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ABSTRACT: Liquid−liquid separation is crucial in the present
circumstances. Substitution of the conventional types of separation
like distillation and pervaporation is mandatory due to the high
energy requirement of the two. The separation of organic mixtures
has a huge potential in industries such as pharmaceutical, fine
chemicals, fuels, textile, papers, and fertilizers. Membrane-affiliated
separations are one of the prime techniques for liquid−liquid
separations. Organic solvent nanofiltration, solvent-resistant nano-
filtration, and ultrafiltration are a few methods through which organic
liquid−liquid separation can be attained. Implementation of such a
technology in chemical industries reduces the time consumption and
is cost efficient. Even though a lot of research has been done,
attention is needed in the field of organic−liquid separation aided by
membranes. In this review, various membranes used for organic
mixture separations such as polar−nonpolar, polar−polar, and nonpolar−nonpolar are discussed with a focus on membrane
materials, additives, separation theory, separation type, experimental setup, fouling mitigation, surface modification, and major
challenges. The review also offers insights and probable solutions for existing problems and also discusses the scope of research to be
undertaken in the future.

1. INTRODUCTION
Solvents account for 80−90% of the total organic mixture used
in any organic reaction and contribute to 80−85% of the
waste.1 Organic compounds are found to have a plethora of
applications ranging from mining industries to pharmaceutical
industries. Therefore, the purification and separation of these
solvent molecules has become very important to encourage
purification or to enhance reusability. It was found that 80% off
the pharmaceutical wastes are organic solvents; hence,
treatment of waste involving organic moieties is a pervasive
challenge faced by the industries. The recent techniques used
for the removal of organic pollutants are waste liquid coal
slurry (coal slurry), biohydrogen production by anaerobic
bioconversion of organic liquid waste by recirculation of
digester effluent (bioH), cation-exchange resin regeneration
waste liquid by enhancing anaerobic fermentation of organic
matters (resin), etc. The cost required to achieve the same is
about 40−80% of the capital and operational cost combined.
Therefore, there is a need to inculcate more efficient separation
techniques to meet the energy- and cost-related demands.2

The separation of organic solvents is one of the foremost
challenges in membrane separations. The commonly used
solvents in organic synthesis are aliphatic hydrocarbon,
aromatic hydrocarbon, cyclic hydrocarbon, amines, ketones,
esters, ether aldehydes, etc. It is inevitable for organic synthesis
to occur without the presence of organic solvents. The choice

of organic solvent required for a particular synthesis depends
on various properties of solvents such as hydrophilicity,
viscosity, polarity, density, boiling point, etc.3

Membrane technology is found to be very handy in such
situations, due to its low energy consumption when compared
to distillation and evaporation which leads to thermal damage
of heat-susceptible organic molecules (Figure 1).4,5 Although
there have been a lot of innovations and ground-breaking
research in the field of membrane technology, there still lies
considerable room for innovative thinking in a broader
perspective.6 On the other hand, organic solvents have a
rising demand in the global market which paves the way for
reuse and recovery of waste. The challenge faced in this field is
that most of the membrane material remains labile in contact
with few organic solvents, thereby narrowing the use of the
usual polymers. Techniques such as cross-linking or post-
treatment are done to enhance the stability of membranes in
solvents but with a trade-off of permeate flux.7 Various others
factors such as membrane pore size, hydrophilicity, viscosity of
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the membrane dope solution,8 molecular size of the solvent,
hydraulic permeance of the organic solvent,9 etc., influence the
membrane performance to a greater extent. Organic solvent
reverse osmosis (OSRO), organic solvent nanofiltration
(OSN), and solvent-resistant nanofiltration (SRNF) are a
few streams as far as organic separation is concerned which
demand further investigation. With the advent of a more
solvent-inert membrane and new material, with high
probability one can definitely say membrane technology can
replace all the conventional separation techniques.
Membrane separation is well established, showcasing

separations ranging from oil−water separation,10 metal
rejection,11 biotechnology, pulp and paper, pharmaceutical,
food processing, petroleum, and desalination.6 The functioning
of a membrane depends on various factors which act as driving
forces, such as pressure, temperature, electrical, or concen-
tration difference, etc.12 Use of membrane technology for
liquid separation is found to be more efficient because of its
high potential to minimize the energy usage involved in
purification and separation. This boon embraced by mem-
branes extends its scope of application to gas- as well as liquid-
phase separations. Conversely, membranes are prone to
swelling and have poor chemical stability due to their weak
or reversible chemical bonds, and a general strategy such as
cross-linking is used to improve the structural stability of
traditional polymers.13 Also, we know that in membrane
technology there lies a trade-off between selectivity and
permeability during separation.14 These two factors determine
how fast and to what extent the molecule of interest travels
across the membrane. Achievement of high flux enables
permeability of a large volume of fluid through the membrane
at a given time, whereas as high membrane selectivity favors
delivery of the desired products with high purity. The
benchmarks set are (i) to surpass the upper bound of
permeability−selectivity trade-off and (ii) design membranes
prone to less fouling, physical aging, and chemical aging.15 In
addition, liquid−liquid separations (of organic molecules) have
a trade-off between high affinity (sorption or selectivity) and
deterioration of the selective layer due to swelling. Compared
to conventional methods, membrane filtration has gained the
potential to overcome all the above-mentioned hurdles and has
also been found to be environmentally compatible and involve
less energy and operational time.16 Solvent-stable polymers

such as polyimides, polysiloxanes, polyphosphazenes, etc., are a
few specialized polymers6 used for separation. Most reverse
osmosis (RO) and nanofiltration (NF) membranes used in the
treatment of water, coming from various sources, have different
salinity, natural organic content, and biological matter. The
transport of molecules across membranes is best explained by
size exclusion and the solution-diffusion mechanism.15 Most of
the separation techniques such as distillation, extraction,
evaporation, and forward and reverse osmosis rely on high
thermal energy, have poor stability, and are expensive devices.
Membrane researchers have persistently developed new NF

