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ABSTRACT: When considering energy consumption and environmental issues, solvent-resistant nanofiltration (SRNF) based on
polymeric materials emerges as a process for substituting conventional separation processes of organic solutions, such as distillation,
which consume high amounts of energy. Because SRNF does not involve phase transition, this process can potentially decrease the
energy consumption and solvent waste and increase the yield of active components. Such improvements could significantly benefit a
number of fields, such as pharmaceutical manufacturing and catalysis recovery, among others. Therefore, SRNF has gained a lot of
attention since the recent introduction of solvent-stable polymeric materials in the manufacture of nanofiltration membranes. The
membrane materials and the membrane structures depending on the fabrication methods determine the separation performance of
polymeric SRNF membranes. Therefore, this article gives a comprehensive overview of the current state-of-art technologies of
generating membrane materials and corresponding fabrication methods for SRNF membranes made from polymeric materials
expected to provide the most benefit. The transport mechanisms and the corresponding models of SRNF membranes in organic
media are also reviewed to better understand the mass transfer process. Various SRNF applications, such as in pharmaceutical and
catalyst, among others, are also discussed. Finally, the difficulties and future research directions to overcome the challenges faced by
SRNF processes are proposed. C© 2014 Wiley Periodicals, Inc. Adv Polym Technol 2014, 33, 21455; View this article online at
wileyonlinelibrary.com. DOI 10.1002/adv.21455
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Introduction

E nergy and environmental issues, including the safe water
crisis, global warming, and the shrinking energy supply,

have been attracting considerable attention in recent years. Up
to now, various technologies have been tentatively explored to
obtain clean water, capture “greenhouse” gases, and find alter-
native energy sources. Membrane separation has emerged as
one of the most important technologies by addressing some of
the aforementioned pressing problems. Specifically, membrane
separation is a low-cost, simple, flexible, and compact process.1–8

Although new separation processes are continuously being ex-
plored, traditional separation membrane processes are also be-
ing used in an increasing number of applications in diverse and
advanced fields.

Aqueous nanofiltration (NF) has been an active area of re-
search because of two unique characteristics: a narrow pore size
distribution and a high density of surface charges. NF uses a
membrane with well-defined pore diameters (0.5–2 nm) and
very narrow pore size distribution (molecular weight cutoff:
MWCO � 2000 g mol−1) and is a typical pressure-driven sep-
aration process without phase transition. NF membranes can
be widely used to concentrate, purify, and separate small or-
ganic molecules, such as amino acids.9 Furthermore, these mem-
branes can be used to remove organic contaminants, such as
pesticides.10,11 Because of their abundant surface charges that
selectively separate ions, NF membranes have also been used
to remove heavy metal ions,12,13 separate dyes,14,15 and soften
water.16 However, in most cases, industrial applications of NF
membranes are limited to aqueous solutions. An exciting market
can be anticipated based on the development of NF membranes
to separate and purify organic media.

NF membranes that separate and purify organic media are
named as solvent-resistant nanofiltration (SRNF) membranes or
organic solvent nanofiltration (OSN) membranes and have been
on the rise since the beginning of this century. In the past, the
stability of polymeric NF membranes had hindered their appli-
cation in organic solvent media. In general, the swelling of poly-
meric membrane materials significantly reduced the separation
efficiency. The worse situation is the occurrence of the dissolu-
tion of certain polymeric materials, which results the NF mem-
branes in losing their separation performance totally. Never-
theless, energy efficient and environmentally friendly industrial
SRNF processes are urgently needed. For example, SRNF could
potentially be valuable in the pharmaceutical manufacturing in-
dustry to separate active molecules from solvents. Such a process
would decrease energy consumption and solvent waste genera-
tion while increasing the yield of active components and could
potentially replace conventional distillation methods, which
consume large amounts of energy and can potentially inacti-
vate products during the heating process. Since the recent intro-
duction of solvent-stable materials for NF,17 many studies have
focused on the preparation, transport mechanisms, and applica-
tions of SRNF.18 In 2007, Vandezande et al.18 reviewed several
diverse aspects of SRNF, including the preparation and appli-
cation of SRNF membranes. Since then, polymeric SRNF mem-
branes have experienced significant improvements driven by in-

dustrial need, and a number of significant fundamental studies
based on systematical investigations covering membrane mate-
rials, membrane fabrication technology, and membrane separa-
tion mechanisms have been reported by various groups. Take
some examples, Soroko et al.19–21 have published several studies
of the effect of membrane formation parameters on the perfor-
mance of polyimide (PI) SRNF membranes. They illustrated that
the rejection of membranes can be predicted by the total solubil-
ity parameter (�δt) of the phase inversion system if the values of
�δt are close.19 Moreover, they report that the molecular weight
of PI should be maintained between 35,000 to 80,000 g mol−1 for
optimal performance.21 Based on the aforementioned results, the
fabrication of PI SRNF membranes can be improved by replac-
ing toxic solvents with environmentally friendly dimethylsul-
foxide (DMSO)/acetone solvents during phase inversion by ad-
justing the total solubility parameter.22 Darvishmanesh et al.23–25

have developed a transport mechanism based on systematical
works. Initially, the mutual affinities of membranes and solvent
were found to affect the permeability of the solvent in dense
membranes; however, the viscosity of solvents should primarily
determine the permeability of porous membranes.23 They then
developed a convective-diffusive transport model (details can
be found in the section The Solvent Transfer Models), which can
accurately estimate the pure solvent flux of different solvents
through three commercial SRNF membranes.24 Furthermore, a
new model, the coupled series-parallel for transport of solvents
through SRNF membranes, has been proposed.25 This model is
suggested to accurately predict the transport flux of different
solvents through two types of ceramic membranes with the de-
viations less than 4.2%. However, this new model may show
higher deviations when predicting solvent permeability in cer-
tain circumstances (e.g., when the swelling effect of polymeric
membranes is considered).

Therefore, this timely review will elucidate recent develop-
ments in polymeric SRNF membrane technologies based on
state-of-the-art works since 2007. In this review, the fabrica-
tion and materials of SRNF membranes are introduced in the
second section. The transport mechanisms that can accurately
predict the rejection and solvent permeability are systematically
explained in the third section. The diverse and advanced ap-
plications of SRNF membranes are comprehensively discussed
in the fourth section. Finally, the future research outlook and
promising prospects for SRNF membranes are presented, which
will inspire and stimulate readers to make potential contribu-
tions in this developing field.

Fabrication and Polymeric Materials of
SRNF Membranes

Membrane materials significantly influence the separation
performance of all membrane separation processes, including
the SRNF membrane separation process. Generally, the materi-
als used to fabricate SRNF membranes can be classified into three
types: (a) organic polymers; (b) inorganic materials (oxides, ce-
ramics, metals); and (c) organic–inorganic hybrids. Because of
the dominating use and rapid development of organic polymer
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FIGURE 1. Schematic representation of major polymeric membrane
types used for SRNF: (a) asymmetric membrane, (b) composite
membrane.

FIGURE 2. Schematic representation of polymeric SRNF membranes
fabricated by phase inversion.

materials, this section will mainly focus on polymer materials
for the fabrication of SRNF membranes, although inorganic and
organic–inorganic hybrid materials have complementary advan-
tages.

On the other hand, various membrane fabrication techniques
can be adopted to gain different cross-sectional structures with
diverse performances depending on the membrane material
(asymmetric or composite membranes, as shown in Fig. 1). The
phase inversion technique is typically used to fabricate asym-
metric membranes,26 whereas composite membranes are fab-
ricated in two steps: (a) the fabrication of support membrane
and (b) the fabrication of ultra-thin selective layers. Nonsolvent-
induced phase separation (NIPS) and thermally induced phase
separation are two basic approaches to obtain various types
of supports. A number of diverse strategies are used to pre-
pare thin-selective layers, such as the interfacial polymerization
(IP) technique,27–32 coating-crosslinking,19–22 and layer-by-layer
(LBL) self-assembly.33–37 A comprehensive summary of the ma-
terials and fabrication methods of polymeric SRNF membranes
is listed in Table I.

THE FABRICATION OF POLYMERIC SRNF
MEMBRANES

The majority of polymeric SRNF membranes are fabricated
by NIPS. A schematic diagram of the phase inversion process is
illustrated in Fig. 2.38–41 The cross-sectional areas of membranes
fabricated by this method are structurally asymmetric. First, the
selected polymer is dissolved in a liquid mixture containing pri-
mary solvent, cosolvent, and the necessary additives to generate
a homogenous doping solution. Second, the doping solution is

FIGURE 3. Schematic representation of polymeric SRNF membranes
fabricated by dip-coating process.

FIGURE 4. Schematic representation of interfacial polymerization
process.

degassed and cast onto a flat glass surface or nonwoven fab-
ric to form flat membranes. After evaporating the solvent for a
few seconds, the cast membranes are immersed in a nonsolvent
(typically water) bath to induce the phase inversion (separation).
The obtained asymmetric membranes are immersed in the wa-
ter bath several times to ensure that any extraneous substances
(solvent, cosolvent, and additives) are completely removed. If
desired, the membrane can then be post-treated prior to use or
storage.

