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Recent advances in polymer membranes
employing non-toxic solvents and materials

Dong Zou,a Suzana P. Nunes, b Ivo F. J. Vankelecom, c Alberto Figolid and
Young Moo Lee *a

Polymer membranes have attracted interest in many areas, such as desalination, water treatment, gas sep-

aration, and energy storage and generation. Membrane fabrication requires large amounts of solvents for

polymer dissolution. These solvents often show toxicity and need to be replaced by greener solvents to

avoid adverse effects on human health and increase sustainability of the production processes. The need

to use non-toxic compounds is increasing with the strong growth of the global membrane market. This

review focuses on green solvents and green materials to prepare polymer-based membranes for the stea-

dily increasing range of applications. Membrane fabrication techniques, choice of emerging green sol-

vents, economic evaluation, and application areas will be comprehensively and critically reviewed. This

review provides important selection guidelines for greener solvents for chemists, chemical engineers, and

material scientists, focusing on organic chemicals and polymer processing. Furthermore, a simple cost

analysis for a typical green solvent is provided, and its impact on the membrane fabrication cost is

discussed.

1 Introduction

Membrane technology has gained much popularity during
recent decades due to its excellent separation performance in
water and solvent treatment, gas separation and other areas.1–6

Compared with ceramic membranes, polymer membranes
have merits such as lower cost, faster production and the avail-
ability of a wider range of parameters to tune the membrane
properties. Membrane technology has been considered as a
“green” technology due to its role in purification and separ-
ation of wastes with low energy consumption and satisfactory
selectivity without creation of additional waste streams.7

However, “is the membrane fabrication process itself green?”
has become an important question that needs to be answered
considering the green concepts in chemical industry and the
expanding membrane market. All membrane materials, i.e.,
polymers, additives and solvents, should be considered when
preparing the membranes. For example, bio-based or renew-

able polymer materials are suggested to replace oil-derived
materials, while non-toxic solvents are preferred compared to
most of the conventional, i.e. more toxic, solvents. This review
concentrates on recent progress in the use of (bio-based) poly-
mers as the main materials and the choice of green solvents
for membrane fabrication.

Every year, 50-billion-liters of solvent-contaminated waste-
water is estimated to be produced during the fabrication of
polymer membranes.8 These solvents are often toxic, causing
serious pollution, creating health issues for manufacturing
workers and are a burden to the environment. For example,
N-methyl pyrrolidone (NMP), a very popular solvent in mem-
brane fabrication, has been restricted for human health
reasons by the European Union for the industries producing
the batteries, semiconductors, fibers, and pharmaceuticals
since May 2020, while the restriction deadline for wire coating
production using NMP will be May 2024.9 Dibutyl phthalate
(DBP)10,11 is a solvent or plasticizer commonly used for
polymer production that has been banned in cosmetics and
children’s products by the U.S. federal governments because of
its toxicity.12 Therefore, there is an urgent need to look for
alternatives to replace conventional solvents with greener sol-
vents and optimize membrane fabrication methods.

In 2014, Figoli et al.13 published for the first time a review
about using non-toxic solvents to fabricate polymer mem-
branes, listing a series of non-toxic solvents for membrane pro-
duction. At that time, there were less than 80 references on
this topic. As the environmental policy became stricter,
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research work on “non-toxic” solvents has gained much popu-
larity. As shown in Fig. 1, the number of publications on using
non-toxic solvent for membranes has been steadily increasing
since 2010, showing an exponential rise. Therefore, it is
necessary to provide an updated in-depth review on polymer
membranes fabricated from “non-toxic” and “green” solvents.

The intention of this review is to summarize the recent pro-
gress in non-toxic solvents for polymer membranes. The aim is
to understand the economics of green solvents, and to reveal
the relationship between the properties of the solvent and the
polymers by summarizing and comparing the potential appli-
cations of membranes from conventional and non-toxic sol-
vents. Finally, we would like to provide new insights into
future directions for “greener” polymer membranes.

2 Phase inversion for polymer
membranes

Phase inversion is the most common method to prepare poly-
meric membranes. During the membrane fabrication process,
the polymer is first dissolved in a solvent to form a hom-
ogenous solution. The solution is then cast into a desired
shape, i.e., a flat sheet or hollow fiber membrane, and turned
into a porous solid via non-solvent induced phase separation
(NIPS), thermally induced phase separation (TIPS), vapor
induced phase separation (VIPS) or their combinations, as
briefly discussed below.

2.1 Non-solvent induced phase separation

NIPS is by far the most widely applied method in membrane
production,14 and a typical ternary phase diagram is shown in
Fig. 2a. The morphologies of the porous polymer membranes
can be tailored by controlling the solvent/non-solvent diffusion
and the polymer solidification. A typical NIPS process involves
at least three constituents: solvent, non-solvent and polymer.
For example, compositions of non-solvent systems and the
choice of solvent or additives in the polymer solution are
important parameters to tailor the thermodynamics and kine-
tics of membrane formation.15

Despite great attempts towards a theoretical understanding
of NIPS, it is still quite difficult to precisely predict the
outcome of the phase inversion.16 To address this issue, some
theoretical strategies are emerging to predict the microstruc-
tures of polymer membranes, such as dissipative particle
dynamics (DPD) and molecular dynamics simulation.17
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Fig. 1 Publications from 2010 to 2020 obtained from Web of Science
by combining (“green solvent” or “non-toxic solvent” or “environmen-
tally friendly solvent”) and “membrane”.
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2.2 Thermally induced phase separation

Two critical temperatures are important in TIPS: low critical
solution temperature (LCST) and upper critical solution temp-
erature (UCST). Conventional TIPS requires heating the
polymer/solvent solution above the UCST and then decreasing
the temperature to induce the phase separation. Polymers are
dissolved in a solvent at high temperature to form a hom-
ogenous solution. Then, this solution can be fabricated
into desired shapes, such as flat sheet or hollow fiber mem-
branes. The nascent membranes are usually placed to cold
temperature in air or in coagulation bath to solidify the
membrane.

Similar to NIPS, TIPS is also divided into four steps.16 A
typical TIPS phase diagram is shown in Fig. 2b. TIPS is limited
to solvents with a high boiling point. Secondly, the solvent

should have poor solubility for polymers at low temperature
but high compatibility at high temperature.

There are two routes to form solid membranes from
polymer-solvent systems in TIPS (Fig. 2b).18 The first route is
liquid–solid (L–S) separation, where the polymer precipitates
directly from the solution. The second route is liquid–liquid
(L–L) demixing, where the homogenous solution demixed into
a polymer-rich phase and a polymer-poor phase with sub-
sequent polymer precipitation process. L–L demixing usually
results in a bi-continuous and cellular structure, while the L–S
route often leads to a spherulitic structure.19

To date, there are many polymers that can be produced into
membranes via TIPS, such as poly(vinylidene fluoride)
(PVDF),10,20 poly (ether ether ketone) (PEEK),21 poly(phenylene
sulfide) (PPS),22 poly(L-lactic acid) (PLLA),23 poly
(chlorotrifluoroethylene) (ECTFE),24 poly (vinyl butyral)
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Fig. 2 Phase diagrams of (a) NIPS, (b) TIPS, and (c) N-TIPS.16
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(PVB),25 poly(ethylene) (PE),26 polyethersulfone (PES),27 poly-
propylene (PP), poly(ethylene-co-vinyl alcohol) (EVOH)28 and
other polymers.29 Although TIPS needs extra thermal energy
compared with NIPS, it also brings several advantages. First,
increasing solvent temperature broadens the compatibility
between solvents and polymers. In addition, TIPS can produce
high-polymer-concentration membranes at high temperatures,
leading to a high mechanical strength.

The thermodynamics and kinetics during TIPS membrane
preparation have been studied, but the mass transfer has been
ignored in many cases.30,31 In the fabrication of hollow fiber
membranes, the polymer solution spun out of the nozzle is
difficult to be controlled using just air bath to cool. Liquid
quenching baths with different temperatures are often
employed to induce phase separation since it is easier to
control membrane shape. For water-insoluble solvents, the
NIPS effects are neglected because mass transfer is much
lower than heat transfer.

Matsuyama et al.32 reported non-solvent-thermally induced
phase separation (N-TIPS) for the first time (see Fig. 2c for
detailed phase diagram). Our previous works reported tailoring
of the membrane structures by combining the advantages of
TIPS and NIPS.19,33–35 A triple spinneret was designed to fabri-
cate PVDF hollow fiber membranes via N-TIPS.35 The purpose
of such a spinneret was to use a coating solution to prevent
the direct contact of the polymer solution with a non-solvent
as fast mass transfer results in a dense skin layer.
Interestingly, the coating solution acted as an isolation layer to
facilitate unidirectional diffusion of the solvent to the non-
solvent while avoiding the nonsolvent penetrating into the
polymer pores. It is demonstrated that a hydrophobic coating
layer is more effective to tune the membrane microstructure,

i.e., pore size and porosity, compared with a hydrophilic layer.
The effectiveness of this triple spinneret for hollow fiber mem-
branes was also confirmed by Fang et al.’s work.36

2.3 Vapor induced phase separation

VIPS is similar to NIPS in many respects, but the polymers are
exposed to an environment with a certain humidity (if water is
applied as non-solvent), so that the velocity of non-solvent
exchange with the solvents is lower than in NIPS. After vapor
solidify the membranes, the membranes are immersed in a
bath to extract any remaining solvents. Therefore, regulation of
the membrane formation involves controlling the polymer
solution, including polymer, solvent and additives and process
parameters as well as controlling exposure time, non-solvent
vapor pressure, dissolution temperature and vapor
temperature.37

3 Challenges for greener polymer
membranes

Greener membranes are defined as membranes that are pre-
pared by using green or less harmful solvents or without any
solvents. In addition, membranes prepared by using renewable
materials to replace petroleum-derived polymers can also be
considered as greener membranes. Moreover, green solvents
are defined as harmless and environmentally friendly solvents
that have no risks on both human health and the environment
based on the principle of green chemistry.38 In general, the
main obstacles that limit the wide application of greener
polymer membranes are the limited solubility of polymers in
green solvents and the relatively high cost of green solvents.
For green membrane manufacture, green polymer materials
are needed. In this section, we will introduce the solubility
issue and green materials for membranes, and the cost ana-
lysis of membranes using the green solvents will be given in
Section 4 for green membrane manufacture.

3.1 Interactions between polymer and solvent

The premise for phase inversion is to dissolve the polymers in
the solvent first. Thus, the interaction between the polymers
and solvents should be considered.

One of the most important and commonly used methods to
predict the polymer dissolution is the Hansen solubility para-
meters (HSPs). Although this method is not very rigorous in
theory, it has been widely used in combination with experi-
mental results due to its simplicity.39 The HSPs of many con-
ventional polymers are well-known (see Table 1 for the detailed
HSPs of typical polymers), while those of new polymers can be
easily calculated. Hansen theories are based on the “like-dis-
solves-like” principle, and detailed HSPs can be calculated
using eqn (1).