polymeric and ceramic membranes. Each of these membranes
has their own pros and cons. Polymeric membranes are easily
modifiable and accessible but are slightly unstable in a few
organic solvents. Ceramic membranes are found be more
expensive than polymeric membranes, and due to the
hydrophilic surface of polymeric membranes, they tend to
repel out organic solvent though they are chemically inert and
rigid in organic medium as desired. Ceramic membranes have
resilience toward high temperature and harsh organic solvent
over polymeric membranes. The main obstacles observed in
OSN membranes are (i) specific and consistent molecular
weight cutoff and (ii) predicting the membrane performance
based on interactions between the membrane, solvent, and
solute. All these complications have paved the way to more
innovations in order to tackle the separation and purification of
organic solvents. When inorganic additives are amalgamated
with polymeric materials, we have what is known as mixed
matrix membranes (MMMs). Ceramic membranes are
generally multilayered structures, which are classified based
on their pore diameter into microporous, mesoporous, and
microporous.17 Ceramic membranes are composed of three
distinctive layers, namely, alumina support, immediate layer,
and filtration layer. The alumina support was sintered at
elevated temperatures (1600 °C or above) to achieve high
bending energy to act as a suitable support. Several immediate
layers are incorporated to affectively avoid penetration. The
last layer, the membrane layer, is coated to ensure the desired
separation intended by the researcher. The main issue that
needs immediate attention as far as ceramic membranes are
concerned is the high energy required to synthesize alumina
support. Due to this very reason, the synthesis of ceramic
membranes is cumbersome compared to the polymeric
membrane.18 Nanofiltration was imbibed as an alternative or
as an add on for reverse osmosis in water purification. The
success rate of NF as a suitable membrane technique in water
purification has created inquisitiveness in researchers to focus
even more on nonaqueous purification and separation in
specific organic solvent nanofiltration. In order to satisfy the
criteria of an OSN membrane, the materials should have strong
mechanical stability; that is, they must be swelling resistant and
must ensure noncompaction behavior of additives synergized
with a high selectivity of the polymeric material used. Hence,
due to this an amalgamation of inorganic−organic membranes
is found to have a promising application in the field of liquid−
liquid separation. There are two possibilities of attaining
materials of this choice: (i) inorganic materials are grafted on
the surface of the polymeric membranes and (ii) in situ
modification of organic polymeric materials into the ceramic
matrix.
Liquid−liquid separation has emerged as a vital process in

product purification, resource recovery, and microfluid
operations which presently are the top fields of research.

Figure 1. Energy requirement in various separation processes.
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Hence, organic solvent nanofiltration (OSN), solvent-resistant
nanofiltration (SRNF), and porous membranes are different
types of organic liquid separation techniques related to
membranes that have come to light. Its application ranges
from oil refining19 to the production of fine chemicals.20

The membrane’s application in industries goes back to the
early 1960s, and ever since then it has been proven useful in
various large-scale industrial applications. The main outbreaks
in membrane-based technology are (i) membrane material, (ii)
membrane structures, and (iii) bulk production of membranes
(organic or inorganic materials). To be a self-sustainable and
efficient separation technology on a commercial scale,
membranes need to accomplish a few criteria such as high
flux, enhanced rejection/selectivity, mechanical stability,
antifouling ability, temperature resistance, cost efficiency, and
the ability to be miniaturized into high surface area modules.
Another important characteristic of the membrane is the
porosity or the pore distribution, which directly governs the
flux and rejection ability of the membrane.21 A few of the most
commercial membranes used in organic solvent nanofiltration
are STARMEM 122, STARMEM 240, DuraMem 500,
DuraMem 280, PuraMem S600, PDMS:MPF-44, etc.22−26

These listed membranes shown solvent stability in various
organic solvents such as methanol, ethanol, acetone, isopropyl
alcohol, carbon tetrachloride, etc. Keeping in mind all the
above-mentioned points, membranes have an eminent scope in
industrialization or commercialization for large-scale applica-
tion. However, as discussed above, the compromise on either
selectivity or permeability is definitely an issue that must be
tackled, with which further growth and knowledge on the
drawbacks of membrane-based technology can be handled to
some extent.
The graph above (Figure 2) expresses the number of

publications over a period of two decades (literature data were

extracted from the Web of Science) in the area of liquid−liquid
separations achieved through membranes, void of pervapora-
tion, or any high-energy-consuming separation techniques.
Compared to previous articles published by researchers, we
hope this review will play a pivotal role in the future research of
polymeric membranes used to attain solvent−solvent separa-

tion. The roles of various additives, membrane materials,
membrane modifications, and various others factors influenc-
ing the membrane’s ability are evaluated. This review focuses
on research output so far on liquid separation, except
conventional types of separation as mentioned before, and
we as authors believe membrane technologies involving OSRO
and OSN are promising techniques to achieve the desired
liquid−liquid separation.

2. TYPES OF ORGANIC SEPARATIONS
The significance of organic chemicals in industries has
prompted its extensive investigation in membrane technology.
The similar physical characteristics, strong intermolecular
interactions, and presence of azeotropes among organic liquids
call for membrane separation over other separation techni-
ques.4

Organic solvent nanofiltration (OSN) is a promising energy-
friendly and waste-efficient process to separate organic
moieties to the molecular scale and has embraced the attention
of pharmaceutical industries.27 OSN can be amalgamated with
other purification techniques for the intensification of yields,
purity, and energy efficiency. The heart of OSN is the OSN
membrane, which not only should harbor high permeance and
high rejection but also must have chemical stability.12

Membranes used in OSN can be organic or inorganic
polymeric materials. The factors which decide the membrane
performance are solvent stability, swelling resistance of the
membrane, and mechanical, thermal, and chemical stability of
the membrane material. In general, it is observed that polymers
lose their physical integrity when brought into contact with
organic solvents.13 The commonly encountered challenges in
OSN are inefficient separation leading to low yield or purity
and elevated solvent consumption.5