The preparation of the selective layer is crucial in the fabrica-
tion of SRNF. In essence, the selective layer of SRNF membranes
can be prepared by three approaches. First, coating followed
by cross-linking (as Fig. 3 shown) is a simple and straightfor-
ward method. The solute in the coating solution can be the
cross-linkable polymer or active monomers that can polymerize
under certain circumstances to form selective layers on the sup-
ports. Second, IP is based on a polymerization reaction that takes
place at the interface between two immiscible phases (Fig. 4),
such as an aqueous phase and a hexane phase. In fact, IP is
a practical process to prepare NF and reverse osmosis (RO)
membranes42,43 in industry; commercial NF membranes have
been successfully manufactured using this process. Polyether-
sulfone (PES) or polysulfone (PSF) supports are typically used in
commercial composite membranes. However, such support ma-
terials swell significantly in polar solvents, which limit broader
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TABLE I
Polymers Used to Prepare the Selective Layers of Solvent-Resistant Nanofiltration Membranes

Membrane
Materials Structure Cross-Section References

PI Asymmetric 19–22,46,47,52,59,63

Asymmetric 19

Asymmetric 19,46,55,57,58,60

Asymmetric 19,46

Asymmetric 46

PDMS Composite (PAN as Support) 67–76

PA Composite (PAN as Support) 27,30,31

Composite (PES or PP as Support) 28,29,80

PEs Composite (PAN as Support) 33

Continued
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TABLE I
Continued

Membrane
Materials Structure Cross-Section References

Composite (PAN as Support) 33–37

Composite (PAN as Support) 34,36,37

Composite (PAN as Support) 35

Composite (PAN as Support) 35

PTMSP Composite (PAN or cellophane as Support) 98–101

PIM Composite (PAN as Support) 102

PPy Composite (PAN, PI and PSF as Support) 104,203

PU Composite (PAN as Support) 105

PPSU Asymmetric 108,109

PANI Asymmetric 110–113

PBI Asymmetric 115,116
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FIGURE 5. Schematic representation of polymeric SRNF membranes
based on PAN substrates fabricated by layer-by-layer self-assembly
process.

applications of SRNF. Significant efforts should be made to solve
this problem and find suitable support materials, which will be
discussed in the section PA for SRNF Membranes. Third, LBL
self-assembly is a technique in which different molecules assem-
ble into an ordered structure via intermolecular forces, such as
hydrogen bonds and electrostatic attraction of polyelectrolytes
(PEs) (Fig. 5). This technique has mostly been used in the man-
ufacture of separation membranes such as NF, RO, and forward
osmosis.33,37,44,45 As mentioned above, the SRNF fabrication pro-
cess strongly depends on the materials used. Therefore, the fol-
lowing section will discuss the polymeric materials used for
SRNF membranes.

THE POLYMERIC MATERIALS FOR SRNF
MEMBRANES

The type of polymeric material significantly influences the
separation performance of SRNF membranes. As mentioned
above, membrane materials had limited the developing of the
application of NF technique in organic circumstances. To be
used in the fabrication of SRNF, a support should be stable
in the solvent and compatible with the selective layer mate-
rial to avoid peeling under swelling conditions. Polyacryloni-
trile (PAN), polypropylene (PP), and PI are most often used be-
cause they are mechanically stable, can be further cross-linked,
and can be applied in thin and defect-free layers. Because se-
lective layer determines the membrane performance, this sec-
tion mainly discusses the selective layer materials, unless the
support plays a vital role in determining the performance of
polymeric SRNF membranes. For composite membranes, the se-
lective layer of SRNFs may be made of different materials from
support membranes to optimize performance. Various materials
can constitute the selective layer, including PI, polydimethyl-
siloxane (PDMS), polyamide (PA), and PEs, among others. In
fact, these materials have been used to fabricate NF membranes
in aqueous solutions for a long time. And in recent years, great
efforts have been made to find ways to broaden these com-
monly screened materials for the fabrication of advanced SRNF
membranes. When applied in the fabrication of aqueous NF
membranes, these polymeric materials typically did not need
the cross-linking protocol. However, for the SRNF applications,
the higher interaction between solvents and polymeric materi-

als makes used materials dissolving or swelling in some spe-
cific solvents, such as N,N′-dimethyl formamide (DMF), N,N′-
dimethyl acetamide (DMAc), and so on. To broaden the appli-
cations of these materials in the fabrication of advanced SRNF
membranes, enhancing the interactions among macromolecules
in polymeric materials is essential. For PI, cross-linking is a well-
documented method to solve the problem since PI has unique
reactive groups.46–52 For PDMS as a kind of dense and easily
swelling materials, the blending approach by the addition of
rigid fillers (montmorillonite, mica, zinc oxide, zeolite A,15 ZSM-
5, zeolite Y, silicalite, and so on) seems the effective way. For PA
with the well cross-linked structure, the affinity between PA
and the used solvents and the stability of the support should
be further improved.28–31 For PEs as usually water-soluble poly-
mers, introducing crosslinkable chemical groups or enhancing
the intertwined and electrostatic attraction among PEs is feasible
ways.33–37

PI for SRNF Membranes

Because PI is stable in a wide range of solvents, readily forms
films and cross-links easily in the solid state,46–52 it is suitable
to fabricate SRNF membranes. Two steps are generally needed
to make SRNF membranes from PI, including phase inversion
and cross-linking by thermal treatment,53 UV irradiation,54 or
chemical reactions.19–21,46,55,56 P84 and Matrimid R© are two types
of commercial PI products that have been widely used to fab-
ricate SRNF membranes.19–22,46,47,52,55,57–60 The PI should be dis-
solved in polar solvents such as DMAc, N-methyl-2-pyrrolidone
(NMP), and DMSO to form a homogeneous doping solution and
optimize performance. The doping solution is then degassed
before casting on a nonwoven support. After total phase in-
version in aqueous solutions, the membrane is immersed in a
cross-linker/isopropanol (IPA)19–21 or methanol46,48,55 solution
to swell the polymer chains and ensure adequate contact be-
tween the cross-linkers and the polymer chains to facilitate the
cross-linking reaction. (Phase diagrams are helpful for better un-
derstanding of the relationships between membranes structure
and the composition of the doping solutions. The corresponding
information was introduced in Refs.18 and20 in detail.) The de-
tailed cross-linking mechanism is shown in Fig. 6. The commonly
screened cross-linkers are diamines, such as ethylenediamine,
hexanediamine, p-xylylenediamine (XDA), diethylenetriamine,
N,N′-dimethylethylenediamine, and so on.19–22,44,55,60 After cross-
linking, PI membranes are usually immersed in an oily solution
to avoid pore collapse. This solution typically consists of 40 vol%
toluene, 40 vol% 2-methyl-4-pentanone, and 20 vol% mineral
oil.57,58 Finally, PI SRNF membranes should be thermally treated
for approximately 1 h in a vacuum oven at 65°C to enhance the
separation performance.55,57,58,60

Soroko et al.19–21 have published numerous valuable studies
on membrane formation parameters, such as the composition
of the doping solution, the evaporation step, and the physical
and chemical properties of PI materials. The composition of the
doping solution affects the separation properties of SRNF mem-
branes. These parameters include the type of polymer materi-
als, the polymer concentration in the doping solution and the
type and content of solvents and cosolvents.19–21 With the ex-
ception of the polymer concentration in the doping solution, the
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FIGURE 6. Reaction mechanism of cross-linked polyimides by diamines.49

total solubility parameter, which is a function of other impor-
tant factors, primarily influences the properties of SRNF mem-
branes. The total solubility parameter (�δt) can be calculated
from the solubility parameters between solvent and polymer
(�δS/P ), nonsolvent and polymer (�δNS/P ), and solvent and non-
solvent (�δS/NS) (�δS/NS represents the interaction between sol-
vents and nonsolvents, which reflects the diffusion rate of sol-
vent in water). A higher total solubility parameter of the doping
solution results in a tighter membrane with increased rejection
which can be used to predict the rejection of the membrane
as a function of the polymer/solvent/nonsolvent systems.19–21

Specifically, SRNF membranes with higher cosolvent contents
reject more styrene oligomer than those with lower cosolvent
contents. Furthermore, the presence of cosolvents in a certain
polymer/solvent solutions decreases the thickness of the mem-
branes. They attributed this to the changes of the diffusion rate
ratio of solvent and water. The higher the diffusion ratio is, the
denser selective layer and the lower final thickness formed. The
cosolvents generally have a low affinity for water (the higher
value of �δS/NS), which decreases the driving force for wa-
ter diffusions.20 They fabricated PI membranes in DMF and in
DMF/1,4-dioxane (as a cosolvent). They found that the thick-
ness of the membranes fabricated in DMF was about 114.7 μm.
However, when the mass ratio of the DMF/tetrahydrofuran
(THF) is 3/1, 1/1, and 1/3, the thickness of the PI membranes
decreased to 110.5, 97.1, and 83.5 μm, respectively. Therefore,
the existence of cosolvent increases the rejection of SRNF mem-
branes. The evaporation step and chemical properties of the
polymer materials also significantly affect the performance of
SRNF membranes.20,21 Traditionally, evaporation prior to im-
mersion in a water bath is considered a necessary step to fab-
ricate SRNF membranes.18,52,57,61 Soroko’s20 pioneering work in-
dicated that longer evaporation times to completely evaporate
the solvent can reduce the flux without improving the rejection

of SRNF membranes. Similar results have also been observed in
other studies.62,63 The effects of the molecular weight and chem-
ical structure of PI on the performance of SRNF membranes
have been investigated by Soroko et al.21 To obtain a defect-free
membrane and maintain the polymer solution at an appropri-
ate viscosity, the molecular weight of PI should be maintained
between 35,000 and 80,000 g mol−1. In addition, the random con-
figuration membranes fabricated from PI have a higher flux and
lower rejection compared with membranes fabricated from com-
mercial P84 (block PI polymer). Vandezande et al.57 also studied
the effects of phase inversion parameters. In a large study of
SRNF membranes fabricated using various preparation param-
eters during the phase inversion process, they found that the
PI concentration, addition of nonsolvent, and the addition of
cosolvent primarily contributed to the high performance SRNF
membranes.

