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Abstract

Global warming induced by greenhouse gases is major issue worldwide. There is therefore a need to develop renewable
sources of energy, such as biofuels. Here, we review the various types of biofuels such as biodiesel, bioethanol, biomethane,
hydrotreated vegetable oils and fats, and lignocellulosic-based fuels. First, second, and third generations of biofuels are
compared in terms of economics, environmental aspects and energy yield. Economically, raw materials account for 60-75%
of the final price of produced biofuels. The high cost of biodiesel compared to the lower price of diesel fuel is a major
challenge toward commercializing biodiesel production from vegetable oils. Environmentally, biofuels can reduce carbon
emissions and are more biodegradable compared to fossil fuels. For instance, biodiesel and diesel fuels are degraded by
95% and 40%, respectively, during one month in water. Among liquid biofuels, biodiesel has the best energy yield, such that
the amount of net biodiesel energy production is more than three times than that of diesel fuel. We also review membrane
technologies for the purification and separation of biofuels such as bioethanol, biobutanol, biodiesel, and biogas. Commonly
used membrane processes are ultrafiltration, microfiltration, nanofiltration, pervaporation, membrane distillation and reverse
osmosis. Reverse osmosis is used for water treatment due to the very small pore size of membranes, which allow the water
molecules to get through. Membrane bioreactors can be used for wastewater treatment with a combination of ultrafiltration
and reverse osmosis. Ultrafiltration and nanofiltration membranes have applications in the production of biomass from olive
mill wastewaters. Pervaporation and membrane distillation are efficient in the third generation of bioethanol production plants.
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Introduction

Nowadays, biofuels are being used in some industrial sectors
as an effective alternative to fossil fuels due to their superior
characteristics. Biofuels can be produced through biological,
chemical, and physical methods (Nigam and Singh 2011).
The interests in biofuels have been recently increased due to
the limitation on hydrocarbon resources, hortative policies
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for the use of renewable energies, environmental aspects, and
restricted legislation on carbon emissions (Koutinas et al.
2016; Oumer et al. 2018). Due to the advantages of biofuels,
governments have set the policy to increase biofuels produc-
tion, and it is expected to provide 27% of total transport fuel
demands from biofuels in 2050. There are different types of
biofuels at different stages of development such as biodiesel,
bioethanol, biomethane, hydrotreated vegetable oils and fats,
and lignocellulosic-based fuels. Bioethanol and biodiesel are
the main biofuels used to supply fuels for transport demands
(Oh et al. 2018). Moreover, there are other types of biofuels
as a potential option for substituting the fossil fuels in near
future. Many governments have invested in research on bio-
fuels and biorefineries, which have focused on increasing
recovery of products, reduction of wastes, energy consump-
tion, and greenhouse gas emissions (Saravanan et al. 2018).
Despite the advantages of biofuels compared to fossil fuels,
biofuels constituted only 4% of total transportation-fuel
consumption in 2016 due to limitations toward the produc-
tion of biofuels (Ae et al. 2017; Oh et al. 2018). Therefore,
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adequate research and development on biofuels are required
to overcome the hurdles toward sustainable use of biofuels
in different sectors.

It has been recognized that shortage of raw materials, as
well as poor cost competitiveness, hampers the development
of biofuels production. The cost of biofuels production can
be reduced by developing efficient processes such that high-
purity products would be obtained at lower operational and
capital costs. Membranes have shown to be efficient tech-
nology for separation, purification, and reaction in which
both porous and non-porous membranes can be applied effi-
ciently (Rezakazemi et al. 2017a). Low maintenance and
operational costs, modular design and scale-up, low energy
consumption, and green technology offer the membranes as
a promising technology for biofuels production (Gugliuzza
and Basile 2014; Mo et al. 2015). Membranes have been
applied for separation and filtration in starch- and sugar-
based industries for a long time; however, the use of mem-
branes in biofuels production is relatively novel and new
processes have been introduced for this purpose.

This account reviews the application of membrane tech-
nology in biofuels production, and the next sections are
divided into four sections. In the first three sections, eco-
nomic justifications, environmental aspects, and energy
yields of biofuels are discussed, whereas in the last section
various membrane systems applicable for biofuels produc-
tion are reviewed and discussed.

Economics justifications

Economic viability is a crucial factor to succeed in any mar-
ket. The biofuels price depends on a number of parameters
such as raw materials, capital costs, operating costs. Despite
the environmental, social, and economic benefits of biofuels,
the high cost of vegetable oils is one of the main problems
with the use of these types of fuels. The cost of the feed-
stock plays a key role in the biofuels finished price, and
60-75% of its price mainly depends on the cost of feedstock.
To compete with fossil fuels, it is suggested that biofuels
derived from used oils, animal fats, soapstock, and espe-
cially microalgae (Foroutan et al. 2017) produce high energy
yield per land. For instance, the economic feasibility stud-
ies of farmer cooperatives indicated that the production of
biodiesel from vegetable or animal oils needs 0.30-0.69 US
$/L. It is estimated that the cost of biodiesel fuel produced
from vegetable oils and waste grease is 0.54-0.62 US $/L
and 0.34-0.42 US $/L, respectively. Meanwhile, the US
average price for diesel fuels before taxes is 0.18 US $/L
and in some European countries is between 0.20 and 0.24
US $/L. Hence, the high cost of biodiesel compared to the
lower price of diesel fuel is a major hurdle toward commer-
cializing biodiesels production from vegetable oils, while

@ Springer

purification of biomass accounts for 20-30% of total costs
(Canakci and Sanli 2008).

Environmental advantages

The interests in the biofuels as an alternative to diesel fuels
have continuously been increased because of the limited
resources of fossil fuels, increasing instabilities in the oil
price, and environmental concerns, especially greenhouse
gas emissions. One of the main sources of global warming
is greenhouse gas emissions (Hajilary et al. 2018a, b), and
the global average temperature would increase 1.1-6.4 °C
during the twenty-first century. CO, emission (Mesbah et al.
2018; Rezakazemi et al. 2017b; Zhang et al. 2018) resulting
from fossil energy is the main reason for this global warm-
ing (Friedlingstein et al. 2014; Razavi et al. 2016; Shirazian
et al. 2011; Soroush et al. 2018), and applying biofuels can
significantly reduce the carbon emissions.