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2d þ δ2p þ δ2h

q
ð1Þ

Young Moo Lee

Young Moo Lee is the Hanyang
Distinguished Professor of
Energy Engineering. He served as
the 14th President of Hanyang
University in 2015–2019. He
received his BS and MS degrees
at Hanyang University, and his
PhD degree at North Carolina
State University in 1985. He
studied membrane materials and
processes for gas and vapor sep-
aration including thermally
rearranged polymers, hybrid
membranes, and surface modi-

fied membranes. He published over 430 papers, >10 book chap-
ters, 1 co-edited book, and over 100 patents. His research also
includes development of polymer membranes for water treatment
and fuel cells. He proposed PolarClean as a green solvent for
polymer membranes. Furthermore, acetyl tributyl citrate, triethyl-
ene glycol diacetate and other green solvents are employed in his
work on membrane formation.

Tutorial Review Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 0
1 

D
ec

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 K
in

g 
A

bd
ul

la
h 

U
ni

v 
of

 S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

on
 1

2/
13

/2
02

1 
11

:3
4:

34
 A

M
. 

View Article Online

https://doi.org/10.1039/d1gc03318b


where δd represents the dispersive force (MPa)1/2, δp shows the
polar force (MPa)1/2, and δh is hydrogen bonding (MPa)1/2.

According to the HSPs, the affinity of polymer to solvent
can also refer to Ra, based on eqn (2).

Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðδd2 � δd1Þ2 þ ðδp2 � δp1Þ2 þ ðδh2 � δh1Þ2

q
ð2Þ

3.2 Conventional solvents for membrane fabrication

Conventional solvents, such as NMP, N,N-dimethylformamide
(DMF), and dimethylacetamide (DMAc) possess different abil-
ities to dissolve the polymers and thus are beneficial for
polymer membrane fabrication. However, these solvents
usually have serious toxicity, as mentioned in the introduction.
Table 2 lists the physical properties, HSPs and hazard codes of
10 conventional solvents. For example, the use of NMP causes
skin, eye and respiratory irritation and may also pose a risk to
unborn children based on the hazard statement.

There are two routes to avoid using these toxic solvents.
The “solvent-free” method for polymer fabrication41–44 is rela-
tively green and related to the properties of polymer materials
that will be discussed in Section 3.3. The other method is to
use non-toxic or harmless solvents for membranes. The latter
route has been widely used in many polymer systems. Section
4 introduces the state-of-art progress in selecting non-toxic sol-
vents for polymer membranes.

3.3 Solvent-free method for polymer membranes

The solvent-free method is an emerging novel process to
produce polymer membranes without any organic solvents.
Herein, solvent-free processes have been simply classified into
three categories.

The first category uses water-soluble polymers, such as poly
(ethylene glycol) (PEG),45 polyvinyl alcohol (PVA)46 and chito-
san.47 These polymers are easily dissolved in water to form a
homogenous polymer solution without relying on any organic
solvents. For example, a cross-linked PVA composite mem-
brane was thus fabricated.46 A water solution of PVA and benz-
aldehyde disulfonic acid disodium salt was prepared, and sub-
sequently 3-mercaptopropyltriethoxysilane was added. After
being cast and thermally treated, the polymer was cross-linked
(Fig. 3a). “–CHO” and “–Si(OC2H5)3” functional groups in the
aqueous polymer were easily cross-linked with –OH in PVA
molecules via the acetal and sol–gel reaction. In addition, the
“–SH” functional groups were oxidized into –SO3H by Fenton’s
reagent or ozone to charge the membrane matrix. The result-
ing membrane showed satisfactory applications for alkali
recovery.

The second category uses the melt-spinning method to
produce membranes from polymers, such as PP, PE,48

PVDF,49–51 poly(arylene ether sulfone),52,53 and poly
(tetrafluoroethylene-co-hexafluoropropylene) (FEP).54 The melt-
spinning method is usually considered for polymers with high
crystallinity, i.e., PP and PE membranes. Kim et al.48 used this
melt-spinning method for fabrication of PP membranes by
controlling annealing temperature, spinning temperature, and
melt-draw ratio. Xiao et al.49–51 developed a series of PVDF
membranes using the melt-spinning method (see Fig. 3b). For
example, polysulfone (PSF) was added in the PVDF melt to
improve the interfacial layer between the PVDF (matrix phase)
and PSF (dispersed phase). The pore sizes of the PVDF mem-
branes ranged from 172 nm to 550 nm and were controlled by
tuning the stretching ratios due to the poor compatibility of
the PVDF and PSF.

The third category applies polyelectrolyte complex
(PEC).44,55 An aqueous polymer solution composed of polya-
nion-poly (sodium-4-styrenesulfonate), polycation-poly

Table 1 Hansen solubility parameters (MPa1/2) of some representative
polymers13,40

δd (MPa)1/2 δp (MPa)1/2 δh (MPa)1/2 δ (MPa)1/2

PVDF 17.1 12.6 10.6 23.7
PES 19.6 10.8 9.2 24.2
PSF 19.7 8.3 8.3 22.9
PI 20.9 11.3 9.7 25.7
CA 16.0 7.5 13.5 22.2
Chitosan 21.9 32.5 24.6 46.3
PVA 17.0 9.0 18.1 26.3
PAN 21.7 14.1 9.1 27.4
CTA 18.0 12.0 10.0 23.8

Table 2 HSPs, hazard codes, boiling points, and common membrane fabrication methods from conventional solvents according to regulation (EC)
No. 1272/2008.13

Solvent Hazard codes δd δp δh Boiling point (°C) Membrane fabrication

N,N-Dimethylformamide H226,H312,H332,H319 17.4 13.7 11.3 153 NIPS
N,N-Dimethylacetamide H360D,H312, H332 17.8 14.1 11.8 166 NIPS
N-Methyl-2-pyrrolidone H315,H319,H335 18.4 12.3 7.2 202 TIPS/NIPS
Tetrahydrofuran P210,P261,P281,P305 19.0 10.2 3.7 66 NIPS
Dibutyl-phthalate P201,P273,P308,P313 17.8 8.6 4.1 384 TIPS
Dioctyl-phthalate P201,P308,P313 16.6 7.0 3.1 384 TIPS
Acetone P210,P261,P305,P351 15.5 10.4 6.9 56 NIPS
Chloroform H302,H332,H315,H319 17.8 3.1 5.5 61.2 NIPS
1,4-dioxane H225,H319,H335,H351 16.8 5.7 8.0 101 NIPS
Toluene H225,H304,H315,H336 18.0 1.4 2.0 111 NIPS
Methyl salicylate H302 16.0 8.0 12.3 222 TIPS
Diphenyl ether H319,H411 19.5 3.4 5.8 259 TIPS
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(diallyldimethylammonium-chloride) and KBr solution was
extruded through a single-orifice spinneret (see Fig. 3c). The
resulting PEC tubular nanofiltration (NF) membranes showed
a molecular weight cut-off (MWCO) of 320 Da.

Although solvent-free methods, such as those using water
to dissolve the polymers (e.g. for PEC-based membranes) or
the melt-spinning method didn’t involve any solvents during
the membrane formation stage,56 the biggest challenge of
these methods are the poor operational stability during mem-
brane production. They are currently in the laboratory stage,
and almost no method has been employed for industrial pro-
duction of membranes. In the future, more stable solvent-free
methods are expected to be proposed for industrial utilization.

3.4 Renewable polymers as membrane materials

While solvents are highly relevant for the sustainable manufac-
turing of membranes, the choice of the polymeric material is
also very important. A motivation for choosing renewable poly-
mers is the long-term availability of raw material for their pro-
duction and shifting from oil to renewable sources. A more
immediate reason is the growing awareness of the impact of
plastic discharge on the environment. The first polymers used
for membrane fabrication were cellulose derivatives. The
advent of synthetic high-performance engineering polymers
has enabled the development of membranes with excellent
separation properties and stability for different applications.
They sometimes have higher performance, better stability or
easier processability than those offered by biopolymer alterna-
tives. However, there are many renewable polymers.58,59 They
include a growing portfolio of biopolymers, polymers pro-

duced by bacteria and chemically synthesized polymers whose
monomers can be obtained from renewable resources.60

The biopolymers most frequently used for membrane appli-
cations are still cellulose, cellulose-derivatives and chitosan
(Fig. 4). There are now more advanced methods to chemically
modify them and adjust their properties to the application
requirements.61 Their processability has been facilitated by the
use of emerging solvents such as ionic liquids.62–64 All syn-
thesis processes from bio-sources65 must be considered with a
holistic life cycle analysis (LCA). Sustainability cannot be
achieved with toxic and expensive chemicals as part of the pro-
duction process.66

In addition, polylactic acid or polylactide (PLA) were pre-
pared by polymerization of monomers from a variety of bio-
sources (whey, fermentation of starch, etc.). There are many
other examples of polymers prepared from biomonomers.
Polyhydroxyalkanoates (PHAs) are the best-known among
those naturally produced by bacterial fermentation (see
Fig. 4).67 Like many of the biopolymers, PLA and PHA degra-
dation in the environment are much faster than that of poly-
mers classically produced from oil. Degradability depends on
the conditions to which the polymer is exposed.

The recyclability of a polymer can be an important factor
for its future use in the membrane sector. High-performance
polymers could be seen as a sustainable material even if pre-
pared from petroleum, if competitive approaches for recycling
are demonstrated. This could be in different forms, including:
(i) the reuse or recovery of the polymer after finishing the
module operation time, (ii) the upcycling or membrane fabri-
cation from polymers originally used at large scales (for
instance for packaging or plastic bottles like polyethylene tere-

Fig. 3 Solvent-free method for polymer membranes. (a) A case study for the fabrication of water-soluble PVA polymer membrane,46 (b) melting-
spinning method to produce PVDF membranes,57 and (c) polyelectrolyte complex (PEC) polymer membranes using salt water.55
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phthalate, PET) and (iii) depolymerization/repolymerization of
polymers used for membrane applications (circular chemistry).

3.5 Assessment of the environmental impact for polymer
membranes

As mentioned above, the choice of solvents and polymers has
a great effect on human health and the environment. Green
polymer membranes reduce the environmental burden if they
are manufactured from non-toxic solvents and/or bio-poly-
mers. However, few works quantitatively evaluated their
environmental impact on the production of polymer mem-
branes as, for instance, extraction and purification of these sol-
vents and polymers might also involve use of toxic intermedi-
ates or require high energy-input or create additional waste
streams.

Recently, an important work has been reported regarding
the environmental impact of solvents,69 providing a guide for
choosing suitable polymers and solvents. A life cycle analysis
was conducted based on 1000 m2 hollow fiber polymer mem-
branes. It contains different kinds of polymer materials, such
as PVDF, PSF, cellulose acetate (CA), and different solvents,
such as NMP, DMAc and ethylene carbonate (EC). The impor-
tant factors of the ReCiPe 2016 (World-H) midpoint method
have been employed to assess the environmental impact. Some
potential categories are used in this assessment, such as
global warming potential (GWP), marine ecotoxicity potential
(MEP), human carcinogenic toxicity potential (HCTP), ionizing
radiation potential (IRP), land use potential (LUP), human
non-carcinogenic toxicity potential (HNCTP) and fossil
resource scarcity (FRSP). Six different solvent/polymer systems
have been evaluated, including NMP, DMAc and DMF. If a

green solvent, such as EC, was used, it greatly decreased the
environmental impact.