As mentioned above, the cross-linking process (reaction) sig-
nificantly affects the performance of PI SRNF membranes. There-
fore, the reactivity of PIs and diamines (cross-linkers), cross-
linking time, hydrophobicity of diamines, steric configuration
of diamines and PIs, and the inter-chain space of the solid mem-
branes critically influence the performance of SRNF membranes.
Vanherck et al.55 investigated the effects of cross-linking time on
the properties of SRNF membranes using XDA as the cross-
linker. During the first 5 min of the reaction, the flux decreased
dramatically with the cross-linking time. After this point, the flux
only slightly changed as the cross-linking time increased. How-
ever, the rejection showed an opposite trends. In addition, the
cross-linked SRNF membranes were stable in aprotic solvents
(DMF, NMP, DMAc, and DMSO). In DMF, the cross-linked SRNF
membranes showed a permeability of 5.4 L m−2 h−1 bar−1 with
high rejections of rose bengal (RB) (>98%) and methyl orange
(MO) (>95%). Vanherck et al.46 also studied the effects of cross-
linkers on the performance of PI SRNF membranes in which
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water coagulation was utilized. Because the cross-linking re-
action can proceed in aqueous media without the emission of
organic solvents (such as methanol and IPA),46 this approach
was considered economically and environmentally advanta-
geous. Almost simultaneously, Soroko et al.22 also published a
study on the environmentally friendly fabrication of SRNF mem-
branes. In this work, toxic solvents such as DMF/1,4-dioxane
were replaced with an environmentally friendly DMSO/acetone
system. To further diminish the environmental impact, IPA
was successfully replaced with water in the cross-linking step.
They stated that the MWCO of fabricated membranes by this
new method was lower than that of conventional membranes.
The typical membranes shows excellent comprehensive perfor-
mance with DMF flux of 137 L m−2 h−1 under the operating
pressure of 30 bar and the MWCO of 350 g mol−1. This method
is promising because it is environmentally friendly.22

PDMS for SRNF Membranes

PDMS is a type of organosiloxane elastomeric polymer nor-
mally classified as a “silicone.” PDMS consists of a siloxane
(Si–O) backbone substituted with methyl groups that give it
a high free volume fraction. Therefore, PDMS is usually applied
in pervaporation and gas separations because it provides high
diffusion coefficients for solvents and gases.64–66 In fact, cross-
linked PDMS is chemically stable in mostly organic solvents. To
fabricate a high-performance selective layer, porous supports are
usually impregnated with water to prevent extensive intrusion.18

After solvent evaporation, cross-linking can be completed at
elevated temperatures67–71 or by irradiation.71,72 However, the
swelling of PDMS in some apolar solvents can reduce the selec-
tive performance and possibly induce the peeling of the selective
layer from the support. These are the main problems that limit
the applications of PDMS. Therefore, the factors that affect the
swelling of PDMS must be clarified. Recently, some researchers
have attempted to elucidate some of these aspects even though
the swelling process is rather complicated.67,72–77 The swelling
of PDMS is primarily determined by the interactions between
the solvent and PDMS. The polarity of the solvent, the affinity
between PDMS and the solvent, and the cross-linking density of
PDMS are the most important factors influencing the swelling
process.67 For PDMS/PAN composite membranes, the swelling
occurs in low polarity solvents, such as n-hexane and xylene.
However, in some high polarity solvents (such as alcohols), the
composite membrane shrinks. After significant swelling, the vis-
cosity of solutions is the predominant factor that determines the
permeability of the solvent.67 In addition, the applied pressure
influences the swelling of PDMS. According to a report by Tar-
leton et al.,72 the thickness of PDMS increased by 170% after
swelling without applied pressure; however, this increase was
only 20% when 20 bar of pressure were applied because the pres-
sure compacts the polymer. Many other studies have attempted
to minimize the swelling of PDMS.69–71,78 Specifically, zeolite can
be used as a kind of filler for PDMS to limit its swelling by in-
creasing the solvent permeability.69–71 They found that effect of
zeolite on the limitation of swelling of PDMS is due to incorpo-
rating a silicalite zeolite in PDMS.69–71 By doping with USY or
ZSM-5, the zeolite filled PDMS membranes show less swelling

(over 50% swelling degree decreased) performance with higher
rejections and more stability for nonpolar solvents at 50°C.

In addition, the literature details a new type of composite
capillary membrane.68 Capillary membranes can provide a high
surface to volume ratio and do not require spacers, which en-
ables the design of more compact and simpler modules. Dutczak
et al.68 fabricated composite capillary membranes with PDMS
on α-alumina capillary supports. They found that pre-cross-
linking the PDMS coating solution was necessary to fabricate
a thin selective layer without defects. The composite mem-
branes were stable in toluene over 40 h with a permeability
of 1.6 L m−2 h−1 bar−1 and a MWCO of 500 g mol−1.68

PA for SRNF Membranes

PA can be used as the selective layer for SRNF membranes
using IP technology. The solvent-resistant performance of PA
composite membrane is mainly determined by the support
because the cross-linking density of the PA selective layer is
rather high. Therefore, choosing a suitable support material is
important to maximize the performance of the SRNF. PES or
PSF are the most commonly used support materials for com-
mercial composite membranes. These materials swell heavily
in polar solvents. Therefore, PAN containing carboxylic acid
groups at its surface were investigated as a potential sup-
port material because solvent resistance can be improved by
the induced ionic bonds between the PA top-layer and the
PAN support.79 Kim et al.27 investigated the performance of
PA/PAN composite SRNF membranes with different solvents.
Methanol and acetone had the highest permeability, followed
by ethanol and IPA. The rejection of oleic acid in ethanol ex-
ceeded 90%. Interestingly, hexane could not pass through such
membranes because it showed the lowest dielectric constant
(nonpolar) and hydrophobicity. Sirkar and co-workers28,29,80 car-
ried out a series of works focusing on the synthesis of highly
solvent-resistant PA composite SRNF membranes on PP sup-
ports by the IP of polyetherimide (PEI) and isophthaloyl dichlo-
ride. The rejection of brilliant blue R could be adjusted to
88% in methanol with a permeability of 1.2 L m−2 h−2 bar−1

(3.4 × 10−7 cm3 cm−2 s−1 kPa−1). After 10 weeks of continuous
measurement, the composite SRNF membrane was highly sta-
ble in alcohols and aromatic hydrocarbons. Furthermore, mul-
tiwalled carbon nanotubes (CNTs) were incorporated into the
PA selective layer during the IP process. The methanol perme-
ability of the CNTs/PA/PP composite SRNF membrane was
almost an order of magnitude higher than that of the PA/PP
composite SRNF membrane without CNTs. Moreover, PES was
also used as a support to fabricate CNTs/PA/PES composite
SRNF membranes. CNTs/PA/PES composite SRNF membranes
showed outstanding stability against methanol and a 91% rejec-
tion of brilliant blue R. However, the reason underlying this
enhanced solvent permeability is not clear and requires further
investigation.29

Solomon et al.30,31 have also published interesting works on
the fabrication of SRNF membranes by IP. They found that the
nonpolar solvent flux of composites membranes polymerized
from m-phenylenediamine (MPD) and trimesoyl chloride (TMC)
increased after treatment with an active solvent (DMF or DMSO).
Moreover, the membranes were further hydrophobically
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FIGURE 7. Schematic representation of three zones in
polyelectrolytes SRNF membranes.

modified to enhance the nonpolar solvent permeabil-
ity. Pentafluorooctanoyl chloride or 2,2,3,3,3-pentafluoropro-
pylamine were introduced into the polymer network of selec-
tive layers polymerized from MPD and TMC. In response, the
toluene permeability of the novel composite membranes dra-
matically increased from 0.31 to 3.8 L m−2 h−1 bar−1.30,31

PEs for SRNF Membranes

The LBL self-assembly of PEs on porous supports is a simple,
versatile, and environmentally benign technique to fabricate the
active layer. SRNF membranes fabricated by the LBL deposi-
tion of PEs have two obvious advantages: (a) the thickness of
the active layer is adjustable; and (b) the types of charges on
the surface of PEs composite SRNF membranes are adjustable.
The adjustable thickness of selective layers increases the per-
meability of PEs composite SRNF membranes by optimizing
the number of deposited PEs layers and preparation conditions
(such as pH, the concentration of inorganic salts, etc.). The rejec-
tion of different salts or charged dyes by these membranes can
also be manipulated by modifying the types of charges on their
surface.33 In addition, the structure of PEs membranes can be
explained by the model proposed by Ladam et al.81 Three zones
exist in the cross-section of PEs composite SRNF membranes,
which are depicted in Fig. 7. Zone I consists of a few layers
closed to the support membrane, which is mainly affected by
the support, and Zone III consists of a few layers near the edge
of the upper surface of the membrane, which is influenced by the
interface between the air and the top surface of the membranes.
Zone II is the bulky region between zone I and zone III, which
is not affected by the interface or support. The intrinsic charge
compensation is the main way in which PEs charge compensates
in this zone. Initially, zone I and zone III are formed when the
first layer of PEs are deposited. As the number of the deposited
layer increases, zone II emerges and any additional multilayer
growth occurs only in zone II.