In addition, the uses of biofuels will effectively reduce
pollutants and carcinogenic substances. Furthermore, the
biofuels are more biodegradable in comparison with the
fossil fuels. The biodiesel degradation is comparable to that
of diesel fuels. The biodiesel, placed in water and diesel
fuels, is being degraded at 95 and 40%, respectively, during
one month. Also, biodiesel combustion emissions (unburned
hydrocarbons, carbon monoxide (CO), particulates, SO,, and
soot) are much lower than diesel fuels, and a small increase
in NO, emissions can be reduced by delaying the injection
timing in the engines.

Energy yields of biofuels

Figure 1 presents a net energy balance for different types of
biofuels. This figure shows that the biodiesel has the most
energy yield among other liquid fuels. For example, to pro-
duce 3.2 unit of energy by biodiesel, one unit of energy is
consumed.

Based on Fig. 1, the amount of net biodiesel energy pro-
duction is more than three times than that of diesel fuels.
Sheehan et al. (Sheehan et al. 1998) investigated a life cycle
analysis of using pure biodiesel (B100) in urban buses. A
significant reduction in the lifecycle emissions of the total
solid particles (32%), CO (35%), and SO, (8%) compared to
petroleum-based diesel was indicated.

There is an interesting note about the biofuels. Introduc-
ing a slight fraction of biodiesel in low-sulfur diesel for-
mulations can increase lubricity. Mixtures containing 1%
biodiesel can create up to 30% more lubricity in compari-
son with petroleum-based diesel (Knothe et al. 1997). Since
biodiesel can be miscible with petroleum fuels in any ratio,
many novel direct-injection diesel engines can be operated
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with blends or pure biodiesel without any modifications. In a
study, B20 (a mixture of 80% petroleum diesel and 20% bio-
diesel) showed a high fuel economy and production capac-
ity with a high level of health and environmental benefits
(Sheehan et al. 1998).

Membranes for biofuels separation

The economics of biofuel production is highly dependent on
the product purity. There are various technologies for bio-
fuel separation like adsorption, extraction, membrane tech-
nology, pertraction, gas stripping, and some novel hybrid
technologies. Among them, membrane technology is an
economical and effective method. Membranes have great
characteristics such as high selectivity, a high ratio of sur-
face area to the volume, and high control over the component
mixing between two phases.

The membrane as an engineered technology, which cre-
ates a physical barrier in liquid-liquid, and liquid—solid
processes, performs the separation of materials according
to the size, shape, or properties (Rezakazemi et al. 2014a,
2018b). Membrane filtrations are widely used in dairy, sugar,
food, starch, wine, enzymes, water and wastewater industries
(Azimi et al. 2017; Rezakazemi et al. 2013a, 2017d; Shira-
zian et al. 2012).

The first biofuel generation processes focused only on
the fuel production and disposed all non-fuel materials as
waste. The second biofuel generation processes consider
improving bioprocesses, reducing overall energy costs,
and reducing waste. The goal of the second generation
of biofuel processes is to increase fuel recovery, increase
the secondary production of secondary raw materials, and
produce more valuable fuels rather than the first-genera-
tion processes. The first-generation biofuels only cared
for the production of fuels and do not pay attention to

Bioethanol Petrodiesel Petro-gasoline

optimization; hence, the membranes are not used in the
first-generation biofuels. But in the second-generation
biofuels due to the focus on optimization, researchers are
interested in using membrane filtration. At present, mem-
brane filtration has led to many improvements in some
sections attributed to the biofuel processes, such as the
production of biofuels and the integration of biorefineries.
It is anticipated that using membrane technology enhances
second-generation biofuel processes and is predicted that
in the near future, a large number of second-generation
biofuels and integrated biorefineries will be built as a pilot
to improve these processes before industrialization.

The use of membrane filtration technology for biofuels
production and integrated biorefineries is considered as a
desirable solution. The membranes can be used to produce
biofuels, organic acids, and amino acids using mesophilic
and thermophilic organisms for both continuous and batch
fermentation. The use of membranes in biodiesel processes
has been increased for reuse of water, especially in low water
areas.

Membrane technology is also used in the manufacture of
organic acids, which is usually used as a base for different
types of biodegradable plastics. In the integrated biorefiner-
ies, various types of membranes including microfiltration,
ultrafiltration, nanofiltration and reverse osmosis can be used
where membrane technologies are preferred because they
focus on continuous fermentation rather than batch mode.

Through the saccharification process, ultrafiltration is
used after converting to the sugars for the stream purifica-
tion. Also, in some processes, some of the useful sugars used
in the fermentation process can be recovered and concen-
trated using nanofiltration. Furthermore, for reusing water
and improving the quality, reverse osmosis is commonly
used. In Fig. 2, the use of membrane technology in different
sections of a biofuel process production is shown. The differ-
ent applications of membrane filtrations are listed in Table 1.

@ Springer



4 Environmental Chemistry Letters (2019) 17:1-18
- —

. ’ N
Grain . : . : \
Water Milling Hydrolysis Saccharification Fermentation CO,
Evaporation Centrifuge Distillation

P AN
’ RN
‘ Syrup ] Drvin Dehydration
\ 7 ying

So -
- -
-~ RN
( Dried Distillers \
Grain V4
N ~ -

i S

Fig.2 Production of biofuel from grain using membranes. Ultrafiltra-
tion, nanofiltration, and reverse osmosis units are applicable for the
saccharification process. The product of fermentation can be purified

-

using nanofiltration/ultrafiltration, whereas reverse osmosis is used
for water treatment

Table 1 Application of various membrane filtration technologies in biofuel production

Membrane type Application

Ultrafiltration/microfiltration ~ Clarification or fractionation of feedstock before fermenter

Ultrafiltration Recovery/removal of protein from hydrolyzed prepared biomass

Ultrafiltration/nanofiltration ~ Recovery and the reuse of acid and alkali; the removal of lignin from hydrolyzed biomass

