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Green chemistry and engineering play a vital role in sustainable separation and technology developments.
Over the past decade, significant progress has been made in applying green solvents to separation pro-
cesses, with a focus on reducing the reliance on conventional toxic solvents such as N-methyl-2-pyrroli-
done (NMP), N,N-dimethylformamide (DMF), and N,N-dimethylacetamide (DMAc). Green solvents offer a
promising alternative due to their biodegradability, low environmental impact, and minimal health
hazards. Nevertheless, most existing studies focus on individual solvents or specific applications, leaving
gaps in understanding regarding solvent—polymer compatibility, scalability, and trade-offs between sus-
tainability and separation efficiency, particularly for liquid and gas separations in membrane technology.
This review addresses these gaps by categorizing recent advancements in the use of green solvents for
membrane fabrication over the past decade. The solvents are grouped into the categories esters, polar
aprotic, dipolar aprotic, polar protic, non-polar aprotic, organic salts, and oils. These green solvents
include y-valerolactone (GVL), Cyrene™, Tamisolve® NxG, Rhodiasolv® PolarClean, ionic liquids (ILs),
deep eutectic solvents (DESs), and plant-derived oils. This review also evaluates the interactions between
these solvents and commonly used polymers using the Hansen solubility parameter (HSP), alongside the
CO, capture and water purification performance of the resulting membranes. Additionally, current appli-
cations of artificial intelligence (Al) tools in solvent selection are discussed, highlighting their potential to
predict polymer—solvent compatibility and optimize membrane fabrication formulations. By summarizing
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recent advancements, evaluating industrial applicability, and identifying unresolved challenges, this review
provides a roadmap for the adoption of green solvents in next-generation membrane technologies,
urging researchers and industry stakeholders to accelerate the transition toward sustainable solvent-

rsc.li/greenchem based processes.

Green foundation

1. This review highlights the classification of green solvents used in membrane fabrication for gas and liquid separation applications. Recently developed
green solvents are discussed, with a focus on solvent-polymer compatibility assessed using the Hansen solubility parameter (HSP) model. Artificial intelli-
gence tools are also explored to aid solvent selection.

2. As an emerging research area, green solvents offer reduced environmental impact and are increasingly important for industries such as water treatment
and carbon capture. The review evaluates various types of green solvents and their influence on membrane performance.

3. Key future challenges include scalability and economic feasibility. By integrating HSP analysis, solvent classification, and Al-based selection methods, this
review provides valuable insights to support the wider adoption of green solvents. These strategies aim to optimize membrane compatibility and efficiency,
contributing to the advancement of sustainable separation technologies.

1. Introduction
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Rewinding to the mid-18" century, the onset of industrializ-
ation marked a significant technological breakthrough that
propelled the global economy to new heights." Environmental
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issues such as carbon dioxide (CO,) emissions, greenhouse
gases, and water pollution have garnered significant attention.
Researchers are now toiling in unremitting efforts to address
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these challenges and develop solutions that protect nature
without compromising economic growth.> Additionally,
today’s firms, including governments, shareholders, and inves-
tors, increasingly prioritize sustainability and environmental
protection in their investment decisions. They are more
inclined to make ‘green investments’ to ensure resource
efficiency.” This shift has driven the advancement of green
technologies and demanded greater efforts in green
development.

Membrane technology has gained recognition as a green
approach because of its environmental friendliness, ease of
operation, high energy efficiency, compact footprint, and cost-
effectiveness.*® Membrane technology has seen increasing
application across the chemical, pharmaceutical, biotechnol-
ogy, and metallurgy industries, significantly reducing solvent
usage.® Specifically, polymeric membranes are gaining atten-
tion from researchers for gas separation, as they provide
higher purity gas streams (e.g., H,, O,, N,, CO,, CH,) for indus-
trial use and help to reduce greenhouse gas emissions.” '° To
promote green development, green solvents have emerged as
promising alternatives for extraction and separation pro-
cesses.!! The urgency to address CO, emission stems from the
imminent threat of global warming. According to studies, the
world’s temperature has increased by 1.5 °C compared to
before industrialization.'* Consequently, it is anticipated that
CO, emissions will need to be reduced by 45% from 2010
levels by 2030, with the ultimate target to reach net-zero CO,
emissions by 2050.

The synthesis of membranes often relies on the use of con-
ventional solvents, which pose significant environmental and
health risks due to their toxicity, volatility, and non-biodegrad-
ability. The switch from traditional solvents to environmentally
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friendly solvents for membrane manufacture is due to the
hazardous effects of conventional solvents such as N-methyl-2-
pyrrolidone (NMP), N,N-dimethylformamide (DMF) and N,N-
dimethylacetamide (DMAc). These solvents produce an exten-
sive amount of effluent annually in industry, which contradicts
sustainability goals."® These solvents have been classified by
the European Chemicals Agency (ECHA) as substances of very
high concern (SVHC) due to their reproductive toxicity (hazard
statement H360D).'* To comply with regulations and address
environmental, health and safety (EHS) issues, it is imperative
to explore greener solvent alternatives. In this review, we focus
on green solvents that align with the principles of green chem-
istry and exhibit a combination of characteristics such as low
toxicity, high biodegradability, low volatility, minimal environ-
mental persistence, and derivation from renewable or bio-
based sources. Additionally, regulatory factors such as compli-
ance with REACH or GHS safety classifications are considered.
These criteria are based on solvent selection frameworks,
including CHEM21 and the GlaxoSmithKline (GSK) solvent
sustainability guide. Green solvents that meet these para-
meters provide safer, more sustainable alternatives to conven-
tional solvents like NMP, DMF, and DMAc, making them suit-
able for use in membrane fabrication.*>”

Green solvents are defined based on assessments such as
CHEM21 and GSK, which evaluate their potential as substi-
tutes for conventional toxic solvents.'® Recent studies have
highlighted y-butyrolactone (GBL), dimethyl sulfoxide (DMSO),
GVL, Cyrene™, Rhodiasolv® Polarclean, Tamisolve® NxG,
DESs, ILs, isopropyl alcohol (IPA), and glycerol derivatives as
emerging green solvents, accelerating their exploration for use
in separation systems.'®?* Key properties that green solvents
must fulfil include exposure potential, safety, incineration
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emissions, environmental impact, recovery and recyclability,
and low volatility.>* However, the development of green sol-
vents for incorporation into separation processes is still in its
early stages. As shown in Fig. 1, research interest in green sol-
vents for filtration membrane fabrication has grown signifi-
cantly over the past decade. Despite this progress, further
studies are needed to thoroughly assess their environmental
impact, underscoring the importance of sustained research
efforts in this field.

