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Abstract

Population growth has led to higher consumption of fossil fuel, and subsequently to a major increase of greenhouse gases
emissions to the atmosphere, thus inducing global warming. Fossil fuel supplies are depleting, and the price of these fuels
is increasing. Moreover, there are concerns about related emissions of toxic pollutants such as sulphur dioxide and aromatic
hydrocarbons. Here, we review alternative fuel technologies. We focus on how membrane reactors improve the existing
production processes of renewable fuels. Advantages and environmental benefits of membrane reactors are compared to the
conventional techniques. Membrane reactors have been applied successfully to improve biodiesel, hydrogen and Fischer—
Tropsch synthesis. Membranes help the conversion of products, whilst shifting the equilibrium of the reaction and reducing
undesired by-products. Membrane reactors also overcome immiscibility issues that hinder conventional reactor processes.
Overall, membrane reactors reduce cost and energy needed for the treatment of wastewater from fuel production.
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Introduction

The increasing demand for fossil fuels has led to a signifi-
cant increase in greenhouse gases in the environment, result-
ing in concerns regarding future energy supply (Akhundi
et al. 2019; Hafeez et al. 2020). Fossil fuels are the slowest
growing source of energy, and their supplies are diminishing
regularly (Barreto 2018). The price of fossil fuel resources is
also rising due to their heightened demand. The increasing
emissions of carbon dioxide (CO,), sulphur dioxide (SO,),
hydrocarbons and volatile hydrocarbons from the burning
of fossil fuels lead to significant amount of air pollution
and global warming (Hafeez et al. 2020). In recent years
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there has been an interest in developing processes for clean
alternative fuels for a more sustainable and greener envi-
ronment. Renewable fuels such as biofuels, hydrogen (H,),
and the products from the Fischer—Tropsch process are now
offered on a commercial scale to prevent the aforementioned
problems.

Biodiesel has attracted much attention as an alternative,
renewable and clean fuel. It is commonly derived from ani-
mal fat, vegetable oils and waste greases. Commonly used
biomass for energy production includes agricultural waste,
organic wastes, energy crops, sewage sludges and munici-
pal green wastes (Aravind et al. 2020). It can be used as a
transportation fuel because its physiochemical properties are
similar to those of diesel (Lv et al. 2020). First-generation
biodiesel is produced from edible oils and food crops. The
most common feedstock includes soybean oil, sunflower oil,
palm oil, rapeseed oil and cottonseed oil. Second-generation
biodiesel is produced from non-edible sources such as ligno-
cellulose materials and non-edible oils which aids in reduc-
ing the demand for food crops. The use of these feedstocks
is deemed to be more efficient and environmentally friendly
as opposed to the feedstocks required to produce first gen-
eration biofuels. Third-generation biofuels use microalgae
as the feedstock as it is considered more feasible when
compared to the previously mentioned feedstocks. This is
because they can produce substantially higher yields per area
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than the traditional crops. The two main algal cultivation
systems widely used for biodiesel production are suspended
and immobilised cultures (Mahlia et al. 2020).

H, is also a viable option to be used as a clean alternative
fuel. It can be produced from a range of renewable sources,
such as the electrolysis of water, which enables using H,
as an energy storage, but also from methane or ethanol via
steam reforming. The latter processes can potentially be car-
bon neutral provided the fuels come from biomasses (Bruni
et al. 2019). Steam methane reforming (SMR) involves the
reaction of methane and steam at a reaction temperature of
800 °C in the presence of a catalyst to produce syngas—a
mixture of carbon monoxide (CO) and H,. The CO present
in the syngas undergoes further reaction with steam in a
water—gas-shift reactor to produce additional H,. Large-scale
production in this way is 75-80% efficient and is a mature
and well-established technology (Korner et al. 2015). H,
produced via the electrolysis of water (H,0), using electric-
ity produced from renewable sources, can deliver a cleaner
route for hydrogen production. The produced hydrogen can
be used for energy storage or for transportation to places
which require it. In addition, the hydrogen can be used in
fuel cells for power generation for residential or automo-
tive applications, or for load levelling and grid stability.
H,also serves as a feedstock to produce liquid fuels such
as ammonia, methanol and dimethyl ethers (DME) (Giddey
et al. 2019).

The Fischer—Tropsch process converts synthetic gas to
hydrocarbons, which are further upgraded via water—gas-
shift reaction to produce CO, and H,. Essentially, any carbon
source can be used as the feedstock for the Fischer—Tropsch
process to obtain alternative fuels. The Fischer—Tropsch
process can produce a wide range of products which can
then be upgraded to obtain the desired hydrocarbon frac-
tions (Hafeez et al. 2018). The Fischer—Tropsch reaction
is highly exothermic with reaction temperatures ranging
between 300 to 350 °C under high pressures using iron-,
cobalt- and ruthenium-based heterogeneous catalysts (Guet-
tel et al. 2008). However, the high cost of ruthenium means
that iron and cobalt are more frequently used. One limita-
tion of using an iron-based catalyst is its inhibition by the
side product of H,0. On the contrary, its activity for the
water—gas-shift reaction permits the use of CO,-rich gases
or H,exhausted syngas mixtures. Cobalt catalysts are found
to be of higher activity and a longer catalyst lifetime when
compared to iron catalysts. On the other hand, cobalt tends
to be more expensive than iron (Guettel et al. 2008; Hafeez
et al. 2020). A more detailed account of the mentioned fuel
production routes and technologies can be found in Hafeez
et al. (2018, 2020).