A few studies have examined PEs composite SRNF mem-
branes to date.34,82–91 Li and co-workers33–37 studied a series of
SRNF membranes fabricated by the self-assembly LBL method.
They fabricated PEs composite SRNF membranes by combining

polydiallyldimethylammonium chloride polycations with vari-
ous polyanions, including polyacrylic acid (PAA)33, sulfonated
poly(ether ether ketone)34–36, poly(sodium styrene sulfonate),
and poly(vinyl sulfate).37 Their results illustrated that the thick-
ness of PEs composite SRNF membranes affect the permeabil-
ity of solvents33–37 and can be adjusted by the number of de-
posited layers as well as the conformation of the PEs chains.
Furthermore, the conformation of PEs chains strongly depends
on the density of electrostatic charges, the pH value, and the
ionic strength of solutions. The rejection of different dyes by PEs
membranes significantly depends on the type of charges on the
top layer of the membranes, the type and quantity of the dye
electric charges, and the number of deposited layers.

Because the active layer of PEs composite membranes is
denser and their mass transfer resistance is higher, the perme-
ability of membranes decreases as the number of deposited lay-
ers increases. Furthermore, the density of electrostatic charges
affects the permeability of membranes by adjusting the stretch
(conformation) of PEs chains. PEs chains with a higher den-
sity of electrostatic charges tend to better match the distances
between charged groups in the polycation and the polyanion,
leading to a flatter deposition with less loops, which accounts for
higher retentions and higher permeability of membranes with a
higher density of electrostatic charges.35,92 The effects of pH and
ionic strength on the thickness and permeability of the mem-
branes is a function of the type of polyion used. The thickness
of membranes fabricated with the LBL technique using poly-
diallyldimethylammonium chloride and PAA decreases as the
pH value of the deposition solution increases from 2 to 4. This
phenomenon can be attributed to a decrease in the segmental
population of deposited loops per coating when the charge of
the PAA chains increases (ionized). Nevertheless, a significant
increase in thickness was observed when the pH value of the so-
lution was further increased beyond 4. A similar phenomenon
has been observed by Shiratori et al.93 and Park et al.94. Fur-
thermore, the ionic strength, which is determined by the salt
concentration in the deposition solution, affects the thickness
and permeability of membranes by tuning the conformation of
PEs chains. When the salt concentration is increased, the elec-
tric potential around the polymer chains decays faster because
the PEs adsorbs in more “loopy” conformations. Therefore, the
thickness of the membranes increased almost linearly with the
salt concentration.33,37,95 However, an increase in the salt concen-
tration can also lead to the decomposition of multilayers, which
might eventually decrease the thickness.33,96,97 The permeability
showed a similar trend because adding salt to the PEs solu-
tions leads to the deposition of more loopy-structured chains,
which consequently makes the material less dense. The rejection
performance strongly depends on the type of charges on the top
layer of the PEs composite membranes. Positively charged mem-
branes on the top surface show a higher rejection of positively
charged dyes due to static repulsion and vice versa.37 Moreover,
the membranes show a higher rejection of the same charged dyes
with a high valence state than of mono-charged dyes due to the
Donnan effect. (The Donnan effect is a common phenomenon
in physical chemistry. For example, when electrolytes solutions
pass through a positive membrane, positive charged ions have
more resistance for electrostatic repulsion between the ions and
the membranes. The higher valences the ions charge, the more
resistance of the ions own. Therefore, the rejection of ions is in
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the following order: M3+ > M2+ > M+1. Although in solvent, this
effects are much lower, for PEs membranes, the effects could not
be neglect as reported.33–37) Interestingly, the rejection was inde-
pendent of the number of bilayers in the membrane once zone I
and zone III were formed.37 As a result, adjusting the number of
the deposited bilayers can increase the permeability of the mem-
brane. The solvent-resistant performance showed that the mem-
branes were stable in solvents such as DMF, IPA, and THF.33–37

These PEs membranes have a high potential for purifying or re-
covering charged solutes, such as dyes, amino acid, and certain
charged catalysts. These membranes show rejections above 97%
of PB and permeabilities around 0.03–0.2 L m−2 h−2 bar−1 in IPA.

Other Polymer Materials for SRNF Membranes

In recent years, many researchers have attempted to develop
new materials to fabricate SRNF membranes. Among these de-
veloped materials, glassy polymers with a high free volume
fraction have generated significant concern due to their intrin-
sic microporosity.98–103 NF membranes based on these polymers
are expected to have a high flux and result in a high rejection
due to their higher diffusion. Volkov et al.98–101 fabricated SRNF
membranes using a type of glassy polymer with a high free
volume fraction (up to 25%), named poly(1-(trimethylsilyl)-1-
propyne) (PTMSP). Specifically, they coated a cellophane sup-
port with a layer of PTMSP to prepare a composite SRNF mem-
brane. With respect to the chemical structure (stability), PTMSP
is inherently stable in alcohols, ketones, and certain aliphatic hy-
drocarbons. They found that dense PTMSP membranes with a
thickness of approximately 24–30 μm were much more perme-
able to ethanol than commercial silicone-based membranes.98

Furthermore, PTMSP has also been used to fabricate thin selec-
tive layers on a porous PAN support. Optimized PTMSP/PAN
composite membranes with a selective-layer thickness of ap-
proximately 1 μm showed an ethanol permeability of 3.8 kg
m−2 h−1 bar−1 and a 90% rejection of Remazol Brilliant Blue R
(MW 626.5) at 5 bar. Moreover, they also found that the viscos-
ity of the solution, rather than the swelling of composite mem-
branes, is the dominant factor affecting the permeability of the
composite membrane.100

Polymers with intrinsic porous and derived copolymers at-
tract a lot concern recently for their high free volume and
ultra-stable in polar (alcohols, ketones), aromatic (benzene,
toluene), nonpolar (alkanes), or aprotic polar (DMF, NMP,
DMSO) solvents.102,103 Fritsch et al.102 designed several kinds of
polymers of intrinsic microporosity (PIMs) and found that the
PIMs can also be generated by coating the material on porous
PAN membranes, followed cross-linking with PEI to fabricate
a new type of composite SRNF membrane. In a continuous ex-
periment that was recorded over 200 h, the permeability of the
composite membrane was extremely stable, and the 90% rejec-
tion of the composite membrane was less than 200 g mol−1 at
30 bar.102

Polypyrrole (PPy),104 polyurethanes (PU),105 chloromethy-
lated/quaternized poly(phthalazinone ether sulfone ketone),106

phenolphthalein-based poly(ether ether ketone),107 polyphenyl-
sulfone (PPSU),108,109 polyaniline (PANI),110–113 segment poly-
mer networks,114 polybenzimidazole (PBI),115,116 polyether
etherketone,117,118 PSF,119–121 and organic–inorganic hybrid
materials122,123 have been applied to synthesize the selective lay-

ers on a porous support. Of the various materials that have re-
cently been developed for SRNF applications, PANI-based com-
posite membranes deserve significant attention because PANI
composite membranes been successfully synthesized at the lab-
oratory scale110,112,113 and spiral-wound PANI composite mem-
branes could be used for industrial-scale separations.111 These
spiral-wound modules were stable in acetone, THF and DMF
and can be easily used even after the membranes have been
dried out. The MWCO of such membranes was 300 g mol−1

in DMF and showed a high potential for SRNF and solvent
exchange applications. The work reported by Li et al.114 fo-
cused on the fabrication of SRNF membranes with segmented
polymer networks. These segmented polymer networks consist
of two-component networks of covalently interconnected hy-
drophilic/hydrophobic phases with a cocontinuous morphol-
ogy and covalent bonds between the two phases in the seg-
mented polymer networks. These bonds limit the maximal de-
gree of swelling and prevent the swollen network structure from
disintegrating. This process accounts for the highly solvent-
resistant performance of these membranes. All of the developed
SRNF membranes showed a high permeability to DMF and a
low permeability to IPA because of the swelling properties of
the segmented polymer networks. These swelling properties are
controlled by the fraction of hydrophilic segments in the seg-
mented polymer networks. However, the retention of RB by all
membranes was higher than 99% in IPA and DMF.114

Summarily, the development of advanced SRNF membranes
mainly focuses on finding ways to modify general (aqueous) NF
materials. Because great efforts have been made on this direc-
tion in recent years, only few works have been carried out for
exploring new materials through certain chemical reactions to
require unique performance.102,106,107,114,124 Developing new ma-
terials through molecular design and surface modification of
SRNF membranes for improving comprehensive performance
of the membranes in a certain solvent system will be attracted
more and more attention in the following years.

Mass Transfer of Polymeric SRNF
Membranes

It is imperative to explore the process parameters and inves-
tigate the transport mechanism of solutes and solvents through
polymeric SRNF membranes to predict the field-specific per-
formance of SRNF membranes. This information will guide the
rapid development of polymeric SRNF membranes in dynamic
applications. However, building a general model to clarify the
mass transfer through SRNF membranes is difficult because the
physical and chemical factors that affect the mass transfer pro-
cess are too complicated. In fact, the literature lacks consensus on
the transport mechanism of SRNF, although numerous studies
have recently focused on this problem.

To study the transport mechanism of SRNF membranes, clari-
fying the structure, the changes of structure, and other properties
of SRNF membranes is rather significant. FTIR-ATR and XPS are
usually applied to characterize the chemical structure of the top
surface of the membranes to verify the reaction of the groups
or the interaction between different polymer molecules. SEM
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FIGURE 8. Schematic representation of the filtration modes of SRNF
membranes: (a) dead-end mode; (b) cross-flow mode.

and AFM are usually used to determine the morphology the
membranes. AFM can also be utilized to characterize pore size
and pore size distribution of SRNF membranes, although it can
not differentiate between surface cavities and active pores con-
tributing to solute transport. Gel content (represents how much
a material can be dissolved in a certain solvent) and swelling
degree (depicts how much a materials can be swell in a certain
solvent) are used to describe the stability of a kind of materials
in a certain solvent.