Particularly for liquid separation, Zou et al. provided a
thorough review summarizing polymer membranes fabricated
with green solvents for water treatment including microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO).>> This review highlighted the shift toward non-
toxic solvents in polymer membrane fabrication for applications
such as water treatment and gas separation. It evaluated green
alternatives, considered their economic impact, and offered
insights to enhance sustainability in membrane production.
Figoli et al. presented a critical review of efforts to replace toxic
solvents (e.g., DMF, NMP) with greener alternatives like super-
critical CO, (ScCO,) and ionic liquids.>® They highlighted
advancements in nonsolvent induced phase separation (NIPS)
and temperature induced phase separation (TIPS) techniques,
while also acknowledging remaining challenges in achieving
complete substitution without compromising performance.
Naziri Mehrabani et al. summarized the green solvents used in
polymeric membrane fabrication including bio-source solvents
such as Cyrene™, ILs, DESs, DMSO, TamiSolve® NxG and
Polarclean for liquid and gas separation.”® They critically dis-
cussed the dissolution of polymers in the solvents and the role
of green solvents in modifying the morphology of the membrane
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to enhance separation efficiency. Despite these valuable contri-
butions, there remains a gap in the classification of green sol-
vents, and a lack of comparative analysis between solvents used
in both liquid and gas separation. Additionally, limited attention
has been paid to trade-offs such as environmental impact versus
membrane performance.

Fig. 2 illustrates the upward trend in the number of publi-
cations on green solvents indexed in Web of Science, specifi-
cally focusing on their application of selected green solvents in
membrane synthesis over the past decade. It highlights the
growing importance of exploring green solvents across various
applications, particularly for enhancing sustainability. The
review presents recent advancements in green solvent research
over the last 10 years, with special attention being paid to emer-
ging solvents such as GBL, glycerol triacetate (GTA), triethyl
phosphate  (TEP), 2-methyltetrahydrofuran  (2-MeTHF),
Cyrene™, GVL, DMSO, Tamisolve® NxG, Polarclean, Agnique®
AMD 3 L, ILs, DESs, palm oil, rice bran oil (RBO), and sun-
flower oil. Among various membrane applications, NF and gas
separation membranes are the most widely studied using green
solvents, reflecting strong research interest in sustainable water
treatment and carbon capture technologies. This review aims
to address these gaps by introducing a comprehensive classifi-
cation framework for green solvents used in membrane fabrica-
tion, encompassing both liquid and gas separation appli-
cations. This approach enables a clearer comparison of solvent
performance, compatibility with various polymers, and
environmental sustainability. With this, the green solvents are
categorized as esters, polar aprotic, dipolar aprotic, polar
protic, non-polar aprotic, ketones, alcohols, organic salts, and
oils. The classification, physicochemical properties, and mem-
brane-related applications of these green solvents in both gas
and liquid separation processes are examined. Key advance-
ments in solvent-polymer compatibility, particularly through
the use of the Hansen solubility parameter (HSP), are discussed
alongside the prevailing challenges in scalability and economic
feasibility. Moreover, several AI modelling tools that aid in
solvent selection by predicting compatibility and optimizing
formulations are discussed. Finally, future prospects are out-
lined, with the goal of bridging the gap between laboratory
research and industrial implementation, thereby accelerating
the adoption of sustainable separation technologies.

2. Polymer—solvent interactions

The selection of an appropriate polymer-solvent system is critical
for fabricating membranes with tailored porosity, permeability,
and selectivity. Hansen solubility parameters (HSPs) serve as a
valuable tool for evaluating polymer-solvent affinity by consider-
ing the molecular interaction forces involved.>” This approach
enables precise control over phase inversion processes and the
resulting membrane morphology, thereby enhancing both per-
formance and reproducibility in membrane fabrication.?®

HSPs are an extension of the Hildebrand solubility para-
meter, which quantifies the cohesive energy density of a

Green Chem., 2025, 27, 1705-11738 | 11707
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Fig. 1 The number of publications on filtration membranes for each green solvent over the last decade. The green solvents that were searched for
on Web of Science using individual terms included 2-MeTHF, Agnique® AMD 3L, Cyrene™, DES, DMSO, GBL, GVL, GTA, ILs, palm oil, Polarclean,
RBO, sunflower oil, Tamisolve® NxG, and TEP [accessed on 24 November 2024].
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Fig. 2 Publications on filtration membranes using green solvents for
each year segregated by gas separation or liquid separation on Web of
Science over the last decade. The green solvents that were searched for
by individual terms included 2-MeTHF, Agnique® AMD 3L, Cyrene™,
DES, DMSO, GBL, GVL, GTA, ILs, palm oil, Polarclean, RBO, sunflower oil,
Tamisolve® NxG, and TEP [accessed on 24 November 2024].

material. The total solubility parameter (§) integrates three
individual components, dispersion forces (84), polar inter-
actions (6,) and hydrogen bonding (Jy), into a single measure
of cohesive energy density, and is expressed as:

o= \/5d2+5p2+5h2 (1)

1708 | Green Chem., 2025, 27, 11705-11738

where &4, 6, and oy, are measured in MPa®?. Dispersion forces
(64) arise from van der Waals interactions and depend on the
polarizability of molecules, typically representing relatively
weak intermolecular forces. Polar interactions (8,) reflect
dipole-dipole interactions between molecules with permanent
dipole moments. Hydrogen bonding () accounts for strong
intermolecular interactions resulting from hydrogen bonds.>

Table 1 summarizes the HSP values for common polymers
such as PVDF, PES, polysulfone (PSf), polyetherimide (PEI),
and others. The data reveal distinct solubility characteristics.
For instance, poly(vinyl alcohol) (PVA) exhibits a high hydrogen
bonding component, indicating a preference for highly polar
or protic solvents, whereas polyacrylonitrile (PAN) shows
strong polar and dispersive interactions, necessitating solvents
with balanced polarity. Table 2 lists the HSP values of green
solvents, including bio-derived options like Cyrene™, GVL,
and Tamisolve® NxG. By comparing the HSPs of polymers and
green solvents, one can select alternative green solvents with
high polymer-solvent affinity, which can facilitate desirable
phase inversion and membrane morphology.