2.1. Polar/Nonpolar Separation. A molecule is consid-
ered to be polar when two atoms do not share the covalently
bonded electrons equally, which eventually leads to one part of
the molecule being positively charged and the other part being
negatively charged. This phenomenon is found to occur when
there is a difference in electronegativity (range 0.5−2.0)
between two atoms. However, nonpolar molecules share
electrons equally in a covalent bond, and there is no electrical
charge across the molecule, as the electrons are equally
distributed. The sense of nonpolarity comes into play when the
bonded atoms have the same or similar electronegativity.28,29 A
polyamide selective layer was synthesized over the aliphatic
polyketone support to achieve methanol−toluene separation.
The precursor molecules used for the synthesis of the selective
layer are 1,3,5-benzenetricarbonyl trichloride (TMC) and 1,3-
phenylenediamine (MPD), and they were cross-linked via
interfacial polymerization on the support. This membrane is
found to show a better separation factor when compared to
commercial membranes. The organic mixture chosen for
separation was methanol and toluene with the ratio of 9:1 with
a maximum flux of 8 LMH and a separation factor of 8.4
(Figure 3). The stability of this membrane in organic solvents
was calculated using the Hansen solubility parameter difference
(Δδp) (Table 1) of the membrane and the liquid under
consideration. Higher Δδp accounts for the lower polarity of
the solvent tuning the separation to be polarity dependent.9

Similarly, another group of researchers was engaged in the
separation of organic solvents using RO membranes designated
CMS-7, perfluoro-2,2-dimethyl-1,3-dioxale copolymerized with
tetrafluoroethylene (PDD-TFE). Various permutations of

Figure 2. List of publications related to liquid−liquid separation using
membranes.
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organic liquids were chosen to probe the separation efficiency
of the membrane for various polar protic, polar aprotic, and
nonpolar organic mixtures. From this study, one can conclude
that the mechanism that governs the separation is hydro-
phobicity of the membrane, pore size, and concentration
dependence. Concentration dependence is important because
when the composition of a particular liquid exceeds in

concentration then even if the other liquid exists the
dominating species permeates as the pure species.30 From
the above cited literature, it can be observed that for polar−
nonpolar separation the membrane matrix must be hydro-
phobic if the feed consists of a high concentration of nonpolar
moieties and hydrophilic for polar moieties. Another important
factor is the pore size and pore distribution of the membrane,
which can be tuned by using a suitable solvent−nonsolvent
during the phase inversion process or even by managing to
imbibe additives that meet the needs and tunability of the
membrane.
Another class of polar−nonpolar separation is oil−water

separation. Although organic liquid−water separations are not
considered as an organic liquid separation, some examples are
included to showcase the candidature of membranes (Table 2).

Oil pollution has contributed to a major environmental hazard,
which is a hurdle for the expansion of petroleum production.
The current methods used for the treatment of oil spills
include blooms, skimming, and burning of oil which can
gradually increase the concentration of carbon dioxide in the
environment.31 Polyamide membranes manufactured from
copolymerization of diaminophenylindane with benzophenone
tetracarboxylic dianhydride showed excellent chemical resist-
ance and economically viable flux and high rejection (99%) of
aliphatic hydrocarbon from lube oil filtrates at 14 °F.32
Another group synthesized a graphene oxide−polyether
sulfone (GO-PES) hollow fiber and flat sheet membrane for
oil−water separation. The dope compositions of GO in both
the flat sheet (FS) and the hollow fiber (HF) membranes were
the same, but the morphology and pore size showed variance
due to the fabrication. The HF membranes showed higher oil
rejection (∼99%) unlike FS membranes (up to 50%) and
accounted for the small pores in FS membranes, wherein the
permeation flux is also maintained due to enhanced flow
dynamics.33

The use of membranes for the treatment of oil spills is one
possibility. These separation techniques endow nanocomposite
membranes and surface-modified membranes with a class of
membranes that are hydrophilic/oleophobic, which retain oil
and enable passage of water, and a second class of membranes
which have hydrophobic/oleophilic behavior which removes
oil by adsorption by the use of silica aerogels, metal-coated

Figure 3. Fabrication of the polyamide membrane and polar liquid
model and nonpolar liquid model for separation of polar (methanol)/
nonpolar (toluene) mixtures.9

Table 1. Hansen Solubility Parameters of a Few Organic
Solvents and Their Properties30

Table 2. List of a Few Membrane Materials Used for
Liquid−Liquid Separation

Sl.
no. Membrane

Solvent
system Polarity Ref

1. Aliphatic polyketone supported poly-
amide (PK-RO)

• Metha-
nol−tol-
uene

Polar−
nonpolar

9

2. Perfluoro-2,2-dimethy-1,3-dioxale co-
polymerized with tetrafluoroethylene

• NMP−tol-
uene,

Polar−
nonpolar

30

• (DMF)−
toluene

• DMSO−
toluene

3. Polyamide membrane manufactured
from copolymers of diaminopheny-
lindane with benzophenone tetracar-
boxylic dianhydride

• lube oil−
water

Polar−
nonpolar

32

4. Graphene oxide-polyether sulfone •Oil−water Polar−
nonpolar

33

5. Graphene oxide (GO) based laminated
membrane

•Ethanol−
water

Polar−
polar

2
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membranes with polydimethylsiloxanes (PDMS), or polytetra-
fluoroethylene (PTFE).34

When the structure of water/alcohol or water/organic liquid
is spherically designed, hydrophilic membranes are of interest.
Thereby, diffusion of water molecules into the membrane
during separation can be expected. In order to facilitate the
diffusion of water molecules through the membranes,
dissociation groups are incorporated into the membrane
matrix to raise the affinity of the membrane. One such
material is a chitosan acetate (ChitoA) moiety which is found
to have amino and hydroxyl groups which render resistance
against organic solvent and enhance hydrophilicity.35 Though
there have been many advances made in oil/water separation,
most of the material still meets the demands of practical
applications. Future development must mainly focus on cost-
effective, environmentally friendly, and reusable materials with
high scalability. The major impediment witnessed in oil−water
separation is the fouling behavior of oil due the hydrophobicity
of oil used. One must always strive to attain a high flux
recovery ratio (FRR) and a long shelf life of the membrane
irrespective of the separation intended.
2.2. Nonpolar/Nonpolar Separation. BTX, abbreviated

as benzene, toluene, and xylene, are the primary raw materials
for petrochemicals. The consumption of xylene isomers is of
unbalanced proportion, and p-xylene (pX) is also found to be
valuable and is used in the synthesis of polyethylene
terephthalate (PET) and polybutylene terephthalate (PBT).
o-Xylene is used in the production of phthalic anhydride, and
m-xylene is used in the synthesis of isophthalic acid.36,37