The separation performances of the SRNF membranes are not
only due to their basic properties including chemical structure,
pore structure, and their stability in a certain solvent but also
due to the operation mode. The dead-end filtration mode can
be used to test the solvent permeability and rejection of SRNF
membranes at the laboratory scale. However, SRNF membranes
are typically operated in cross-flow mode at the industrial scale.
In dead-end mode (Fig. 8), the feed is forced through SRNF
membranes perpendicular to the membrane surface. However,
it flows parallel to the membrane surface. Therefore, the polar-
ization concentration tested in the dead-end filtration system
increases over the real condition. In dead-end mode, a gas typ-
ically provides the pressure difference between the two sides
of the membrane, while the driving force is supplied by the ki-
netic energy of the solution offered by the pump. In fact, most
of reported data on solvent flux and rejection were obtained
using dead-end testing. The polarization concentration cannot
be ignored for long-term dead-end tests. Therefore, cross-flow
mode more accurately simulates industrial applications where
spiral-wound modules have been used.

The following section will present the main models of sol-
vent permeation through SRNF membranes, including the ad-
vantages and disadvantages of every model. Furthermore, the
effects of the physical and chemical parameters of solvents, so-
lutes, and membranes on the mass transfer of SRNF membranes
will be introduced in detail.

THE SOLVENT TRANSFER MODELS

The Development of Solvent Transfer Models

In essence, two types of mathematical models can describe the
solvent (including water) transfer through a SRNF membrane,
namely the pore-flow model and the solution-diffusion model.
The pore-flow and solution-diffusion models accurately predict
the solvent permeability of porous or dense NF membranes, re-
spectively. Nevertheless, the prediction of solvent transfer per-

FIGURE 9. Representation of the three flow resistances encountered
by a solvent.125

formance through SRNF membranes is not consistent with the
empirical data due to strong interactions between the solvents
and membranes. In this section, the most important and com-
prehensive models will be introduced to better predict the trans-
fer mechanism of SRNF membranes. Machado et al.125 devel-
oped a type of resistance-in-series model by combining viscous
and diffusion mechanisms. The model successfully predicted the
permeability of alcohols, paraffins, acetone, and water through
MPF-50, a type of silicone polymeric membrane. This model
was based on the assumption that SRNF membranes are com-
posed of three layers (Fig. 9): (a) an active surface skin, (b) an
intermediate UF layer, and (c) a base support layer. As the pore
size of the membrane decreases, the molecular force at the in-
terface between solvents and membranes increases. Given that
the main resistance of every layer affects solvent transfer, the
solvent viscous flux through this composite porous membrane
can be expressed by Eq. (1):

J = �P
RT

= �P
R0

s + R1
μ + R2

u
(1)

where J is the solvent flux, �P is the trans-membrane pressure,
RT represents total solvent transfer resistance, R0

s stands for the
surface resistance at the pore entrance, R1

μ is the viscous resis-
tance during the flow through pores in the active surface skin,
and R2

u signifies the viscous resistance during flow through the
UF portion of the pore. The surface resistance is assumed to be
proportional to the difference between the surface tension of the
membrane and the solvent as well as (d1

P )2. This relationship is
given below in Eq. (2)126,127:

R0
s = k0

M

(d1
P )2

(γc − γL ) (2)

where k0
M is defined as a constant that depends on the pore

characteristics of the membrane, d1
P represents the mean pore

diameter of the active surface skin layer, γc stands for the critical
surface tension of the membrane as determined by the Zisman
plot, and γL is the surface tension of the solvent.

The viscous resistance is given by the capillary flow equation:

Ri
μ = ki

M
μ

(di
P )2

(i = 1, 2) (3)

where i represents the number of layers, 1 signifies the active
surface skin, 2 is defined as the intermediate UF layer, kM is a
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geometric membrane constant determined by the porosity and
tortuosity factors, μ stands for the viscosity of the solvent, and
di

P is the pore size diameter of the different layers of the SRNF
membrane. Thus, Eq. (1) can be reorganized into Eq. (4) when
considering Eqs. (2) and (3):

J = �P
φ[(γc − γL ) + f1μ] + f2μ

(4)

where f1 = k1
M

/
k0

M is a solvent-independent parameter that char-
acterizes the active surface skin layer, f2 = k2

M

/
(d2

P )2 stands for
a solvent-independent parameter that characterizes the second
UF layer and φ = k0

M

/
(d1

P )2 is a solvent-dependent parameter.
Because it considers the surface tension difference between

the solvent and the membrane, this model can more accurately
predicts the empirical data than basic models. Understanding
the causes of deviations of commonly used models from the
empirical solvent permeability data is paramount. Although this
model hints at reasons for the failures of the two basic to predict
the solvent permeability in nonaqueous media, it is still far from
perfect because the effects of solvent polarity and membrane
swelling on the solvent transfer through SRNF membranes are
not considered.

Bhanushali et al.128 presented a valuable model based on the
solution-diffusion model. They attributed the deviation of the
solution-diffusion to the approximation made by the following
equation in the inference process:

1 − exp
(

− Vi (�P − �π )
RT

)
= − Vi (�P − �π )

RT
(5)

When considering pure solvents passing through the mem-
brane only, �π should be ignored. However, they indicated that
the approximation is inaccurate for solvent systems that are well
fitted in aqueous systems where the molar volume of water is
18 cm3 mol−1. They then analyzed the possible influencing factor
that might result in the deviation based on the solution-diffusion
model. Eventually, they stated that the final pure water flux is
proportional to the molar volume of solvent (Vm), the reciprocal
of viscosity (μ), and the surface energy of the membrane (γ SV):

J ∝
(

Vm

μ

)(
1

ϕnγSV

)
(6)

where φ is the sorption value representing the interaction be-
tween polymer and solvents, and n is an empirical constant.
As such, Bhanushali et al.128 first clarified the effects of at least
three parameters: viscosity, molecular size, and the affinity of
the solvent permeability of SRNF membranes. The model cor-
relates well with the experimental data and is the best model
available to describe solvent transfer through relatively dense
NF-membranes in certain cases. However, this model does not
consider swelling effects and thus is not suitable to predict sol-
vent transfer through SRNF membranes that are highly swollen
in the given solvent. Another disadvantage of this model is that
a higher flux increases the affinity between solvents and mem-
branes, yet the model predicts a decreasing flux.

Geens et al.129 and Darvishmanesh et al.24 further amended
the model proposed by Bhanushali et al.128 Geens et al.129 con-

FIGURE 10. Schematic representation of solvent transport through
the nanoflltration membrane.24

sidered the effect of membrane–solvent interactions on the resis-
tance. The pure solvent flux was ultimately related to the molar
volume of the solvent, the viscosity of the solvent and the sur-
face tension difference between solvents and membranes (�γ ).
This relationship is given by Eq. (7):

J ∝
(

Vm

μ

)(
1

�γ

)
(7)

This model correlates well with experimental results and is
easily applied because all the necessary parameters can read-
ily be acquired. Furthermore, this model accurately predicts the
pure solvent flux through both hydrophilic and hydrophobic
membranes. However, the authors also stated that the main dis-
advantage of the model is that the swelling effects were not
included. In addition, the solvent polarity was also excluded
and only polar solvents were considered.

Darvishmanesh et al.23–25,130 published a series of studies on
the solvent transfer mechanism and provided a general model
to predict the solvent flux through different membranes. The
most important factors that influence the solvent permeability of
SRNF membranes are the solvent polarity (dielectric constant),
solvent viscosity, solubility parameter, surface tension, and mo-
lar volume. As shown in Fig. 10, a semi-empirical model has been
developed from the solution-diffusion model and the imperfec-
tion model. The membrane is considered a parallel connection of
a matrix in which the solution-diffusion mechanism of solvent
transfer can occur and the solvent is convectively transferred
through pores without changes in concentration. When consid-
ering viscous transport through imperfections in the membrane
in addition to diffusive transport, the solvent transfer equation
can be expressed as follows according to Sherwood et al.131:

J = Ld (�P − �π ) + Lv�P (8)

where J signifies the pure solvent flux, Ld and Lv are new pa-
rameters that represent the partial diffusional and viscous per-
meability (which are related to different factors), �P stands for
the trans-membrane pressure, and �π is the osmotic pressure,
which is neglected for pure solvents. The following equation
considers the effects of solvent viscosity and surface tension:

Li ∝ 1
μ exp(1 − β)

(9)

where the subscript i represents d or v, μ signifies the solvent
viscosity, β stands for the ratio of the surface tension of the
membranes, which is defined as:
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βhydrophilic = γL

γM
(10)

or

βhydrophobic = γM

γL
(11)

where γM and γL are the surface tension of the NF membrane
and solvent, respectively.

An additional term related to the diffusive portion in the
equation considers the additional effect of polarity. This term
is mainly governed by diffusion because the solvent transfers
through the dense membrane matrix:

Ld ∝ α

μ exp(1 − β)
(12)

where α is the nondimensional polarity coefficient, which is de-
fined separately for hydrophilic and hydrophobic membranes.
For hydrophilic membranes, α is the ratio of the solvent’s dielec-
tric constant that of water because water is an extremely polar
solvent compared to other solvents and has a high flux through
hydrophilic membranes. Similarly, for hydrophobic membranes,
α is the ratio of n-hexane’s dielectric constant to the solvent’s di-
electric constant.

