive food and beverage, pulp and paper, oil and gas, and livestock industries [97].
Additionally, a good overview of the application of MBRs for pollutant removal is given in [89].

3.2. Membrane Bioreactor Configurations and Types

MBRs can be found in various configurations in the literature. Whatever the MBR configuration
is, the main objective is to maximize the selective separation of the biocatalyst (microorganisms, or
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enzymes) from the substrate or products, leading to the maximum efficiency of the bioreactor [78,79].
Depending on the configuration, enzymes can be found moving freely in the retentate side (reaction
media) or immobilized on the surface of a membrane or fixed within the porous membrane support.
In this respect, membrane bioreactors can be divided in two main categories: systems consisting of
a traditional stirred tank reactor combined with a membrane separation unit, and systems in which
membranes are being used for the immobilization of biocatalysts such as enzymes, microorganisms,
and antibodies [83].

Moreover, MBRs can be subdivided into side-stream MBRs (sMBRs), first-generation and immersed
MBRs (iMBR)s, or second-generation MBRs. In the first generation, the membrane module is located
externally (Figure 17A), aiming to reduce cake formation on the surface of the membrane and suitable
for applications in biotechnology. In this configuration, the sludge from the MBR is pumped into the
membrane module, where the permeate forms via a pressure-driven filtration process. The concentrated
sludge stream from the membrane module will then return to the bioreactor.

In the second-generation configuration (Figure 17B), membranes are submerged inside the reaction
media, a circulation pump is required, and aeration will create a crossflow. However, trans-membrane
pressure still needs to be created. This configuration was developed in the late 1980s in Japan to
significantly lower down the energy demand of the MBR process for wastewater treatment. However,
in this configuration fouling can happen if no preventive measure (e.g., cleaning the membrane surface
by aeration) is considered [79].
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In general, the submerged configuration is simpler and requires less equipment. However, most
importantly the submerged configuration has a far lower energy requirement. In fact, aeration with
coarse bubbles can replace the costly pumping and recirculation in the side-stream MBR configuration.
However, the side-stream configuration is more robust, with more flexibility of the crossflow velocity
control [88].
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MBRs can also be categorized based on the aeration strategy being utilized in the unit. In this
respect, MBRs can be divided in two main subgroups: Aerobic Membrane Bioreactors (AMBRs) and
Anerobic Membrane Bioreactors (AnMBRs). Inside an AMBR, aeration has two main purposes. First,
to supply oxygen to microorganism, and second to keep the membranes’ surfaces clean via a scouring
process [86]. In an immersed configuration, aeration is performed using a diffuser at the bottom of the
bioreactor. While coarser bubbles help with the better scouring of the membrane surface, finer bubbles
will create smaller resistance for oxygen to be transferred from air bubbles to water. It should be
mentioned that, although the scouring of the membranes is mainly done in the immersed configuration,
in the side-stream crossflow configuration membrane scouring is also carried out for the same reasons.
In the case of an anaerobic process, and depending on the process, other gases (e.g., N2, Argon, or
recovered methane from the reaction zone) are used for the membrane cleaning [86].

Regarding AMBRs, several parameters can influence the overall performance of the system that
need to be considered. At a low HRT, a lower reactor volume is required to meet a specific removal
target. Meanwhile, at higher HRT values a better removal performance in the system can be attained.
Additionally, increasing the concentration of solids inside the mixture liquor results in the smaller
footprint of the process, while for suspensions with a higher viscosity a higher crossflow velocity is
required to remain at a turbulent regime and properly scour the surface of the membrane.

The anaerobic digestion process offers several advantages over the aerobic one, including
the high efficiency of organic matter removal, stable operation, and the possibility of performing
pollution reduction and biogas production at the same time. Specifically, due to its high operation
stability, generally AnMBRs are considered as optimum options for the treatment of industrial effluent
with extreme conditions, which can simultaneously circumvent the major disadvantage of early
anaerobic digestion bioreactors requiring a very long retention time for slow-growing methanogenic
bacteria [98,99].

However, for the full-scale application of AnMBRs, several challenges remain to be investigated,
such as the interrelationship of bioreactors and the coupled membranes [100]. More importantly,
membrane fouling can seriously hamper the performance of AnMBRs. Usually and in comparison with
the aerobic process, the fouled layer at the surface of the membrane is more difficult to remove and the
cleaning protocol requires higher temperatures or more concentrated chemicals for the removal of the
fouled layer. In an AnMBR process, the associated energy consumption for the fouling mitigation and
filtration process accounts for up to 85–90% of the total required power of the whole process [101].

Usually, AnMBRs are in use for the treatment of high-strength wastewater and less for municipal
wastewater treatment. This is due to the slow growth of anaerobic microorganisms at low residence
times and the often low quality of the anaerobic produced water that is discharged [88]. In an AnMBR,
as in the aerobic process, a biodegradation process is combined with an ultrafiltration or microfiltration
gas-solid separation step. However, in an AnMBR process there is no need for oxygen supply and,
as mentioned before, biogas can be produced simultaneously. As a result, the operating cost can be
largely reduced in comparison with the conventional aerobic process [88].