Membrane reactors have successfully been employed
to intensify the renewable fuel production processes due
to their advantages over conventional reactors. One of the
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most prominent advantages of the membrane reactor is
that the reaction and separation aspects of the process are
merged into one distinct unit. This precludes the need for
additional separation and recycling units; as a result, the
process becomes greener and environmentally sustainable.
Furthermore, membrane reactors can enhance the conver-
sion and selectivity of the reactions, decrease mass transfer
limitations and have a greater thermal stability, as opposed
to the conventional reactors (Zhang et al. 2018).

In this communication, we will highlight and elaborate
upon the advantages of implementing membrane reactors
for renewable fuel production when compared to conven-
tional reactors and their environmental benefits. An in-depth
review of membrane reactors for renewable fuel production
will then be conducted to assess how conventional processes
are intensified. This article is an abridged version of the
chapter by Hafeez et al. (2020).

Membrane reactors versus conventional
systems for environmental applications

A membrane reactor can be defined as a device that couples’
reaction and separation within one single unit. The signifi-
cant problems faced in the separation and purification of
fatty acid methyl esters (FAME) from impurities have led
to novel research into membrane reactors. This has been
conducted in order to circumvent this costly problem, as
well as optimise the production of biodiesel. According to
the research carried out by Cao et al. (2008b) on methanol
recycling in a membrane reactor to produce biodiesel, it was
found that using an inorganic membrane could remove the
desired constituents during the reaction from oil. The addi-
tion of a membrane also facilitates an increase in conversion,
as the products permeate through the membrane and can be
removed. This shifts the equilibrium in the forward reaction
resulting in a higher yield of FAME, whilst reducing the
amount of undesired side products. In addition, membrane
reactors attain high conversion rates when compared to con-
ventional ones due to the removal of undesired by-products
(Baroutian et al. 2011).

The use of membrane reactors is more economically sus-
tainable than conventional reactors. This is linked to the fact
that such processes are intensified by combining the reaction
and separation aspects in one unit. This can allow for the
potential reductions in separation and recycling units, which
would result in the process becoming less energy intensive.
Therefore, efficiency increase is also anticipated. Further-
more, the intrinsic properties of inorganic membranes make
them possess a high thermal threshold. Due to their thermal
stability, membrane reactors can be used for reactions that
are highly exothermic (Hafeez et al. 2020).
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The production of biodiesel via a catalytic membrane
reactor is indisputably an environmentally friendly pro-
cess when compared to the more conventional methods of
producing biofuels. This is mainly due to its low energy
consumption. The transesterification reaction is carried
out under mild operating conditions of around 70 °C,
which is significantly lower than heterogeneous or super-
critical transesterification. Dubé et al. (2007) reported
that at around 100 °C using an alkaline catalyst, a very
low catalytic activity is observed which only generated a
FAME yield of 20%. Furthermore, performing the transes-
terification reaction using heterogeneous catalysts requires
reaction temperatures of between 180-200 °C (Di Serio
et al. 2006) and 200 and 300 °C (Chen et al. 2007; Furuta
et al. 2004; Jitputti et al. 2006). Moreover, the synthesis
of heterogeneous catalysts often takes place at elevated
temperatures ranging from 200 to 500 °C which makes the
process energy-consuming and costly. This shows that less
electricity is required for the membrane reactor by burning
fossil fuels, which is detrimental to the welfare of the envi-
ronment. Burning fossil fuels is notorious for producing
undesired particulates into the air, such as carbon dioxide
and sulphur dioxide; these emissions play a direct role in
the production of acid rain which go on to have negative
effects on plants, aquatic animals and damage infrastruc-
tures. With the use of membrane reactors, these harmful
effects on the environment are minimised (Kampa and
Castanas 2008). Nonetheless, catalytically active mem-
branes are manufactured at milder temperatures (Guerreiro
et al. 2006). The supercritical transesterification method of
producing biodiesel is the most energy intensive requiring
temperatures and pressures of 240-340 °C and 5.7-8.6
MPa, respectively (Hawash et al. 2009). Comparing these
conditions with those that are needed for transesterifica-
tion in a catalytic membrane reactor, the conditions stated
for supercritical transesterification are around 5 and 50
times greater, respectively (Shuit et al. 2012).

Typically, the production process requires the use of
harmful solvents and chemicals which can have a detrimen-
tal effect on the environment. For the conventional produc-
tion method, Marchetti et al. (2007) reported that the con-
centration for the alkaline catalyst is in the range of 0.5-1%
(NaOH). The concentration of the acid catalyst varied from
1-4%, depending on the free fatty acid content in the oil
(Narasimharao et al. 2007; Wang et al. 2006). Compared to
the catalyst concentration in the conventional methods, the
use of catalysts in the catalytic membrane reactor is lower
at around 0.05% for the basic catalyst and 2% for the acid
catalyst. In addition, both catalytically inert and catalytically
active membranes are found to consume significantly lower
amounts of methanol when compared to the supercritical
technology which generated methanol-to-oil ratios of greater
than 40 (Shuit et al. 2012).

The issue of large amounts of wastewater produced due
to the separation and purification stages is an environmental
alarm. The rise of wastewater effluents could possibly lead
to an increase in the quantity of chemicals and solvents that
are toxic to the environment (Shuit et al. 2012). However,
if twenty million tonnes per year of biodiesel is produced
(Licht and Agra 2007) with a density of 900 kg/m? (Knothe
et al. 2005), the amount of wastewater that is produced by
conventional separation methods would be 59 billion gal-
lons. On the other hand, by using a membrane reactor, the
amount of wastewater will significantly reduce to 12 billion
gallons. Thus, a membrane reactor could make the purifi-
cation step and the water washing procedure, superfluous
as using a catalytically active membrane would not require
water washing for purification. This in turn would drastically
reduce the probability of chemicals and solvents harming
the environment, due to the contaminants that comes with
wastewater. Likewise, glycerol removal can be done via the
use of a membrane reactor, separating it from the FAME
phase during the reaction which makes the requirement of
water washing all the more unnecessary (Shuit et al. 2012).