Nanofiltration Concentration of sugars; to increase the yield of the product in fermentation

Ultrafiltration/nanofiltration ~ Continuous enzyme reactors preserve enzyme and substrate, allowing the removal of reaction-inhibiting particles

Ultrafiltration/nanofiltration ~ Continuous recovery of desirable product and elimination of fermentation inhibitor components by retention of

biomass/microbial cell

Reverse osmosis Water recovery for reuse with a concentration of organic acids
Nanofiltration Desalting and concentrating of amino acid
Reverse osmosis Water recovery and reuse with treatment of evaporator condensate for compliance with environmental standards

Wastewater recovery in biofuel production

There are many techniques for water removal from waste-
water such as flotation, coagulation, gravity sedimentation,
centrifugation, and membrane filtration. Membrane filtration
has more advantageous than others such as less energy con-
sumption, high efficiency of recovery, and non-toxicity. In
traditional methods for wastewater recovery, there is a need
for an evaporator that consumes high energy, but membrane
technology has much lower energy consumption and there-
fore less operating costs.

Nowadays, the membrane separation technology can
be applied for wastewater treatment. In the production of
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biodiesel, water with a high percentage of the contaminants
is produced, which in the past was discharged into the land
or water sources, for example, in the river, which is not
allowed today in many areas. In addition, water conserva-
tion and reuse are encouraged, especially in the areas where
water is limited.

In another aspect, the membranes can be applied in bio-
logical wastewater recovery. For the removal of biochemi-
cal oxygen demand and chemical oxygen demand in waste
streams, biological treatment is commonly used, the first
biosludge is concentrated through an ultrafiltration mem-
brane, and then it is passed from a reverse osmosis to recover
water for reuse in the utility, especially in water-constrained
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areas. One example of above process was used as a section
of a membrane bioreactor at an Australian plant of ethanol
production. Companies can reduce costs of energy in water
reuse utilizing membrane technology. Comparison between
a reverse osmosis and five multi-effect evaporators with
thermal vapor recompression showed that reverse osmosis
needed 75% lower cost of ownership. Using reverse osmosis
for water recovery in order to reuse can make high efficiency
solely or with using an evaporator.

Membranes for biomass production

If the biofuels such as bioethanol and biodiesel are sustain-
ably produced from waste biomass, it would be a desirable
option representing renewable energy with high efficiency.
The performance of purification of a fermentation product
from biological impurities is related to the cost of the con-
version process of biomass. Researchers in that field have
focused on the modification of technologies with more effi-
ciency and economic by using biomass available domesti-
cally. Conversion of biomass to biofuels has a number of
issues including water removal from algae, elimination of
contaminants from sugar solution before microbes, and cata-
lysts that increase the production of biofuels. Membranes
can be applied to solve these challenges. One of the main
steps in the biofuel process is separation of carbon from
both liquid and vapor phases, which can be carried out by
membrane technology. Half of the costs of biofuel produc-
tion from biomass belongs to these separations; therefore,
formulation of a membrane system with high efficiency in
carbon separation from water is noteworthy. Also, the mem-
brane performance used for carbon recovery from aqueous
solutions highly depends on the pore size. The membrane
flux decreases with reduction in the membrane pore size due
to the smaller pores; fewer particles can permeate through
them. The important note is that the membrane flux plays a
key role in creating an effective membrane system because
it highly affects the minimum fuel-selling price. Nanofiltra-
tion membranes were used for enzyme-converted biomass
production to separate gluconic acid from xylose for corn
stover, wheat straw, and silver-grass stalks with separation
factors of 2.7, 2.5, and 2.2, respectively. A submerged mem-
brane of hydrophilic Millipore mixed cellulose ester in the
bioreactor was applied to increase biomass productivity by
treating wastewater rich in different nitrogen sources (Babaei
et al. 2016). In the presence of ammonium and nitrate, chlo-
rella vulgaris cultivated under conditions of mixotrophic
microalgae could reach high separation factor of nitro-
gen and phosphorus with rates of about 23.64-28.84 and
4.38-5.08 mg L~! day, respectively. The architectural sur-
face selective membranes with high performance were cre-
ated for hot vapor and liquid processing in biomass conver-
sion (Hu et al. 2017). It was used for high permselective flux

and can tolerate high temperature. The high-performance
architectural surface selective membranes not only consider
pore size to carbon separation, but also change the pore
shapes with nanotechnology coatings, and they made the
similar separation efficiency with the previous membranes
while using tenfold larger pore size. In a research carried
out by a collaboration of Oak Ridge National Laboratory
(ORNL) with the National Renewable Energy Laboratory,
in the process of hydrothermal liquefaction (production of
biooil from algae), researchers found that the high-perfor-
mance architectural surface selective membrane technology
has high effect on the efficiency of the portfolio (Hu et al.
2017). The membrane technology can decrease the biofuel
minimum selling price by 12% and has the potential to apply
in other industries such as biochemical, pharmaceutical, and
petrochemical industries. Researchers are still interested on
investigating the following topics: increasing the membrane
flux, developing coating materials, decreasing membrane
surface area, optimization of the process, scalability and etc.

Membrane technology is used in different industries.
Olive milling is one of the industries which produce a
large amount of wastewater. Membrane technology such as
ultrafiltration and nanofiltration is applied to concentrate
organic materials with high loading of polyphenols. As
shown in Fig. 3, by using membrane technology olive mill
wastewater is purified and biomass (Arthrospira platen-
sis and Scenedesmus dimorphus) is produced (Cicci et al.
2013).

Recently, a new microalgae cultivation method using
membrane photo-bioreactor was applied to produce bio-
mass. Also, the membrane photo-bioreactors could remove
the nutrients and unionized ammonia from wastewater (Gao
et al. 2016; Rezakazemi et al. 2012c¢). Gao et al. showed that
the productivity of algal biomass increases with reducing
hydraulic retention time (Gao et al. 2018). Also, when the
membrane photo-bioreactor was operated at higher hydrau-
lic retention time, the nutrient removal from influent was
increased. The reactor was in service for 130 days with the
biomass and hydraulic retention time of 21.1 and 2 days,
respectively, while the concentration of the algal biomass
was stable on the range of 1.035-1.524 g L™! and concentra-
tion of effluent nutrient was in a level of 1.76-3.82 mg L™!
for nitrogen and 0.01-0.14 mg L~! for phosphorus.