Xylene in general is derived from crude petroleum and found
to have application in tissue staining, as a lubricant in motor
and oil break fluids, in paint thinners, etc.38 Xylene as we all
know exists in three isomeric forms derived from catalytic
reforming of crude oil. All three forms o-xylene (oX), p-xylene
(pX), and m-xylene (mX) have different applications with
respect to each other. p-Xylene acts as a precursor in the
synthesis of a polymer, polyethylene terephthalate, which in
turn is used in food packing, clothing, and household
fabrics,39,36 and these isomers are challenging to separate due
to their similar molecular mass and physical properties (boiling
point of pX 138.38 °C, mX 139.19 °C). Use of membrane
technology to achieve separation of the isomeric mixture is still
a field unventured and still remains a future scope. One such
group synthesized novel dense composite membranes made of
polyhexylmethylsiloxane (PHexMS), polyoctylmethylsiloxane
(POMS), and polydecylmethylsiloxane (PDecMS) for the
separation of saturated and unsaturated hydrocarbons.
Polydimethylsiloxane (PDMS) was used for comparison. On
increasing the alkyl chain length from hexyl to decyl the
selectivity for n-butane/methane gas increases from 15.5 to
18.2 which is greater than the separation factor exhibited for
PDMS (7.6), but permeabilities of the gas are found to drop
with an increase in carbon chain length. A phenomenal
decrease in separation factor was observed in these gas
mixtures when compared to ideal gases due to butane, causing
membrane swelling.40 When species are of the same polarity or
are isomeric in nature, the separation process can be achieved
only by amending the pore size of the membrane or by certain
modifications on the membrane surface such that only a
particular isomer can easily diffuse through the matrix.
2.3. Polar/Polar Separation. Ethanol/water separation is

found to be one of the most demanding and stimulating
separations in azeotrope mixtures and if solved will definitely

create a breakthrough in membrane technology. Ethanol
specifically is one of the most clean and sustainable sources
because of its renewable, economic, and environmental
properties.13 Zhan et al. used graphene oxide (GO) based
laminated membranes for the separation of liquid solvents.
Herein the solvation aspect of layered GO materials was found
to be their trademark property due to the hydrophilicity of
GO. There exists a molecular competitive insertion of mixed
solvents when they permeate through the GO interlayer pore,
and the swelling nature becomes more complicated. For a GO
concentration of 7−10% having a pore size of 7 Å, both
ethanol and water were able to spontaneously diffuse through
the pores, but the rate of permeation of ethanol is greater than
water as it takes ∼100 ns for ethanol to attain a relatively stable
intercalation. It is noted that the number of water molecules
occupying the pores is greater than ethanol, with increasing
oxidation degree of GO (7−20% and 7−35%). GO with 7−
35% showed a higher amount of water with only a few ethanol
insertions. The reason for this trend is the repulsion of the
functional groups GO and ethanol at the GO nanochannels. It
was also observed that water molecules were sparsely
distributed in the slit-like pores due to the obstruction effect
of ethanol molecules at the pore entrance. For GO with a pore
size of 9−12 Å, the nanochannels can be intercalated
simultaneously by both ethanol and water. Ethanol molecules
are found to penetrate into the pores compared to water
molecules due to the strong surface affinity of the first with the
GO surface. Therefore, the average dwelling time for ethanol at
the GO surface is relatively more than that of water, inferring
that ethanol molecules can reside better compared to water on
the GO surface.38 Very limited research has been done on
polymeric membranes to achieve alcohol−water separation
due to their closely related size and polarity.
Bioethanol has been found to be a good source of biofuel

and is environmentally benign. However, the glitch is that
ethanol does not come pure but with a few traces of water and
other small alcohols that hamper the purity and efficacy of
ethanol required. Tang’s group synthesized poly(N-isopropy-
lacrylamide) (PNIPAM) along with a 5-coordinate zinc-based
metal−organic framework designated as the DMOF compo-
site. A pristine MOF was not used as such due to its lability in
a water medium, whereas the DMOF−PNIPAM composite
was water inert, prevented MOF decomposition, and tuned the
hydrophobicity and pore size of the membrane with a different
dosage of PNIPAM. This is because of the amide group
present in the PNIPAM, which absorbs moisture which in turn
protects the MOF from water degradation. It was observed
that the separation factor increased with an increase in applied
pressure: i.e., for methanol−ethanol 3.5 to 17.3 and for water−
ethanol an increment from 2.1 to 3.3 were observed.41

3. MODELS PROPOSED FOR THE TRANSPORTATION
OF SOLVENT MOLECULES ACROSS THE
MEMBRANE MATRIX
3.1. Solution Diffusion (SD) and Pore Flow (PF)

Models. The transport of organic molecules across OSN
membranes is interpreted using solution diffusion (SD) and
pore flow (PF) models. The article published by See-Toh and
his group gives more importance to the PF mechanism because
of its usefulness in explaining the effects of changing dope
composition on the membrane filtration performance. MWCO
studies alone are insufficient to explain the membrane’s ability
to discriminate between separating species. Michael and his
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group suggested the use of two-parameter log-normal
distributions of sieving characteristics of various membranes.
Herein, the mean solute diameter (ds) and solute standard
deviation (σs) were used to explain the size range and rejection
of solutes by different membranes.
The rejection Rf can be explained by the below equation

R z e u uerf( )
1
2

2df

2 2
= =

(1)