Membrane reactors for renewable fuel
production

Typically, a membrane reactor encompasses four distinct
parts. These are the design of the reactor (e.g. distributor,
extractor or contactor), type of membrane used (e.g. porous,
organic or inorganic), catalyst presence in the membrane,
and finally, the reaction that is taking place inside the mem-
brane reactor (Ertl et al. 2008). Furthermore, this type of
reactor configuration has been proven to enhance the product
yield and selectivity of the reaction (Marcano and Tsotsis
2002). The main benefit of using the combined membrane
and reactor system is the fact that the capital and operat-
ing costs are significantly reduced because an intermediate
separation step is not required (Marcano and Tsotsis 2002).
Membrane technology has recently been applied to the pro-
duction of renewable fuels due to its advantages over the
conventional reactors.

Membrane reactors for biofuel production

Membrane technology is an economical and effective
method for biofuels production, as well as offering high
selectivity’s and high surface-area-to-volume ratios (Hajilary
et al. 2019). The most prominent role of the membrane for
biodiesel production is to either remove the glycerol from
the product (Guerreiro et al. 2006; Saleh et al. 2010) or to
preserve the unreacted glycerides in the membrane (Barou-
tian et al. 2011; Dubé et al. 2007). The two notable meth-
ods of biodiesel production are the separation based on oil
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droplet size (Cao et al. 2008a, b) or by essentially using
catalytic membranes (Guerreiro et al. 2006, 2010; Shao and
Huang 2007). The former consists of a microporous mem-
brane which is often a ceramic one.

Baroutian et al. (2010) investigated the recovery of meth-
anol during the transesterification of palm oil in a ceramic
membrane reactor using TiO,/Al,0O5. The small size of the
methanol molecules was able to pass through the membrane.
The necessity to recover the methanol products is because
it is an essential reactant for the transesterification process.
In order to aid the process, the ceramic membrane unit was
attached to a simple distillation unit to recover the metha-
nol from the membrane permeate stream. A follow-up study
performed by Baroutian et al. (2011) demonstrates the use of
catalytic membranes. A packed-bed membrane reactor used
a potassium hydroxide catalyst supported on palm shell acti-
vated carbon for biodiesel production. The results showed
that the highest conversion of palm oil to biodiesel in the
reactor was found at 70 °C utilising 157.04 g of catalyst
per unit volume of the reactor and a cross flow circulation
velocity of 0.21 cm/s. The biodiesel product obtained was
compared with standard specifications based on the physical
and chemical properties. It was concluded that high-quality
palm oil diesel was obtained by using this membrane reactor
configuration.

Catalytic membranes retain the ability to incorporate a
catalyst depending on its formulations and functionality.
A membrane without the incorporated catalyst can also
be referred to as a catalytically inert membrane where the
catalyst is added to the reactants, but not implanted inside
the membrane (Buonomenna et al. 2010). The main cata-
Iytically inert membranes found in biodiesel production are
the filtanium ceramic membranes (Cao et al. 2008a, b), Ti/
02/A1203 in ceramic membrane (Baroutian et al. 2010,
2011) and carbon membrane (Dubé et al. 2007) with the
separation principle based on the oil droplet sizes. The pore
sizes of these membranes can vary from 0.02 to 0.05 um
(Baroutian et al. 2010). The catalysts used for the mem-
branes without the incorporated catalyst include sulphuric
acid (H2SO4) (Dubé et al. 2007) and potassium hydroxide/
sodium hydroxide solution (KOH/NaOH) (Baroutian et al.
2010). Firstly, a predetermined quantity of oil and a homo-
geneous mixture of methanol/KOH are passed into a mixing
vessel for pre-mixing. The reaction mixture is then heated
to the target reaction temperature, before being passed into
the membrane reactor. The permeate stream is comprised of
biodiesel, methanol, glycerol and catalysts (Baroutian et al.
2010; Dubé et al. 2007).

Haporiska et al. (2019) investigated membrane reactors
(Fig. 1a) for biodiesel production using strontium oxide
as a heterogeneous catalyst. The membrane reactor con-
tained an immobilised heterogeneous catalyst as an alter-
native to the conventional homogeneous-based catalysed
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transesterification for biodiesel production. One of the more
prominent issues with homogeneous catalysis is the catalyst
recuperation and soap formation, and the utilisation of het-
erogeneous catalysts can overcome these issues. The perfor-
mance of different membrane reactors with the addition of
heterogeneous catalysts was compared to assess the effects
on conversion. Amberlyst®15 with acid sites and different
types of strontium oxide with basic sites were tested as het-
erogeneous catalysts. The results showed that the highest
sunflower oil conversion (approximately 93%) and the final
FAME yield were achieved with strontium oxide and were
easy to immobilise.

Luo et al. (2017) employed a novel polymer-based alka-
line composite catalytic membrane (PACCM) for the trans-
esterification of soybean oil with methanol in a flow-through
mode. It was prepared with sodium silicate (Na,SiO;) and
N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan
chloride reinforced into polypropylene non-woven fabric by
nonsolvent induced phase separation. A conversion greater
than 97% was obtained for the transesterification with the
PACCMs in a membrane reactor using a methanol/soybean
oil molar ratio of 9:1 and a residence time of 3913 s at a
reaction temperature of 60 °C. It was concluded that the
PACCMs demonstrated a good catalytic activity and stabil-
ity, and that it could withstand lower that 3 wt% water or
lower than 1.5 wt% free fatty acid in the feedstock resulting
in a conversion greater than 90%.