One of the most important properties of membrane tech-
nology is that they can also be applied at high temperatures.
In the thermophilic processes that use microorganism oper-
ated in high activity at 70-80 °C, it is a favor to run a feed
to alcohol distillation continuously. In that processes, mem-
brane preserves microbial biomass through the fermenter,
operates as a bioreactor, and permit continually run of liquid
to the fermenter. Therefore, this has projected to reduce both
capital and operating costs by reduction in the cyclic fer-
menter and energy, respectively.
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Fig.3 Application of membrane technology in biomass production.
Ultrafiltration and nanofiltration processes can be used to produce
biomass from olive mill wastewater. In the production plant, olive
mill wastewater is purified and biomass (Arthrospira platensis and
Scenedesmus dimorphus) is produced (Cicci et al. 2013). Reprinted

Membranes for bioethanol production

An overview of membrane applications for three genera-
tions of bioethanol production is shown in Fig. 4. The
membrane separation processes have the potential to be
applied in the first, second, and third generations of bioeth-
anol synthesis. For example, in the harvest of the micro-
algae in the third generation, microalgae can be recovered
by microfiltration/ultrafiltration; or on the carbohydrate
of the biomass, pretreatment should be done to be ready
for conversion. Also, the membrane is used to purify or
concentrate the pre-hydrolyzates before fermentation. The
concentration of sugar solution and the removal of fer-
mentation inhibitor can be done by membrane distillation
(Rezakazemi 2018), nanofiltration, and reverse osmosis
(Rezakazemi et al. 2017¢). In addition, for recovering the
enzyme, nanofiltration is combined with ultrafiltration.
The outlet of fermentation is a biofuel with low purity;
therefore, it is passed from the pervaporation and pre-
concentration systems. In a hybrid process, fermentation
and pervaporation are integrated. Consequently, both ultra-
filtration and nanofiltration are applied to eliminate yeast
and fermentation inhibitors in a hybrid process (Wei et al.
2014). The definition, application, and development status
of bioethanol are presented in Table 2.

Harvesting algal biomass is difficult because they have
a small size and its density is the same as water. In addi-
tion, recovering algal cell needs a lot of water to be used
in the process. In a study conducted by (Petrusevski et al.
1995), algae were concentrated from large source by mem-
brane filtration, and the biomass recovery was in a range of
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from Water Research, Vol. 47, Cicci et al., Microalgal biomass pro-
duction by using ultra- and nanofiltration membrane fractions of olive
mill wastewater, 4710-4718, Copyright (2013), with permission from
Elsevier

70-89%. Despite the benefits of membrane filtration, fouling
as a challengeable issue still must be studied.

Application of membranes in the third generation of
bioethanol production is described in Fig. 5. As can be
seen, microalgae as the biomass are harvested for fermenta-
tion by applying nano- and ultrafiltration; concentration of
the pre-hydrolyzes and microorganism inhibitors removal
are carried out by membrane distillation, nanofiltration,
and reverse osmosis. Ultrafiltration and nanofiltration pro-
cesses after fermentation are employed to eliminate some
by-products, and finally, bioethanol is purified by integration
of membrane distillation and pervaporation processes (Wei
et al. 2014).

Membrane processes can be used before the fermentation
process in the production of second- and third-generation
bioethanol for sugar concentration and to eliminate fermen-
tation inhibitors produced through the pretreatment process.
The main advantage of membrane process compared to the
conventional techniques such as solvent extraction, evap-
oration, overliming, activated carbon adsorption, and ion
exchange is that sugar concentrated and inhibitor removal
were carried out simultaneously (Huang et al. 2008; Par-
awira and Tekere 2011). Also, the total cost of the mem-
brane separation process is less than evaporation process
(Murthy et al. 2005). In this aspect, membrane distillation,
nanofiltration, and reverse osmosis can be used in respect
of target inhibitors and sugar concentration. In the earlier
stage of bioethanol production, some enzymes were used
to convert the biomass to sugar; these valued enzymes are
recycled by integrated ultrafiltration. Recycling this enzyme
by ultrafiltration causes the enzymatic hydrolysis of biomass
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Fig.4 Application of membrane systems for three generations of
bioethanol production. Microfiltration/ultrafiltration can be used for
microalgae recovery, while membrane distillation can be used for
the concentration of sugar solutions and the removal of fermenta-
tion inhibitor (Wei et al. 2014). MF: microfiltration, UF: ultrafiltra-

Fuel ethanol

+ = =\ UF-NF Hybrid process
7

tion, NF: nanofiltration, MD: membrane distillation. Reprinted from
Renewable and Sustainable Energy Reviews, Vol. 30, Wei et al., A
review of membrane technology for bioethanol production, 388—400,
Copyright (2014), with permission from Elsevier

Table 2 The source, current status and the problem of first, second, and third generations of bioethanol process

Generation Source Current conditions Problems
First Starch crops sugar Commercially available Its value is heavily dependent on the price of
Technically mature fossil fuel and feedstock
Compete with food prices
Benefits of greenhouse gases are dependent on
the feedstock and the process
Second Lignocellulosic bio- Advanced status of development and extension Relatively high cost
mass Demonstration step Auvailability of cheap and sustainable feedstock
Agricultural waste and
energy crop
Third Algae Primary stage of research and development Reduction of cost

Technical problems

to have more economic benefits. Following the fermentation
process, a membrane distillation/pervaporation is combined
with bioethanol recovering from the fermentation broth. The
maximum value of ethanol concentration is 10 wt% in which
the activity of microorganism does not reduce and also etha-
nol concentration in the conversion of the corn to ethanol
fermentation (first generation) reaches 10 wt%; therefore,
ethanol must be continuously removed. But, a product of
the second generation in the bioethanol production process,

cellulosic biomass-based fermentation, has ethanol concen-
tration less than 5 wt% (Le and Nunes 2016). The ethanol
should be pre-concentrated due to the energy saving and cost
reduction of the refining process. The distillation as a con-
ventional approach to concentrate on fermentation broth has
some disadvantages (Wei et al. 2014). The energy required
to purify the low concentration of ethanol is much larger
than that for high concentration in distillation. Also, a mix-
ture of 96.5% ethanol and water forms an azeotrope solution
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Fig.5 Application of membrane systems in the third generation of bioethanol production. Biomass harvesting and yeast removal can be carried
out by ultrafiltration/nanofiltration. Concentration and purification can be done by using membrane distillation and pervaporation systems

that cannot be separated easily. Furthermore, for continuing
ethanol removal, the combination of the distillation with the
fermentation is complicated because the distillation requires
high operation temperature, while these high temperatures
are dangerous to the microorganisms. As a result, for ethanol
removal of the fermentation broth, membrane technology is
more appropriate which enhances the efficiency, production
rate, and rate of substrate uptake.