In addition to membrane fabrication, the influence of
polymer and solvent production on the environmental cost has
also been investigated in detail. These analyses have included
replacing fossil polymers by bio-based polymers and replacing
conventional toxic solvents by green solvents. As an example,
the environmental impact of using CA to replace PVDF and
PSF has been investigated. The substitution of PSF by CA
showed little change, although GWP and FRSP showed a slight
decrease. Because CA is difficult to dissolve in organic sol-
vents, the chemicals employed in this process can produce
additional byproducts and waste that can have a negative
environmental impact. For example, CA can be produced using
cellulose fibers, acetic anhydride, and acetic acid. The process
of fabricating acetic acid will greatly influence the environ-
mental impact. Therefore, the environmental impact can be
effectively decreased if green acetylation and agricultural
wastes (such as livestock or corn stalk) are used.70 In addition,
three conventional solvents and one green solvent were com-
pared to reflect the sustainability of the membrane
production.

4 Polymer membranes employing
non-toxic solvents and bio-based
materials

A previous review at the end of 2013 on non-toxic solvents for
polymer preparation provided a good foundation for the green
fabrication for polymer membranes.13 That review dealt with

Fig. 4 Chemical structures of five representative bio-polymers for green membranes.67,68
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about 15 kinds of green solvents. The total number of publi-
cations reviewed was about 60, which was relatively small, indi-
cating a lack of awareness at that time. Recently, some of these
non-toxic solvents, i.e., TEP, dimethyl sulfoxide (DMSO),
γ-butyrolactone (GBL), ionic liquid (IL) and lactic acid esters,
have been increasing in popularity, while many other new sol-
vents have emerged. The chemical structures of these solvents
are listed in Table 3.

4.1 Ester-based solvents

4.1.1 Triethyl phosphate. Triethyl phosphate (TEP) is a
colorless, water-miscible solvent with a flash point of 112 °C, a
boiling point of 115 °C. ITEP can be used for PVDF membrane
preparation via NIPS,13 and also for hybrid membranes, like
PVDF/GO, PVDF/TiO2, poly(vinylidene fluoride-co-
chlorotrifluoroethylene) (PVDF-co-CTFE) and poly(vinylidene
fluoride-co-hexafluoropropene) (PVDF-HFP) membranes.71 In
addition to NIPS,72,73 different phase inversion methods have
been used by employing TEP as a green solvent for PVDF mem-
branes, i.e., N-TIPS,74–76 V-NIPS,77 modified NIPS,78 low temp-
erature-TIPS79 and supercritical CO2 induced phase separ-
ation.80 These PVDF/TEP membranes are often employed for
MF and UF systems.

Alyarnezhad et al.81 prepared PVDF/GO hybrid membranes
via N-TIPS. To well disperse the GO nanosheets and PVDF, the
GO nanosheets were first dispersed in the TEP solution using
ultrasonic treatment. Karkhanechi et al.82 fabricated PVDF-co-
CTFE hollow fiber membranes with enhanced alkaline resis-
tance using TEP.

4.1.2 Citric acid esters
4.1.2.1 Acetyl-tributyl citrate. Acetyl-tributyl citrate (ATBC) is

a very promising non-toxic solvent, proposed to fabricate PVDF
membranes via TIPS.83 The boiling point of ATBC is 343 °C,
and the flash point is 204 °C. To date, ATBC has gained much
popularity, particularly for PVDF membranes,84,85 but also for
other polymers, such as ethylene-chlorotrifluoroethylene
(ECTFE)86 and CA.87

ECTFE can be dissolved in ATBC for 5 h at 250 °C and
degassed for 4 h to get a homogenous dope solution.86 The
effects of quenching temperature and polymer concentration
on the properties and microstructure of the ECTFE mem-
branes were studied and are summarized in Fig. 5a. The result-
ing membranes were beneficial for vacuum MD processes due
to their high hydrophobicity and liquid entry pressure of
water. Fan et al.84 used a lithographically templated TIPS
method to produce patterned flat sheet PVDF membranes (see
Fig. 5b). The effects of PVDF and ATBC concentration on the
structures and properties are displayed in Fig. 5b. It can be
seen that the membrane structures of patterned PVDF mem-
branes were uniform compared with non-patterned PVDF
membranes. In addition, previous work34 also demonstrated
that the TIPS-prepared PVDF/ATBC membranes using a
stretching method broke the trade-off between the tensile
strength and water permeance.

4.1.2.2 Tributyl citrate and triethyl citrate. Another citrate-
based non-toxic solvent used to fabricate PVDF membranes is

tributyl citrate (TBC). Its boiling and melting points are −20
and 225 °C, respectively. Similar to ATBC, TBC has only been
employed to produce TIPS-prepared PVDF membranes.88,89

Zhang et al.89 mainly investigated the effect of the PVDF
content on the crystallinity and pore structure of the mem-
branes. The resulting TBC/PVDF membranes showed pore
sizes of 27 to 48 nm with porosities of 43% to 51%,
respectively.

Triethyl citrate (TEC) has been used to fabricate ECTFE
membranes.13 Recently, Sawada et al.90 adopted TEC as a non-
toxic solvent for PVDF membranes. In fact, TEC is also an
excellent plasticizer to improve the processability of polymer
membranes.91 For example, Falbo et al.91 adopted TEC as a
plasticizer to enhance the performance of ECTFE membranes.
TEC was also used by Kellenberger et al.92 to modify the PES
and CA membranes. The modification of polymer membranes
by TEC decreased the pore size to some extent compared with
those unmodified membranes.

4.1.2.3 Acetyl triethyl citrate. Acetyl triethyl citrate (ATEC) is
a water-soluble solvent93 that is often used in pharmaceutical
plasticized polymers. Its melting point and boiling point are
−42 °C and 228–229 °C, respectively. Sawada et al.90 used
ATEC to produce PVDF membranes via TIPS. Membranes from
TEC and ATBC were also produced to compare their micro-
structures and performance. The membrane pore sizes of
these membranes were in the following order: ATBC < ATEC <
TEC. The absolute pore sizes of the ATEC/PVDF membrane
were about 2.44–2.98 μm, with porosities of 53% −76%.

4.1.3 Methyl lactate and ethyl lactate. Methyl lactate is a
biodegradable and water miscible solvent. It is believed to be
economically available in the future. Flavie et al.94 used methyl
lactate to fabricate CA membranes with LiCl additive. The
highest permeability observed for CA membranes is up to 357
Lm−2 h−1 bar−1 with a PEG (200 kDa) rejection rate above 93%.

Ethyl lactate is non-corrosive and completely biodegradable.
The US government also approved ethyl lactate for use as an
additive in the pharmaceutical and food industry, which
further confirms its greenness. Ethyl lactate has been widely
used for CA membranes. Recently, Galiano et al.95 employed
ethyl lactate to produce PLA membranes via V-NIPS. The
change in the evaporation time during the fabrication period
influenced the microstructure of PLA membranes from finger-
like to sponge-like and finally to dense. The resulting mem-
branes made using an evaporation time of 7 min exhibited
potential to separate methanol/methyl tert-butyl ether via
pervaporation.

4.1.4 γ-Butyrolactone. γ-Butyrolactone (GBL) is a good
water-soluble solvent to prepare polymer membranes via both
TIPS and NIPS, such as PVDF or PEEK,96 as it has a high
boiling point of 205 °C. Recently, GBL has gained attention for
other polymers, i.e. poly(ether imide) (PEI),97,98 polyvinylchlor-
ide (PVC),99 polyimide (PI),100 and polyacrylonitrile (PAN)101

membranes.
Wang et al.96 compared the effects of three binary solvents

on the PVDF membrane microstructure, i.e., dioctyl sebacate
(DOS)/GBL, dioctyl adipate (DOA)/GBL, and dioctyl-phthalate
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Table 3 Non-toxic solvents introduced in this work (some mixed solvents were not included in this table)

Name Molecule structure Name Molecule structure

Ethyl lactate γ-Butyrolactone

Methyl lactate Dimethyl sulfoxide

Triethylphosphate Triethyl citrate

Triethylene glycol PEG

Tributyl citrate Tributyl O-acetyl citrate

Triacetin Triacetin

2-ethyl-1,3-hexanediol 2-methyl-2,4-pentanediol

Dioctyl sebacate Ethylene carbonate

PolarClean γ-Valerolactone

Cyrene 2-Methyl tetrahydrofuran

AGNIQUE AMD 3L Dimethyl isosorbide

Diethyl carbonate Dimethyl carbonate

Propylene carbonate 1,2-butylene carbonate

Glycerol 1,2-carbonate 1,2-hexylene carbonate

Styrene carbonate Butyl acetate
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(DOP)/GBL. They demonstrated that GBL/DOS provided a bi-
continuous structure while GBL/DOA and GBL/DOP produced
a cellular structure. The resulting TIPS-prepared PVDF mem-
branes from GBL/DOS are beneficial for MD processes.
Alqaheem et al.97 used GBL and other non-toxic solvents to
fabricate PEI membranes via TIPS. It is interesting to point out
that GBL can dissolve PEI at 140 °C, while other ton-toxic sol-
vents (i.e., PC, TEP, ATBC, methyl L-lactate, and ethyl lactate)
failed to dissolve it. The resulting GBL/PVDF membranes
showed competitive performance compared with NMP/PVDF
membranes in the separation of H2/CH4 mixed gases.

A melt-spinning method together with an on-line stretching
process99 was proposed for PVC membranes using GBL. The
resulting PVC membranes with pore sizes of 580 nm showed
satisfactory dye separation performance (Direct Black 19). GBL/
PI and GBL/P (AN-MA) membranes can also be prepared via
NIPS and TIPS, respectively.

4.1.5 Methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate.
Methyl 5-(dimethylamino)-2-methyl-5-oxopentanoate is known
as PolarClean and is a novel, commercial, green solvent with a
slightly yellow color.102 PolarClean has a boiling point of
278–282 °C, and its freezing point is about −60 °C. Its flash

point is about 145 °C, and its water solubility is above 140 g
L−1. In 2015, PVDF membranes using PolarClean were fabri-
cated for the first time.103 To date, PolarClean has mainly been
employed to produce PVDF, PSF, PVDF/PSF, PES, CA and
Matrimid® 5218 membranes. Hassankiadeh et al.103 drew the
phase diagram of the PolarClean/PVDF system. PVDF hollow
fiber membranes were successfully fabricated by mainly
tuning the temperature, additives and quenching tempera-
tures, opening the door for making PolarClean/PVDF mem-
branes via TIPS. Jung et al.19 found that the affinity of
PolarClean towards the water bath induced a NIPS effect in the
TIPS process, resulting in an unusual structure. The resulting
membranes with Pluronic additives showed a high water per-
meance of above 2000 Lm−1 h−1 bar−1 with a mean pore size
of 40–50 nm. Wang et al. also investigated PES/PolarClean,
PSF/PolarClean, and CA/PolarClean systems104 (Fig. 6a). PES
and PSF membranes exhibited satisfactory BSA rejection per-
formance, and CA membranes also showed a satisfactory NF
desalination performance in NaCl and MgCl2 solution
systems.