Inside an AnMBR, and in comparison with the conventional anaerobic digestion with a low
efficiency, thanks to the complete retention of biomass using the membranes, the minimal loss of
biomass in the effluent of the unit occurs [102]. This gives methanogen bacteria enough residence time
to complete the slow process of methane formation. A detailed comparison between the conventional
anaerobic biodegradation process and the AnMBR process is reported in [103], where, in general, a
higher effluent quality and biomass retention is obtained for the AnMBR configuration. However, this
technology is mainly studied at the lab scale and less at industrial scales, where the membrane fouling
behavior and hydrodynamics can be significantly different [104].

Inside an AnMBR, higher temperatures are desirable in order to gain a higher flux across the
membrane due to the decrease in sludge viscosity. As a result, the energy requirements of the system
might be lowered. However, and depending on the process temperature range and duration, this
might become disadvantageous. In addition, to have a fair opinion about the reactor performance, the
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HRT and SRT inside an AnMBR should be investigated together. In fact, at lower HRTs a smaller tank
is required, but a higher SRT might be required to achieve a better reactor performance. As mentioned
before, inside an AnMBR both the HRT and SRT can be easily controlled due to the complete retention
of the biomass via the membranes [88].

Although the development of AnMBR technology goes back to 1980s, its potential has not been
fully exploited yet. This is mainly due to the membrane fouling and associated energy consumption of
the scouring process [102]. More recently, AnMBR gained more attention, with many success stories
specifically for wastewater treatment applications. For the AnMBR units, membranes can be integrated
inside the reactor in three configurations: (1) internally submerged, (2) externally submerged, and
(3) at crossflow filtration. Additionally, the reactor itself can be a complete stirred tank reactor, an
up-flow anaerobic sludge blank (UASB), a granular sludge bed (EGSB), or a fluidized bed. Currently,
commercial high-rate AnMBRs are mainly the UASB or EGSB reactor types [102].

The different integration possibilities of various types of anaerobic reactors with membranes for
municipal wastewater treatment have been investigated in [87]. In this study, stirred tank reactors and
high-rate anaerobic reactors (e.g., upflow anaerobic sludge blanket reactors or UASBs) are considered
for further analysis. Additionally, factors such as the operational conditions, sludge characteristics,
and addition of adsorbents affecting the performance of AnMBR for municipal wastewater treatment
have been discussed. Finally, factors affecting the membrane performance (i.e., membrane material,
module type, and configuration) are discussed. It was reported that the UASB-type reactors providing
the pre-elimination of SS can limit membrane fouling due to the cake layer formation.

A review of the status of pilot-scale AnMBRs for domestic wastewater treatment is given in [105],
where it was generally found that the energy demand for membrane fouling reduction was lower than
the values applicable to lab-scale reactors. It was also reported that the amount of fouling depends on
the membrane type, fouling control methods, and operating conditions used.

In a similar study [106], membrane fouling and membrane sensitivity to toxicity were found to
be major challenges for the full-scale commercialization of AnMBR technology. In addition, it was
found that the high costs of membranes are also a major challenge for the large-scale application of
AnMBRs. With a membrane cost of up to 10 times higher than the energy consumption per m3 of
treated water, even with a dramatic decrease in the membrane costing this still can remain a big burden
for the full-scale application of this technology for industrial wastewater applications.

3.2.1. Enzymatic MBRs

Conventionally, enzymatic reactions take place inside large stirred tank reactors (batch process)
with a controlled temperature. At the end of the reaction, enzymes are usually deactivated prior to
the recovering of the final product. Although this type of reactor is simple in operation (only the
temperature and pH need to be controlled), in practice it has several disadvantages, especially at larger
scales. These include: (1) the high cost of the required enzymes, (2) the low productivity of the process,
(3) the deactivation of enzymes, and (4) the poor stability of the system [79]. To improve the associated
disadvantages of the conventional batch reactors, the idea of immobilized enzymes was introduced in
late 1970s.

Enzymes can be immobilized using different techniques, such as the adsorption of enzymes
on a solid support or the inclusion in a capsule. Unfortunately, the traditional immobilization
techniques might result in the decay of the enzymes’ activity, possibly by up to 90%. With the
introduction of membrane technology for the immobilization of enzymes, the concept of the Enzymatic
Membrane Bioreactor (EMBR) largely helped to circumvent the drawbacks associated with conventional
immobilization techniques [84].