The solution-diffusion model was first proposed in the 19th
century for transportation across dense membranes but was
not widely accepted until the 1970s. According to the solution-
diffusion model, dissolution/sorption causes permeation of
molecules through the membrane toward the permeate side.
Dissolution/sorption behavior and the difference in rate of
diffusion are the motive for separation of molecules across the
membrane.
This model is found to have applications in all types of dense

membranes ranging from gas separation, pervaporation, and
dialysis to RO membranes. The main pillar of the theory is that
the driving force for species to permeate across the membranes
is due to the gradient in chemical potential (a form of
thermodynamical potential), which can be simplified as
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where Ji = flux of component i (either a solvent or a solute)
though the membrane; ci = (electro)chemical potential of
component i; x = membrane position; and Di = proportionality
coefficient linking the chemical potential gradient to the flux.
The fame and wide use of the SD model is due to the
membrane driving forces such as gradients in temperature,
electromotive force, concentration, and pressure.42

4. THEORY BEHIND THE PORE FORMATION
MECHANISM

Asymmetric membranes for OSN are usually prepared by a
phase inversion process, and a polymeric dope solution
undergoes transformation from the liquid to solid state. This
process is initiated by liquid−liquid demixing. A thermody-
namically unstable solution is separated into two phases, i.e.,
the polymer-rich phase and polymer-lean phase, to reach
thermodynamic stability.43 The phase inversion method is
usually employed in the synthesis of asymmetric membranes,
where the casting solution consists of the polymer dissolved in
a suitable solvent. Later, the membrane is cast and immersed in
a nonsolvent coagulation bath. It is in this step where exchange
of solvents and nonsolvents occurs and eventually leads to pore
formation. The principle of the pore formation process
contains both thermodynamics of the ternary diagram and
mass transfer properties.44 The solvent and nonsolvent ratio
along with the choice of polymer and its concentration and
evaporation period have been found to have a great influence
on the molecular weight cutoff (MWCO) and flux. The figure
below (Figure 4a) is a suitable figure for the ternary phase
diagram which depicts a three-component system comprised of
a polymer, a solvent, and a nonsolvent which is commonly
used in membrane fabrication by nonsolvent-induced phase
separation (NIPS). Presently, most of the polymeric
membranes are synthesized via the phase separation (phase
inversion) method. This technique involves two phases: a solid
phase that is rich in polymer which eventually forms the
membrane matrix and a liquid phase that forms the membrane
pores. The phase separation can be achieved by nonsolvent-
induced phase separation (NIPS), thermally induced phase
separation (TIPS), vapor-induced phase separation (VIPS),
and evaporation-induced phase separation (EIPS). Compared
to the listed phase separation techniques, NIPS is mostly
preferred for the synthesis of polymeric membranes. In the
NIPS method, a homogeneous polymer solution is casted onto

Figure 4. (a) Schematic representation of theoretical binodal and spinodal curves for water/DMAc/PES and water/NMP/PES systems. The
dotted plot represents the experimental cloud point. Cross-sectional SEM images of membranes prepared from (b) NMP/PES solutions coagulated
in water with an increase in polymer solution concentration and (c) membranes prepared from DMAc/PES solutions coagulated in water with an
increase in polymer solution concentration, respectively.45 Reprinted with permission from [Soroko, I.; Lopes, M. P.; Livingston, A. The Effect of
Membrane Formation Parameters on Performance of Polyimide Membranes for Organic Solvent Nanofiltration (OSN): Part A. Effect of Polymer/
Solvent/Non-Solvent System Choice. J. Memb. Sci.2011, 381 (1−2), 152−162. 10.1016/j.memsci.2011.07.027]. Copyright 2008 Elsevier.
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a thin film or spun in the case of a hollow fiber membrane,
after which the cast is immersed in a coagulation bath (mostly
water).
The theoretical binodal and spinodal curves for water/

DMAc/PES and water/NMP/PES are represented in Figure
4a. This was plotted based on the Flory−Huggins theory of
polymeric solution and the binary interaction parameters that
were determined. The theoretical data were confirmed by
carrying out cloud point titration. The above binodal curve for
water/DMAc/PES is closer to the polymer−solvent axis;
therefore, less water is required for precipitation of PES in this
system. From the cross-sectional images of the membranes
prepared from water/DMAc/PES and water/NMP/PES, it is
observed that the sublayer of all the images consists of
microvoids. This proves high affinity and interaction between
water and the solvents in the system which is supported by the
interaction parameters of water/NMP and water/DMAc pairs.
It was found that membranes with irregular morphology are
not considered to have efficient mechanical strength. With an
increase in polymer concentration, the morphology changes to
regular ore channels with closed ends. With a further increase
in polymer concentration, channel-like structure diminishes,
giving rise to a sponge-like structure in the membrane and
eventually leading to tear-like pore structures (Figure 4b).45

5. ADDITIVES USED IN OSN AND SRNF
5.1. Metal−Organic Framework (MOF) and Zeolite−

Imidazolate Framework (ZIF). MOFs are those moieties
which are composed of metal ions which are present in the
cavity encapsulated by organic ligand bridges. These molecules
are found to have a plethora of applications ranging from
medicines46 to separation and purification.47 The tunable pore
structure which could be used to substitute various metal ions
based on the metal’s ionic radius extends its use, along with the
organic bridges where the linker molecules and the chains can
be altered depending on the intended application. Further, to
enhance the durability and functionality of the MOFs, recently
bimetallic MOFs have been designed. Based on a literature
survey one can say that the distribution of the metal ions in a
bimetallic MOF can be categorized into “core−shell” and
“solid solution structures”. From the figure, one can conclude
that for membrane application solid solution MOFs are
suitable candidates due to the vacancies or voids present in
the structure which could in turn aid researchers to achieve the
desired separation.48 MOFs were initially used for gas
separation and storage due to their extensive properties.
Therefore, the area of liquid−liquid separation aided by MOFs
is still adequately exploited. There are two ways in which the
MOF can be utilized for liquid−liquid separation: (i) utilizing
the MOF as such without any polymeric additive and (ii) using
the MOF as an additive in the polymeric matrix to enhance the
physicochemical properties of the material. The second type is

found to be most commonly used for water separation and
purification if and only if MOFs have thermodynamic and
kinetic stability which is dependent on the free energy of
hydrolysis of the MOF and activation energy barrier,
respectively. Of the usual methods used, oily wastewater
treatment is commonly employed due to the high permeability
and selectivity behavior of MOFs toward water. The
mechanism through which separation of oil from water is
achieved is either by hydrophilicity or size-exclusion theory.49