In ethanol recovery process using membrane distilla-
tion, ethanol passes through the membrane pores due to its
higher partial pressure than water. To produce ethanol, an
integration of both direct-contact air gap membrane distil-
lation and fermentation is used. The investigation of cou-
pling of fermentation with membrane distillation system
is limited to the laboratory scale. Also, the materials such
as polytetrafluoroethylene, polyvinylidene difluoride, and
polypropylene which are used in the membrane distilla-
tion have lower selectivities and the membrane with higher
selectivity needs to be investigated. In a study by Udriot
et al. (1989) at laboratory scale, the coupling of fermenta-
tion by membrane distillation system increases the ethanol
productivity by 87%. However, if there are biological and
alcoholic surfactants in the fermentation, surface tension
will be decreased and consequently, the liquid diffusion in
membrane pores is improved.

The studies about ethanol recovery from dilute fermenta-
tion broths are concentrated on pervaporation process. The
pervaporation is a separation process based on the chemical
potential difference (Rezakazemi et al. 2011b, 2018c). A
selective and dense membrane is located between a liquid
and a vacuum pump or sweep gas (Baheri et al. 2014; Shah-
verdi et al. 2013). The recovery of ethanol should be carried
out by the hydrophobic membrane in order for ethanol to be
passed more efficient through the membrane since they will
have higher solubility toward ethanol. The performance of
pervaporation depends on the solubility and diffusivity of
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target component through the membrane (Rezakazemi et al.
2013b, 2011c). One of the materials being used for ethanol
recovery of water, which has high efficiency compared to
others, is polydimethylsiloxane (Farno et al. 2014; Rezaka-
zemi et al. 2012a, b, 2014b, 2015, 2017a; Rezakazemi and
Mohammadi 2013; Rostamizadeh et al. 2013).

In order to use pervaporation process in an industry, the
separation factor should be higher than 20 (Vane 2008). The
inorganic membranes such as zeolite and 1-silicalite have
enough separation factor, but they have high costs and some
challenges in large scale and also relatively rapid degrada-
tion (Schmidt et al. 1997). The degradation performance
of inorganic membranes depends on the compositions of
side products in the fermentation broth; even low concentra-
tions of side products can increase the rate of degradation.
In the case of energy consumption, membrane technology
has low energy consumption in comparison with other batch
processes, while the selectivity is high. Therefore, an inves-
tigation of the membrane with better materials and high
performance is an issue that needs to be addressed before
the pervaporation for ethanol recovery can be industrialized.

Ikegami et al. (2003) studied silicon rubber-coated mem-
brane in pervaporation process and found that the membrane
separation performance is increased and the ethanol con-
centration in the permeate reached 67 wt%. In addition,
the recovery of ethanol from broth was increased 10 times
in comparison with the non-coated membrane. In another
study, by applying polydimethylsiloxane (as an active layer)/
polyetherimide (as a support) composite hollow-fiber mem-
brane showed a high pervaporation performance in bioetha-
nol production with a total flux of 231252 g/m? h (Lee et al.
2012). Recently, by the addition of lodgepole pine bark bio-
char as fillers to the polydimethylsiloxane, a new composite
membrane structure was developed. Silane coupling agents
were used to modify the fillers. Because of using biochar
nanoparticles, the separation factor of ethanol reached 11.3.
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Membranes for biobutanol production

Fermentation of biomass acetone—butanol—ethanol is an
approach to produce butanol by chemical synthesis which
is known as biobutanol. The produced butanol has an inhibi-
tor for microbial growth, and the recovery of butanol from
fermentation broth with conventional separation method
consumes high energy. Among all separation technologies
applicable for butanol purification, pervaporation made high
efficiency without harmful effects on the microorganisms
with low energy cost.

The biggest biofuel plant in the USA is based on bioetha-
nol, and its feedstock is corn and wheat materials. Generally,
in biofuel production, the starch-derived material is milled
into a smaller size, and the starch is then broken down into a
sugar. Finally, in the presence of yeast organisms, fermenta-
tion happens and bioethanol is produced (Wei et al. 2014).
This process, as a first-generation biofuel, is the conven-
tional ethanol production process. In a similar process, bio-
diesel is synthesized with soybeans and rapeseeds. In the
second generation, cellulose ethanol uses corn with acid/
alkaline and enzymes to extract fermentable materials that is
converted to sugar and finally alcohol. They used membrane
filtration technology to increase recovery, reduction of waste
and costs of energy.

Rom and Friedl (2016) used polyoctylmethyl siloxane
membrane to separate butanol from the real fermentation
broth by pervaporation. The membrane was selective to
butanol for the binary mixture, acetone—butanol—ethanol
aqueous solution, and real biofuel solution. Feed concen-
tration and temperature have a positive effect on butanol flux
in the binary mixture, and the butanol flux was constant in
the quaternary mixture while the total permeation flux was
increased.

In another study, first butanol was concentrated to 80%
from a fermentation solution by applying a polydimethylsi-
loxane in a membrane bioreactor. Then, by using a polyvinyl
alcohol membrane containing zeolite 3A loaded, butanol
was purified to 93 wt% with 0.87 kg/m* h flux. The separa-
tion factor and flux were investigated at different tempera-
tures, nanoparticle loadings, and feed concentrations (Nigiz
and Hilmioglu 2018).