Ideally, composite polymer membranes should form a
homogenous solution by blending with other polymers. The

Table 3 (Contd.)

Name Molecule structure Name Molecule structure

N-Methyl-morpholine-N-oxide Triotyl trimellitate

Dibutyl maleate Dioctyl maleate

Diethylene glycol monoethyl ether acetate Triethylene glycol diacetate

Glycerol triacetate Diethyl adipate

Decanoic acid Glutaraldehyde

Acetyl triethyl citrate Tributyl citrate

Monoacetin Diacetin

Lauric acid Myristic acid

Palmitic acid Stearic acid
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incompatible polymer system of PVDF/PSF/PolarClean was
used as polymer membranes for the first time.33,105

Specifically, the incompatible PVDF and PSF in PolarClean led
to fiber-aligned structures with extremely high pore connec-
tivity. The effect of non-solvent bath types on the membrane
structures were studied as shown in Fig. 6b. Water as non-
solvent formed a fibrous structure, showing a tensile strength
and porosity of ∼10 MPa and 40%, respectively. The resulting
membranes with mean pore sizes of 72 nm showed a higher
water permeance of 1000 Lm−2 h−1 bar−1, which is close to the
upper-bound of PVDF membranes via TIPS (Fig. 6c).

Dong et al.106 employed PolarClean for PSF membranes,
and NMP (or DMAc) was used for comparison. The overall
porosity, hydrophobicity and MWCO of membranes from
DMAc/PVDF and PolarClean/PVDF systems did not show
obvious differences. The cross-sectional structures of the two
kinds of membranes were very different from finger-like and
sponge-like structures observed for DMAc/PSF and PolarClean/
PSF membranes, respectively. However, they found that the
PolarClean/PSF membrane pores easily collapsed during the
filtration and backwash period. To solve this problem, they

adopted mixed γ-valerolactone (GVL) and PolarClean107,108 for
PSF membranes. The green co-solvents have higher viscosity
than conventional solvents. The resulting membranes exhibi-
ted a similar water flux and BSA rejection compared with tra-
ditional solvents.

N-TIPS was proposed for PolarClean/PES membranes by
Figoli et al.109 Based on a solubility analysis with traditional
solvents, i.e., DMF, DMAc and NMP, they exhibited similar
solubility performance towards PES. The pore structures of
PolarClean/PES membranes were finely tuned from finger-like
to sponge-like, and the pore sizes of the resulting membranes
ranged from 0.04 μm to 0.4 μm by varying the additive and
polymer concentration. Recently, PolarClean was found to be
an alternative for preparation of Matrimid® 5218 mem-
branes.110 Ternary phase diagrams and HSPs showed the
possibility of dissolving Matrimid® 5218 both in PolarClean
and NMP. The resulting PolarClean/Matrimid® 5218 mem-
branes showed a sponge-like structure with mean pore sizes
from 0.05 to 0.73 μm.

PVC membranes were first explored using PolarClean for
membranes by Xie et al.111 They measured the ternary phase

Fig. 5 (a) Fabrication of ATBC/ECTFE membrane,86 and (b) microstructure of patterned PVDF membrane surface using ATBC as a solvent.84
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diagram of the PolarClean/water/PVC and found a poor com-
patibility between PVC and PolarClean compared with DMAc.
To further promote the precipitation rate of the polymer, they
added PVC-g-PEGMA (poly(ethylene glycol) methyl ether meth-
acrylate) into the casting solution. The cloud point shifted
toward the polymer, indicating a faster precipitation rate. It
was demonstrated that the PolarClean/PVC membrane had a
smaller pore size and narrower pore size distribution com-
pared with those prepared from DMAc.

4.1.6 Organic carbonates. Organic carbonates are esters of
carbonic acid, including a carbonyl functional group attached
to two alkoxy groups with a general molecular structure of
“R1–O(CvO)O–R2”. Although there are many members in the
organic carbonate family, few studies have been reported on
using organic carbonates for polymer membranes. In 1983
and 1990, there were two US patents detailing the use of propy-
lene carbonate (PC) as solvent for polymer membranes.
Vankelecom et al. made a detailed and systematic investigation
of organic carbonates for polymer membranes, such as PES,
PVDF, PSF, PAN, PI, CA and CTA.40 The detailed molecular
structures of organic carbonates are listed in Table 3. CA is the
only polymer that can be dissolved in two kinds of organic car-
bonates: dimethyl carbonate: (DMC) and 1,2-nutylene carbon-
ate (BC). Other polymers had no solubility in these solvents.
Based on this phenomenon, they adopted binary diluents of
organic solvents with other conventional solvents or mixed
with two organic solvents for membranes. The resulting mem-
branes with sponge-like or macrovoid structure were fabricated
successfully via NIPS. Most membranes qualified as NF mem-
branes, and some of them also exhibited excellent selectivity/
permeance combinations. Ismail et al.112 employed three

organic carbonates for PVDF membranes, including EC, PC,
and BC. PVDF membranes were in β-phase crystalline form
when using EC or PC and showed a mixed phase of α and β
when using BC as a solvent. The resulting EC/PVDF mem-
branes exhibited the highest porosity and water permeance
among the membranes with other solvents, and were applied
successfully for MD.

Among all organic carbonates, DMC has been widely used in
medical devices, and as electrolytic solvent in lithium batteries
and other areas.113 Its melting point and boiling point are 4.6
and 90.3 °C, respectively. It is soluble in water (∼19 g DMC per
100 g water).114 Recently, DMC was employed as green solvent
for polytriazole membranes.115 Polytriazole cannot be dissolved
in 1-ethyl-3-methylimidazolium acetate ([C2mim]OAc), a kind of
ionic liquid, or DMC alone, but can be dissolved in a mixture of
DMC and [C2mim]OAc. The resulting membranes were success-
fully prepared by optimizing the ratio of DMC and [C2mim]OAc.
Le Phuong et al.116 fabricated a PLA membrane reinforced by
bamboo fibers. The key point is to dissolve the PLA and dis-
perse the bamboo fibers in the same solvent. Fortunately, DMC
can compatibilise these green materials for biobased PLA mem-
branes. The resulting membranes exhibited a porosity of 0.719
with tensile strengths of 32.7–73.3 MPa, and a water permeance
of 1068 Lm−2 h−1 bar−1. These membranes are also stable after
being immersed in organic solvents like cyrene, 2-methyl tetra-
hydrofuran (2-MeTHF), GBL and PC for two weeks. In addition,
DMC together with tannic acid (TA) was used as a green solvent
to fabricate PA membranes via interfacial polymerization for
reverse osmosis (RO) applications.117 The RO performances
were superior to those without using TA and DMC and those
only using TA or DMC.

Fig. 6 (a) Phase diagrams of PSF (PES, CA)/PolarClean systems, (b) microstructures of PVDF/PSF/PolarClean using different coagulation baths, and
(c) performance of PVDF/PSF/PolarClean systems.33
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In summary, DMC can be mixed with other green solvents
or be used alone for polymer membranes, exhibiting an
effective way to manufacture biobased polymer membranes,
ion exchange membranes or RO membranes.

4.1.7 Butyl acetate. Butyl acetate (BA) is a non-toxic color-
less solvent with a fruity fragrance. Its boiling point and
melting point are about 124–126 °C and −78 °C, respectively.

Low-density polyethylene (LDPE) is a crystalline polymer
that is only soluble in a few solvents (i.e., xylene and toluene)
that are highly toxic. Ajari et al.118 employed a binary solvent
of BA and liquid paraffin for LDPE membranes via TIPS. The
solubility parameters of binary solvents were compared with
xylene and toluene. The LDTE was dissolved in the ternary
solvent (BA and liquid paraffin) at 130 °C for 3 h. The results
showed that the BA is compatible with LDTE polymer and can
replace conventional toxic solvents. The resulting membranes
showed a mean pore diameter of 140 nm and a contact angle
of 120°.

4.1.8 Glycerol triacetate. In addition to ATBC and TEC
above, another non-toxic solvent that can be employed for
ECTFE membranes is glycerol triacetate (GTA).91 GTA is a
colorless liquid with melting and boiling points of 3 and
258–260 °C, respectively. The high boiling point also makes it
suitable for TIPS. Mullette and Muller et al.119–121 produced a
series of patents about using GTA for ECTFE membranes via
TIPS at 230 °C.

Drioli et al.122 used GTA to dissolve ECTFE at 220 °C to fab-
ricate a membrane via TIPS. The resulting membranes showed
a sponge-like structure and a higher water permeance and
hydrophilic surface compared with commercial PVDF mem-
branes. The results showed that the GTA/ECTFE membranes
can be considered as an alternative to replace commercial
PVDF membranes in membrane condensers. In addition, the
performances of DEP/ECTFE and GTA/ECTFE membranes
were compared by Karkhanechi et al.24 They found that the
concentration of ECTFE played an important role in preparing
homogenous solutions. When the ECTFE concentration was
controlled to be 20 wt%, the permeances of DEP/ECTFE and
GTA/ECTFE were 1112 and 1250 Lm−2 h−1 bar−1, respectively.
The resulting membranes also showed stable performance in
harsh environments.

Furthermore, GTA can be used to prepare PVDF
membranes123,124 and polyether-block-amide (Pebax1074)
membranes.125,126 For example, Qin et al.123 used GTA as a
solvent to fabricate PVDF/SiO2 composite membranes with
high anti-fouling performance via TIPS.

4.1.9 Diethyl adipate and dioctyl adipate. Diethyl adipate
(DEA) and dioctyl adipate (DOA) are two solvents that can with-
stand high temperatures above 200 °C and are appropriate for
use in TIPS. DEA is a non-toxic colorless solvent with melting
and boiling points of −19.8 and 251 °C, respectively. Ursino
et al.127 employed DEA for ECTFE membranes via TIPS. ECTFE
with a concentration of 15 wt% was dissolved in DEA at 140 °C.
The resulting asymmetric membranes showed a denser top-side
and spherulitic porous sub-side, exhibiting permeances of DMF
and ethanol of 10 and 13 Lm−2 h−1 bar−1, respectively.

DOA is a colorless solvent and relatively insoluble in
water128 with melting and boiling points of −67.8 and 214 °C,
respectively. Pan et al.129 prepared ECTFE membranes from an
ECTFE/DOA homogenous solution below 200 °C. Embedded
silica particles in the solution brought out interfacial voids
and formed a porous structure on the membrane surface. The
resulting membranes showed a porous sponge-like structure,
high hydrophobicity and porosity that exhibited satisfactory re-
sistance to chemical corrosive solutions, i.e., NaOH and NaClO
solution.

4.1.10 Trioctyl trimellitate. Trioctyl trimellitate (TOTM) has
poor solubility in water and acts as a plasticizer in PVC,
intending to replace toxic DOP solvent to decrease environ-
mental impact.130,131 TOTM shows higher temperature resis-
tance and volatile resistance than conventional solvents and is
also environmentally friendly. Its boiling point and flash point
are 414 °C and above 240 °C, respectively.

ECTFE membranes were first reported via TIPS.132 The solu-
bility of the ECTFE in TOTM is better than ATBC and GTA, but
lower than DBP and DEP. Therefore, it is difficult to dissolve
ECTFE in TOTM at room temperature but it is possible at
higher temperatures.