Typically, an EMBR consists of a stirred tank with an integrated ultrafiltration membrane bundle
for enzyme rejection. Most of the enzymes have a molecular weight between 10 and 80 kDa and can be
properly removed using ultrafiltration membranes with a molecular cut-off of 1–100 kDa. The fresh
substrate is continuously fed to the reactor from the top and the products are continuously removed
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through the membrane (Figure 18). Inside an EMBR, the continuous removal of product favors
reactions that are limited by thermodynamics. However, in practice, and due to the concentration
polarization phenomenon, enzymes will accumulate at the surface of the membrane, resulting in
the formation of a thin layer near to the membrane surface. In this condition, enzymes can become
deactivated, requiring the regular feeding of fresh enzymes to the system. This is generally accepted as
one of the key reasons for the rare application of such reactors at the industrial scale [84,107].
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3.2.2. Free-Enzymatic MBRs

EMBRs suffer from the concentration polarization phenomenon, leading to the formation of a
fouling layer at the surface of the membrane. To circumvent this phenomenon, crossflow filtration in
capillary or hollow-fiber membrane modules can be used (Figure 19). This process is more suitable for
scale-up and production at the industrial scale due to the higher membrane surface to volume ratio
and higher compactness of the system [78].
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According to [79], free EMBRs are specifically suitable when substrates have a comparable or
higher molar weight than enzymes (typically between 15–50 kg/mol), or when substrates have similar
polarities to the enzymes (e.g., the hydrolysis of large biopolymers such as cellulose).
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3.2.3. Continuous Stirred MBRs

Figure 20a schematically shows a Continuous Stirred Membrane Bioreactor (CSMBR) in which
enzymes (biocatalyst) are immobilized on the surface of the membranes. Of course, enzymes can also be
immobilized within the porous structure of the fractioned membrane (Figure 20b,c). The immobilization
of the biocatalyst can also be done inside the fibers of the membrane, where typically a bundle of
polymeric hollow fibers are packed inside a tubular housing and the membrane dense wall acts as the
selective barrier between the porous side and th emembrane luminal [78]. The unreacted substrate is
then recycled to the feed section.
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3.2.4. Electrodialysis MBRs

In an electrodialysis (ED) MBR, membranes are confined inside a chamber and neutral or charged
components are removed from the reaction solution using membranes and based on their molecular
weight or their charge. In this case, no pressure has been applied across the membrane, minimizing
the concentration polarization effect close to the membrane surface [79].

3.2.5. Forward Osmosis MBRs

Forward Osmosis Membrane Bioreactors (FOMBR) are, by definition, the combination of forward
osmosis and conventional activated sludge treatment [108]. However, for the full commercialization
of this technology and its widespread acceptance, a few points need to be further investigated.
For example, the addition of coagulants for a reduction in fouling formation needs to be further studied,
as do the reactor geometry and optimization of the gas scouring process for permanent fouling removal.

3.2.6. Membrane Photo-Bioreactor

Inside membrane photo bioreactors (MPBRs) and for the growth of photosynthetic microorganisms
such as microalgae and/or bacteria, a photo bioreactor is combined with a membrane process
(e.g., microfiltration, ultrafiltration, reverse osmosis, and ion exchange or gas exchange membrane
processes) [86]. In comparison with conventional photo bioreactors, MPBRs offer an enhanced rate of
biomass production, the complete retention of microalgae cells, a reduced risk of pollutant volatilization,
CO2 capture for microalgae biomass production, and a significantly lower (45–75%) aeration energy
consumption in comparison with conventional MBRs [86]. As is the case with conventional MBRs,
membrane fouling remains the biggest challenge for the operation of such units. Usually in MPBMRs,
fouling is reversible and the deposited foulant can be alleviated utilizing different aeration strategies.

3.3. Membrane Materials for Membrane Bioreactors

For an MBR, based on the required permeate quality and reaction type, a variety of membrane
materials with various pore sizes can be used. These porous materials have an ideal average pore size
of 0.05–0.5 µm, which can be categorized as dense MF or loose UF membranes [88]. Meanwhile, looking
at the structure of the membranes, a thin surface layer provides selectivity where a thicker support
layer with larger pore sizes provides mechanical strength [109]. Typically for ultra- and micro-filtration
applications, polymers ranging from completely hydrophobic to fully hydrophilic are in use [109].
The ceramic type can also be used, but with a much smaller potential application area [109,110].
Among the two major membrane materials, polymeric membranes have a better economy and are
more commercially interesting than the ceramic type [88].

Polymeric membranes can be fabricated from a wide range of polymers and via different
fabrication techniques [109]. For an economically feasible process, the membrane material should be
chosen among the commodity products. Examples of such polymeric materials are polyvinylidene
(PVDF), polyethylene (PE), polypropylene (PP), polyacrylonitrile (PAN), and polyethersulfone (PES).
The PS/PES family are the dominant polymers of choice for the water industry, followed by PP, PE,
PAN, and more recently polytetrafluoroethylene (PTFE). The important performance parameters of
the dominant six polymers or polymer families commonly used for MBR applications are described
in [101]. Among the ceramics that are used for MBR applications, aluminum, zirconium, and titanium
dioxide can be mentioned [79].