The compatibility between a solvent and a polymer can be
evaluated based on their distance in Hansen space, commonly
referred to as the HSP distance, R,, which is expressed as:

Ry = \/4(5d2 —8a1)” + (Bp2 — 6p1)” + (Bna — On1)” (2)

This journal is © The Royal Society of Chemistry 2025
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Table 1 HSP of selected polymers

Polymers &4 (MPa'?) &, (MPa'?) &, (MPa'?) & (MPa"?) Ref.
PVDF 17.10 12.60 10.60 23.74 30
PES 19.60 10.80 9.20 24.20 30
PSf 18.84 11.22 7.95 23.32 25
PEI 19.60 7.60 9.00 22.87 20
PI 20.90 11.30 9.70 25.66 30
CA 16.00 7.50 13.50 22.24 30
PVA 17.00 9.00 18.00 26.34 30
PAN 21.70 14.10 9.10 27.43 30
PESU 17.60 10.40 7.80 21.88 31
PDMS 15.24 4.30 2.92 16.10 32
PEO 17.80 0.56 9.10 20.00 33

Table 2 HSP of selected green solvents

54 PN Sn 5
Solvents (MPa'?) (MPa'?) (MPa'?) (MPa'?) Ref.
2-MeTHF 16.90 5.00 4.30 18.14 34
Agnique® AMD 3L 18.40 12.90 15.90 27.53 35
Cyrene™ 18.80 10.60 6.90 22.66 26
DMSO 18.40 16.40 10.20 26.68 36
GBL 18.00 16.60 7.40 25.58 34
GTA 18.35 13.39 0.43 22.72 37
GVL 15.50 4.70 6.60 17.49 38
Polarclean 15.80 10.70 9.20 21.18 39
Tamisolve® NxG 17.20 8.20 5.90 19.95 39
TEP 16.80 11.50 9.20 22.34 40

where R, is expressed in MPa%®, and the subscripts 1 and 2
refer to the polymer and solvent, respectively. The factor of 4
in the equation accounts for the greater contribution of dis-
persion forces to the overall solubility behavior compared to
polar and hydrogen bonding interactions.

To further illustrate the relative position of a solvent within
the solubility space of a polymer, the relative energy difference
(RED) is calculated using the following equation:

RED — Ja 3)

Ry

where R, denotes the radius of the HSP sphere for the
polymer, expressed in MPa®’, and represents the maximum
allowable distance within which a solvent is considered com-
patible with the polymer. Table 3 presents the R, values for
several commonly used polymers, as reported in experimental
studies.

To determine polymer solubility in a given solvent, the RED
value is used: if RED < 1, the solvent is likely to dissolve the

Table 3 HSP sphere radius of polymers from published studies

Polymers Ry Ref.
PVDF 5.00 30
PES 6.20 30
PSt 5.42 41
PEI 6.00 42

This journal is © The Royal Society of Chemistry 2025
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polymer; if RED > 1, it is unlikely to dissolve the polymer.
Table 4 tabulates the calculated R, and RED values for selected
green solvents. The concept of the HSP sphere is central to
applying HSPs. Each polymer has a unique solubility sphere in
three-dimensional space, defined by its d4, 6,, and &y, values.
The sphere represents the range of solvent parameters compa-
tible with the polymer. Solvents with HSP values that fall
within the sphere are likely to dissolve the polymer, while
those outside the sphere are not. The size of the HSP sphere is
determined by the polymer’s solubility behaviour across
various solvents, using experimental data to distinguish
between solvents that lie inside (soluble) and outside (in-
soluble) the sphere.

In this review, HSP analysis is employed as a predictive tool
for selecting green solvents with high affinity to specific poly-
mers, thereby guiding the choice of primary solvents. In other
cases, it is also used as a framework for designing co-solvent
systems when single solvents cannot fully dissolve the
polymer. Additionally, it serves as a post hoc rationalization
method to interpret experimental results in relation to
polymer-solvent interactions and their effects on membrane
structure and performance.”””**"* Fig. 3 illustrates the HSP
spheres for PVDF, PES, PSf, and PEI, along with the R, values
of various green solvents, including 2-MeTHF, Agnique® AMD
3 L, Cyrene™, DMSO, GBL, GTA, GVL, Polarclean, Tamisolve®
NxG, and TEP.

The HSP analysis reveals that polymers such as PVDF, PES,
PSf, and PEI exhibit comparable solubility behaviour, each
demonstrating compatibility with a range of green solvents.
Among these solvents, Cyrene™, Polarclean, and TEP fall
within the HSP spheres, indicating good polymer-solvent
affinity with all four polymers. Additionally, DMSO, GBL, and
Tamisolve® NxG also show compatibility with three of the
polymers, while 2-MeTHF, GVL, and Agnique® AMD 3 L
exhibit solubility potential for PEI and PVDF. In contrast, GTA
does not fall within the HSP sphere, suggesting limited
polymer-solvent affinity for PVDF, PES, PSf, and PEI. However,
potential applications in other polymer membrane systems are
explored later in this review.

While the HSP offers a useful theoretical framework for
evaluating polymer-solvent compatibility, it has inherent
limitations.>®**® The HSP model is based on equilibrium
thermodynamics and assumes homogeneous polymer-solvent
mixtures; this is not always valid in complex casting solutions.
It does not account for kinetic factors such as solvent evapor-
ation rate, phase inversion dynamics, or polymer chain mobi-
lity, nor can it predict final membrane morphology. These
limitations are particularly relevant in membrane fabrication,
where non-equilibrium processes dominate. In systems invol-
ving ILs or GVL, deviations from ideal thermodynamic behav-
iour can further challenge the assumptions underlying the
model. Therefore, while HSPs can guide initial solvent selec-
tion and help explain observed solubility trends, they should
be applied with caution and validated experimentally. In such
complex systems, combining HSP with tools like ternary phase
diagrams, molecular simulations, and dynamic characteriz-

Green Chem., 2025, 27, 1705-11738 | 11709
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Table 4 The Hansen solubility distance and RED values of the polymers in green solvents

PVDF PES PSf PEI
Polymers _— e _—
Solvents R, RED R, RED R, RED R, RED
2-MeTHF 9.88 1.98 9.32 1.50 8.19 1.51 7.62 1.27
Agnique® AMD 3 L 5.91 1.18 7.42 1.20 8.17 1.51 9.03 1.50
Cyrene™ 5.41 1.08 2.81 0.45 1.22 0.23 4.00 0.67
DMSO 4.62 0.92 6.17 1.00 5.72 1.05 9.20 1.53
GBL 5.43 1.09 6.86 1.11 5.66 1.04 9.69 1.61
GTA 10.50 2.10 9.48 1.53 7.89 1.46 10.64 1.77
GVL 9.42 1.88 10.55 1.70 9.43 1.74 9.02 1.50
Rhodiasolv® Polarclean 3.51 0.70 7.60 1.23 6.23 1.15 8.21 1.37
Tamisolve® NxG 6.44 1.29 6.38 1.03 4.91 0.91 5.75 0.96
TEP 1.88 0.38 5.64 0.91 4.28 0.79 6.83 1.14
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Fig. 3 HSP spheres of a few common polymers, (a) PVDF, (b) PES, (c) PSf, and (d) PEI.

ation techniques provides a more comprehensive understand-
ing of the membrane formation process.