Borisov et al. (2017) proposed a hybrid thermo-pervapo-
ration assisted by liquid-liquid-phase separation in liquid
permeate with a porous condenser (Fig. 6). The separation of
real fermentation broth by four commercial membranes was
investigated in the system, and commercial MKD-3 indi-
cated the highest performance among them. They used the
water-enriched phase exited from the decanter as a coolant
which can solve the air gap flooding and membrane fouling
and reduce the air gap below one milimeter. It was suggested
that if the coolant temperature is 10 °C, the hybrid process
should be at a temperature more than 50 °C. The recovery
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Fig.6 Hybrid membrane system designed for biobutanol recovery.
The system operates based on thermo-pervaporation process with
porous condenser in which water-enriched phase from the decanter
is used as a coolant. The recovery of acetone—butanol-ethanol com-
ponents reached 80%, and butanol concentration in the fermentation
broth was reduced from 1.6 to 0.5 wt% by using this hybrid system
(Borisov et al. 2017). Reprinted from Journal of Membrane Science,
Vol. 523, Borisov et al., Novel hybrid process for bio-butanol recov-
ery: Thermopervaporation with porous condenser assisted by phase
separation, 291-300, Copyright (2017), with permission from Else-
vier

of acetone—butanol—ethanol components reached 80% and
butanol concentration in the fermentation broth was reduced
from 1.6 to 0.5 wt%.

In another study, the polymer of intrinsic microporosity
with a thickness of 1.0-2.9 ym was coated on an asymmetric
polyvinylidene fluoride as support. The pore sizes at the sur-
face were in the range of 25-55 nm, and fractional surface
porosities were in the range 0.38-0.69. The pore size and the
porosity of this thin-film composite were identified (Fig. 7).
Phosphoric acid was used in order to control porosity and the
pore size of polyvinylidene fluoride. This membrane showed
high flux (9 kg m™> h™"), high separation factor (18.5), and
good pervaporation separation index of 112 for separation of
1-butanol from aqueous solution. The results in Fig. 7 indi-
cate the permeability of polymer of intrinsic microporosity
is related to the layer thickness (Gao et al. 2017).

Rdzanek et al. (2017) used the immobilization of ionic
liquid in the active layer of the membrane incorporated with
polyether block amide for the concentration of n-butanol in
the pervaporation process. Trihexyl(tetradecyl)phosphoni-
umtetracyanoborate (P6,6,6,14tcb) and 1-hexyl-3-methyl-
imidazolium hexafluorophosphate (Im6,1hfp) were used as
ionic liquid. Polyether block amide was added to the ionic
liquid to prevent leaching out. The temperatures of pervapo-
ration process were 29, 37, and 50 °C. The high separa-
tion of butanol from aqueous acetone, butanol, and ethanol
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Fig.7 A thin-film composite
membrane made of polymer

of intrinsic microporosity
(PIM-1)/polyvinylidene fluoride
(PVDF) used for pervaporation
of 1-butanol/water (Gao et al.
2017). The composite mem-
brane was used for the separa-
tion of 1-butanol from aqueous
solution and indicated per-
meation flux of 9 kg m=2h~1,
separation factor of 18.5. The
permeation can be controlled
by changing the thickness of
active top layer. Reprinted from
Journal of Membrane Science,
Vol. 529, Gao et al., High-flux
PIM-1/PVDF thin film compos-
ite membranes for 1-butanol/
water pervaporation, 207-214,
Copyright (2017), with permis-
sion from Elsevier
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Fig.8 Chemical reaction scheme for production of biodiesel. In the
process, biodiesel is produced in a transesterification reaction of tri-
glyceride. Renewable lipids either animal fats or vegetable oils can
be converted to biodiesel by alcohol (Atadashi et al. 2011). Reprinted

solution was obtained with the P6,6,6,14tcb membrane, and
the enrichment factor reached 14.93.

Membranes for biodiesel production

Figure 8 shows transesterification of triglyceride to biodiesel
in the presence of a catalyst. Transesterification of renewable
lipids by alcohol including both animal fats and vegetable
oils produces fatty acid methyl ester, named as biodiesel.
In Fig. 9, a schematic of the biodiesel production is pre-
sented. At first, according to the local conditions, the algae
site is selected. Then, harvesting and following biomass

@ Springer

O CH, - OH

I
Rs-0-C-Rs

Alkyl Esters glycerin

from Renewable and Sustainable Energy Reviews, Vol. 15, Atadashi
et al., Membrane biodiesel production and refining technology: A
critical review, 5051-5062, Copyright (2011), with permission from
Elsevier
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Fig. 9 Schematic of algae biodiesel chain including six steps, i.e., site
selection, algae cultivation, biomass harvesting, biomass processing,
oil purification, and biodiesel production. Membrane systems can be
used to purify the biodiesel, depending on the type of impurity and
size of oil droplets
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processing is carried out. Afterward, the purification of oil
and production of biodiesel are implemented.

To preserve untreated lipids or eliminate the undesirable
by-products from the biodiesel, the membrane systems can
be applied (Guerreiro et al. 2006), which can be catego-
rized into two groups: (1) based on the size of oil droplets
(membrane pore size); (2) based on membrane perm-selec-
tivity. In the first group, a ceramic or carbon microporous
membrane is used as these types of membranes have high
resistance to corrosion and degradation where the cata-
lyst is a base or acid (Baroutian et al. 2011; Dubé et al.
2007). Because methanol and lipids have different polari-
ties, they are immiscible and their mixture becomes two
phase. In this process, the lipid/oil micelles or droplets are
dispersed in methanol phase (continuous phase). These
droplets are filtered by a membrane because it has much
larger diameter than the product biodiesel, the by-product
glycerol, the reactant methanol, and the catalyst (acid or
base). To purify biodiesel in the permeate, more water
washing is needed. In the second group (membrane selec-
tivity), a dense hydrophilic polymeric membrane is applied
(Baroutian et al. 2010; Guerreiro et al. 2006; Shi et al.
2010) and based on the interaction between the membrane
and the target component, the separation is carried out.
Glycerol and methanol penetrated through the membrane
because they have high interaction with hydroxyl groups
of polyvinyl alcohol through hydrogen bond. Untreated
lipid and biodiesel that have different chemical structures
with membrane are retained in the system, while glycerol
and methanol are continually removed from the mixture.
All operations are performed under atmospheric pres-
sure. Catalysts may permeate through the membrane, so
activated carbon is used to take catalysts away during the
reaction. Baroutian et al. (2011) found that biodiesel with
high purity is produced without washing or purification so
that conversion of oil to fatty acid methyl esters reached
93.5%. When the reaction and separation are carried out
simultaneously, the process will be more favorable. In this
regard, the catalyst immobilizes into the membrane matrix
to make catalytically active membrane.