Since metal−ligand bonds are labile as observed in earlier
studies,50 water-inert MOFs with strong thermodynamic and
kinetic stability are preferred. Water-stable MOFs are divided
into three categories: (i) Carboxylated organic framework
encapsulating high valence metal ions, which are prone to be
less susceptible to water. (ii) Metal azolate frameworks, which
consist of nitrogen donor ligands. These types of ligands are
found be water stable, rationalized by the HSAB principle.
Since nitrogen-donor azolate ligands are soft bases, they are
likely to interact with softer divalent metal ions, resulting in
stronger MOFs. (iii) The last class of water-stable MOFs are
MOFs with a hydrophobic pore or metal blocked MOFs with
specialized steric hindered nature to achieve stability in an
aqueous medium.51Table 3 gives insight into various MOFs
used for organic solvent nanofiltration. Though there are a
limited number of MOFs used in OSN, they can be tuned
based on our need. The counterion and ligand can be
substituted with other ions and ligands having seamless
combinations depending on the types of separation (men-
tioned in Section 2). MOFs are one class of solid crystalline
materials with a plethora of functionalities, and the functional
groups present on MOFs can be metamorphosed based on the
researchers’ criteria. Table 3 gives different types of MOFs and
ZIFs used in OSN. From this table, one can conclude that
MOF-based membranes have a high potential in liquid−liquid
separation. Although the mentioned MOFs in the table are
found to have strong solvent stability and suitable candidature,
they have not yet been used for liquid−liquid separation. Based
on the window size offered by the material, one can
accordingly pick a suitable MOF or ZIF depending on the
size of the organic species they intend to separate (Figure 5).
Zeolite imidazolium frameworks are another class of

nanoporous materials with high thermal and chemical stability.
This is because membranes pave the way for ZIF’s application
in organic solvent separation. These materials are found to
have tetrahedral metal clusters with an imidazolate ligand
system. The pore size of ZIFs can be tuned by altering the type
of imidazolate ligand used. Zeolite-derived materials have the
ability to increase permeation even without affecting the
rejection performance of the membrane, and the functionaliza-
tion of zeolites is relatively easy. Namvar-Mahboub and
coworkers prepared UZM-5/polyamide TFC nanocomposite
membranes to study the extent of oil rejection by membranes

Table 3. List of MOFs and ZIFs Used for OSN

Sl. no. MOF Metal Ligand Window size Ref

1. HKUST-1 Cu 1,2,4-benzenetricarboxylic anhydride 0.9 nm 52
2. mZIF-8 Zn 2-methyl imidazole 0.64−0.74 nm 53
3. MIL-1019(Cr) Cr terephthalic acid 1.2−1.6 nm 54
4. MIL-1019(Al) Al terephthalic acid 0.6−0.64 nm 54
5. ZIF-11 Zn benzimidazole 0.3 nm 54
6. ZIF-67 Co 2-methyl imidazole 3.43 Å 55
7. UiO-66 NH2 Zr 2-amino terephthalic 0.89 56
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in methyl ethyl ketone and toluene as the solvent medium. The
extent of oil rejection is found to increase with an increase in
zeolite concentration, which is attributed to the solvent
channels created by zeolite which enhances the solvent
transportation rate, thereby increasing the concentration of
MEK and toluene in permeate and decreasing the oil
concentration in the permeate. On increasing the dosage of
zeolite in the membrane, agglomeration of zeolite generates
nonselective voids, leading to diminished selectivity. The pore
diameter of UZM-5 is 16.8 Å, which is less than the kinetic
diameter of MEK and toluene, 6.1 and 5.2 Å, respectively.57 In
this section, we have discussed a few ceramic materials used in
OSN which are found to have tunable features such as altering
their ligand system and adding an additive within the pores
that alters their functionality, etc. Due to this, natural zeolites
and MOFs are found to be suitable aspirants for OSN.
5.2. Inorganic and Carbon-Based Fillers. Assimilation

of inorganic fillers inside the membrane matrix exhibits thermal
stability, mechanical stability, and chemical inertness of the
composite membrane which is useful for its application in
organic solvent filtration. Silica, titania, inorganic nanoparticles,
etc., are few additives that have proven their candidature in
OSN. Silica, being hydrophilic in nature, has attracted
researchers for its use as a nanofiller. Pakizeh and Mahboub
functionalized silica particles using aminopropyldiethoxyme-
thylsilane (APDEMS) as the silane coupling agent and
procured amino-functionalized nanoparticles that were used
as a filler for lube oil separation from methyl ether ketone
(MEK) and toluene with a rejection efficiency of 94.72%.58 In
another study, Wang’s group fabricated a few functionalized
silica nanoparticles (spheres) as membrane additives for
solute−solvent separation which can be used as hydrophobic
and hydrophilic fillers depending on the functionalization
achieved. The membrane material showed high ethanol flux of
up to 30.8 LMH on using hydrophilic silica spheres and a
hexane flux of 21.7 LMH on using hydrophobic silica spheres
as the membrane additive.59 Another important inorganic
material that is used in membranes for organic solvent