The selection of a membrane material for an MBR unit should be based on the size of the
(bio)catalyst, substrates, and products. In addition, chemical components in the solution and membrane
material itself need to be considered. Of course, for an ideal membrane the solute-rejection coefficient
for the product and enzyme should be zero for the product to facilitate flux through the membrane and
for the enzyme to ensure the complete retention of enzyme in the system [90]. The membrane material
must be also resistant to harsh operating conditions (i.e., pH or temperature), while being stable in the
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presence of a strong oxidant. Ultimately, the membrane material should be chosen in order to reach a
minimum fouling formation at the surface of the membrane. The fouling rate is strongly dependent on
the membrane material, pore size, and its surface characteristics. While hydrophobic membranes show
better thermal and chemical resistances, hydrophilic membranes are desirable in order to reduce the
chance of fouling formation.

Moreover, the membrane configuration and its orientation are relative to the flow, which largely
determines the overall performance of the MBR process. An ideal membrane configuration should
provide a high membrane surface area to module volume ratio, a high mass transfer rate in the feed
side, a low energy requirement, a low membrane cost, a low need for membrane cleaning, and the
possibility for modularization. Currently, for MBR applications six principal membrane configurations
are utilized in industry (planar or cylindrical geometry), with their own advantages and disadvantages
as stated in Table 2.

Table 2. Different membrane configurations in an MBR [111].

Configuration Turbulence
Promotion *

Can Be
Backflushed?

Membrane
Processe(s)

Suitable
for MBR?

Pleated filter
cartridge Very poor No DE-MF, low TSS

waters Yes

Flat sheet Fair No ED, UF, RO Yes
Spiral-wound Poor No RO/NF, UF Yes

Multi tubular Very good No CF-MF/UF, high
TSS waters, NF No

Capillary tube Fair Yes UF No
Hollow fibre Very poor—fair Yes MF/UF, RO No

DE = dead end, CF = crossflow, TSS = total suspended solids. * depends on the packing density and contact between
phases (liquid-air).

A suitable geometrical structure for membrane module can largely reduce fouling and provide a
good surface to volume ratio for the separation process. Additionally, structural simplicity, flexibility,
and the modular design of the membrane module are important factors for the selection of a suitable
module configuration [79,88]. For an MBR, the overall performance of the system is determined by the
permeate flux, HRT, SRT, transmembrane pressure, recirculation ratio, crossflow velocity, and aeration
flow [86]. The imposed membrane flux will largely determine the fouling formation at the surface of
the membrane, while to obtain minimum fouling the permeate flux should be kept at low values.

3.4. Challenges and Prospects

3.4.1. Fouling

During the last few years, the application of MBRs has continuously grown, while fouling remains
the major obstacle that must be minimized [97,112–114]. In principle, membrane fouling increases
the energy requirement of the process, and it is thus necessary to perform membrane air scouring
and frequent cleaning. Additionally, this will decrease the lifetime of the membranes and accordingly
create a higher membrane replacement cost [97]. Therefore, a tremendous amount of research has been
devoted to various investigations of the fouling mechanism and the further development of various
mitigation techniques.

In the absence of membrane fouling, most microfiltration and ultrafiltration membranes used for
MBR applications have a specific flux in the range 3.6–360 L/(m2h)/kPa or LMH/kPa. In practice, this
value is much lower, at levels of about 1 LMH/kPa (after several months of operation), leading to a
severe change in the operating costs of the process [81].

In principle and depending on the size of the solutes and micro-colloids, the membrane fouling
mechanism is different. When they are smaller than the average pore size of the membrane, pore
narrowing can occur due to the sorption of the substances inside the membrane pores. Meanwhile,
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when the substances have a similar size to the membrane pores, the substance will be deposited on the
pores, leading to the clogging of the membrane pores, and particles can be deposited on the surface
of the membrane and they will form a cake layer on top [97]. Therefore, the degree of membrane
fouling depends directly on the membrane’s characteristics, the mixed liquor properties, the operating
condition of the process, and the properties of the sewage. Therefore, a robust and long-term fouling
mitigation technique depends on which mechanism dominates the fouling phenomenon and which
parameter(s) needs to be controlled.

A short review of different fouling mitigation techniques and their cons and pros is provided
in [97]. In another review by Aslam and coworkers, mechanical cleaning techniques for membrane
fouling control have been provided [115]. Additionally, existing challenges and future research topics
have been discussed. Recently, Ho and co-workers have reported an electrically enhanced membrane
bioreactor for the suppression of fouling [116]. An overview of different fouling mitigation strategies
has been described in [117] as well. In another work, the inter-relation between the membrane
bioreactor design parameters and membrane fouling has been described [118].