Therefore, the final format of Eq. (8) is:

J = a0α

μ exp(1 − β)
(�P − �π ) + b0

μ exp(1 − β)
�P (13)

where a0 and b0 are the specific diffusivity and permeability
values, which can be obtained during modeling. The solvent
permeability calculated with the new model correlated well
with the experimental data of both hydrophilic and hydrophobic
NF membranes over the entire range of solvents used (includ-
ing both high-polar solvents and apolar solvents), which con-
firmed that the assumption of convective-diffusive transfer in
SRNF membranes is valid. Many other comprehensive models
have been proposed, such as the coupled series–parallel resis-
tance model25 as well as mechanistic, chemometric, and hybrid
models,132 which are not discussed in this review.133–135

The Influencing Factors of Solvent Transfer
Through Polymeric SRNF Membranes

Unlike in aqueous solution, the strong interaction between
NF membranes and solvent significantly affects the permeability
of the solvent. Therefore, the transfer of solvent through SRNF
membranes is complex and is influenced by the properties of
the solvent, the nature of the membrane, and the interaction
between the solvent and the membrane.

Solvent Properties. Polarity, viscosity, surface tension, and the
molar volume of solvents are the main factors that determine
the behavior of solvent transfer through SRNF membranes.
Robinson et al.136 found that the solvent polarity was a good
estimation of solvent permeability. However, the effect of sol-
vent polarity seemed strongly related to the surface tension,

which may be the intrinsic determining factor. On the other
hand, Whu et al.137 examined the permeability of MPF-44 mem-
branes to methanol and water (commercial membrane from
Koch Membrane System) and claimed that MPF-44 membranes
were more permeable to water than methanol permeability be-
cause the membrane was hydrophilic. Van der Bruggen et al.138

argued that the solvent flux increased for hydrophilic mem-
branes and decreased for hydrophobic membranes when in-
creasing the solvent polarity. Darvishmanesh et al. also found
a similar effect. However, in most cases, the effect of surface
tension has been intensively addressed, although the surface
tension and solvent polarity are intimately related. In fact, the
effect of solvent polarity should also be individually considered
in addition to the surface tension.23–25,130 Compared with the
solvent polarity, the solvent viscosity is generally believed to
be a predominate factor that affects the solvent permeability.139

All of the solvent transfer models mentioned above illustrate
that the solvent permeability decreases dramatically with in-
creased the solvent viscosity.24,125,128,129 Stamatialis et al.140 found
a valid linear correlation between the solvent permeability and
(membrane) swelling/(solvent) viscosity ratio. Vankelecom et
al.141 also found similar results. Furthermore, Darvishmanesh
et al.23,130 indicated that the transfer of solvent through porous
SRNF membranes is mainly affected by the solvent viscosity.
Machado et al.125 attributed the deviation of basic models from
the experimental data to the fact that the surface tension differ-
ence between solvents and membranes is not considered in these
models. The relative surface tension between solvents and mem-
branes determines the interaction between solvents and mem-
branes. In the model developed by Geens et al.,129 the solvent
permeability was proportional to the reciprocal of the difference
in the solvent surface tension. This finding agreed well with
the model developed by Machado et al.125 The molar volume,
which represents the size of the solvent, seems to be a contro-
versial factor that affects the solvent permeability. Bhanushali et
al.128 and Geens et al.129 stated that the solvent flux increased
with the solvent molar volume. Nevertheless, Vankelecom et
al.141 reported that the solvent molar volume minimally affected
the solvent permeability. In fact, the effect of molar volume had
been excluded in the models established by Machado et al.125

and Darvishmanesh et al.24

Membrane Properties. The membrane properties, including
the pore structure (dense or porous) and surface energy, play an
important role in determining solvent transfer. For dense mem-
branes, the mutual affinity between solvents and membranes
dominated the solvent permeability. On the contrary, the sol-
vent permeability was significantly affected by the viscosity in
porous membranes.25 The membrane surface energy is a factor
related to the mutual affinity of the used solvents. When the dif-
ference between the surface tension of solvents and the surface
energy of membranes diminishes, a strong affinity can result in
a higher solvent permeability.23–25,125,128–130

The Interaction between Solvents and Membranes. The swelling
that results from the strong interaction between solvents and
membranes significantly affects the solvent permeability of
SRNF membranes. However, this parameter is excluded in most
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models.24,125,128,129 When polymers swell, the reorganization of
the molecular structure of the membrane affects the solvent
flux.138,142 Extensive swelling can decrease the selectivity and
even cause the peeling of the top layer. Many reports have in-
dicated that the solvent permeability was proportional to the
swelling/viscosity.140,141,143 However, the established models do
not accurately correlate the solvent permeability and swelling
because the swelling phenomenon is physicochemically com-
plex. Understanding the effects of swelling on the solvent per-
meability can provide insights into the solvent transfer mech-
anism. Therefore, this topic requires further exploration in the
future.

THE SOLUTE TRANSPORT THROUGH POLYMERIC
SRNF MEMBRANES

In a practical SRNF separation process, SRNF membranes
necessarily feature a high rejection of a particular solute, which
is based different factors of the solute transport. Based on ob-
servations made aqueous solutions, the MWCO is an important
parameter in the prediction of the rejection of a certain solute in
organic solution. However, the MWCO can be inaccurate in this
setting for some systems,144,145 which indicates that many other
important factors can affect the solute transfer through SRNF
membranes. Although a consensus solute transport mechanism
has not yet been reported, increasing attention has been paid to
the investigation of the influencing factors.

The Development of MWCO Characterization

Pore size and pore size distribution are inherent physical fac-
tors of SRNF membranes that affect the solute transport. Trans-
mission electron microscope is thought to be a precise technique
to characterize the pore structure, however, it is hard to pre-
pare samples and the characterization process is too complex.146

Therefore, an easily obtainable parameter to reflect the pore size
structure in practical applications of SRNF membranes is re-
quired. This spurred studies investigating MWCO as such a
parameter because MWCO is commonly used to predict the
rejection of certain solutes in aqueous solutions. However, the
predictions made by MWCO are not always accurate, primarily
because the determination of the MWCO of membranes in or-
ganic solutions has not been standardized. A standard method
should satisfy the following conditions: (a) the used solutes
should be readily soluble in a wide range of solvents, (b) the
molecular weight of the used solutes should be systematically
varied from 200 to 1000 g mol−1, (c) the interaction between the
used solutes and membranes as well as between the used so-
lutes and solvents should not be strong. Following these rules,
Toh et al.147 stated that styrene oligomers, which are uncharged,
nonpolar, readily detected by UV absorbance, and can be readily
dissolved in many solvents ranging from DMA to acetone. With
this method, the molecular weight of the solute at which the
rejection of SRNF membranes exceeds 99.9% can be examined to
indicate the point at which the solutes are completely removed
from the solution. However, the main drawback of this method
is that the oligostyrene standards are very expensive.147

To solve this problem, Li et al.148 focused on using polyethy-
lene glycol as a probe molecule to determine the MWCO of
SRNF membranes using high-performance liquid chromatogra-
phy with an evaporative light scattering detector (ELSD), even
though PEGs are typically used to characterize the pore structure
of membranes in aqueous solution. They stated that ELSD can
be operated using a gradient elution with a low baseline drift
to accurately quantify results even at low concentrations. More
importantly, ELSD is not affected by the interaction between sol-
vents and solutes. Alkane systems149 and different dyes150 have
also been used as probe molecules to determine the MWCO of
SRNF membranes. However, the drawbacks of alkanes included
the lack of commercially available molecules with a molecular
weight over 400 g mol−1 and difficulties in detection. The draw-
backs of dyes were the strong interaction between the dyes and
the membranes because the majority of dyes are charged. There-
fore, a standard comprehensive method to examine the MWCO
of SRNF membranes remains elusive.

The Crucial Factors of Solute Transport

Although a significant number of studies have focused on so-
lute transport mechanisms, the development of a general model
to describe the transfer of solute through SRNF membranes re-
mains a challenge. Therefore, selecting the most suitable mem-
branes and adjusting the filtration conditions (operating pres-
sure, pH value, etc.) to clarify the factors that affect the solute
transfer is crucial to design SRNF membranes that perform well
in practical applications. The most significant factors that influ-
ence the transfer of solutes through SRNF membranes include:
(a) the solute properties (molecular size, charges, polarity, etc.);
(b) the membrane properties; (c) the interaction between sol-
vents and solutes; and (d) the interaction between solvents and
membranes.

Solute Properties. The properties of a solute directly affect the
solute permeation through SRNF membranes. According to the
sieving effects that play a dominate role and Donnan effects that
play a relatively minor role since the ionization of the membranes
in solvent environment is not as strong as that in aqueous solu-
tion, the molecular size and charge of a certain solute determine
whether it passes through the SRNF membrane. For nonelec-
trolyte solutes, the rejection increases with increasing molecu-
lar size. White et al.149revealed that branched alkane molecules
show a higher rejection than linear alkanes of similar molecular
weight. Similar results have been found by Zheng et al.151 and
Darvishmanesh et al.152 Zheng et al. attributed this phenomenon
to the fact that molecular weight does not necessarily reflect
molecular size. They stated that the “calculated mean size” of so-
lutes based on the 3-D molecular length correlates with the rejec-
tion and should be compared with six traditional molecular size
descriptors, including different molecular weights and radius
of gyration. The solute charge significantly affects the rejection
via the electrostatic force between solutes and membranes.151

Darvishmanesh et al.152 claimed that the molecular structure and
electron density of molecules significantly affected the rejection,
as predicted by molecular dynamic simulations. They found that
molecules with one hydrophilic group showed a lower rejection
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resulting from the orientation of the molecule.152 Li et al.37 re-
ported that membranes showed a higher rejection to dyes with
a high valence state charge than mono-charged dyes, a finding
that was attributed to the Donnan effects. They also stated that
negatively charged PE membranes rejected more MO (a type
of negative solute) than positively charged dyes.36 Similar re-
sults have been reported in other works153 indicating that the
Donnan effects may also play an important role in separating
charged solutes.