separation is carbon-based material such as graphene oxide,
reduced graphene oxide, graphene quantum dots, etc. These
carbon-based materials have especially graphitic type material
which has a major scope in membrane technology because of
its single atom thick layer and multichannels provided in the
matrix, which enhance solvent permeability. Future fabrication
of GO is done in order to enhance the stability and
functionality of GO in the membrane application. The addition
of functionalities such as −NH2, −OH, −COOH, and GO
tend to the probability of imbibing GO in OSN or SRNF
membranes. Low flux and high solvent resistance being a major
issue, Goa’s group used polyimide membranes decorated by
graphene quantum dots (GQD) in various dosages with high
flux and solvent resistance ability in ethanol and dimethyl
formamide (DMF). Similarly, another group used amino-
functionalized GQDs, which showed even higher permeance
for the same solvents and separation ability than the previous
report where they used unfunctionalized GQDs.60−62 Gao’s
group used GQDs but altered the polymeric support to
polyethyleneimine and proved superior organic solvent
resistance for 81 days at room temperature and 45 days at
80 °C for DMF solvent. Another group of researchers used
octadecylamine-functionalized reduced graphene oxide, using
polyamide as the polymeric support, and fabricated the
membrane by interfacial polymerization. This membrane
should have high permeance toward ethanol, and separation
occurs through diffusion along selective gaps in the membrane
matrix.63,64 From the above survey (including Table 4) on
inorganic and carbon-based fillers, we can suggest that 2D
sheet-like materials still have tremendous application in the
field of liquid−liquid separation. Though all the literature cited
focused only on stability, their reproducibility and role in
solvent−solvent separation are still left unventured. These
materials are found to have tunnable features and are also easy
to functionalize depending on the set objective.

6. FOULING AND ANTIFOULING
Fouling is the accumulation of undesired components on the
membrane surface or inside the membrane pores.66 The
reduction in membrane performance is due to either buildup of
a secondary layer or failure of the existing layer’s performance.
Usually, it is observed that membrane cleaning is easier if
deposition occurs at the membrane−feed interface (in the
front of the membrane). This can be overcome by simple
modification in the outer surface, e.g., separation of negatively
charged biomolecules at neutral pH using a negatively charged
membrane.3 Ever since membrane technology was developed,
fouling has been the bottleneck of membrane separation which
hinders the membrane’s performance. In general, there exist
two main fouling-defense mechanisms for ultrafiltration (UF)
membranes: (i) fouling-resistant mechanism which demands

Figure 5. Crystallographic images of (a) UiO-66 MOF and (b) ZIF-8.

Table 4. Inorganic Additives Used in Organic Solvent Nanofiltration

Sl. no. Additive Support layer Solvent Flux Ref

1. WS2 Polyacrylo nitrile Ethanol 43.35 LMH 65
2. Amino-functionalized SiO2 Poly(ether imide) Methyl ether ketone and toluene 10.4 LMH 58
3. Functionalized SiO2 Poly(ether imide) Ethanol and n-heptane 30.8 LMH and 21.7 LMH 59
4. Graphene quantum dots (GQDs) Polyimide DMF and ethanol 18.3 LMH and 22.6 LMH 60
5. Amino-functionalized GQD Polyimide DMF and ethanol 38 LMH and 41LMH 62
6. GQD Polyethylenimine DMF 40.3 LMH 63
7. Functionalized reduced graphene Polyamide Ethanol 6.0 LMH 64
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hydrophilic modification, leading to the formation of a
compact hydration layer preventing the approach of organic
pollutants and (ii) fouling release mechanism which consists of
low-energy perfluorinate groups which have the tendency to
weaken the interfacial bonds of organic pollutants and
membranes which in turn enable easy removal of organic
foul under minimum stress. It is evident that a UF membrane
with a synergistic effect of both the mechanisms is best
suited.67 In microporous membranes (UF and microfiltration−
MF membranes), fouling usually occurs by pore blocking,
solute adsorption, and cake/gel layer formation.68 While
talking about RO membranes, it is found that this class of
membranes does not have dense distinct pores and is rather
dense in nature. Therefore, RO membranes are susceptible to
surface fouling. The major class of foulants is suspended
particulate matter, dissolved organic substances, dissolved
proteins, and biological matter. Due to the repulsive forces of
the electrical double layer, the suspended solids remain
suspended in the medium, but when attraction forces (van
der Waals forces) overpower the suspended particles, the
particles become unstable and form agglomerates. Amiri and
Samiei in their work stated that carbon-based feeds like oil,
cationic surfactants, plant materials, etc., are found to have
more attraction toward the membranes. Another type of
fouling is observed in the case of biological samples where the
cells gather and get stuck on the membrane surface, forming a
biofilm that eventually hinders permeate flux across the
membrane.69 Similarly, another group proposed two enhance-
ments of the existing model using a hollow fiber membrane,
one of which was taking into consideration the adhesive forces
between particles and the membrane surface which have an
influence on the cake formation layer and back-flushing
efficiency. The other enhancement is monitoring the decisive
influence of particle and membrane pore size distribution on
cake formation and pore blocking [fouling]. It is also a known
fact that fouling is inevitable and eventually leads to high
operating pressure, flux decile, and frequent chemical cleaning
and reduces membrane life.66 Fouling mitigation has always
been challenging as far as reproducibility and recyclability are

concerned. Various modifications on the membranes either by
ex situ or in situ modification must be imbibed to enhance the
shelf life of the membrane. Other ways to overcome this hurdle
are to eliminate the foulant by washing methods without
disturbing the membrane’s mechanical and physicochemical
properties.

7. SURFACE MODIFICATION FOR ENHANCED
MEMBRANE PERFORMANCE

A variety of surface modifications have been done with the
objective of improving the surface properties of the membrane
to enhance the performance. Surface modification in
membrane technology can be classified in two ways, physical
and chemical methods, depending on the interaction between
the membrane surface and the activating agent. Techniques
such as grafting, coating, chemical coupling, plasma treatment,
and chemical vapor deposition (CVD) are few of the versatile
techniques employed to achieve antifouling/antimicrobial RO
membranes.68 Initiated chemical vapor deposition utilizes a
radical polymerization reaction to develop polymeric thin film
from vapor-phase monomers and a radical initiator. The
injected monomers are adsorbed onto the substrate’s surface,
while formed free radicals are delivered onto the adsorbed
monomers. Eventually a polymer thin film which is free off
dewetting is synthesized.70

Grafting is a technique where macromolecules and surface-
modifying polymers are anchored on the membrane surface.
Grafting can be achieved by either a grafting-from or grafting-
to approach. Grafting can be classified based on the technique
for surface modification employed, such as cationic, anionic,
free radical, redox, ultraviolet (UV), plasma, enzymatic, CVD,
and atom transfer radical polymerization (ATRP). The chain
length and grafting density can be controlled by meticulous
grafting.68 Compared to the above-mentioned techniques, UV
radiation (Figure:6) is found to have the upper hand as the
wavelength can be adjusted selectively depending on the
reaction under consideration, and undesired reactions can be
avoided.