The acidic catalytic membrane is created by adding a
sulfonic group to the polymeric matrix (the hydroxyl group
of polyvinylacryl with 5-sulphosalicylic acid is esteri-
fied) (Castanheiro et al. 2006), or by blending with poly-
styrene sulfonic acid including strong acidic groups (Zhu
et al. 2010). In another approach, the catalytic membrane
can be fabricated by dispersing the heterogeneous catalyst,
e.g., amino-functionalized carbon nanotubes, into a poly-
meric matrix (Guerreiro et al. 2010; Villa et al. 2009). An
appropriate amount of carbon nanotubes can improve the
mechanical strength of the membrane. Polyacrylonitrile is
commonly used for biodiesel process (Saleh et al. 2010).
One of the biggest challenges faced to membrane biofuel

separation processes is fouling (Rezakazemi et al. 2018a).
Fouling in biodiesel production is caused by the glycerol
agglomeration (especially when further alcohol, soap and
catalyst exist) which filled the pores of the membrane. As the
concentration of alcohol in the reaction mixture for the bio-
diesel production is low, the likelihood of fouling is not high.

For the second group, there is not any research about the
fouling phenomena and the research in the field of mem-
brane surface morphology and mechanical properties is lim-
ited to a few studies. It is necessary to increase the chance of
successful practical biodiesel production, by more investiga-
tions about these problems.

The membrane for biodiesel production is applied in
two approaches: the reactor membranes which convert ani-
mal fats and vegetable oil to biodiesel, and the separation
membranes that purify the crude biodiesel from undesirable
components (catalysts, soap, glycerol, and alcohol) without
using water, acids, organic solvents, and absorbents. Mem-
branes can be classified as organic, inorganic, or combina-
tion of both. In the processes containing high acidic or basic
properties, an inorganic membrane such as zeolite, metallic,
ceramic, and carbon-made can be applied well while organic
membranes due to less resilience are not preferred (Atadashi
etal. 2011).

The ceramic membranes are porous filters manufactured
at high temperature by alumina, titanium, zirconia oxides
and have an asymmetrical structure with porous support
active membrane layer. The macroporous support provides
the mechanical resistance, and active layer does separation
process such as microfiltration and ultrafiltration. In addi-
tion, ceramic membranes always work in the cross-flow
mode in which the fluid is filtered flows along the membrane
surface and because of the pressure difference penetrates into
the membrane. This feature of ceramic membranes reduces
the impact of fouling and increases the filtration rate.

Successful applying of membrane reactors in the biodiesel
process increases the development of biofuels as renewable
and sustainable fuels. A membrane reactor increases the
contact between reactant and catalyst, selectively purifica-
tion of the product from the impurities, and control in the
adding reactant to the reaction mixture (Westermann and
Melin 2009). Not only these reactors have not a limitation to
the equilibrium conversion as conventional reactors but also
increase the maximum achievable conversion of reversible
reactions and reaction pathways (Chmielewski et al. 1999).
In addition, membrane reactors are highly selective, safe,
and environmentally friendly and have high yields (Coronas
and Santamaria 1999).

Dubé et al. (2007) designed a membrane reactor for both
acid and base catalytic transesterification of canola oil and
also the removal of unreacted canola oil from products. The
schematic diagram of the membrane reactor is shown in
Fig. 10.
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Fig. 10 A schematic diagram of a membrane reactor: water removal
by vapor permeation reactor (Cannilla et al. 2017). The membrane
reactor increases the contact between reactants and catalyst due to
small dimension, thereby increasing the reaction yield. It can also
selectively purify the product from the impurities and provide high

In another study through a membrane reactor, Cao et al.
(2008a) studied transesterification of soybean, canola, palm,
and yellow grease lipids. The results showed a moderate
efficiency in all types of feedstock so that it produces a
high-quality biodiesel which was confirmed by gas chro-
matography and it met the specifications of ASTM D6751.
Also, the amount of glycerol in the biodiesel produced by
the membrane reactor was much less than conventional ones.
Cao et al. (2008b) also investigated the membrane reactor for
biodiesel production via 100, 75, and 50 vol% of recycling
ratio. It means for 75% recycling ratio, a mixture of 0.75 L
of polar phase with 0.25 L methanol with 1 wt% caustic
catalyst was pumped into the circulating loop of membrane
reactor with 3 L/h flow rate of canola oil. In addition, to keep
the nonpolar phase of biodiesel product containing 85 wt%,
both the permeate and methanol/glycerol polar phases were
removed consistently. At maximum recycle ratio, the con-
centration of fatty acid methyl ester in the nonpolar phase of
biodiesel product was in the range of 85.7-92.4 wt%.

Membranes for biogas production

Biogas is a mixture of various gases such as methane (60%),
carbon dioxide (40%), and a trace of carbon monoxide, nitro-
gen, hydrogen, and hydrogen sulfide. Biogas can be used for
electricity production, in combined heat and power (CHP)
gas engines, fuel cells, in vehicles, and as compressed natu-
ral gas. In terms of energy, the biogas has a considerable
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level of control in adding reactants to the reaction mixture. Reprinted
from Catalysts, Vol. 7, Cannilla et al., Potential of pervaporation and
vapor separation with water selective membranes for an optimized
production of biofuels—a review, 187, MDPI, Open Access

heat value in comparison with other fuels. For example, the
heat value of biogas is about 60% of natural gas and quad-
ratic of propane. So, the use of biogas as a renewable energy
is important and more efforts on the industrializing of biogas
are needed.