Tian et al. (2020) prepared graphene oxide/polyether-
sulphone (PES) catalytic membranes, as heterogeneous
acid catalysts, in the esterification of oleic acid (OA) with
methanol, to produce biodiesel. The membrane was annealed
at various temperatures to stimulate the catalytic activity
and reusability. Heterogeneous acidic catalysts have several
benefits when compared to homogeneous acid catalysts,
such as lower corrosion, ease of separation and better eco-
nomic feasibility. The results showed that the conversion
of OA increased with increasing graphene oxide content in
the membrane, and there were found to be no internal and
external diffusion limitations regarding the catalytic activ-
ity. A conversion of greater than 85% was achieved with the
membrane that annealed at 150 °C.

Li et al. (2020) prepared poly(vinyl alcohol) hybrid
catalytic membranes for the esterification via blending
poly(vinyl alcohol) with solid catalyst, which was manufac-
tured by grafting of acid ionic liquids (1-butysulphonate-
3-vinylimidazole hydrogen sulphate) onto natural nanofiber-
like palygorskite (Fig. 1b). The addition of the solid catalyst
was found to improve the thermal stability, mechanical
strength and the membrane hydrophilicity. Moreover, the
cross-linked poly(vinyl alcohol) hybrid catalytic membranes
were desirable to remove water under mild conditions. The
results showed that when a crossflow catalytic membrane
reactor was used, the yield values were around 8.7%. The
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Fig.1 (a) Configurations for the transesterification reaction: (C1)
conventional reaction using the heterogeneous catalysts dispersed in
the bulk solution followed by separate standard phases partition; (C2)
reaction with the heterogeneous catalysts spread in the bulk solution
coupled with in situ continuous filtration performed with a com-

yield could be enhanced by increasing the packing density
of the membranes.

Oil droplets which have a pore size larger than the mem-
brane pore size (12 um) (DeRoussel et al. 2001) are trapped
on the retentate side and are subsequently recycled back to
the mixing vessel (Cao et al. 2008b). The permeate stream
can be separated into polar and non-polar phases. The non-
polar phase is made up of methanol, trace amounts of diglyc-
erides and catalysts (Cao et al. 2008a, b). On the other hand,

Circulating
pump

Mixing vessel

mercial membrane; (C3) reaction with the immobilised catalyst and
a polymeric membrane; (b) schematic view of enzymatic membrane
bioreactor; (c) schematic diagram of membrane reactor for biodiesel
production; (d) catalytic membrane reactor process and membrane
modules

the polar phase is comprised of glycerol, methanol, catalysts
and biodiesel (Cao et al. 2008b). It has been observed that
this type of catalytic membrane reactor is able to achieve
an oil-to-biodiesel conversion of > 90% for both H,SO, and
KOH catalysts (Dubé et al. 2007). In addition, using acti-
vated carbon as a catalyst support resulted in an increase in
conversion by 93.5% (Rahimpour 2015). The methanol that
permeates through the membrane is recycled back to the
reactor to lessen the overall methanol-to-oil molar ratio (Cao
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et al. 2007). Methanol can be recycled back to the reactor by
distilling the methanol from the non-polar phase and direct
recycling of the polar phase (Rahimpour 2015).

Shuit and Tan (2019) performed a study on the feasibility
of a single-step reaction and separation of palm fatty acid
distillate to biodiesel via integrated pervaporation membrane
reactor. The membrane reactor combined both reactor and
membrane separator into a single unit. Esterification of palm
fatty acid distillate with methanol was achieved in both batch
reactors of the integrated pervaporation membrane reactor
under the same reaction conditions. A reaction temperature
of 135 °C, methanol-to-palm fatty acid distillate ratio of 20,
sulphonated multi-walled carbon nanotubes (s-MWCNTs)
loading of 3 wt% and reaction time of 3, 5 and 10 h were
employed. At a reaction time of 10 h, the polyimide mem-
brane was able to remove 94.8% of the generated water from
the reaction mixture. The thermally cross-linked polyimide
membrane was found to be a hydrophilic membrane and
exhibited negligible swelling in the reaction solvent, high
thermal stability even at a high reaction temperature and
pressure. The high removal percentage of water by the ther-
mally cross-linked polyimide membrane has triggered an
increment of 17.9% FAME yield in pervaporation membrane
reactor as compared to the batch reactor.

Aghababaie et al. (2019) developed a two-phase enzy-
matic membrane reactor for the production of biodiesel from
crude Eruca sativa oil (Fig. 1c). The use of the enzymatic
membrane bioreactor with hydrophilic polyacrylonitrile
membrane was found to enhance the yield of biodiesel prod-
uct. Furthermore, the inactivation and inhibition effects of
methanol and glycerol products were diminished with the
application of the membrane bioreactor. An approximate
yield of 100% was obtained from Eruca sativa oil in a two-
phase enzymatic membrane reactor with polyacrylonitrile
100 and an organic phase flow rate of 40 mL/min with a 40%
initial water content in the organic phase.

Gao et al. (2017) developed a mathematical model based
on the pore model of membrane (Fig. 1d) and the UNIQUAC
model for liquid-liquid equilibrium for the production of
biodiesel. They found that the oil content was significantly

Table 1 Studies using membrane reactors for hydrogen synthesis

low and can typically be neglected in the practical operation
when the conversion is less than 50%. In addition, during
the first half of the reaction the membrane system was in
the FAME accumulation stage, subsequently switching to
the membrane separation stage. When the reaction time was
kept constant, the biodiesel yield increased with an increas-
ing temperature. Despite this, the increasing trend of the
biodiesel yield was constant, and the maximum yield was
approximately the same. It was concluded that the mem-
brane reactor can shift the equilibrium of transesterifica-
tion to the side of the products by constantly removing the
product stream.