Figure 6. Schematic representation of chemical vapor deposition used in the synthesis of cross-linked ionic polymers for oil−water separation.70
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The grafting reaction can be divided into two groups:
grafting-to and grafting-from. In grafting-to reactions, there is
direct coupling on the reactive group or end group of the
membrane surface, e.g., introduction of amino, aldehyde,
epoxide, etc. This type of grafting reaction is usually done to
functionalize UF or MF membranes. Grafting-to is achieved by
taking monomers of acrylates or acrylamides, etc., in either
aqueous or organic solution and later polymerized by a radical
route by controlling the termination reaction. Reactive coating
is another method where a polymer is coated on the
membrane surface via in situ synthesis by either adsorption/
adhesion or interpenetration, that is, mixing the functional
material and the base polymer in an interphase.6 Reversible
addition−fragmentation chain transfer (RAFT) is a versatile
technique used to modify the surface of UF and RO
membranes. This approach is found to control the size of
the polymers to synthesize macromolecular architectures such
as block, gradient, statistical comb, brush, star, hyperbranched,
and network vinyl copolymers under the existing polymer-
ization conditions. This technique is found to be handy in the
synthesis of end-functionalized polymers to modify surfaces of
polyamide RO membranes.71 The hydrophilicity of RO
membranes and the hydrophobicity of the NF membranes
are determined by the permeation properties of alcohols and
alkanes. It is found that the permeability of polar solvents is 8−
10 times more than nonpolar solvents in hydrophilic
membranes, and in the case of hydrophobic membranes the
permeability of the nonpolar solvent is 2−4 times greater than
the permeability of polar solvents. A study carried out Van
Gestel et al. showed that the surface modification of
membranes with high molecular weight silanes (C8 silane)
increases the permeability of n-hexane to a greater extent
compared to lower molecular weight silanes. This trend was
observed due to the formation of more hydrophobic pores with
high affinity toward n-hexane and cyclohexane by attachment
of long chains of alkyl groups to the walls of the pores. Sun et
al. proved that addition of triethylamine (TEA) and camphor
sulfonic acid (CSA) into the m-phenylenediamine (MPD)
solution during the process of interfacial polymerization
enhanced the roughness of the synthesized polyamide
membrane along with an increase in surface roughness with
a gradual increase in membrane flux, but there always lies a
trade-off relationship between the surface area and the fouling
ability of the membranes with an increase in surface roughness.
The integrally skinned asymmetric membrane is the only

type of asymmetric membranes used in OSN. These
membranes are prepared via the phase inversion (discussed
in section 5) method developed by Loeb and Sourirajan.
Another type of asymmetric membranes are thin-film
composite membranes (TFC) which consist of a separating
layer on top of a porous substrate. Usually plasma-induced
techniques and grafting are well established for obtaining an
ultrathin dense skin layer.72 Plasma treatment focuses on the
interaction with excited atomic, molecular, ionic, and radical
species. This technique includes plasma sputtering, etching,
implantation, and spraying. This process is achieved by elastic
and inelastic collision between materials on the membrane
surface and the atoms or molecules activated by inert gases,
and the exchange of material is what gives rise to active radicals
on the membrane surface (by abstraction of hydrogen from the
membrane) which in turn combine with a simple radical in the
plasma like oxygen or nitrogen to generate a polymer chain.
Plasma gas generated from chloroform and carbon tetra-

chloride enhances the hydrophilicity of the membrane, as it is
found that the hydrophilic surface displays higher permeability
and reproducibility than hydrophobic membrane surfaces.73

8. CONCLUSION AND PERSPECTIVES
Ever since membrane technology has come into existence, its
application is interdisciplinary and fast growing with
tremendous improvements. Membranes are purely intended
for large-scale applications, but industries hesitate to switch
from already existing protocols to membrane-assisted separa-
tion, though the latter is economically advantageous. Since it is
capital-intensive and the risk of installation is high even though
the performance of membranes is good enough, other factors
need to be taken under consideration. Use of conventional
methods for the separation of organic liquids must be
substituted by membranes in order to overcome the energy
crisis. Various membrane separation techniques such as OSN
and OSRO need in-depth knowledge supported by other
theories which enhance the face value of membrane-aided
liquid−liquid separation. Membrane fabrication and the
synthesis of materials are a continuous process whose
challenge is to meet high selectivity, high flux, long-term
stability, and organic solvent lability. A membrane matrix with
high porosity and elevated solvent wettability also tunes the
membrane’s ability to uptake solvent molecules and permeate
them through the membrane. Even with high solvent uptake,
aspect membranes must have long durability in harsh
environments, making them apt for long-term studies. Though
the inorganic additives are found to be stable and inert in an
organic medium, there always lies a trade-off between the
selectivity and permeability along with inadequate knowledge
of fouling mitigation. Organic liquids in specific are found to
imperil membrane morphology; therefore, the development of
solvent-stable membranes or solvent-resistant membranes is
still a challenge for many membrane scientists. The choice of
tailored material and type of surface modification is a top
priority to achieve the desired separation, and upscaling the
synthesized membrane along with cost efficiency enhances the
scope of the membrane. Based on the discussions covered in
this review, it is also important to keep in mind the
environmental hazards caused due to buildup of these
polymeric materials used for separation as they are non-
biodegradable. Therefore, substitution of these materials with
biodegradable polymeric materials or biomimetic polymeric
materials keeping up the promises of artificial polymers could
be a great discovery and help in both science and nature.
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