Membrane Properties. The properties of the membrane, includ-
ing the pore structure, surface charge, and affinity between so-
lutes and membranes, directly affect the solute transfer process.
The pore size and pore size distribution of SRNF membranes
are affected by the swelling effects of solvents. Furthermore, the
effects of the surface charge on the solute permeation can be
related to the solute charges, which have been discussed above.
Bhanushali et al. examined the rejection of PDMS membranes
to Sudan IV in methanol. PDMS membranes showed a nega-
tive rejection, and the solute transferred faster than the solvent
because of the strong interaction between Sudan IV and PDMS
membranes.154 Darvishmanesh et al.155 reported a similar phe-
nomenon in determining the rejection of Sudan Black and Sudan
408 in n-hexane by STARMEMTM 122, a type of commercial PI
membrane. Therefore, membranes that show a strong affinity
for the solute should have a lower rejection.155

Interactions between Solvents and Solutes. Unlike solute prop-
erties and membrane properties, the interactions between sol-
vents and solutes affect the solute transfer process by influenc-
ing the solute molecular size via the solvation and hydration of
solutes.153–157 Bhanushali et al. systematically studied the solute
transport through SRNF membranes and stated that the solute-
solvent coupling had a significant role in solute permeation.154

However, further researches are needed to clarify the effects of
the interaction between solvents and solutes on the rejection of
solutes since some SRNF membranes shows negative rejections
in certain solvents.158,159

Interactions between Solvents and Membranes. The swelling of
SRNF membranes in organic solvents reorganizes the membrane
materials resulting in pore structure variations. The swelling of
membranes increases the free volume, resulting in lower rejec-
tions by dense membranes. Moreover, the rejection increased
as the pores narrowed during the swelling of porous mem-
branes (Fig. 11).23 Geens et al.139 examined the rejection of
SRNF membranes and found that membrane swelling narrowed
the pores of porous membranes. However, some studies have
shown that membrane swelling dramatically increased the flux
of the solution without obvious changes in the solute rejection.160

The difference may be caused by the difference of selective
layer structure of the SRNF membranes. For the dense mem-
branes, the free volume plays main role in rejecting of solutes,
whereas the pores between the selective layer molecules de-
termine the rejections to solutes for the porous membranes. In
a word, the swelling effects on the solution transfer through
SRNF membranes are a complex process that requires further
study.

FIGURE 11. The influence of swelling on a dense (a) and a porous
(b) membrane.23

Advanced Applications of SRNF
Membranes

As NF has two unique features as talked before, it has been
widely applied in many fields, especially in the removal of haz-
ardous contaminates from waste water.124,161–164 Most recently,
the separation and purification of active molecules in organic
medium by NF membranes (called SRNF membranes) has at-
tracted significant attention because unlike conventional dis-
tillation, this process is athermal.165–198 The SRNF membranes
can potentially be used in the pharmaceutical manufactur-
ing industry,165–172,198–200 catalysis recovery processes,173–183,196,197

the concentration of biologically active compounds in food
technology,192 the recovery of ion liquids,184–186 the purification
of fuels and solvents,188,189 refining technologies,187 and many
other fields.205 All of these fields have a common feature: the
cost and the energy consumption to prepare or recover active
molecules are very high, which makes the application of SRNF
economically attractive. Table II summarizes the characteristics
of commercial SRNF membranes. Typical advanced applications
of SRNF membranes over the last 10 years will be introduced
below.

PHARMACEUTICAL APPLICATIONS

SRNF has three prominent advantages for pharmaceutical
applications: (a) it can purify active pharmaceutical ingredients
(APIs) without thermal structural damage; (b) it can effectively
remove impurities, including some genotoxic and carcinogenic
impurities; (c) it reduces energy consumption and recovers a
high amount of solvent. Sheth et al.165 claimed that precom-
pacting commercial MPF-50 or MPF-60 with used solvents at
operational pressures and temperatures is necessary to remove
erythromycin because precompaction increased the rejection of
erythromycin by SRNF membranes, which reduced the loss of
erythromycin and increased the purification efficiency. Shi et
al.166 fabricated a type of PI membrane to concentrate spiramycin
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FIGURE 12. Schematic comparison of API purification by a conventional and OSN-based process.167

TABLE III
The Conditions of the Three Specific Conditions in Separation of API/Genotoxic (GTI) Mixture 167

Rejections (%)

Cases API versus GTI API GTI
Conditions: Membrane,

Solvent, Pressure

Case 1: Easy Irb versus ACR 99.3 2.2 GMT-oNF-2,THF,20
Meta versus AA 99.2 1.3 SolSep,MEK,20

Case 2: High GTI
rejection

Meta versus DMS 99.1 16.4 SolSep,MEK,10
99.3 26.4 SolSep,MEK,20

Case 3: Low API
rejection

Suma versus DMS 95.2 9.3 GMT-oNF-2,THF,20

extracts and recover the used solvent (butyl acetate). They in-
dicated that the permeability of the spiramycin solution was
significantly affected by the operating conditions, although the
rejection of spiramycin (higher than 99%) was not influenced.166

Recently, SRNF membranes for pharmaceutical applications
have been systematically and practically studied. Szekely et al.167

used platform SRNF membranes (Sol Sep) purchased from Bor-
sig Membrane Technology GmbH to remove genotoxic impuri-
ties and recover API. The final yield of recovered API by this
SRNF process was 25% higher than that of the conventional
distillation process (Fig. 12). In addition, they divided different
API/genotoxic systems into three categories according to the rel-
ative rejection of API and genotoxic impurities. The conditions
of the three cases are listed in Table III. Case 1 easily removed
genotoxic impurities from API solutions because the rejection of
API exceeded 99%. Case 2 and case 3 did not perform as well
as case 1 because the rejection of genotoxic impurities was high
(over 10%) in case 2 and the rejection of API was approximately
95% in case 3. The loss of API in case 3 was similar to that of

a conventional phase exchange process. The genotoxic impu-
rities could not be completely removed in case 2 although the
loss of API was minimal. With respect to safety, the operating
conditions must be adjusted to maintain the concentration of
genotoxic impurities lower than the maximum limits.

Van der Bruggen and cowokers168,169 have studied the pu-
rification of API and solvent recovery with SRNF membranes.
Initially, they verified that the solvents (IPA, methanol, ethanol
and ethylacetate [EA]) and APIs (Imatinib mesylate, Donepezil,
Atenolol, Alprazolam and Riluzole) could be recovered and
purified using commercial StarMem122 and DuraMem150. Du-
raMem150 shows very high rejection of all five types of API in all
solvent mixtures except IPA. However, StarMem122 showed did
not separate Imatinib mesylate in IPA. To prove that this process
was feasible on an industrial scale, a model of SRNF membrane
units was developed and processed in common simulation soft-
ware. A comparison between the traditional evaporator process
for solvent recovery and the SRNF membrane module confirmed
the potential use of SRNF to purify solvents.168 Another study by
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FIGURE 13. Catalysts and products in the Suzuki–Miyaura coupling and the Buchwald–Hartwig amination in literature.175

the same authors detailed the design of a two-stage membrane
process to completely recover API from methanol.169 In this sys-
tem, the actual rejection is 91% with an 80% of recovery rate
and 83% observed rejection. The continuous separation process
yields only 1.7 ppm of API in the permeate solution. Further-
more, the cost of a membrane process was compared to that of a
distillation unit. A distillation process that recovers 451 tons of
methanol annually consumes 162 MWh, which is over 200 times
higher than that the energy consumption of the SRNF separation
process.169 A similar conclusion was made by Rundquist et al.,170

which indicated that SRNF showed significant potentials for re-
covering used solvents in the API crystallization process because
of its lower energy consumption compared with that of the con-
ventional distillation. Other reports have focused on pharmaceu-
tical purification processes by combining SRNF with other sep-
aration techniques, such as counter-current chromatography.171

The concentration of biologically active compounds by the SRNF
process has also been studied.172 Because the SRNF process re-
quires little energy and is athermal (thereby avoiding damage
the chemical structure of active molecules), many studies have
focused on using SRNF in pharmaceutical fields.