Membrane reactors for hydrogen production

Recently, membrane reactors for H, production have gained
increasing attention due to their superiority over the con-
ventional reaction systems. Typically, packed-bed mem-
brane reactors have been used for H, production. However,
novel systems such as fluidised bed membrane reactors and
micromembrane reactors have now been employed due to
better mass and heat transfer (Gallucci et al. 2013). Fur-
thermore, microporous silica (SiO,) membranes have been
extensively investigated as promising candidates for hydro-
gen separation because of the amorphous silica structures,
which allow the permeation of helium and hydrogen but
not the permeation of gas molecules with large molecular
sizes (Meng and Tsuru 2016). Table 1 provides a summary
of some of the studies which have demonstrated the use of
membrane reactors for hydrogen production.

Myagmarjav et al. (2019) investigated the potential of
silica membrane reactors (Fig. 2a) for use in the decompo-
sition of hydrogen iodide to produce CO, free H, via the
thermochemical water-splitting iodine—sulphur process. A
simulation study was conducted to validate the experimental
results and investigate important process parameters which
could affect the membrane performance. The important
process parameters which determined the membrane per-
formance for hydrogen iodide decomposition were reaction
temperature, total pressures on the feed and permeate sides

Reference Reactor type Catalyst Feed Temperature (°C) Feed molar ratio
Saidi and Moradi (2020)  Pd—Ag membrane reactor Ni/Al,O4 Glycerol  350-500 3
Anzelmo et al. (2017) Composite palladium-based membrane Ni-based CH, 400 3.5/1
reactor
Ghasemzadeh et al. (2018) Silica membrane reactor Cu/ZnO/Al,O4 CH;OH  240-300 1-3
Itoh et al. (2020) Tube-wall catalytic membrane reactor Ru Ammonia 375 1.5
Kim et al. (2018) Pd composite membrane reactor Ru/Al,O; CH, 500 3
Maet al. (2016) Large-scale catalytic membrane reac-  Commercial nickel-based Ethanol 350 and 450 1.5

tor
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and the hydrogen iodide feed flow rate. The results showed
that the conversion of hydrogen iodide decomposition can
be enhanced by up to four times (80%) or greater than the
equilibrium conversion (20%) at 400 °C by employing a
membrane reactor equipped with a tubular silica membrane.

Arratibel et al. (2018) developed Pd-based double-
skinned membranes for H, production in fluidised bed mem-
brane reactors. These PdAg-supported membranes have a
porous protecting layer to protect the surface of the mem-
brane from particles in a fluidised bed membrane reactor.
The results showed that an outstanding H, permeance (5 X
107 mol m™2 s~! Pa™!) and H,/N, perm-selectivity (over
25,000) were measured at 400 °C and 1 bar of pressure dif-
ference. One membrane has been tested for more than 750
h in the presence of fluidised glass beads showing a decay
in the perm-selectivity to approximately 5000, mainly due
to sealing leakage. In addition, tests which involved binary
mixtures were subject to mass transfer limitations towards
the membrane because of the large H, permeance of the
membranes.

Tosto et al. (2020) studied the stability of pore-plated
membranes (Fig. 2b) to produce hydrogen in fluidised bed
membrane reactors. Palladium of approximately 20 pm
thickness was attained onto an oxidised porous stainless steel
support. The stability of the membranes was examined for
a maximum of 1300 h in gas separation mode (no catalyst)
and a further 200 h to continuous fluidisation conditions.
Permeances in the order of 5 x 10~ mol s™! m™ Pa~! have
been achieved for temperatures in a range between 375 and
500 °C. During fluidisation, a small decrease in permeance
is seen, because of the heightened external (bed-to-wall)
mass transfer resistances. Furthermore, the water—gas-shift
reaction was also conducted in a fluidised bed membrane
reactor. It has been established that the selective H, removal
through the membranes resulted in CO conversions beyond
the thermodynamic equilibrium (of conventional systems),
demonstrating the benefits of membrane reactors in chemi-
cal conversions.

Saidi and Moradi (2020) investigated the production of
hydrogen from waste glycerol, which is often a by-product
of the biodiesel synthesis process. Glycerol steam reform-
ing using membrane technology was modelled by taking
into consideration the key transport phenomena, thermody-
namic criteria and chemical process kinetics. A sensitivity
analysis of operating conditions was made for key perfor-
mance metrics such as glycerol conversion, hydrogen yield
and hydrogen recovery. Glycerol conversion increases with
increasing reaction temperature and pressure, although high
feed molar ratio and sweep ratio have a decreasing effect.
Hydrogen permeation and consequently hydrogen recov-
ery enable with increasing sweep gas ratio and sweep gas
temperature. Hydrogen recovery improves from 70 to 99%
with an increasing temperature from 350 to 500 °C at a feed

molar ratio of 3. Furthermore, hydrogen recovery improves
from 50% to 71% with increasing sweep ratio from 0 to 20
at 350 °C and 1 bar.

Anzelmo et al. (2017) evaluated the performance of a
composite palladium-based membrane reactor for the natural
gas steam reforming reaction at low-temperature and pres-
sure conditions for producing high-purity hydrogen. The
membrane reactor consisted of a composite membrane hav-
ing an approximate 13 pm Pd layer deposited on a porous
stainless steel support, fabricated via electroless plating and
a commercial Ni-based catalyst. The composite membrane
displayed an infinite ideal selectivity, H,/He and H,/Ar,
at transmembrane pressures of lower than 100 kPa and a
temperature of 400 °C at the beginning of the experimen-
tal testing. The reaction conditions of the steam reforming
were 400 °C, pressures of between 150 and 300 kPa, and a
flow rate of 0—100 mL/min. The gas hourly space velocity
(GHSV) and steam-to-carbon ratio (S/C) were kept continu-
ous at 2600 h™! and 3.5. The results showed that the optimal
performance of the Pd-based MR is acquired at 400 °C, 300
kPa and 100 mL/min of sweep gas, generating a methane
conversion of 84%, hydrogen recovery of 82%, and acquiring
a pure hydrogen stream at the permeate side.