Meng and co-workers reviewed the membrane fouling phenomenon with an emphasis on
post-2010 works. In this work, an optimum energy consumption and more green fouling control
strategies are introduced as new players for the selection of an appropriate membrane fouling control
method [119]. Neoh and co-workers recently studied membrane fouling and the associated energy
demand for wastewater treatment processes, where they found the key factors to be resolved for the
full exploitation of integrated membrane solutions for wastewater treatment processes [120]. In the
same year, the annual water environment federation literature review confirmed a similar point as
well [121]. Tan and co-workers developed a map that compares different fouling mitigation techniques
with respect to the salinity of the influent. At a high salinity of the influent (10–100 g/L), modified and
hybrid MBR systems were proposed, while at a lower salinity cMBR-hybrid bioreactors or conventional
MBR were proposed [122].

Fouling can take place due to various physiochemical or biological processes that will result in
increasing the rate of solid formation at the surface of the membrane or within the membrane structure.
This must be distinguished from membrane clogging, which happens due to the poor hydrodynamics
inside the reactor. The fouling behavior in MBRs and various factors that affect the performance
of the reactor are reviewed in [123]. In this work, different fouling reduction methodologies have
been reviewed as well, followed by a review of the most recent developments in membrane material
fabrication, with an emphasis on low-cost membranes and filters. Based on this report, from a chemical
and physical cleaning point of view, fouling can be categorized into removable and irremovable parts,
with an emphasis on R&D efforts on the latter part.

From a materials point of view, fouling can be categorized into three major subgroups: biofouling,
organic fouling, and inorganic fouling. According to this categorization, future studies on membrane
fouling should be focused on the identification and characterization of potential foulants and, more
importantly, on the interrelation between fouling mechanisms and fouling characteristics. Better
procedures and improved in situ techniques need to be developed for the characterization of fouling in
MBRs, preferably at full-scale conditions. In a more recent review [119], an updated list of foulants, their
composition, and characteristics is reported. In addition, some emerging fouling control technologies
have been discussed in detail. According to this report, membrane fouling reduction should not be
the only goal of research on reduction in energy consumption, and the development of sustainable
methodologies for fouling mitigation is largely required.

3.4.2. Energy Consumption

Besides membrane fouling, high energy consumption remains as operational challenge for the
full exploitation of MBR technology in industry. Thus far, several attempts have been made to further
decrease the energy demands of the MBR process. These attempts were mainly focused on novel
module configurations, various aeration strategies, improved control systems, enhanced fouling
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mitigation techniques, and membrane cleaning strategies [97]. At the commercial scale, various
measures have been taken for the energy optimization/reduction in the MBR processes, as well where
most of them are focused on the development of new membrane modules, such as Koch’s new
Puron PSH1800 modules, offering a 10% lower aeration requirement with a 10% increase in surface
area. This concept is also similar to Polymem’s concept, with a single header to fix the membrane
hollow fibers [97]. Another example is the novel LEAPmbr system from General Electric Water and
Process Technologies, with a more efficient air scouring system that was expected to decrease energy
consumption by 30% while having a 15% higher productivity and a 20% lower footprint in comparison
with the state-of-the-art product from the same company [97].

In addition, a great amount of work has been devoted to the development of various strategies to
improve hydrodynamics inside the reactor with improved shear stress on the membranes (i.e., lower
fouling rates). This includes various measures, such as intermittent aeration, the introduction of granules
and turbulence promoters (e.g., spacer), and considering different bubbling regimes [97]. Recent
research studies related to novel MBR configurations are mainly focused on fouling control/mitigation
and energy demand reduction. For a detailed review of different novel configurations (e.g., rotating
MBRs, reciprocal MBRs, helical membranes, and baffled MBRs), the interested reader is referred to [97].

3.5. Market Status and Economics

Defining the word “market” for the analysis of MBR market growth depends on which section(s)
of the MBR process are included (membranes, tanks, or complete plant). In addition, it is fundamental
to know for which application area (municipal, industrial, etc.) the market prospects are investigated,
and, last but not least, the state of various geographic areas, such as age and the capacity of the current
systems, needs to be defined [97]. In general, the MBR market has been growing continuously with a
good speed during last years, though somewhat slower than projections in the year 2010.

The high energy demand for the MBR process required for the membrane scouring process has
been mostly cited both in the literature and by people in industry as the main reason for this slower
growth. Looking at the statistics, China and Europe have experienced an exponential growth in their
market for the industrial and municipal sectors, respectively. However, GE Zenon technology still
dominates the market, and the United States to this date has the highest number of large-scale MBR
plants in use [88].

For an MBR process, the associated costs can be divided into the below items [112]:

- capital expenditure (CAPEX),
- operating expenditure (OPEX),
- material cost,
- product cost.

Among the above-mentioned basic costs, we will focus on CAPEX and OPEX. Capital cost includes
costs related to the reactor (fermentor), membrane system, and all the rest of the equipment required
for pretreatment and product recovery. Equipment costs change in time, with geographical location,
size, and specification of the units. Of course, the membrane reactor cost can be scaled-up over time
using indexes. For cost scale-up, the bioreactor costs should be scaled up considering its capacity,
while for the membrane system the membrane area or permeate amount should be considered [112].