4.2 Cellulose and starch derived solvents

4.2.1 γ-Valerolactone. γ-Valerolactone (GVL) is a water-
soluble solvent with a boiling point, melting point and flash
point are 207–208 °C, −31 °C and 96 °C, respectively.133–135

GVL can be produced from cellulose, and the detailed syn-
thetic route is shown in Fig. 7a.136

Recently, GVL has gained interest as a latent solvent for
membrane fabrication.137 Vankelecom et al. developed a sys-
tematic approach for using GVL and glycerol derivatives as bio-
derived green solvents for polymer membranes.138 They first
investigated the interaction distance of the screened polymers
and solvents theoretically and experimentally. As CA can be
dissolved in most selected bio-derived solvents and GVL can
dissolve most polymers, i.e., PSF, PES, PI, CA and CTA, they
fabricated a series of GVL/polymer membranes to check the
feasibility of using GVL as a green solvent for polymer mem-
branes (see Fig. 7b for detailed membrane structure). GVL/
polymer membranes showed sponge-like structures as the in-
diffusion of the non-solvent did not have a strong driving
force, delaying the mixing process. Finally, the cost analysis of
the green solvents demonstrated that the current price of the
GVL ranged from $2 per kg to $100 per kg, which is similar or
a little higher than conventional solvents, i.e., NMP (80–150$
per kg), DMF (130–$200 per kg), DMA ($35–100 per kg), and
THF ($50–100 per kg). In addition, they also fabricated a series
of membranes using glycerol derivatives (such as monoacetin,
diacetin, tracetin and glycerol formal) as non-toxic solvents.
Corresponding SEM images are shown in Fig. 7c. The resulting
membranes were suitable for MF or UF.

Dong et al.107,139 used GVL and PolarClean as co-solvents
for PSF membranes. The performance of polymer membranes
from mixed solvents surpassed that of a membrane using
single PolarClean or GVL. Overall, the GVL is a green and
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renewable solvent, and will play an important role for polymer
membranes.

4.2.2 Dihydrolevoglucosenone. Dihydrolevoglucosenone
(known as Cyrene) is a bio-solvent developed by Clark
et al.140,141 They won the “Bio-based chemical innovation of
the Year” award in 2017. It has a boiling point of 227 °C and
high-water solubility. Note that Cyrene can be produced from
cellulose via two steps, indicating a low environmental burden.
Cellulose was converted into levoglucosenone (LGO), and then
hydrogenated into Cyrene with ∼90% yield (see Fig. 8a). Since
Cyrene is a polar aprotic solvent similar to NMP, Cyrene is
expected to replace NMP.

Cyrene has been widely used for PES, PVDF and CTA mem-
branes. Milescu et al.140 prepared PES membranes using
Cyrene and compared them with those prepared by NMP.
Cyrene had a polarity parameter and a hydrogen bonding close
to NMP according to the HSPs (Fig. 8b). Based on surface
microstructure, porosity, water permeance, water contact angle
and other parameters, the Cyrene/PES membrane has competi-
tive performance compared with that of NMP/PES membranes.
Marino et al.141 used Cyrene for PES and PVDF membranes via
N-TIPS. The water permeance and mean pore size were regu-
lated by controlling the polymer concentration. In addition,
Cyrene can also be used for PVC and CTA membranes.142

4.2.3 2-Methyl tetrahydrofuran. 2-Methyl tetrahydrofuran
(2-MeTHF) is a biofuel that has also been considered as a

green solvent to replace THF.143 It has poor water miscibility,
high chemical stability, and lower volatility than THF.
2-MeTHF has a boiling and melting point of 80.2 °C and
−136 °C, respectively, while those of THF are 66 °C and
−108.4 °C, respectively. The production of 2-MeTHF decreases
solvent emissions by 97% compared with THF production38 as
it can be refined from agricultural wastes. Fig. 9a shows a fab-
rication route of 2-MeTHF.38

There were no publications about using 2-MeTHF as a
green solvent for polymer membranes until 2019 when Chung
et al. used 2-MeTHF144 for polybenzimidazole (PBI) NF mem-
branes. The membranes show a good separation performance
in treating organic solvent systems (Fig. 9c). They also showed
potential to separate mixed dyes and stable OSN performance
during 96 h continuous tests. Carner et al.142 used 2-MeTHF as
a co-solvent coupled with methyl lactate for CA membranes.
Doping more 2-MeTHF had bad effects on the resulting per-
formance of CA NF membranes.

4.3 Binary or mixed solvents

4.3.1 Ionic liquids. Ionic liquid (IL) is one of the alternative
solvents considered for membrane formation via NIPS and for
coating the membranes by interfacial polymerization.145 ILs
are available in a large diversity of cations and anions,
enabling the solubilization of polymers with various degrees of
hydrophobicity. Since they encompass a wide variety of chemi-

Fig. 7 (a) Production routes of GVL from the cellulose biomass,136 (b) cross-sectional structures of GVL/polymer membranes, and (c) cross-sec-
tional structures of glycerol derivatives/CA membranes.138
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cals, their general classification as green solvents has been
controversial.62 A positive aspect is their low volatility, which
significantly reduces emissions of organics and therefore
lowers the toxicity by inhalation during membrane manufac-
turing. The toxicity in water might vary for each composition,
requiring a more careful analysis in each case. However, re-
cycling the wastewater from the membrane coagulation bath
should be considered because of potential environmental
impact and recovery of the ILs for economic reasons. As for all
green solvents, a life cycle analysis (LCA) on their synthesis

processes is also required for a full evaluation of the
sustainability.

The advantages of ILs as solvents go far beyond being
green. Their uniqueness of high hydrogen bonding capability
and electrostatic interactions make it possible to dissolve poly-
mers that otherwise would not be processable or require harsh
conditions. This is the case for cellulose,63,64,146 which could
be much more successfully used for membrane fabrication
after dissolving in ILs. Besides the solubilization, the thermo-
dynamic interactions and rheological characteristics of the

Fig. 8 (a) Production route of Cyrene,140 and (b) HSPs of Cyrene and PES polymer and structure of Cyrene/PES membrane.141

Fig. 9 Production and application of 2-MeTHF. (a) The production of 2-MeTHF from biomass,38 and (b and c) microstructures and performance of
membranes fabricated from 2-MeTHF.144
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solutions can change the mechanism of phase separation
when casting well-explored polymers such as PES147 and lead
to a porous morphology that is not usually obtained by conven-
tional solvent system. In this form, higher permeances are
achieved with a lower molecular weight cut-off.

So far, the applications of ILs in membrane fabrication
involved PVDF, polytriazole,148 cellulose,62,149–151 PES,147 waste
wool fabrics152 and other polymer membranes.153 Xing
et al.154 employed two different ILs, including [EMIM]SCN and
[EMIM]OAc for CA hollow fiber membranes. The resulting
membrane showed a pore size of 10–27 nm with a water per-
meance of 230–260 Lm−2 h−1 bar−1. Kim et al.147 employed
1-ethyl-3-methylimidazolium dimethylphosphate ([EMIM]DEP)
as a green solvent for PES membranes via NIPS. A series of
membranes was finely tuned for separation of solutes with
molecular weights of 30, 5, 1.3, and 1.25 kg mol−1.

In addition to NIPS process, 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM]PF6) has been reported as a new
IL by Wang et al.155 who fabricated PVDF membranes via TIPS
at 175 °C. The resulting membranes showed a water per-
meance of 2000 Lm−2 h−1 bar−1 with an adequate mechanical
strength. Zhang et al.85 used a binary non-toxic solvent of ILs
and ATBC for PVDF membranes via TIPS. The resulting
β-phase PVDF membranes showed promising piezoelectric per-
formance that alleviated membrane fouling using an electric
field.

Although ILs are environmentally benign, the cost of the
ILs has also become a concern. Because the recovery of the ILs
decreases the solvent cost, Kim et al.147 and Zhong et al.152

studied the recovery of the ILs after fabricating PES
membranes.

4.3.2 Deep eutectic solvents. Deep eutectic solvents (DESs)
are liquid mixtures with melting points >100 °C.156,157 Some
DESs are formed by organic salts, like ILs, and a hydrogen
bond donor. The latter is frequently a natural compound, such
as sugars, alcohols, or organic acids. Therefore, they are con-
sidered as greener, less toxic, biodegradable and less expensive
than other ILs. Those referred to as natural DESs (NADESs)
consist of cholinium chloride and natural compounds such as
sugars and amino acids. DESs have been used to process cell-
ulose, chitin and chitosan.158,159 Currently, DESs are green sol-
vents that are widely used for many chemical processes, such
as organic synthesis, catalysis, extractions and membrane
manufacturing process.160 Taghizadeh et al.161 reported that
DESs were especially suitable for polymer membranes due to
their high reactivity towards polymer chains.

DESs have been used as additives in the aqueous phase of
interfacial polymerization,162 leading to smoother surfaces.
Oleic acid, a component of DES, has been used as a single
solvent for the organic phase in interfacial polymerization.163

DESs also have been introduced in small amounts in the form
of DES-lignin solution during casting of PES membranes. The
idea in this case was to have lignin added as a hydrophilicity
promoter.164 DESs have been more widely explored as impreg-
nating media in supported liquid membranes for selective
extraction.165–168

DESs are often used to modify the membranes and increase
the performance of the membranes, providing antifouling be-
havior and high permeance. Shahabi et al.169 employed ILs
and DES as green solvents to modify the PA membrane
surface, resulting in a smoother surface compared with the
unmodified ones. Accordingly, the permeance and salt rejec-
tion increased by 27% and 3%, respectively. Maalige et al.170

discovered a similar phenomenon in the fabrication of PA
membranes, suggesting that the increased permeance was due
to the enhanced hydrophilic performance and membrane
roughness. DES also showed great potential to dissolve cell-
ulose according to the literature.171 However, the limited solu-
bility of CA in DES (0.2 wt% to less than 7 wt%)172,173 hinders
the wide use of DES for polymer membranes. Enhancing the
solubility of cellulose in DES will be an important topic for
green fabrication of cellulose membranes.

4.3.3 Tamisolve® NxG. Tamisolve® NxG (TN) is considered
as alternative, next-generation, and biodegradable solvent with
boiling point close to 241 °C, and is completely miscible with
water at 20 °C. It has been used for PVDF membranes,174

P(VDF-HFP) membranes175 and PES membranes176 via NIPS.
Notice that the TN is a water-based polyurethane mixture.177

In many applications, TN is an ideal solvent to replace NMP.
Marino et al.175,178 proposed TN as a green solvent for

P(VDF-HFP) membranes via NIPS. From a polymer solubility
perspective, TN is similar to DMF, DMA and NMP for
P(VDF-HFP), indicating that a homogenous polymer solution
can be obtained. PVP and PEG were used as pore forming
agents to adjust the membrane microstructures. The resulting
membrane also showed great potential in the MD process com-
pared with commercial PP membranes in terms of permeance
and salt rejection. In addition, TN has been proposed for fabri-
cation of a PA layer on PES membranes via interfacial polymer-
ization. It was demonstrated that the TN was used to effectively
tune the microstructures of PES membranes and guarantee a
complete layer on such a support.176

4.3.4 Soybean oil. Soybean oil (SO) is an edible oil that is
much safer and healthier than conventional starting materials
for polymers. However, it is difficult to use it as a solvent alone
due to the solubility limitations of SO. Therefore, emerging
binary green solvents with compositions of “SO + X”99,179–181

have been used.
4.3.4.1 Binary solvent of soybean oil and carnauba wax.