Furthermore, the performance of the membrane reactor
was compared to a conventional fixed-bed reactor configura-
tion at a reaction temperature of 400 °C. It was found that the
methane conversion was greater by 57% for the membrane
configuration as opposed to the fixed-bed reactor and pro-
duced twice the amount of oxygen. Moreover, the membrane
showed a near-infinite selectivity towards hydrogen perme-
ation initially at pressures lower than 100 kPa. After 750
experimental hours, the ideal selectivity of hydrogen with
respect to Ar dropped to 30. However, no CO was present in
the permeate side for all the experimental operations, which
shows that as the membrane slowly degraded, it retained the
ability to produce CO-free hydrogen for supplying a fuel cell
or for industrial applications (Anzelmo et al. 2017).

Ghasemzadeh et al. (2018) developed an artificial neural
networks (ANNs) model for the study of methanol steam
reforming using a silica membrane reactor to produce
hydrogen. Parameters such as a transmembrane pressure of
between 0.5 and 1.5 bar, reaction temperature between 513
and 573 K, GHSV between 3300 and 10,000 h~! and steam/
MeOH molar ratio of 1-3 have been investigated during both
experimental and modelling studies. This was done in order
to analyse their effect on the silica membrane reactor per-
formance with respect to a conventional reactor in terms of
methanol conversion, CO selectivity, total hydrogen yield,
hydrogen recovery, hydrogen and carbon monoxide com-
positions. The results showed that the reaction temperature
was defined as the most effective operating parameter in the
silica membrane reactor and the conventional reactor during
the reaction.
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«Fig. 2 (a) Membrane reactor for hydrogen iodide decomposition; (b)
pore plating technique; (c) tube-wall catalytic membrane reactor; (d)
catalytic membrane reactor

Itoh et al. (2020) proposed a tube-wall catalytic mem-
brane reactor (Fig. 2¢) for hydrogen production by low-tem-
perature ammonia decomposition. The ammonia decompo-
sition reactor is kinetically limited at temperatures lower
than 400 °C, as opposed to thermodynamically limited. A
tube-wall catalytic membrane reactor was developed which
has the ability to decompose ammonia at temperatures below
400 °C whilst retaining a high conversion. Furthermore, the
reactor displayed excellent heat transfer characteristics and
almost achieved a 100% conversion for an ammonia feed of
10 mL/min, reaction temperature of 375 °C, a 2-um-thick
palladium composite membrane and a hydrogen removal
from the decomposition side which led to a large kinetic
acceleration.

Kim et al. (2018) studied the methane steam reforming
reaction using a Pd composite membrane reactor packed
with a commercial Ru/Al,O; catalyst under mild operat-
ing conditions, to produce hydrogen with CO, capture. The
methane steam reforming reaction, which was carried out at
steam-to-carbon ratio (S/C) of 3.0, GHSV of 1700 h™! and
773 K, showed that methane conversion increased with the
pressure difference and reached 79.5% at AP =506 kPa. The
gas composition monitored during the long-term stability
test showed that the permeate side was composed of 97.8
vol% H2, and the retentate side contained 67.8 vol% CO2
with 22.2 vol% CH,. When energy was recovered by CH,
combustion in the retentate streams, pre-combustion car-
bon capture was accomplished using the Pd-based composite
membrane reactor.

Ma et al. (2016) investigated the steam reforming of eth-
anol in a large-scale catalytic membrane reactor (Fig. 2d)
which was used to enhance the efficiency of the reaction via
the in situ removal of hydrogen from the reactor module.
Ethanol steam reforming was conducted under different con-
ditions such as steam-to-carbon ratios, liquid hourly space
velocities (LHSV), operating pressures and temperatures.
Furthermore, a 1-D model and a 2-D computational fluid
dynamics (CFD) model was created, validated experimen-
tally and applied to investigate the parameters of this reac-
tion. The catalytic membrane reactor was operated for 300
h showing 100% conversion of ethanol in all conditions and
producing hydrogen with a purity of 99.9%.

More recently, algal biomass has presented itself as a sus-
tainable feedstock to produce liquid fuels and other energy
products (Srivastava et al. 2020). Microalgae are photosyn-
thetic microorganisms that can accomplish high oil contents.
This oil is suitable for making biodiesel; thus, microalgae
are believed to be a hopeful sustainable energetic resource
that can lessen the dependence on fossil fuels (Peng et al.

2019; Gongalves et al. 2013). Hydrothermal liquefaction is
considered one of the most efficient thermochemical conver-
sion techniques to produce high-quality biocrude oil that
can be upgraded into a range of liquid fuels. Nevertheless,
failure to identify practical uses for the hydrothermal lig-
uefaction residual solids (biochar) potentially makes the
process economically unviable particularly with low lipid
algae. Ibrahim et al. (2020) investigated the hydrothermal
liquefaction biochar of microalgae Galdieria sulphuraria to
hydrogen under pyrolysis conditions in a membrane reactor
which can selectively separate hydrogen from the reaction
module. The hydrothermal liquefaction biochar pyrolysis
was initially investigated using thermogravimetric analysis
experiments and a fixed-bed reactor configuration. Batch
membrane reactor pyrolysis experiments were subsequently
performed using Pd;;Ag,; hydrogen-selective membrane.
This particular membrane was used during the pyrolysis of
biochar because it resulted in the recovery of hydrogen in the
permeate stream (~ 2 times the hydrogen remaining in the
retentate) and further enables the conversion of biochar to
gaseous fuels. The retentate stream shows reduced CO and
CO, as well as increased CH, content compared to pyrolysis
conditions with no membrane.