3. Green solvent classification

Green solvents are classified based on their chemical pro-
perties and molecular interactions, offering sustainable
alternatives to conventional toxic solvents. Generally, they can
be categorized as esters, polar aprotic solvents, dipolar aprotic
solvents, polar protic solvents, non-polar aprotic solvents,
organic salt-based solvents, and oil-based solvents. Table 5
summarizes the properties of these green solvents according
to their respective classifications. Esters, such as GBL and
GTA, are typically derived from renewable resources and
exhibit high biodegradability. Polar aprotic solvents, including
TEP, 2-MeTHF and GVL, lack acidic hydrogen but possess sig-

M710 | Green Chem., 2025, 27, 1705-11738

nificant polarity, making them effective at polymer dis-
solution. Dipolar aprotic solvents, such as DMSO, Cyrene™,
Tamisolve® NxG, and Polarclean, contain two distinct polar
centers, enhancing their solvation capabilities. Polar protic sol-
vents, including Agnique® AMD 3 L, contain hydrogen-bond-
donating groups, making them suitable for applications invol-
ving proton transfer. Organic salt-based solvents, including ILs
and DESs, combine low volatility, thermal stability and struc-
tural tenability, making them promising for various separation
technologies. Lastly, oil-based solvents such as palm oil, rice
bran oil, and sunflower oil, utilize naturally occurring lipids
and are particularly attractive for use in emulsion liquid mem-
branes. Each solvent class addresses distinct environmental
and functional requirements in membrane fabrication, contri-
buting to the advancement of sustainable separation techno-
logies. A summary of solvent availability, production, and costs
is presented in Table 6. In this review, the solvent categories

This journal is © The Royal Society of Chemistry 2025
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Table 6 Summary of availability, production and cost of solvents
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Solvent Availability (no. of vendors) Production (k tons per year) Cost (€ per L) Ref.
Conventional NMP 71 50-125 130 63-65
DMF 52 959 130 63, 65 and 66
DMAc 63 50-60 110 63, 65 and 67
Green GBL 30 130 85 63, 65 and 68
GTA 70 10-50 110 63, 65 and 69
TEP 61 7 125 63, 65 and 70
2-MeTHF 53 10 81 63,71 and 72
Cyrene™ 30 1¢ 195 63, 65 and 73
GVL 71 35° 135 63, 74 and 75
DMSO 60 — 290 63 and 75
Tamisolve® NxG 63 — 79 63 and 72
Rhodiasolv® 12 — — 63
Polarclean
Agnique® 41 — 60 63 and 72
AMD 3 L
ILs — 0.6° 1-307 76 and 77
DES — 13.8 — 78
Palm oil — 89287 0.79-1.03 79 and 80
Rice bran oill — 11023 1.16 81 and 82
Sunflower — 20 966 0.87 83 and 84
Seed oil

“1t refers to a plant from Circa Group. ? The GVL production plant is simulated using Aspen Plus. ‘It refers to a plant from Solvionic. 9 The unit

is € per kg.
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Fig. 4 Production routes for GBL from petroleum- and glucose-based
sources. Reproduced from ref. 48 with permission from Royal Society of
Chemistry, copyright 2011.

4.2 Glycerol triacetate (GTA)

Glycerol triacetate (GTA), also known as triacetin, is a green
solvent made from glycerol through acetylation, a process com-
monly linked to biodiesel production.’” It is a colourless,
odourless, and viscous liquid with a boiling point of 258 °C.
GTA can be synthesized using acetic anhydride and Amberlyst-
15 acid resin as a catalyst, achieving nearly 100% yield and its
FTIR spectrum matches that of standard GTA (Fig. 5(a)).®® The
U.S. Food and Drug Administration (FDA) has classified GTA

s “generally recognized as safe” (GRAS) for use in food, indi-
cating its low toxicity and sustainable nature (Fig. 5(b)).5°° It
is also considered non-toxic in animal studies involving oral or
dermal exposure. GTA is biodegradable, with more than 76%
breaking down after 29 days at room temperature. It is widely

This journal is © The Royal Society of Chemistry 2025

used in making polyesters, cosmetics, pharmaceuticals, and
biodiesel. Due to its oxygen-rich structure, GTA is CO,-philic,
meaning it can dissolve large amounts of CO,, which are 5 to 6
times higher than diesel oil or water, making it a promising
solvent for CO, capture.®%°°

4.3 Applications of ester-based solvents in gas separation

GBL has been employed as a green solvent in the preparation
of support membranes for gas separation. Theodorakopoulos
et al. developed a novel dual-layer graphene nanoplatelet
(GNP) mixed matrix hollow fiber membrane by incorporating
BTDA-TDI/MDI (P84) as a porous support via dry-jet wet phase
inversion, followed by dip-coating with Pebax 1657 as the selec-
tive layer.*> GNPs were embedded in both layers, with GBL par-
tially replacing NMP in the dope solution and fully substitut-
ing NMP in the bore solution. The incorporation of GNPs
increased the ultimate tensile strength of the support layer
due to enhanced interfacial adhesion. The resulting mem-
brane showed significantly improved CO,/CH, and He/N,
selectivity, as well as increased CO, and H, permeance com-
pared to membranes prepared using conventional solvents
with the same selective layer. These improvements were
ascribed to the increased fractional free volume (FFV) of the
membrane, engendered by disruption of the polymer chains
by GNPs. The findings highlight the potential of GBL as a
green solvent substitute and GNPs as effective fillers for
enhancing gas separation performance. Theodorakopoulos
et al. further investigated the complete substitution of NMP
with GBL in the fabrication of P84 hollow fiber membranes via
dry-jet wet phase inversion.”® The resulting membranes
demonstrated a CO,/CH, selectivity of 25.7 and CO, per-

Green Chem., 2025, 27, 11705-11738 | 11713
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Fig. 5 (a) FITR spectra of (i) standard GTA and (i) GTA synthesized using a 1: 3 molar ratio of glycerol to acetic anhydride with Amberlyst-15 acid
resin. Reproduced from ref. 87 with permission from PubliSBQ, copyright 2015. (b) Sustainability assessment of GTA compared to toluene, cyclopen-
tyl methyl ether (CPME), dimethyl isosorbide (DMI), Cyrene™ and anisole. Reproduced from ref. 90 with permission from American Chemistry

Society, copyright 2025.

meance of 0.38 GPU, showing performance comparable to
membranes fabricated using conventional NMP solvents.”*
This supports the feasibility of GBL as a greener alternative in
hollow fiber membrane production.