Wang et al.179 developed a binary green solvent of carnauba
wax (CW) and SO for polymer membranes. CW is refined from
the leaves of the Brazilian carnauba palm tree. The compo-
sitions of the CW are aliphatic and aromatic esters (account
for 84 wt%) and the remaining compositions are fatty alcohols,
fatty acids, fatty aldehydes and hydrocarbons. Therefore, the
primary compositions are C56-C60 saturated wax esters.182 Its
melting points range from 65 to 90 °C. It has been used in the
food, cosmetics, and paper industries.183 They investigated the
phase diagram of polymers and CW, and then the SO was
added into the solution to change the compositions of the
casting solution. The resulting membranes via TIPS with inter-
connected sponge-like structures also showed a great potential
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for MD. They also investigated the effect of binary (CW/SO) sol-
vents and crystallization temperature on the iPP mem-
branes,181 providing meaningful guidance for large-scale fabri-
cation of CW/SO/iPP microporous membranes with enhanced
performance.

4.3.4.2 Binary solvent of soybean oil and castor oil. Similar to
Wang’s work, castor oil (CO) was proposed to replace CW to
mix with SO for PP hollow fiber membranes via TIPS.180 The
mass ratio of CO/SO was investigated, and the phase diagram
of PP was studied based on the optimized ratio of CO/SO (10/
90). The PP content had a great impact on the membrane
microstructure and pore size. The resulting membranes
showed a mean pore size of ∼160 nm and a good performance
to degas CO2 from RO effluent water.

Furthermore, SO is often used as a thermal stabilizer for
polymer membranes. For example, Lu et al.99 adopted SO as a
thermal stabilizer and GBL as a green solvent to fabricate PVC
hollow fiber membranes with a homogenous structure. In
general, SO showed great potential for PP membranes.184 It is
expected that the ternary solvent of SO with other solvents will
be effective in the fabrication of other polymer membranes.

4.4 Other solvents

4.4.1 Dimethyl sulfoxide. DMSO is a colorless, odorless
and tasteless solvent with a boiling point of 189 °C that was
first produced in 1867.185 Common DMSO has a slightly yellow
color due to a small amount of dimethyl sulfide (DMS) impur-
ity in it. Tashrifi et al.185 gave DMSO a meaningful definition:
yesterday’s solvent, today’s reagent. Although DMSO is not a
new non-toxic solvent, it has recently become widely used as a
harmless solvent as it shows great potential to replace conven-
tional toxic solvents. DMSO can dissolve many polymers, such
as PVDF,186,187 PES,188,189 polyimide,190 PAN,191 Cellulose,192

polybenzimidazole (PBI),193 poly(amide-imide) (PAI),194 CA,195

and poly(vinylpyrrolidone) (PVP).196 Furthermore, DMSO can
be mixed well with other solvents for polymer membranes.

Tsehaye et al.189 fabricated PES/TiO2 NF membranes using
DMSO via NIPS. Composite NF membranes withstand H2O2

tolerance and had a water permeance of 33.4 Lm−2 h−1 bar−1,
indicating that such membranes could be used in industrial
wastewater containing H2O2. Prihatiningtyas et al.197 used
DMSO to prepare cellulose triacetate/cellulose nanocrystal
(CTA/CNC) composite membranes for pervaporation (PV),
showing a water flux of ∼11.67 Lm−2 h−1.

DMSO EVOL™ is an upgraded DMSO introduced by
Arkema Chemical Company. The novel DMSO EVOL™ has an
improved smell (like fruit) and unaltered solvent properties.
DMSO EVOL™ is in the form of liquid at 20 °C and is color-
less. Its boiling point is about 189 °C. Marino et al.198 used
DMSO EVOL™ to fabricate PES membranes using PVP and
PEG as additives via V-NIPS, showing a mean pore size of
100–600 nm and a water permeance of 2000–13 200 Lm−2 h−1

bar−1.
4.4.2 N,N-Dimethyl lactamide. N,N-Dimethyl lactamide

(DML or commercial name of AGNIQUE AMD 3L from BASF
SE (Ludwigshafen, Germany)) is biodegradable and innocuous

upon use, since it is made of lactic acid. It is water-soluble
with a boiling point, melting point and flash point of 223 °C,
−2 °C, 109 °C, respectively. DML is used in the pharma-
ceutical, cosmetics and chemical industries, it does not cause
skin irritation and is a potential candidate solvent for polymer
membranes.199

At present, DML is often used for PES UF membranes.200,201

For example, Gronwald et al.202 used DML as a green solvent
for PES UF membranes via NIPS by employing PEO and PVP as
additives, resulting in an ultra-high water permeance (610
Lm−2 h−1 bar−1) and a MWCO of 20 000 Da. The HSPs showed
that the distance of DML to PES is a little higher than that of
conventional solvents to polymers based on the phase
diagram. However, the solubility of PVP and PEO was satisfac-
tory in DML.

4.4.3 N-Methyl-morpholine-N-oxide. N-Methyl-morpholine-
N-oxide (NMMO) is a non-toxic, non-volatile, non-corrosive
and easily recyclable solvent. NMMO has widely been used as
a solvent for cellulose membranes due to its satisfactory solu-
bility of cellulose. The high solubility of cellulose in NMMO
was mainly attributed to the strong N–O dipole of
NMMO.203–205

Li et al.206 employed NMMO and PEG as solvents for cell-
ulose UF membranes with satisfactory separation performance
of O/W emulsions. Cellulose/chitosan membranes were fabri-
cated using NMMO with a cellulose and chitosan concen-
tration of 6 wt% at 110 °C.207 The resulting NF membranes
were fabricated by coating another layer on the cellulose/chito-
san membrane using interfacial polymerization, exhibiting
high water flux and rejection of dye/salt solutions. In addition,
NMMO is useful for the fabrication of bio-based materials,
such as bamboo cellulose.208 Bamboo cellulose was dissolved
in NMMO, and then a bamboo cellulose support was fabri-
cated with a pore size of 6 nm. Based on such a support, a PA
layer was prepared via an interfacial polymerization process
with a mean diameter of 1 nm. The membranes showed a
good desalination performance with NaCl rejection of ∼40%
and permeate flux of 15.64 Lm−2 h−1 at the trans-membrane
pressure of 0.5 MPa. In general, NMMO has been widely used
for cellulose membranes and shows great potential for bio-
based materials for membranes.

4.4.4 Dimethyl isosorbide. Dimethyl isosorbide (DMI) a
non-toxic solvent with a high boiling point of 235–237 °C that
is also considered as a top-ten bio-based platform chemical.209

It has been widely used in cosmetics and pharmaceuticals.210

Usually, DMI can be produced from isosorbide via the plat-
form molecule – sorbitol, and its synthesis route is shown in
Fig. 10a.

Russo et al.61 first used DMI to fabricate PVDF and PES
membranes via V-NIPS. After optimizing the polymer concen-
tration and exposure time, PVDF and PES membranes in DMI
were successfully fabricated (Fig. 10b). The largest water per-
meances of the DMI/PVDF and DMI/PES membranes were
15 000 and 6300 Lm−2 h−1 bar−1, respectively.

4.4.5 Triethylene glycol and poly(ethylene glycol).
Triethylene glycol (TEG) is colorless, and its melting point and
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boiling point are −4.3 and 289.4 °C, respectively. It has been
used for natural gas dehydration and sweetening.212,213 TEG
has been used for fabricating cellulose acetate butylate (CAB),
CA and cellulose acetate propionate (CAP) membranes via
TIPS.214,215 Barzin et al.216 employed TEG as a kind of green
additive for PES membranes via VIPS. The TEG/PES mem-
branes showed a higher water permeance of 5370 Lm−2 h−1 at
a lower transmembrane pressure of 10 psi and 100% bacteria
removal rate.

Poly(ethylene glycol) (PEG) with a molecular weight below
600 Da can be used as a solvent. However, when the molecular
weight of PEG was over 800 Da, it needed to be heated or
cooperate with other solvents.217

Fu et al.218 demonstrated that the poly(vinyl butyral) (PVB)
dissolved in a PEG solution at 150 °C and used it to fabricate
PVB membranes via TIPS. Zhang et al.79 adopted a LT-TPS
method to fabricate hydrophobic PVDF membranes using PEG
and TEP as green diluents, and the tensile strength of the
resulting membranes was enhanced. Jeon et al.219 developed a
new polyamide hollow fiber membranes via TIPS using non-
toxic solvents (PEG300, PEG400, PEG600 and dimethyl sulfone
((DMSO2)). The membranes were fabricated using a one-step
spinning process and showed satisfactory performance
towards organic solvent separations.

Similar to TEG, PEG also functions as a kind of green addi-
tive or non-solvent for membrane fabrication. Bildyukevich
et al.194 added PEG400 as a non-solvent into the DMSO/poly
(amide-imide) (PAI) casting solution. The results showed that

the addition of PEG400 effectively improved the water per-
meance of the resulting PAI membranes.

4.4.6 Fatty acid. Fatty acid is a kind of carboxylic acid with
a long aliphatic chain, which is also a main component of the
lipids. Furthermore, fatty acids are also important dietary
sources of fuel for animals and important structural com-
ponents for cells. Therefore, they are green without any bad
effects on human health and environments.220

Recently, four different fatty acids have been employed as
green solvents for poly-(4-methyl-1-pentene) (PMP) membranes
via TIPS process, including lauric acid (LA), myristic acid (MA),
palmitic acid (PA), and stearic acid (SA).221 The PMP mem-
brane was employed for extracorporeal membrane oxygenation
(ECMO) system, which is an extracorporeal device that can
provide long-term cardiac and respiratory support for people
whose heart and lungs cannot provide sufficient gas exchange
or perfusion to sustain their life. For example, ECMO can be
used as an effective approach to cure these patients who
caught a COVID-19 virus at the moment. Therefore, PMP mem-
branes should have high mechanical strength, porosity and
gas permeance.222

Note that the PMP membranes from LA showed a typical
flaky crystal that was formed from S–L phase separation,
which is not desirable due to the lower gas permeability. In
addition, the cross-sectional structures varied from bi-continu-
ous to cellular when using MA, PA and SA as green solvents,
due to the fact that the compatibility of these fatty acids and
PMP became weaker. The resulting MA/PMP membrane was

Fig. 10 (a) A synthesis route of DMI211 and (b) its application for polymer membranes.61
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selected as the ideal membrane for ECMO use as it has the
highest gas permeability.

4.5 Potential alternative solvents

In this section, some other solvents are reported as replace-
ments for conventional toxic solvents. Although these solvents
cannot be called “green solvents”, they exhibit less toxicity
compared with the conventional solvents, which is also con-
sistent with the principles of green chemistry.