Micromembrane reactors have recently been developed
for hydrogen production. This is because membrane micro-
reactors have enhanced mass and heat transfer (Constantinou
et al. 2012, 2014) because of the shortened length of the
microchannels, removal of mass transfer limitations (con-
centration polarisation) and heightened process intensifi-
cation by integrating various process steps in small-scale
process unit (Gallucci et al. 2013). Mejdell et al. (2009a, b,
¢) compared the performance of the same membrane in vary-
ing configurations. It was observed that by using the tubular
configuration the extent of concentration polarisation is the
limiting step for hydrogen permeation. On the other hand,
the same membrane applied in a microreactor configuration,
the concentration polarisation effect can be totally ignored
(Mejdell et al. 2009c¢). Figure 8 shows a depiction of the
microchannel reactor configuration used by Bredesen and
co-workers (Mejdell et al. 2009b). The reactor is comprised
of s-shaped microchannels which have a length of 13 mm
and a section of 1 mm X 1 mm. The membranes used are Pd-
based which have a thickness of less than 3 um, and this type
of membrane configuration is able to tolerate differential
pressures of greater than 470 kPa.

Membrane reactors for Fischer-Tropsch synthesis

There are two types of membranes implemented in con-
ventional Fischer—-Tropsch reactors to improve their per-
formance. Water separation membranes have the ability to
selectively recover water molecules from the reaction mod-
ule which is desirable as water has the highest product yield
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from the Fischer—Tropsch reaction. In doing so, the reaction
equilibrium shifts towards the production of the hydrocar-
bons subsequently enhancing the conversion. Distributed
feeding membranes are membranes which are selective
towards H, or CO and are used to control the concentration
of the reactants along the reactor axis. This is advantageous
as they allow a continuous H,/CO ratio to be maintained;
as a result side reactions, such as methane formation, can
be avoided as well as controlling the exothermicity of the
reaction (Liuzzi et al. 2020).

A catalytic membrane has the capability to offer a defined
reaction zone, whilst the reactants are forced through the
membrane by means of a pressure gradient. High gas-liq-
uid mass transfer rates can be obtained depending on the
properties of the membrane, thus leading to higher volume
specific production rates. In recent times, the products from
the Fischer—Tropsch process are passed through a catalytic
membrane which leads to an altered product distribution.
Therefore, the motivating factors for implementing mem-
brane technology to Fischer—Tropsch synthesis are: longer
catalyst lifetime, higher product selectivity and higher spe-
cific production rates (Rohde et al. 2005b). The distributed
feed of reactants through a membrane can enable better
temperature control, and the selectivity of methane can be
affected, by changing the H,/CO ratio. Since the activity
and product selectivity rely strongly on the H,/CO ratio
when utilising Co-based catalysts, distributed feeding can
affect the gas phase composition optimistically (Rohde et al.
2005b).

Water is a side product formed during the Fis-
cher—-Tropsch process, and its accumulation in the gas
phase can decrease the partial pressure of the reactants.
This particular type of membrane configuration is highly
useful because high water partial pressures can cause re-oxi-
dation and a shorter catalyst lifetime. It has been observed
that water can negatively affect the reaction rate and can
encourage the formation of CO, by the water—gas-shift reac-
tion. By integrating the in situ removal of water membrane
into the Fischer—Tropsch process, the rate of reaction can
be enhanced and shifts the equilibrium in favour of CO pro-
duction (Espinoza et al. 2000; Rohde et al. 2005a; Zhu et al.
2005).

A study conducted by Khassin et al. (2005) investigated
the concept of forced-through flow membrane for Fis-
cher—Tropsch synthesis by using thermally conductive con-
tactor modules (plug-through contactor membrane, PCM).
The synthesis gas enters through the internal void space and
then passes through the membrane which has a thickness
of 2.5 mm. In order to enhance the thermal conductivity,
copper can be employed during membrane production. It
was noticed that PCMs can present lower pressure drops,
high space—time yields at flat temperature profiles, larger
reactor capacities, high gas—liquid mass transfer rates and
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low diffusive constraints. In addition, Bradford et al. (2005)
utilised a monolith loop catalytic membrane reactor concept
for Fischer—Tropsch synthesis to evaluate the performance
of a P/Pt—Co/y-Al,O; catalyst in a prototype, tubular cata-
lytic membrane reactor and in a tubular, fixed-bed reactor.
The synthesis gas was fed from the shell side to the alumina
carrier material and passed through the membrane to the
catalyst. The membrane allowed the produced hydrocarbons
to be collected from the tube side.

Espinoza et al. (2000) conducted a series of permeation
experiments with silicalite-1/ZSM-5 and mordenite (on
a-Al,Os/stainless steel support) under non-reactive condi-
tions typical for Fischer—Tropsch (200-300 °C and 2 MPa).
The results showed that mordenite membranes demonstrated
high water fluxes (PH,0=2x 1077 mol/(s Pa m?), 250 °C)
and desirable permselectivities. Rohde et al. (2005a) carried
out experiments in a packed-bed reactor with an integrated
silica membrane. Although the membrane was found to
show low permselectivities regarding the water under the
Fischer—Tropsch reaction conditions, the shortcomings
of the permselectivities can be overcome by the choice
of H, and H,/CO, as the sweep gas. It was concluded that
the increase in conversion of CO, to long-chain hydrocar-
bons via the CO, shift and Fischer—Tropsch process can be
enhanced by the in situ removal of water, which results in
higher product yields.