Beyond use as a support membrane solvent, GBL has
also been utilized for fabricating dense selective layers.
Algaheem and Alomair reported a reduction in the perform-
ance of PEI membranes when GBL alone was employed to
dissolve the polymer.°® This decline was attributed to the
formation of a dense membrane structure caused by limited
interaction between the polymer and GBL, resulting in
coiled chains and low chain extension. To address this, they
explored the co-use of GBL and DMF (a non-green solvent).
Interestingly, membranes prepared with 75 wt% DMF and
25 wt% GBL showed higher permeability than those pre-
pared with 100 wt% DMF. The H,/CH,, H,/N,, He/CH,, He/
N,, CO,/CH, and CO,/N, selectivity increased to 29.3, 7.6,
22.6, 5.8, 8.8 and 2.3, respectively. They concluded that
further research was needed to identify fully green solvents
that could replace DMF.

Zhao et al. fabricated Pebax 1657 mixed matrix membranes
(MMMs) incorporating carbon nanotubes (CNTs) and GTA for
gas separation.”” CNTs were selected due to their exceptional
mechanical strength and ability to enhance gas transport. GTA
acted as a plasticizer, enhancing the amorphous structure and
chain mobility of Pebax 1657, which in turn improved the CO,
permeability. However, increasing the GTA content led to a
decrease in CO,/CH, selectivity from 17.8 to 14 due to the
increase in FFV, which facilitated CH, transport. Conversely,
an increase in CO,/H, selectivity was observed, which was
attributed to improved solubility selectivity.

Another group developed Pebax 1657-based nanocomposite
membranes by incorporating alumina nanotubes (ANTs) and
GTA.”® Compared to pristine Pebax, the Pebax/4 wt% ANTSs/
40 wt% GTA membrane exhibited a 73.8% increase in gas per-
meability, while the CO,/CH, selectivity decreased only slightly
by about 5% to 17.3. This enhancement was ascribed to the
porous ANTs disrupting polymer chain packing, thereby
increasing FFV and chain mobility.

N714 | Green Chem., 2025, 27, 1705-11738

4.4 Applications of ester-based solvents in liquid separation

For the nanofiltration of rose bengal (RB) dye, 2-MeTHF was
employed as a co-solvent in the fabrication of CA membranes,
using GTA as the primary solvent.”® The solubility limit of CA
in GTA was found to be approximately 13 wt%. Membranes
prepared with GTA and varying concentrations of 2-MeTHF
exhibited porous structures characterized by a spongy matrix
interspersed with a few large, tear-shaped macrovoids, as illus-
trated in Fig. 6(a). As the concentration of 2-MeTHF in the
casting solution increased, the number of these macrovoids
decreased, and the remaining macrovoids adopted a more
spherical morphology. To evaluate the effect of 2-MeTHF as a
co-solvent, a base casting solution containing 13 wt% CA in
GTA was used.

5. Polar aprotic

Polar aprotic solvents are characterized by their high polarity
and the absence of acidic hydrogen atoms (i.e., no O-H or N-
H bonds). These solvents are widely used in chemical syn-
thesis, polymer dissolution, and membrane fabrication due to
their ability to stabilize charged intermediates and dissolve a
broad range of polar compounds without engaging in hydro-
gen bonding. Unlike protic solvents (e.g., water and alcohols),
polar aprotic solvents exhibit low nucleophilicity, making
them ideal for reactions involving strong bases or nucleo-
philes. In membrane technology, traditional polar aprotic sol-
vents such as tetrahydrofuran (THF) have been favored for
their excellent polymer-dissolving capabilities. However,
increasing environmental and health concerns regarding their
toxicity, persistence, and reliance on petroleum-based feed-
stocks have spurred the search for bio-based and greener
alternatives. This section explores three promising sustainable
polar aprotic solvents, TEP, 2-MeTHF, and GVL with a focus
on their production pathways, physicochemical properties,
and emerging applications in gas and liquid separation
membranes.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc03161c

Published on 10 September 2025. Downloaded on 3/9/2026 12:12:01 PM.

Green Chemistry

View Article Online

Critical Review

(a) (b)
TiOZ wt% | (um) dmean (Hm) € (%)
TI3CSI6E TI3CS33E 0 wt% 116 0.127 80.5
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Fig. 6

(a) SEM images of CA membranes prepared using GTA with varying 2-MeTHF concentrations. Reproduced from ref. 99 with permission from

Elsevier B.V., copyright 2021. (b) Results of characterization studies on membranes doped with different wt% TiO, nanoparticles. Reproduced from
ref. 116 with permission from Elsevier B.V., copyright 2024. (c) DCMD performance of NIPS and SANIPS membranes sprayed with water for 45 s
(denoted as Sw45s). Reproduced from ref. 102 with permission from Elsevier B.V., copyright 2023. (d) Plot of 2-MeTHF concentration versus per-
meance and dye rejection for CA membranes prepared with GTA. Reproduced from ref. 99 with permission from Elsevier B.V., copyright 2021.

5.1 Triethyl phosphate (TEP)

Triethyl phosphate (TEP) was first investigated as a green
alternative to toxic solvents like NMP and DMF for mem-
branes in 2014.'°° TEP is a clear, colourless liquid with the
formula OP(OEt); and it has a mild, pleasant odour due to
its ester structure.’®® It is miscible with water, ethanol, and
ether. TEP is recognized for its low toxicity, low volatility
(e.g., 1.7 cP), high boiling point (e.g., 215 °C), ease of recov-
ery, and reduced environmental impact."®” It is widely used
in the production of pesticides, polymers, and anhydrides,
as a flame retardant,'®® and as a plastic strengthener.?’ In
membrane science, TEP has garnered significant interest,
particularly for fabricating PVDF membranes. However, due
to differences in polarity, solvent strength, and exchange
kinetics during phase inversion, TEP exhibits notable differ-
ences from NMP, as shown in the ternary phase diagram
(Fig. 7(a)), mean squared displacement plot (Fig. 7(b)), and
molecular dynamics simulations (Fig. 7(c)).'°>'°*'% The
ternary phase diagram of PVDF with NMP and TEP indi-
cates that less TEP is required to induce phase inversion of

This journal is © The Royal Society of Chemistry 2025

PVDF, as TEP is a weaker solvent compared to NMP.'** This
weaker solvent-solvent-polymer interaction promotes a
more coiled polymer chain conformation, leaving a greater
free volume between chains, which facilitates the formation
of more porous membranes with spongy or honeycomb-like
structures. Despite these differences, TEP remains a strong
candidate as a sustainable solvent for green membrane
fabrication.