For a large-scale MBR plant (>10,000 m3/d), CAPEX and OPEX depend on the wastewater type,
plant size, and timing where the plant is built. The capital cost typically includes the investment in
tanks (nearly 40%), membrane modules (about 20% of the total), and equipment costs (about 30%).
For municipal wastewater treatment, the total capital cost for a large-scale MBR is comparable with a
CAS system with tertiary treatment (e.g., coagulation and sand filtration). On average for municipal
wastewater treatment, the CAPEX of the MBR is about 600 USD/(m3/d). This value will be higher
(about 900 USD/(m3/d)) for industrial wastewater treatment processes. Similarly, MBR technology
has a higher average footprint in comparison with its application for municipal wastewater treatment
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(about 1.5 vs. 0.8 m2/(m3/d)). This is mainly due to the higher feed concentration and longer processing
time of the industrial wastewater treatment processes. However, enlarging the plant size will result in
lower capital costs and a lower footprint at the same time [81].

For OPEX calculation, the electrical and thermal power need to be considered. The energy
balance of the system can be used and the quantity of electrical and thermal supply can be calculated.
The operating cost of large-scale MBR plants (>10,000 m3/d) for municipal wastewater treatment is
mainly associated with energy consumption (40–60%, mainly due to the energy needed for membrane
scouring and biological aeration), chemical consumption (10–30%), and sludge disposal (5–15%) when
the membrane depreciation cost is not taken into account. The membrane depreciation cost is about
0.015–0.045 USD/m3 for typical hollow fiber membrane modules with an effective flux of 14–20 (L/m2h)
and considering a 5–10 year lifespan [81]. It should be noted that the operating cost (excluding the
membrane depreciation cost) depends on the time that the project is commissioned as well. In addition,
the energy consumption of an MBR process depends on the plant capacity as well, which gradually
lowers over time with the introduction of improved designs and optimized operations (specifically with
a higher aeration efficiency). For MBRs with a capacity <50,000 m3/d, the energy consumption is about
0.45–0.8 kWh/m3; for MBRs of >50,000 m3/d in capacity, this value will decrease to 0.4–0.6 kWh/m3.

In summary, the MBR still has a higher capital and operating cost in comparison with the
conventional CAS process without tertiary treatment, and has comparable costs if tertiary treatment is
included in the CAS process.

3.6. New Trends and Future Perspectives

By the end of the year 2008, 37 out of 800 large MBR plants with a capacity above 5000 m3/d were
operating in Europe. In 2018, the largest MBR plant in the world was commissioned in Sweden by
Henriksdal wastewater treatment, being able to process 864,000 m3/d of wastewater. As mentioned
before, the MBR market is growing significantly, but not as much as was expected in the year 2010.
This growth is led by the Asia–Pacific market, with a projected compound annual growth rate of 17.4%.
This is mainly due to the increasing demand for wastewater treatment from the Chinese market [97].

The application of MBR technology specifically for small and decentralized municipal wastewater
treatment processes is very limited (expected to remain below 1% in Europe and for the coming years).
In comparison with the CAS process, MBR has about a 50% higher annualized operating cost, mainly
due to the need for replacing the membranes and the higher associated energy requirement. Therefore,
MBR cannot compete with the CAS process unless a very high quality of effluent is required, and for
wider application of MBRs definitely the lower energy demand of the process is required [97].

Despite the many advantages that MBR technology can offer in small and decentralized systems
(e.g., modular design, low footprint, odorless process, etc.), MBRs suffer from the downscale design
of large MBRs, resulting in a high specific energy cost. In general, the MBR market is driven by
the increased scarcity of water, ever stricter rules for water discharge and reuse quality legislation,
decreasing investment cost, and the wide acceptance of the technology. For a more detailed comparison
between the CAS and MBR processes for different applications, the interested reader is referred to [97].

According to the obtained data from the World Intellectual Property Office (WIPO) between the
years 2013 and 2018, China leads the patent registration for MBR technology, with about 1815 registered
patents. The United States of America follows China with 311 patents. Additionally, most patents
have been registered via big players in the market, such as General Electric, the NALCO Company,
Siemens Water Technologies Corporation, Veolia Water Solution, and DOW Global Technologies, while
the Harbin Institute of Technology, Tongji University, and Zhejiang University are also among the
top patent producers in academia [124]. The exponential growth in the number of scientific papers
and patent publications was in line with the very rapid growth in the worldwide development of
large-scale MBRS [81].