Alipour-Dehkordi and Khademi (2019) developed a one-
dimensional heterogeneous model for four configurations
of a reactor, three microporous membrane reactors with O,
(O-MMTR), CO, (C-MMTR) or H,O (H-MMTR) side-feed-
ing strategy and one traditional reactor (i.e. multi-tubular
fixed-bed reactor) (Fig. 3a), to explain the tri-reforming of
methane to produce syngas. The effects of CH, and CO,
conversion, H,/CO ratio and H, yield were investigated
by varying the side-feeding strategies. The results showed
that the side-feeding strategies could be feasible, advan-
tageous and flexible in terms of altering the membrane
thickness and shell-side pressure for syngas production
with H,/CO =2 which is appropriate for methanol and Fis-
cher—Tropsch process, and = 1.2 which is suitable for DME
direct synthesis. Nonetheless, the syngas produced by the
methane tri-reformer is only suitable for the methanol and
Fischer-Tropsch synthesis under the base case conditions.
Furthermore, the results indicated that the microporous
membrane reactors have enhanced CO, conversion, based on
the H,/CO =1.2. Therefore, these strategies are more envi-
ronmentally friendly compared to the conventional reactor.

Shahhosseini et al. (2016) proposed an optimised packed-
bed membrane SMR tubular reactor (Fig. 3b) for sustainable
CH, conversion by implementing triple-objective optimisa-
tion model based on optimum H2/CO ratio for low-temper-
ature Fischer—Tropsch process. In this study, a one-dimen-
sional pseudo-homogeneous model based on mass, energy
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and momentum conservation laws is used to simulate the
behaviour of a packed-bed membrane reactor for production
of syngas by SMR. The results showed that the membrane
reactor breaks the thermodynamic equilibrium restrictions
among the reversible SMR reactions by the removal of H,
through the selective membrane. In doing so, an increase
of 27.33% conversion can be achieved whilst enabling an
improvement of CO production and decline of the H,/CO
ratio from 5.5 to 2 at mild initial reaction conditions. The
ability to control the H,/CO ratio in the membrane reactor
makes this technology desirable for produce syngas for the
low-temperature Fischer—Tropsch process.

Bellal and Chibane (2020) theoretically studied the
Fischer—Tropsch reaction using an iron catalyst using dif-
ferent reactor configurations (Fig. 3c). It was concluded
that the main results show that the membrane reactor
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configuration is able to remove H,O or CO, from the reac-
tion zone as a result, affecting the reactant concentrations.
This offers the opportunity to influence in situ the molar
composition of H,/CO ratio and consequently the compo-
sition of the products mixture. The H,/CO ratio increased
along the reactor in the case of carbon dioxide removal
and decreased in the case of water removal, which resulted
in a unique deviation of hydrocarbons distribution when
compared to the conventional reactor. The most prominent
advantage that should be noted here is the removal of H,O
and CO, from the product mixture can be attained entirely
using a substantial amount of the sweep gas, which makes
the range of obtained hydrocarbons clean and exempt of
H,0 or CO,.
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Conclusion

The various applications of membrane reactors in biofu-
els, hydrogen and the Fischer—Tropsch process have been
presented in this review. Membrane reactors offer prom-
ising opportunities for process intensification to improve
the alternative fuel production processes. They offer the
combination of reaction and separation into a single unit,
so eradicating the need for additional separation and
recycling units. As a result, the fuel production process
becomes less energy intensive which makes it greener and
environmentally sustainable, as well as reducing capital
costs. Furthermore, membrane reactors can enhance con-
version and selectivity, reduce mass transfer limitations
and have a greater thermal stability when compared to
the conventional reactors. Membrane reactors have been
implemented for the biofuel production process for the
homogeneous and heterogeneous catalytic transesterifi-
cation reactions. The membranes here are either used to
separate and remove based on the oil droplet size or to be
used as catalytic membranes. The membranes can be inte-
grated with the catalyst or they can be utilised as catalyti-
cally inert membranes. The catalytically inert membranes
often require the product stream to be further upgraded as
it consists of catalysts, glycerol, methanol and FAME. As
a result, the membranes with the integrated catalyst can
often be regarded as more desirable as they require less
separation and purification of the product stream. Mem-
brane reactors for hydrogen production showcase the use
of packed-bed membrane reactors, fluidised bed membrane
reactors, micromembrane reactors and membrane bioreac-
tors. Results show that fluidised bed membrane reactors
demonstrate superiority over the packed-bed type and are
therefore more likely to be implemented on an industrial
scale. There are several membrane concepts which have
been applied to enhance and intensify the Fischer—Tropsch
process, such as distributed feeding and forced-through
flow membranes. The latter has the potential to be applied
for small- to medium-scale Fischer—Tropsch reactors.
The large reactor capacities, innovative concepts for heat
removal and a well-defined and fixed reaction zone ensure
a safe and economically feasible process. Future appli-
cations of membranes can be investigated for processes
such as the thermochemical treatment, the pyrolysis of
biomass and plastic waste. Furthermore, research could be
conducted to analyse the effects of fouling and stability of
membranes, and how further modifications can be made to
the production and development of novel membrane mate-
rials to enhance the renewable fuel production process.
Furthermore, optimisation framework studies that incor-
porate membrane reactor technologies are very scant. Such
work can be conducted to help understand the overall yield
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and process intensification strategies that could take place
on industrial scale. Such mathematical platforms can also
aid in conducting economic analysis that will render mem-
brane technology more viable for the commercial market.
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