5.2 2-Methyltetrahydrofuran (2-MeTHF)

2-Methyltetrahydrofuran (2-MeTHF) is a heterocyclic organic
compound that has garnered increasing attention as a bio-
derived and potentially greener alternative to conventional sol-
vents in various applications, including membrane fabrication.
It can be synthesized from renewable resources such as ligno-
cellulose biomass (Fig. 8), making it a more sustainable option
compared to petroleum-based solvents. Moreover, 2-MeTHF
exhibits lower toxicity than some commonly used solvents like
DCM and NMP.'**'%7 1ts relatively low boiling point of 78 °C
facilitates easier removal and recovery, enhancing its practical
appeal in membrane processes. In membrane fabrication,

Green Chem., 2025, 27,11705-11738 | 11715
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Fig. 7 (a) Phase diagram of the PVDF/solvent/water ternary system. (b) Mean squared displacement (MSD) of PVDF polymer chains in NMP and TEP
solvents. (c) Molecular dynamics simulations showing PVDF chain conformations in NMP (left) and TEP (right). Reproduced from ref. 104 with per-

mission from Elsevier B.V., copyright 2017.
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copyright 2015.

2-MeTHF can be employed in phase inversion techniques such
as NIPS. For instance, it has been used as a co-solvent to dis-
solve Matrimid®, followed by immersion in a non-solvent bath
to initiate phase separation and form the membrane structure.
In a study by Shenoy et al., the incorporation of 2-MeTHF as a
volatile co-solvent significantly enhanced the CO,/CH, selecti-
vity from 11.5 to 24.0.'% Despite its promising attributes, the
use of 2-MeTHF in membrane fabrication remains relatively
underexplored compared to established solvents like NMP.

NM716 | Green Chem., 2025, 27, 11705-11738

Additionally, considerations such as the cost and commercial
availability of 2-MeTHF may influence its feasibility for large-
scale membrane production.

5.3 y-Valerolactone (GVL)

y-Valerolactone (GVL) is a colorless liquid characterized by low
viscosity, a high boiling point (206 °C), and a low melting
point (—31 °C), making it stable and liquid under ambient
conditions.’® GVL is also noted for its low flammability and

This journal is © The Royal Society of Chemistry 2025
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minimal health hazards. Recognized as an environmentally
benign solvent, GVL offers favorable polarity, low toxicology
(e.g., oral LDs, in rats: 8800 mg kg™'), and most importantly,
can be synthesized from biomass sources."'® GVL is typically
produced from levulinic acid, which is derived from hexose
sugars. In this process, cellulosic biomass such as corn stover,
sawgrass, and wood is hydrolyzed into glucose and other
monosaccharides using acid catalysts."’! These sugars are
then dehydrated to form hydroxymethylfurfural, which sub-
sequently yields formic acid and levulinic acid. Levulinic acid
can then be converted into GVL via two possible reaction path-
ways (Fig. 9(a))."'° Experimental assessments of the biodegrad-
ability of GVL suggest it can be rapidly and completely
degraded in the environment.''> Moreover, its low volatility
and flammability under standard conditions have made it a
widely used functional solvent in various applications. Most
reported studies have focused on its application in the syn-
thesis of CO, sorbents, indicating the need for further explora-
tion of its potential in direct gas separation and capture
technologies.'' 137115

5.4 Applications of polar aprotic-based solvents in gas
separation

In a recent study by Shenoy et al., a green solvent system com-
prising Tamisolve® NxG, DMSO and 2-MeTHF was employed
to fabricate polyimide Matrimid® membranes for biogas puri-
fication, specifically targeting CO,/CH, separation.'®® Among
the components, DMSO introduced thermodynamic instability
due to its limited affinity for Matrimid® and strong affinity for
water. In contrast, Tamisolve® NxG and 2-MeTHF demon-
strated better compatibility with the polymer matrix.
Membranes were fabricated using this ternary solvent system,
with increasing concentrations of 2-MeTHF as a volatile co-
solvent, while maintaining a fixed 1:2 ratio of Tamisolve®
NxG : DMSO. The gas separation performance was evaluated
using a 50:50 vol% CO,/CH, mixed gas feed. The membrane
fabricated with 24 wt% 2-MeTHF demonstrated a notable
improvement in CO,/CH, selectivity from 14.0 to 22.0.
However, this enhancement was accompanied by a reduction
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in CO, permeance, which decreased from 170 to 144 GPU.
This study highlights the potential of green solvent systems in
optimizing membrane performance for sustainable gas separ-
ation applications.

5.5 Applications of polar aprotic-based solvents in liquid
separation

In recent years, TEP has been explored as a green solvent for
membrane distillation (MD). Santoro et al. utilized TEP in the
fabrication of PVDF membranes doped with TiO, nano-
particles for MD, integrated with the photooxidation of
arsenite (As(m)) to arsenate (As(v)) for freshwater recovery.''®
The fabricated membranes exhibited high porosity (¢), exceed-
ing 80%, and a narrow pore size distribution, with a mean
pore size (dmean) Of 0.123-0.129 pm, as shown in Fig. 6(b),
when different loadings of TiO, were added to the PVDF mem-
brane fabrication process for water treatment. The thickness of
the membranes (/) falls in the range of 105-116 pm.

These PVDF membranes featured an asymmetric structure
with a finger-like top layer and a spherulitic substructure,
resulting in different hydrophobicity, in which the contact
angles measured around 120° on the rougher spherulitic side
and around 92° on the smoother finger-like side. Vacuum
membrane distillation (VMD) experiments demonstrated the
membrane’s ability to recover over 80% of water from arsenic-
contaminated solutions while achieving a fivefold concen-
tration of As(m). Transmembrane flux increased from 1.2 =
0.1 kg m>h™"to 6.3 +0.3 kg m™>h™" as the feed temperature
increased from 40 °C to 60 °C, further improving to 7.1 +
0.2 kg m~> h™" under UV irradiation due to additional radiant
heating.