As previously discussed, for the full commercialization of the MBR technology, several issues need
to be addressed and require further research studies. According to Syron and Casey [110], future R&D
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should be focused on: (1) lowering the cost (both CAPEX and OPEX, including membrane costs and
energy demand, respectively) and (2) the Forward Osmosis Membrane Bioreactor (FO-MBR), because
of its high rejection of low molecular weight contaminants and lower fouling propensity. However,
looking at recent research studies [79], more attention has been paid to novel MBR configurations
(photo MBRs or fluidized bed bio electrochemical MBRs), hybrid processes (e.g., moving-bed MBRs,
fluidized bed reactor (FBR-MBR), and osmotic MBRs), membrane materials, and modules. Additionally,
new application areas have been explored by researchers. However, still the treatment of industrial
water, whether municipal or domestic, dominates the MBR market. Figure 21 shows the recent research
trends for MBR technology based on information gathered from Scopus (2009–2019).
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In terms of research and since 2006, the number of scientific publications has grown exponentially
worldwide, with China leading by about 1

4 of the scientific papers. This exponential growth can be
seen chronologically in patent applications and the large-scale application of MBRs as well; in both,
China is leading and they are focused mainly on municipal wastewater treatment. During this period,
the MBR application for industrial wastewater has been mainly focused on the petrochemical, coal, fine
chemical electroplating, textile dyeing, electronic, pharmaceutical, and food processing industries [81].
Nowadays, MBR is considered as a mature technology, with many full-scale demonstrations for
wastewater treatment [97]. Table 3 shows a few examples of the commissioned large-scale (>100 MLD)
MBRs globally. For a full list of large-scale MBR demonstrations, the interested reader is referred
to [125]. In addition, MBR has been applied in the manufacturing of various ranges of products, such
as pharmaceuticals, biofuels, and also for wastewater treatment applications [83].
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Table 3. Most recent large-scale MBR plants worldwide [125].

Installation Location Technology Suppliers Capacity
(PDF)

Commissoning
Date

Beihu WWTP Hubei, China
Beijing Origin Water
Technology Co., Ltd.

(BOW)
1040 2019

Hendriksdal
Sweden

nr Stockholm,
Sweden

SUEZ—Water
Technologies &

Solutions
864 2019 (stage 2)

Al Ansab Muscat, Oman Kubota 125 2018

Water Affairs
Integrative EPC

Xingi, Guizhou,
China

Beijing Origin Water
Technology Co., Ltd.

(BOW)
399 2016–2017

Huaifang Water
Recycling Project Beijing China Memstar 780 2016

Although MBR systems are composed of several components, membrane production usually
attracts more attention. This is largely connected to the fact that the leading membrane manufacturers
(e.g., GE) most likely lead the MBR systems and market share. However, considering membranes’
lifetimes (between 5 and 10 years) and the new players in the market (e.g., Chinese-based Origin Water)
with cheaper membranes, the profit margin will decrease. At the same time as the membrane profit
margin lowers, the MBR market will grow, leading to many mergers, acquisitions, and diversifications
in the MBR manufacturing arena [97]. Overall, what seems to stay the same is GE’s dominance in the
MBR market. In Tables 4 and 5, MBR module suppliers and various manufacturing industries and
their products and services are presented.

Table 4. MBR module suppliers.

Product Supplier

Immersed flat sheet (FS) modules

• Kubota
• A3
• Alfa Laval
• Brightwater
• Colloide
• Ecologix
• Huber
• Jiangsu Lantian
• LG Electronics
• MICRODYN-NADIR
• Shanghai MegaVision
• Shanghai Sinap
• Toray
• Vina
• Weise
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Table 4. Cont.

Product Supplier

Immersed hollow fiber (HF) modules

• GE-Zenon
• Asahi Kasei
• Beijing Origin Water
• Ecologix
• ENE
• Hangzhou H-Filtration
• Koch Membrane Systems
• Korea Membrane Separation
• Litree
• Memstar
• Micronet Porous Fibers
• Mitsubishi Rayon
• Motimo
• Philos
• SENUO
• Shanghai Dehong
• Siemens
• Sumitomo
• Superstring
• Vina
• Zena
• Kolon and Para

Side stream MBR products (MT) modules
• Norit
• Berghof

Table 5. Various MBR manufacturing industries and their products and services.

Type Product/Service Companies

System integrators Membranes, membrane modules,
pumps, tanks, etc.

• General Electric
• Veolia
• Suez Environmental
• Eqoqua

Component manufacturers Membranes.

• Kubota
• Mann+Hummel
• Nitto’s Hydraunatics
• Koch
• Mitsubishi

Membrane bioreactor
systems

MBR system is built and
membranes and membrane

modules are provided by the
membrane manufacturer.

• Ovivo

Application-specific MBR
and AnMBR

These companies focus on a
specific area.

• A3
• Orelis Environment
• Huber
• Wartsila Hamworth in the

shipping category
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4. Conclusions

A membrane reactor is a process intensification strategy where a reaction (carried out on a
heterogeneous catalyst or catalyzed by enzymes) and a separation step (through a polymeric or
inorganic membrane) are combined in a single unit. This strategy allows obtaining better results in
terms of conversion and or yields as compared to more traditional systems where the two functions
are separated.

During the last decade, several theoretical as well as experimental works demonstrated that
membrane reactors have a superior performance when compared with traditional systems. Especially
in systems where equilibrium constrains limit the conversion (e.g., WGS reaction), or when the there is
a problem of selectivities (e.g., OCM or FTS reactions), membrane reactors will give improvements.