4.5.1 Dibutyl maleate. Dibutyl maleate (DBM) is another
name for maleic acid dibutyl ester with the chemical structure
shown in Table 3. There was no benzene in its structure, and
DBM is also used as a plasticizer in some chemical processes,
such as adhesives and coatings. Usually, DBM is used to
replace conventional ortho-phthalate toxic plasticizers such as
DOP. The boiling point of DBM is about 281 °C, which higher
than the operating temperature of PVDF, demonstrating a
possibility to fabricate PVDF membranes via TIPS.
Furthermore, as the DBM is soluble in ethanol, the remaining
DBM in the PVDF membranes can be extracted by ethanol.

DBM as a green solvent has been proposed for PVDF mem-
branes.223 PVDF and DBM are compatible at high tempera-
tures. It is also interesting to note that the liquid–liquid phase
separation region of DBM/PVDF is much broader than other
solvent/PVDF systems, which means that the PVDF mem-
branes can be fabricated at high PVDF concentrations without
adding any additives. The resulting membranes obtained a
tunable pore size of 176–298 nm with a porosity of ∼65%.

4.5.2 Triethylene glycol diacetate. Triethylene glycol diace-
tate (TEGDA) is another name for ethylenebis(2-oxyethyl-
acetate), which has been used as a plasticizer for CA mem-
branes.224 It is not dangerous to the environment and is not a

‘PBT’ substance (persistent, bioaccumulative and toxic) nor a
vPvB substance (very persistent and very bioaccumulative).
This reagent does not have detectable reproductive toxicity in
Swiss CD-1 mice at exposure levels that altered kidney weights
and neonatal development.225 Its melting point and boiling
point are −50 and 286 °C, respectively.

Cui et al.226 employed TEGDA as a lower toxic solvent to
produce PVDF membranes. Based on the analysis of solubility
parameter, TEGDA cannot be dissolved at room temperature
but can solubilize PVDF at elevated temperatures. TEGDA/
PVDF membrane showed a high water permeance of 2432
Lm−2 h−1 bar−1 and a narrow pore size distribution with a
mean pore size of 110 nm.226

4.5.3 2-Pyrrolidone. Although 2-pyrrolidone (2-PD) is not
green considering its low toxicity, it is much greener than
other conventional solvents. The melting point and boiling
point of 2-PD are 24.6 and 245 °C, respectively.

Kahrs et al.227 used 2-PD as a solvent to replace NMP to
produce PES membranes. Pang et al.228 used a mixed solvent
of 2-PD and 2-methoxyethanol (2-Me) for PES membranes.
They found that the 2-PD and 2-Me are not very compatible
with PES, and they cannot dissolve PES at room temperature
(Fig. 11a), but it can be dissolved at 60 °C. After a detailed
investigation of the optimized mass ratio of 2-Me/2-PD on the
membrane surface and viscosity (Fig. 11b and c), they success-
fully fabricated PES membranes for scale-up (Fig. 11d).

4.5.4 Diethylene glycol monoethyl ether acetate.
Diethylene glycol monoethyl ether acetate (DEGMEA) has a
relative high flash point and boiling points of 110 °C and
217 °C, respectively. The volatilization rate is low, and it is
widely used in paints, coatings and printing inks. In addition,
DEGMEA shows low toxicity and thus can be employed for

Fig. 11 2-PD/PES membranes. (a) HSPS, (b and c) effect of 2-Me/2-PD ratio on the viscosity and membrane structure, and (d) scale-up of PES
membranes.228
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polymer membranes. To date, DEGMEA is used for PVDF
membranes via NIPS or TIPS. Wu et al.229 used DEGMEA for
PVDF membranes without surface pores via TIPS. Wang
et al.230 used a binary solvent of TEP and DEGMEA for PVDF
hollow fiber membranes and studied the effects of NIPS or
TIPS on the performance of the resulting membranes, includ-
ing the interconnected and porous cross-sectional structure
and membrane surface.

4.6 Green solvent approach: an overview of cost evaluation

A growing push in the choice of using a green solvent over con-
ventional (toxic) ones involves economics. One of the ques-
tions might be: is it convenient to use a novel green solvent? It
is certain that the shifting focus from conventional solvents to
green solvents by the solvent manufacturers and end-user
industries will result in an increase in the market for green sol-
vents. Moreover, new environmental standards are always stric-
ter, requiring a lot of attention to be effectively met. Figoli
et al.231 reported that the preparation cost of hollow fiber
membranes can be amortized when a solvent recovery system
is introduced in the full-scale productive line. The authors pre-
sented an interesting cost analysis, carrying out the calculation
of the price issues based on the contemporary cost in China
(e.g., water, manpower, electricity and rental). The parameters

evaluated included a production capacity of 1 000 000 m2 per
year of hollow fiber, 300 working days per year, spinning
machine of 2.16 M € and solvent recovery system of 1.08 M €.
The relationship between the hollow-fiber production and
solvent cost, reported in Fig. 12a, is very interesting. It is poss-
ible to note how the solvent cost influences the cost index of
the membrane, when the solvent recovery system was used.

The study highlights how the solvent recovery reduces the
production cost even if the solvent price is high, which is the
case for most of the greener solvents. When using a low
solvent price without solvent recovery, the production cost is
slightly higher as compared with the same production with
solvent recovery system. Moreover, the loss of solvent is
assumed to be only 10%. Therefore, the solvent recovery
system significantly influences the final percentages of the
solvent cost and membranes production cost. Recently, Ursino
et al.232 presented a cost evaluation analysis of the green
solvent PolarClean, employed for making PES hollow fiber
membranes for full-scale production. In this study, the relation
with the solvent cost, manpower and OPEX (energy, water,
water-solvent disposal, and rental) was evaluated. The authors
considered the typical values for European countries for man-
power and OPEX and a production hollow fiber line of
∼108 000 km per year (7600 module per year of MF/UF module

Fig. 12 (a) Effect of the solvent cost on the full-scale production cost of the membranes,231 and (b) simulation of polymer cost effect (20 euro per
kg) on the membranes production, adapted from Ursino et al.232
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with a surface of 52 m2). Moreover, the polymer cost con-
sidered was 15–20 € per kg, while the estimated solvent cost
was of 8 € per kg, higher than the typical solvent employed for
membrane preparation, such as NMP or DMF (2–3 € per
kg).233 As reported in Fig. 12b, the final cost of the hollow
fiber production (lower of 4 € per m2) also doubled the pro-
duction, as dictated by the manpower and the OPEX and not
by the solvent price.

Therefore, the answer to the question “is it really con-
venient to use a novel green solvent?” will be positive. There
are many key factors to consider, but each of them highlights
the benefits of using green solvents. From the single cost of
the solvent to the possible use of a solvent recovery system, in
any case we have a reduction in production costs.231 Last but
not least, the health risks associated with the use of toxic sol-
vents for workers and the environmental impact must also be
considered, as they can also influence the total costs for the
manufacturers.

4.7 Bio-based materials for polymer membranes

Greener materials are increasingly considered for use as mem-
branes.234 Nanocellulose has been highlighted as a material
that can be used for many purposes including
membranes.235,236 The difficulty of dissolving cellulose in
regular organic solvents makes it attractive for non-aqueous
separations, a field of increasing interest for the chemical
industry. Besides the direct utilization of these biopolymers,
cellulose has been modified in different ways resulting in
copolymers with tunable properties. Grafting is a straight-
forward strategy that can even transform cellulose into a super-
hydrophobic material for oil/water separation.237 Lignin has
been used as an additive in membrane preparation.238 For
instance, lignin from birch wood was dissolved in a deep
eutectic solvent and added to a polyethersulfone casting solu-
tion to increase the hydrophilicity and permeance.164 Lignin
has also been reported as a low-cost starting material for pre-
paring other polymers, such as polyesters and polyimides.
Polyimide has been synthesized using lignin-based anhydrides
and was used for gas separation membranes.239

Biophenols have been successfully used as monomers for
interfacial polymerization to produce thin-film composite
membranes. Tannic acid240,241 was one of the first monomers
introduced for this purpose or to prepare an interlayer. More
recently, sugars have been demonstrated as monomers for
interfacial polymerization.242 More sophisticated approaches
based on natural monomers use the macrocycle cyclodex-
trin.243 When functionalized with amines, fast interfacial
polymerization leads to highly selective membranes for nano-
filtration, which are able to be separated by size, shape and (in
part) chirality.

In addition, membranes frequently face the paradox of
needing to be stable in operation and degradable when dis-
posed. Particularly in the case of PLA, their degradation has
been cleverly used for the preparation of isoporous mem-
branes by taking advantage of PLA block copolymers and
etching out the PLA blocks.244 As we mentioned in Section 3.4,

recycled polymer materials are also suitable for membrane for-
mation. For example, ultrafiltration membranes have been pre-
pared from PET recovered from bottles. The membranes were
prepared by phase inversion and were highly stable in a variety
of solvents being used as a support for nanofiltration.245,246

5 Separation process for greener
polymer membranes

So far, researchers have engineered a series of polymer mem-
branes using non-toxic solvents and compared them with
those fabricated from conventional solvents, i.e., NMP, DMAc
and others. These membranes have been reported in water
treatment, i.e., MF, UF, NF, RO and FO for water softening, dye
wastewater treatment, biomass separation, and solid-phase
separations. They have been used in membrane contactors,
mainly including membrane condensers and membrane distil-
lation that are usually used to separate the brines, food extract
and others. Lastly, membranes for fuel cells, pervaporation,
photocatalytic processes and gas separation have also been
studied.

5.1 Water treatment: from microfiltration to osmosis

In general, pore sizes of polymer membranes range from
<1 nm to 10 μm and can be classified as: MF (0.05–10 μm), UF
(2–50 nm), NF (1–2 nm), and RO membranes (<1 nm). The sep-
aration mechanism of the membrane mainly depends on the
size screening under a certain trans-membrane pressure. The
surface properties of the polymer membranes, i.e., surface
charge, membrane roughness and hydrophilic/hydrophobic
properties, also affect the permeability and rejection.247,248

5.1.1 Microfiltration. MF membranes are often used to sep-
arate the solid–liquid or liquid–liquid suspension systems
based on the screening mechanisms.62,194,230 Xie et al.111 com-
pared the separation performance of PolarClean/PVC and
DMAc/PVC membranes. The structures of PolarClean/PVC
membranes with different polymer concentrations and DMAc/
PVC membranes are shown in Fig. 13. Note that the pore sizes
of the PolarClean/PVC membranes were smaller than that of
DMAc/PVC membranes. The PolarClean/PVC membranes
showed higher permeance, higher flux recovery rate and
higher particle rejection behavior than that of DMAc/PVC
membranes at the same PVC concentration. Arahman et al.249

investigated DMSO/PVDF and TEP/PVDF membranes for treat-
ing CaCO3 suspensions. Two membranes showed a high rejec-
tion rate from 99.8 to 100% with a higher FRR of 96.6%.