RECOVERY OF CATALYSTS

Similar to pharmaceutical components, catalysts are usually
expensive, easily deactivated, and hazardous to the environ-
ment and require high energy to be separated from the products
using conventional technologies. In fact, catalysts have been ap-
plied in almost all chemical synthesis processes, especially in
the synthesis of active organic substances or active intermedi-

ates. Because SRNF is an athermal process, which decreases the
probability of losing catalyst activity, SRNF membranes could
potentially be useful to recover homogeneous or phase transfer
catalysts. Luthra et al.173,174 successfully used SRNF membranes
to recycle phase transfer catalysts. Different commercial SRNF
membranes have been used to recycle phase transfer catalysts. A
series of commercial STARMEMTM membranes showed the best
performance in this process, with a 99% rejection rate and no
losses in catalyst activity over a cycle of three consecutive reac-
tions. Most importantly, the concentrated solution can catalyze
the reaction in fresh organic reactant solution directly without
any further purification or treatment.173,174

Compared with the recovery of phase transfer catalysts,
SRNF should be more suitable to recover homogeneous cat-
alysts, especially transition metal catalysts.175–183 Schoeps et
al.178 developed a type of PDMS SRNF membrane on a
PAN porous support and thermally cross-linked the mem-
branes. This type of thermal cross-linked PDMS/PAN SRNF
membrane performed well in Suzuki–Miyaura coupling and
Buchwald–Hartwig amination for separating (NHC)Pd(allyl)Cl
and (NHC)Pd(cinnamyl)Cl complexes from the coupling com-
pounds (shown in Fig. 13). High rejections ranging from 97%
to 99.7% were observed with a 3.5–25 ppm residual content
of Pd in the cross-coupling products.175 Tsoukala et al.181 de-
signed a SRNF process to separate and purify a target product
and the Pd catalyst from a Heck coupling post-reaction mix-
ture, shown in Fig. 14. Commercial DuraMem membranes with a
MWCO of approximately 200 g mol−1 were most suitable for this
purpose. After six filtration cycles, the reaction products were
quantitatively recovered and the Pd content in the products was
much lower than the requirements illustrated in Fig. 15.181 In
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FIGURE 14. (a) Flow diagram for organic solvent dead-end nanofiltration. (b) Organic solvent dia-nanofiltration.181

FIGURE 15. Results of the dia-nanofiltration process for the
separation of reaction product and catalyst.181

summary, the recovery of catalysts and the purification of or-
ganic products by SRNF membranes should be further devel-
oped because this process constitutes potential improvements
in cost, environmental protection and energy consumption.

OTHER APPLICATIONS

Recently, SRNF processes have attracted the attention of
many researchers for purifying, separating, refining and re-
covering active ingredients in many other fields.184,185,187–193,205

Processes that purify ionic liquid are valuable because ionic
liquids are expensive and have been widely used to dissolve
metal complex catalysts184 and wooden materials.185 Han et
al.184 used STARMEMTM membranes to recycle CYPHOS IL 101
ionic liquid from synthetic post-reaction mixtures. The mem-
branes rejected over 95% of the CYPHOS 101 ionic liquid, and
the concentration of ionic liquids in the post-reaction mixtures
was condensed from 9.1% to 86%. Another interesting study
showed that the recovery rates of the ionic liquid in the sep-
aration of saccharide products from different feed concentra-
tions of the ionic liquid 1,3-dimethylimidazolium dimethylphos-
phate can reach 80% by using both Desal series NF mem-
branes and Starmem 240 membranes.185 Both works illustrate
that SRNF separation is potentially very useful to separate ionic
liquids.

Many studies have explored the possibility of using SRNF
in the conventional chemical separation industry to replace
distillation187–189 and thus reduce energy consumption. White’s
work187 developed large-scale applications of SRNF for chemi-
cal and refining processes. In these processes, SRNF membranes
were applied at the refinery scale to recover solvents (toluene
and methyl ethyl ketone) from a lubricant dewaxing process that
operated at a feed rate of 5800 m3 day−1. Membranes processes
constitute a number of advantages in this setting, including a
decrease in energy consumption (20% per unit volume of prod-
uct), increases in product quality, increased lubricant and wax
product yields per barrel of oil and an increased throughput of
products. Over 5.3 million dollars could be saved annually by
using SRNF for such processes.
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FIGURE 16. Diagram showing conventional CRB processing and how the OSN technology integrates with this conventional process.192

SRNF membranes have also been used to purify
poly(amidoamine) dendrimers,190 nutritionally enrich refine
food,192 concentrate dilignols and trilignols from solvent
extracts193 and serve as a membrane bioreactor unit.191 Among
these new application attempts, the work of Sereewatthanawut
et al.192 deserves attention because all retentates and permeates
of the SRNF separation process depicted in Fig. 16 are fully uti-
lized. Their results showed an enrichment of γ -oryzanol from
0.95% in the feed oil to 4.1% in the product oil and a more than
a twofold increase in the oil antioxidant capacity in conjunction
with a considerable nutritional enhancement. In addition, the
rice bran oil refining process could be controlled to acceptable
levels (FFA < 0.2 wt.%) with minimal γ -oryzanol losses, which
made the use of SRNF membranes to enrich oil-based products
in nutritionally valuable compounds an attractive possibility.192

Conclusions and Prospects

The SRNF process has drawn considerable attention in recent
years as an alternative separation technique to solve the energy
and environmental problems caused by conventional separa-
tion methods. Previous studies have investigated the prepa-
ration, transport mechanism, and novel applications of SRNF
membranes. New materials with various treatment techniques,
such as cross-linking, have been developed. The development of
new solvent-stable materials, ranging from segmented polymer
networks to PIM,98–100,102,104,106,108,110,111,114,122,124,207 has provided
more possible options for using SRNF membranes at large indus-
trial scales showing the importance of introduction the concept
of molecular design in developing new SRNF materials. Mixed
matrix membranes and metal−organic frameworks membranes
are applied in organic medium as well and will play more and
more important role in separation and purification in organic sol-
vent medium since these membranes materials can be designed

form the viewpoint of the structure of selective molecule.201,202,208

Besides, based on our most recent study, the addition of various
nanoparticles may have great effects on the performance im-
provement of traditional polymeric SRNF materials.203 Reduc-
tions in the processing cost and environmental contamination
have been achieved by decreasing the use of solvents for the con-
ventional cross-linking process by using new techniques, such
as UV cross-linking 54,204, plasma treatment,71 and cross-linking
in water baths during phase inversion.60 In addition, membrane
modules, such as capillary and spiral-wound modules,111 can
potentially be manufactured at the industrial scale.

Numerous studies have attempted to elucidate the transport
mechanisms of SRNF membranes. Some studies have focused
on developing new characterization methods to clarify the pore
size and pore size distribution of SRNF membranes.146,206 Others
attempt to identify the crucial factors that affect the transport
of solvents and solutes through SRNF membranes and build
models with which the separation performance can be accu-
rately predicted. With respect to this approach, Darishmanesh
and his coworkers have systematically investigated the main
factors that affect the permeation of solvents and solution. They
built a more suitable model based on the works of Machado et
al.125 and Bhanushali et al.128 to predict the permeation of sol-
vents through SRNF membranes. However, a comprehensive
model of the transport of solutes remains elusive because this
process is affected by many complex factors. Molecular simu-
lation is a powerful technique that shows promise for making
such predictions in the future.

Cost-effective and solvent-stable materials for the fabrica-
tion of SRNF membranes should be further developed decrease
membrane cost. Advanced cross-linking methods such as the
visible light cross-linking strategy deserve more attention. In
the following years, the concept of molecular design will play
more and more important role in developing new SRNF materi-
als. Furthermore, because the interactions between solutes and
membranes significantly affect SRNF performance, it is possible
to modify SRNF membranes using well-organized functional
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groups with a specific stereoscopic structure to separate and pu-
rify specific molecules, such as chiral molecules. Self-assembly
techniques prevailing in molecule design provide a possible ap-
proach to meet such a target. In a word, the research direction
of SRNF materials is undergoing a change from how to broaden
the applications of the developed materials to how to obtain
the unique separation performance through molecular design
or surface modification techniques. Although the SRNF process
consumes less energy than conventional separation techniques,
it still requires considerable amounts energy when operated at
relatively high pressures. Therefore, the development of low-
pressure-driven SRNF should be the long-term goal of future
research.

Because of the complexities in the process, previous studies
have not yet developed a consensus mass transfer mechanism
for SRNF membranes. Among the crucial influencing factors,
swelling presents the most uncertainties. Swelling can decrease
or increase the permeation and MWCO of SRNF membranes
depending on the membrane properties. Therefore, building a
model with which the performance of different types of SRNF
membranes can be exactly predicted is difficult. Although molec-
ular simulations and mechanistic analyses published by Darish-
manesh et al.152,155 and Santos et al.,132 respectively, offer insight
into a likely general model, most existing models have excluded
swelling effects. Thus, seeking a parameter, such as an interac-
tion parameter between solvents and membranes, to represent
the effects of swelling on the separation performance of SRNF
membranes is important for building a general model because
the swelling of SRNF membranes reorganizes the pore structure
of the active layers in the membranes.

Most recently, numerous studies have concentrated on de-
veloping new applications for SRNF, especially in high value-
added fields, such as the purification of APIs and the recovery
of organic metal catalysts. These studies are clearly valuable,
but SRNF could also be potentially used in other practical in-
dustrial production processes. The field-specific design of mem-
brane modules and membrane processes is also important. The
design of membrane processes, which includes the piping de-
sign, pump selection, and determination of operating conditions
(e.g., flow rate of the feed, trans-membrane pressure, working
temperature, and flushing time) considerably influences the fi-
nal cost of the SRNF process. Moreover, the running cost of the
SRNF process is needed to compare it with the conventional
separating process before it can be readily applied in industry.

In summary, SRNF membranes have been significantly im-
proved in recent years and future studies should focus on prac-
tical issues. These issues include the development of new ma-
terials and new approaches to fabricate SRNF membranes, the
application of SRNF membranes to separate and purify active
substances at industrial scales and the reduction of the running
cost of the general process from both economic and environmen-
tal perspectives.
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