Thus far, membrane reactors have been studied for a variety of applications. Most of the work done
on inorganic membrane reactors concerns hydrogen production, where hydrogen-selective membranes
are used to selectively remove the product of a reaction. Additionally, membrane reactors have
been tested for different reaction systems, ranging from methane and biogas reforming to ammonia
cracking and ethanol or methanol reforming. Other interesting newly investigated applications of
metallic membranes are the propane dehydrogenation reaction, the oxidative coupling of methane,
and CO2 valorization.

With the introduction of new membranes with a much thinner selective layer, the diffusion
resistance through the bulk of the membrane has been considerably decreased. Thus, other mass
transfer limitations became more important. In particular, mass transfer limitations in the gas phase,
also known as concentration polarization, may become the limiting factor in the efficiency of the system.
To circumvent concentration polarization, two novel configurations have been proposed and studied
in detail during the last few years: (1) a decrease in the gas phase pathway—i.e., using micro-channel
reactors—and (2) an increase in the mixing of the gas phase—i.e., using fluidized bed reactors. In both
cases, the heat transfer rate is improved as well, which is beneficial for membrane reactors in any case.
Both strategies have several advantages and have their own disadvantages.

In summary, there is quite a large amount of works dealing with inorganic membrane reactors.
However, despite the large amount of data showing that membrane reactors have a superior
performance compared to conventional reactors, still the scale-up of these reactors at larger industrial
scales is missing. A few examples of the scale-up to pre-industrial scale have been attempted for
hydrogen membrane reactors and for hydroformylation (see the MEMBER and MACBETH H2020
projects). The reason for such slow scale-up exercises is to be found in the lack of evidence of the
long-term stability of the membranes in reactive conditions, as well as the very large scale of these
chemical plants. A real break-through application is required to push forward the implementation
of inorganic membrane reactors. Thus, the demonstration of one (or a few) membrane reactor at a
commercially relevant size and price is urgently required in order to initiate more focused research
and development [126].

On the other hand, membrane reactors have already found their industrial application in biological
systems, where the scale of plants is smaller and the cost of the membranes is much lower, which
allows for pilot-plant application in the short term. Membrane bioreactors for wastewater treatment
and water recycling are by far the largest area for the application of membrane reactors in biological
systems. Similarly, membrane bioreactors have been widely considered as a promising approach
in many other application areas, such as in the food industry, biofuel production, pharmaceuticals,
and in many other small-scale applications. However, the fouling formation at membranes’ surfaces
remains the most important challenge for the full commercial application of this technology [127,128].
In addition, it was found that the high costs of membranes could also be a major challenge for the
large-scale application of membrane bioreactors (e.g., AnMBRs).

According to [81], for the full exploitation of the MBR technology at the industrial scale, the below
challenges must be adressed:
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- More efficient fouling control to guarantee the long-term performance of the system;
- Reduced capital and operational cost associated with the MBR process (e.g., by lowering the

membrane production cost, extending the membrane lifetime, and a reduction in the energy
consumption);

- Improved nutrient removal;
- Positioning of MBRs in a more efficient application. Generally, MBRs are best suited for applications

with a high effluent quality and cases with limited land use (e.g., densly populated areas).

In general, the MBR market has been growing continuously at a good speed during the last
few years, though somewhat slower than was projected in the year 2010. China and Europe have
experienced an exponential growth in their market for the industrial and municipal sectors, respectively.
However, GE Zenon technology still dominates the market and the United States to this date has the
highest number of large-scale MBR plants in use.

Despite the many advantages that MBR technology can offer in small and decentralized systems,
MBRs suffer from the down-scale design of large MBRs, resulting in a high specific energy cost.
The MBR market is driven by the increased scarcity of water, ever stricter rules for water discharge and
reuse quality legislation, decreasing investment cost, and the wide acceptance of the technology.

Additionally, it is recommended that future R&D should be focused on lowering both CAPEX
and OPEX, including the membrane costs and energy demand, respectively, and on novel MBR
configurations, hybrid processes, and improved membrane materials and modules.
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Abbreviations

Acronym Definition
MBR Membrane Bioreactor
AMBR Aerobic Membrane Bioreactor
AnMBR Anaerobic Membrane Bioreactor
HRT Hydraulic Residence Time
SRT Solids Residence Time
MLD Mega liters per day
FOMBR Forward Osmosis Membrane Bioreactor
sMBR Submerged Membrane Bioreactor
iMBR Immersed Membrane Bioreactor
UASB Up-flow Anaerobic Sludge Blank
GSB Granular Sludge Bed
EMBR Enzymatic Membrane Bioreactors
CSMBR Continuous Stirred Membrane Bioreactor
MPBR Membrane Photo Bioreactor
PVDF Polyvinylidene difluoride
PE Polyethylene
PP Polypropelene
PES Polyethersulfone
PTFE Polytetrafluoroethylene
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