Moreover, Chung and co-workers successfully developed
superhydrophobic PVDF membranes using TEP as a green
solvent via the spray-assisted non-solvent induced phase separ-
ation (SANIPS) method for brine desalination through direct
contact membrane distillation (DCMD)."** As the air spray dur-
ation increased from 0 to 240 s, the PVDF membranes orig-
inally exhibiting a flattened surface morphology showed a
gradual decrease in water contact angle from 124° to 82°. This
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Fig. 9 (a) Two sustainable pathways for the production of GVL. Reproduced from ref. 110 with permission from Elsevier B.V., copyright 2019. (b)
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change was attributed to a slower phase inversion process and
Marangoni effects inherent to TEP.''”''® Notably, membranes
sprayed with water for 45 s achieved superhydrophobic sur-
faces with self-cleaning properties, demonstrating advanced
functional performance. The separation performance of mem-
branes fabricated via NIPS and SANIPS methods was evaluated
using a 10 wt% NaCl solution at 60 °C in a DCMD setup.
While the NIPS membrane experienced wetting after 10 h with
salt rejection dropping dramatically to 70% within 3 h, the
SANIPS membrane treated with water for 45 s maintained a
stable water flux of 22 kg m™ h and a high salt rejection rate
of 99.9% throughout the 100 h continuous test (Fig. 6(c))."*>
This exceptional performance was attributed to the superior
wetting resistance and superhydrophobic characteristics of the
membrane.

As previously mentioned, 2-MeTHF was employed as a co-
solvent in the fabrication of CA membranes for the nanofiltra-
tion of RB dye, with GTA as the primary solvent. The results
showed that increasing the 2-MeTHF concentration led to a
decrease in permeance but an improvement in RB rejection, as
depicted in Fig. 6(d).*® This trend is attributed to the volatile
nature of 2-MeTHF, despite the minimized evaporation time
before coagulation.’*® These findings suggest that the addition
of 2-MeTHF enhanced membrane selectivity, positioning it as
a promising co-solvent for optimizing the nanofiltration per-
formance in dye separation applications. Besides, 2-MeTHF
was applied in the cross-linking of polybenzimidazole (PBI)
membranes for organic solvent nanofiltration (OSN). The
resulting cross-linked PBI membrane demonstrated excep-
tional performance, achieving a 99.6% rejection rate for
Remazol Brilliant Blue R. Additionally, it exhibited high
solvent permeances of 40.7, 29.0, 13.8, and 5.8 LMH per bar
for acetonitrile, acetone, ethanol, and isopropanol, respect-
ively, under a test pressure of 10 bar. This combination of high
rejection and significant solvent permeance highlights the
effectiveness of membranes in both separation and solvent fil-
tration applications.'*°

Additionally, Rasool et al. reported that GVL was a promis-
ing alternative to conventional organic solvents for dissolving
polymers such as CA, polyimide, PES, cellulose triacetate
(CTA), and PSf.”’ However, they found that chitosan and PVA
were insoluble in GVL. NF membranes fabricated using 10%
CTA/GVL and 15% CA/GVL achieved 90% rejection of RB with
a PWP of 11.7 LMH per bar and 1.8 LMH per bar, respectively.
In another study, the same group further confirmed the feasi-
bility of employing GVL as an organic solvent in the NIPS
process.'" The 10% CTA/GVL membrane, using water as the
non-solvent, exhibited optimal performance with 94% rejec-

tion of RB with a PWP of 15.9 L m ™2 h™* bar™.

6. Dipolar aprotic

Dipolar aprotic solvents play a crucial role in membrane fabri-
cation due to their high polarity, strong solvation power, and
chemical stability. Unlike protic solvents, they lack acidic
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hydrogen, making them ideal for dissolving polymers and
facilitating phase inversion processes. However, conventional
dipolar aprotic solvents such as NMP and DMF pose environ-
mental and health risks due to their toxicity and fossil-fuel
origins. This section explores four sustainable alternatives,
namely DMSO, Tamisolve® NxG, Polarclean and Cyrene™ that
offer comparable performance with reduced ecological foot-
prints. Their successful applications in gas and liquid separ-
ation membranes demonstrate their potential to replace tra-
ditional solvents while maintaining or even enhancing mem-
brane performance.

6.1 Dimethyl sulfoxide (DMSO)

DMSO derived from lignin, is a biodegradable and non-hazar-
dous solvent.'*® In addition to being extracted from lignin
(Fig. 10(a)),"* it can also be produced via the oxidation of
dimethyl sulfide (DMS), as shown in Fig. 10(b).'** DMSO has a
boiling point of 189 °C. Notably, the conversion of DMS into
DMSO is considered a relatively sustainable process, as it does
not require a catalyst, initiator, or photosensitizer, relying
instead on an autoxidation reaction.'®® The synthesis pathway
is straightforward whereby DMS can be oxidized to DMSO via
catalytic oxidation at 7.2 MPa and 105 °C.

Key characteristics such as high biodegradability, low tox-
icity and non-mutagenicity make DMSO a suitable alternative
to toxic solvents. Reports indicate that DMSO exhibits excep-
tionally low human health toxicity, with an estimated burden
of less than 0.5 x 10~° disability-adjusted life years (DALYs) per
kilogram of solvent emitted, reflecting its minimal impact on
the human population.'®® Moreover, it poses minimal risk to
aquatic organisms. For instance, LDs, values for salmon and
trout range from 12 to 17 g kg™, while ECj, values for aquatic
invertebrates and plants are approximately 2-3%. A study by
the U.S. Fish and Wildlife Service also classified DMSO as
having low toxicity to fish.'>” The U.S. Environmental
Protection Agency (EPA) has stated that DMSO is non-toxic and
poses no health risks to humans.'?®

Furthermore, DMSO is a low viscosity, polar aprotic and
recyclable solvent, making it suitable for diverse applications.
For example, DMSO can be used to extract polyester from
waste jeans in the textile industry, and the used solvent can be
recycled, resulting in a 99% reduction in solvent waste."?* It is
also considered a promising green solvent substitute for toxic
solvents in perovskite solar cell production.’*® Due to its high
dissolving power for a wide range of polymers, DMSO is more
frequently used than other green solvents. Figoli et al. reported
that none of the green solvents tested, including Polarclean,
Tamisolve® NxG, GVL and Cyrene™ were capable of dissolving
certain polymers.>® However, DMSO is the only green solvent
demonstrating similar solubility characteristics and polymer—
solvent interactions to those of conventional solvents.** To
date, DMSO has also been utilized in CO, capture applications.
Its high dissolving power enables the dispersion of various
adsorbents for CO, capture such as chitin-acetate,
a-cyclodextrin and choline glycinate."***** Additionally, dis-
solving amines in DMSO promotes the formation of carbamate

This journal is © The Royal Society of Chemistry 2025
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species upon reaction with CO,, thereby increasing CO, take
up.