Cellulose membranes were fabricated from ionic liquid62

for oil/water separations. The effect of the membrane surface
charge and oil droplet surface charge on the separation per-
formance were discussed. Such green membranes have a
higher rejection rate for O/W emulsions. Membrane fouling
was minimized by controlling the pH value, surface charge
and membrane oil concentration. The hydrophilic ionic
liquids as greener solvents showed higher competitiveness
with conventional solvents for membrane fabrication.
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5.1.2 Ultrafiltration. Green ultrafiltration (UF) membranes
are often used in the separation of BSA solutions, peptide solu-
tions and others.105

Dong et al.139 used the PolarClean/GVL/PSF membranes to
separate the BSA solutions, and such green membranes
rejected the BSA molecules above 95%. Wang et al.104 fabri-
cated PolarClean/PES membranes and PolarClean/PSF mem-
branes. Notice that the PES concentration did not have an
obvious effect on the BSA rejection with a rejection rate close
to 100%. However, it is a little different for PSF membranes.
The BSA rejection rate was up to 95% when the PSF concen-
tration increased from 15 wt% to 25 wt%. In addition, ionic
liquid/PES membranes147 were employed to separate the
peptide. A series of greener PES membranes with different
MWCOs from 30 to 1.25 g mol−1 were fabricated with water
permeance ranging from 140 to 20 Lm−2 h−1 bar−1. The result-
ing membranes effectively separated peptide mixtures with a
molecular weight of 800 to 3500 g mol−1.

Furthermore, inorganic materials can also be used to
upgrade the performance of greener polymer membranes. In
our previous work,105 PolarClean/PVDF/PSF systems with small
surface pore sizes and high tensile strength were reported.
Then, an inorganic layer, including TiO2 or Al2O3, was in situ
grown on the outer side of the HF membrane, increasing the
BSA rejection from 30% to 95%. Also, ZIF-8 nanocrystals were
incorporated in the DMSO/PVDF systems.250 The pure water
permeance of the resulting membranes was enhanced and
showed a high BSA rejection above 98%.

5.1.3 Nanofiltration. PolarClean/CA NF membranes pre-
pared via NIPS for the separation of salty water were
reported.104 The pure water permeance of the membrane
decreased from 3.5 Lm−2 h−1 bar−1 to 1.5 Lm−2 h−1 bar−1

when the CA concentration increased from 20 wt% to 25 wt%.
The NaCl rejection rate increased from 20% to 80%, while the
MgCl2 rejection rate increased from 55% to 92%. Rasool
et al.251 fabricated methyl lactate/CA membranes in a NF range
by finely tuning the fabrication parameters via NIPS. As the CA
concentration increased, the rejection rate of Rose Bengal (RB)
increased to 99.5% while maintaining a pure water flux of 2.4
Lm−2 h−1 bar−1. In addition, green polymer membranes can
also be used as polymer supports for NF membranes. For
example, a PA layer was produced on the PES membrane fabri-
cated from TN solvents, and the resulting membrane showed a
high NaCl rejection rate from 91% to 94%.

A novel and compact process to fabricate DMSO/poly
(arylene ether sulfone) (SPAES) membranes for OSN mem-
brane applications was proposed.252 It was demonstrated that
the performance of the resulting membranes surpassed those
using conventional solvents (DMA and NMP) and simul-
taneously decreased the fabrication period of polymer mem-
branes to a half day. The membranes also showed high stabi-
lity when separating solutes in the DMF solutions even at elev-
ated temperatures (from 30 °C to 90 °C).

5.1.4 Reverse osmosis. For reverse osmosis (RO) mem-
branes, there are no reports about using phase inversion
methods for these membranes. Non-toxic solvents were often

Fig. 13 Performance comparison of PVC membranes from PolarClean and DMAc. (a) SEM images, (b) permeance, FRR and rejection rate (6P means
6 wt% PVC concentration in PolarClean, whereas 8DMAc is 8 wt% PVC concentration in DMAc).111
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used for RO via interfacial polymerization (IP) processes or
were used to modify the NF membranes117,169 with small pore
sizes for RO membranes.

Shi et al.117 used TA and DMC as green solvents to modify
the membrane structure. It is demonstrated that the TA pro-
duced a compact PA layer and DMC was employed to effectively
tune the membrane structure to leaf-like. The resulting TA/
DMC/PA RO membranes obtained a higher water flux of 64
Lm−2 h−1 at 15.5 bar and a NaCl rejection above 99.02% in the
treatment of 2000 ppm-NaCl solution.

5.1.5 Forward osmosis. Similar to RO membranes, the
greener membranes are usually not beneficial for forward
osmosis (FO) due to their large pore sizes. Therefore, a separ-
ation layer needs to be prepared on such membranes. For
example, Kim et al.253 fabricated PAN hollow fiber membranes
using an ionic liquid and DMSO to replace DMF solvent. After
that, a PA layer was fabricated on these membranes, and they
were successfully used for FO by employing sucrose as a draw
solution. The resulting PAN membranes showed higher water
fluxes than other membranes, and no reversible solute flux
was detected. GBL254 was employed to fabricate interconnected
bi-continuous PVDF/PI membranes via NIPS. Then, a PA layer
was coated on the membranes for FO, showing a high water
permeance.

5.2 Membrane contactor

In MD applications, PVDF membranes prepared with non-
toxic solvents dominated72–74,79,96,175,255–257 while
ECTFE,86,122,132 PP179 and cellulose197 membranes are also
reported for MD processes by employing harmless solvents.
Nejati et al.72 used the TEP/PVDF membranes for the MD
process. When the hot streams were facing the dense mem-
brane side, the permeate flux was much higher (about 26
Lm−2 h−1) than when the hot streams were used in an inverted
configuration (6.2 Lm−2 h−1). Wang et al.96 adopted three GBL
based binary solvents to fabricate bi-continuous PVDF mem-
branes for MD, showing a tensile stress of 6.37 MPa with a
DCMD flux of about 77.5 kg m−2 h−1 at the feed temperature
of 90 °C. Xu et al.86 used ATBC/ECTFE membranes to separate
the salt water using a MD process. The contact angle of the
membrane was 140° with a water permeance of 22.3 Lm−2 h−1

and salt rejection of above 99%.
In addition to MD, the membranes produced from non-

toxic solvents were also used in the membrane condenser.
Drioli et al.122 used the GTA/PVDF membranes as membrane
condensers to recover the humidified gas streams. The results
demonstrated that the performance of the membrane conden-
ser was mainly affected by feed temperature and feed flow rate.
The highest water recovery was up to 55%.

5.3 Other applications

5.3.1 Gas separation. GBL/PEI and NMP/PEI membranes97

were used to separate hydrogen from methane, indicating that
GBL/PEI membrane showed similar hydrogen-to-methane
selectivity but higher hydrogen permeance compared with
NMP/PEI membranes. Maghami et al.190 compared the gas

separation of PI/zeolite membranes using different solvents,
including NMP, DMAc, DMF, DMSO and their combinations.
The DMAc/PI membranes showed a high selectivity, while the
DMSO/PI membranes showed the highest permeance among
all systems. They optimized mixture ratio of DMAc and DMSO
as a co-solvent, and the resulting PI/zeolite composite mem-
branes showed a CO2/CH4 selectivity of 68.5.

5.3.2 Pervaporation. Prihatiningtyas et al.197 fabricated cell-
ulose triacetate/cellulose nanocrystal (CTA/CNCs) composite
pervaporation membranes using DMSO as a harmless solvent
and other solvents (including NMP and DMF). DMSO as a
casting solvent led to a transparent polymer solution, while
other solvents resulted in opaque polymer solutions due to the
aggregation of CNCs in the CTA matrix. The resulting mem-
branes produced from DMSO showed a high-water flux of
11.67 kg m−2 h−1 without decreasing the NaCl rejection of
99.9%. DMSO/CTA membranes also showed a good pervapora-
tion desalination performance in the treatment of saline water
of 90 g L−1, while the other membranes suffered from the salt
penetration and membrane leakage. Galiano et al.95 produced
ethyl lactate/PLA membranes for PV that showed high per-
meation to MeOH with a selectivity of >75.

5.3.3 Photocatalytic process. Photocatalytic membranes
usually require catalysts incorporated in the membrane matrix
or a catalyst layer on the membrane surface. Alyarnezhad
et al.258 embedded GO nanosheets in the TEP/PVDF mem-
branes. GO nanosheets were used as a metal free catalyst to
photoactivate the membranes under simulated solar light
irradiation. The embedded GO-enhanced PVDF membranes
enhanced the wettability and formed a hydration layer that
effectively migrated the contaminants on the membrane
surface. In addition, such membranes also showed a photo-
catalytic performance to the methylene blue dye solution with
a dye removal rate above 83.5%.

5.3.4 Fuel cell. Ion exchange membranes in fuel cells are
gaining much popularity at present. To date, many ion
exchange membranes are also fabricated using non-toxic
solvents.186,193,259 For example, Vázquez-Fernández et al.186

fabricated DMSO/ionic liquid/PVDF membranes via TIPS for
fuel cell applications. The effects of thermal stability, proton
conductivity and mechanical properties on the membranes
were investigated by varying the solvent compositions. The
resulting membranes showed outstanding mechanical
strength and reduced elastic modulus.

6 Conclusions and future perspective

Although polymer membranes play an important role for sus-
tainable life and environmental protection, green fabrication
of these membranes becomes an important aspect to make
the membrane “greener”. In general, some unsolved scientific
and technical problems are pending that still need to be inves-
tigated. The following perspectives give an outlook for greener
polymer membranes for enhanced separation performance.
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(1) Based on the HSPs of the solvents and polymers, it is
impossible to find quasi-universal solvents that are appropri-
ate for many kinds of polymers. Further search for new non-
toxic solvents is key for green polymer membranes. Of course,
combinations with one or more non-toxic solvents can help to
meet the solubility requirement of polymers. In other words,
mixed solvents can be designed to meet the HSPs and decrease
the toxicity for one specified polymer. Theoretical methods,
such as DPD and molecular dynamics simulation can be
employed to predict the polymer dissolution in a novel solvent
(or a mixture of solvents) and membrane microstructure evol-
ution by changing the membrane processing parameters.

(2) Some non-toxic solvents may currently still be more
expensive than existing solvents for membrane manufacturing,
mainly due to the absence of large-scale production and com-
petition. Cost analysis, life cycle analysis, and recycling pro-
cesses of these solvents need to be considered further.
Recovering non-toxic solvents during the membrane fabrica-
tion process is an important aspect to decrease the total
solvent cost. In addition, the effects of solvent purity on the
dissolution of polymers and the thermodynamics of the phase
inversion process also need to be investigated in detail in the
future as solvent cost mainly depends on the purity level and
purchasing quantity.

(3) While green solvents are relevant for the sustainability
of membrane manufacture, the choice of the polymer material
is also very important. Renewable or bio-based polymers,
instead of oil-based polymer materials, should be considered
as membrane materials, which include biopolymers and
chemically synthesized polymers whose monomers can be
obtained from renewable resources. Recycling of a membrane
polymer can be an important factor for its future membrane
applications.

(4) Polymer membranes from non-toxic solvents showed
different membrane structures compared with the membranes
from conventional solvents. If the greener membranes are pre-
pared, membrane microstructures should be finely tuned for
specific application.

(5) An important issue is that some ideal non-toxic sol-
vents show excellent performance and even bypass convention-
al solvents for polymer membranes. However, none of them
has been reported for industrial membrane applications. It is
expected that non-toxic solvents can be employed to replace
the conventional toxic solvents in industrial scale membrane
production.
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