If the raw biogas is to be used as a substitute of natu-
ral gas, methane of biogas is needed to be concentrated.
Therefore, the carbon dioxide and other components such
as water, hydrogen sulfide, and particles must be removed
(Fig. 11). For enrichment of the biogas, some membranes
are used more, such as membranes fabricated from poly-
imide, polyesters, polypyrolones, polysulfone, cellulose
acetate, polypyrolones. Among them, polyimide and cellu-
lose acetate-based membranes were introduced as the most
effective commercial membranes. To separate carbon diox-
ide from methane in biogas mixture, polymeric membranes
are commonly used (Rezakazemi et al. 2011a). For example,
in a study supported epoxy-amine-based ion-gel membranes
were applied as a suitable membrane with high performance
of CO,/CH, separation (Friess et al. 2017). Figure 12 shows
that the presence of humidity in biogas causes high perfor-
mance of CO,/CH, separation factors (up to 35) compared
with dry feed gas.

In another study where biogas contains hydrogen sulfide,
polyetheretherketone as a polymeric membrane was used to
separate biomethane from biogas where the feed pressure
and compositions showed remarkable effects on selectivity
(Iovane et al. 2014).
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There are some types of biogas such as biohydrogen
and biomethane. The source of biohydrogen and biom-
ethane are from fermentation processes and anaerobic
digestion of biological waste (Basu et al. 2010). In these
processes, membrane bioreactors are used where anaero-
bic membrane bioreactors are single membranes in which
both biohydrogen and biomethane are generated; at first,
hydrogen is produced and methanogenic phase is then gen-
erated (Ylitervo et al. 2013); besides, other gases even in
very small concentrations are generated (such as carbon
dioxide, hydrogen sulfide, nitrogen, oxygen, and volatile
siloxanes) (Rasi et al. 2007). The presence of these volatile
components has some drawbacks: (1) reduction of biogas
calorific value, (2) possibility of compression decreases,
(3) possibility of corrosion in the transport and distribu-
tion system (Basu et al. 2010). These volatile components
can be removed by means of membrane technology. It is
noted that the polymeric membranes can operate better
than ceramic ones, especially below 150 °C.

Some researchers have reported two ways for improv-
ing the performance of the polymeric membranes. In one
approach, with additions of bulky functional groups such
as —Si(CHj3);, —C(CF;), or bromine groups, the permeability
is enhanced while selectivity keeps high (Guiver et al. 2002;
Mohr et al. 1991). In another way, introducing cross-linker
such as ethylene glycol in highly permeable membranes can
modify the selectivity (Hess and Staudt 2007).

The polymeric membranes have many advantages in gas
separation, but there are some disadvantages such as aging
or plasticization and densification. When gas molecules are
dissolved into the pores of the polymeric matrix, plasticiza-
tion occurs. Plasticization results in the polymeric swelling
or matrix damage that leads to the highest increases in gas
diffusion, and finally a reduction in selectivity (Kamiya et al.
1989; Sadrzadeh et al. 2018). To solve plasticization prob-
lem, membrane modification can be performed by chemical
modification, heat treatment, and polymer blending (Bos
et al. 1998; Cao et al. 2003; Hosseini et al. 2008; Ismail and
Lorna 2003; Visser et al. 2007).

Addition of nanoparticles to the membrane structure
improved the physical, thermal, and separation character-
istics (Dashti et al. 2018; Rezakazemi et al. 2017¢, Rezaka-
zemi et al. 2016). So, mixed matrix membranes are fab-
ricated by combinations of the polymeric and inorganic
materials which have the advantages of processibility,
selectivity, and permeability, simultaneously (Roy and Sin-
gha 2017; Sodeifian et al. 2018). The promising candidate
of inorganic materials in mixed matrix membranes struc-
ture is zeolites, carbon molecular sieves, carbon nanotubes,
metal-organic frameworks, zeolite imidazole frameworks,
covalent organic frameworks and etc.

The applications of mixed matrix membranes have some
challenges including accumulation and interfacial voids
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which reduce the membrane selectivity due to non-selective
voids. Also, one of the main challenges in mixed matrix
membranes is sedimentation that causes polymer phase and
filler to be non-homogeneous. In a study that investigated the
mixed matrix membranes (Basu et al. 2010), the sedimenta-
tion was reduced by increasing the viscosity since the poly-
mer solutions are made with high concentrations, and also
solidifying the membrane occurs quickly to decrease settling
the filler. Furthermore, some developments have been done
by thermal annealing, adjusting the polymer chains and filler
in point of polarity, and the use of melt extrusion method.

Conclusion

Using membrane technology in biofuels production has led
to the reduced consumption of fossil fuels, the fewer car-
bon emissions, minimum generation of waste, and finally a
clean future. The membrane systems in biofuel production
are divided into different groups, i.e., ultrafiltration/microfil-
tration for the removal of impurities from biofuels; pervapo-
ration for elimination of yeast and fermentation inhibitors;
nanofiltration for desalting and purifying of components
with low molecular weights; and reverse/forward osmosis
to concentrate the product and the reuse of water. Industri-
alized membrane-based biofuel plants with more economi-
cal and energy benefits significantly depend on the quality
of membranes and performance of membrane process. To
obtain the reasonable cost and energy consumption, the flux
and selectivity of the existing membranes must be improved.
In the biomass fermentation process, the membranes with
high resistance against fouling and incorporation of fillers
into the polymer matrix membranes are needed. In terms
of reaction, membrane reactors have the ability to process
the feedstock with low quality and produce the fuels with
high quality by restricting the entrance of unreacted oils to
biofuel product. It is expected that the plant with continuous
fermentation will increase significantly in the near future,
and certainly, the membranes will play a vital role in this
regard. Around twenty-second generation plants of cellu-
losic biorefineries are in service or under construction that
an investment of $ 564 million has been made from pilot to
commercial scales. More efforts are needed to investigate the
lifetime, mechanical strength, chemical and thermal stabil-
ity and fouling effects of the membrane systems in biofuels
separation.
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