6.2 Tamisolve® NxG

Tamisolve® NxG is primarily composed of N-butyl-2-pyrrolidi-
none (NBP), which belongs to the same chemical family as
NMP, namely N-alkyl-2-pyrrolidones, but has a more favour-
able toxicological profile. According to REACH and the
European CLP Regulation (GHS), NBP is not classified as
reprotoxic or mutagenic and is not listed as an SVHC."**
Supplier and regulatory data further indicate that it is inher-
ently biodegradable and has low acute toxicity, making it a
promising and safer alternative to NMP in membrane fabrica-
tion.>® As a non-toxic, dipolar aprotic solvent, NBP makes com-
mercially available Tamisolve® NxG a promising green solvent
due to its non-mutagenic, inherently biodegradable, and non-
reproductively toxic properties.”® Tamisolve® NxG possesses
physical properties similar to other dipolar aprotic solvent,
with a melting point below —75 °C, a boiling point of 241 °C, a
flash point of 108 °C, and a viscosity of 4 cP."**> Despite having
a longer carbon chain and lower polarity than toxic dipolar
aprotic solvents (e.g.,, NMP, DMF, DMAc, and DMSO),

This journal is © The Royal Society of Chemistry 2025

Tamisolve® NxG remains a preferred alternative substitute due
to its bio-based, non-toxicity, and biodegradability, all of
which contribute to a reduced environmental footprint and
improved safety. Tamisolve® NxG has been applied in a range
of synthesis processes, including membrane preparation for
nanofiltration, synthesis of thin film composite membranes,
and solid-phase peptide synthesis."?® It can also substitute
NMP and N-ethyl pyrrolidinone in Heck cross-coupling reac-
tions, heterocycle synthesis and benzylation of sodium
acetate.™®

6.3 Rhodiasolv® Polarclean

Rhodiasolv® Polarclean with the TUPAC name methyl-5-(di-
methylamino)-2-methyl-5-oxopentanoate is commonly referred
to as Polarclean. It is a green solvent with a boiling point
between 278 and 282 °C, a melting point of —60 °C, and a
flash point between 144 and 146 °C."*” Polarclean is produced
via the valorization of 2-methylglutaronitrile (MGN), a bypro-
duct of Nylon-66 manufacturing."*® It has found application in
various fields, including agrochemical formulation, plant
protection, animal nutrition, and polymer dissolution (e.g,
PSf, PES, CA, PVDF, polyvinyl chloride (PVC), Pebax and
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Matrimid®) for membrane fabrication due to its high
solvency.'?”3914% polarclean stands out as an environmentally
friendly alternative to conventional toxic solvents, boasting
advantages such as 97% biodegradability within 18 days, low
vapour pressure, sustainability, low toxicity and non-muta-
genic characteristics.”™"*"'*> Ortiz-Albo et al. explored the use
of Polarclean and found that it had a Hansen solubility para-
meter closer to those of polymers than to hazardous solvents
such as DMF, DMAc, and NMP."*° They successfully employed
Polarclean in membrane preparation for CO, capture
applications.

For solvent recovery, vacuum distillation proved to be an
effective method, enabling high-purity recovery of Polarclean
from the aqueous phase at a water : Polarclean volume ratio of
10:3."% As a less energy-intensive alternative, liquid-liquid
extraction was also explored. In this approach, the aqueous
mother liquor was first washed with toluene to remove apolar
contaminants such as unreacted substrates or products. Owing
to its polar nature, Polarclean remained in the aqueous layer,
but its moderate polarity also enabled efficient extraction
using ethyl acetate (EtOAc). Subsequent evaporation of EtOAc
yielded Polarclean with >99% purity, demonstrating its strong
potential for reuse via both distillation and solvent extraction
routes.

6.4 Dihydrolevoglucosenone (Cyrene™)

Dihydrolevoglucosenone (Cyrene™) is a dipolar aprotic solvent
synthesized from cellulose in a two-step process.'** First, cell-
ulose undergoes acid-catalyzed pyrolysis to levoglucosenone
(LGO), which is then hydrogenated to produce Cyrene™
(Fig. 9(b))."** It can be derived from a variety of biomass such
as corn cobs, crude softwood waste, larch logs, bagasse and
poplar wood.'*® Recently, Cyrene™ was used by researchers in
adsorbent and membrane synthesis.*>'*7'*°  Notably,
Cyrene™ exhibits physicochemical properties comparable to
those of toxic, petrochemical-derived solvents such as NMP,
particularly in terms of polarity and solubilizing power,
making it a promising bio-based substitute.'* Its versatility is
further demonstrated by its applicability in various chemical
reactions, including carbon-carbon bond formation, nucleo-
philic substitution, and the synthesis of ureas and amides.
Cyrene™ is also recognized for its favorable environmental
profile. It is classified as a safer, environmentally benign
solvent, as it does not contain nitrogen or sulfur atoms.
Hence, it does not release hazardous by-products like NO, or
SO, during degradation. Despite these advantages, the appli-
cation of Cyrene™ in CO, capture remains relatively unex-
plored, and further research is warranted to assess its full
potential in this area.'*”!*®

Despite its strong green credentials and comparable solubi-
lity parameters to DMF and NMP, Cyrene™ presents several
practical challenges that limit its widespread adoption. One
key drawback is its relatively high viscosity (~14.5 cP at 20 °C),
which can affect polymer dissolution and dope solution pro-
cessability during membrane casting."”> During the mem-
brane preparation process with Cyrene™, high humidity
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would cause polymer precipitation and agglomeration.*
Economic and logistical factors also present barriers. Cyrene™
is currently produced at a limited scale and commercial
Cyrene™ contains numerous impurities that can interfere in
the process.”> These trade-offs underscore the need for
further process optimization and supply chain development to
enable broader use of Cyrene™ in membrane fabrication.

6.5 Applications of dipolar aprotic-based solvents in gas
separation

Liu and coworkers developed PSf/SNW-3 MMMs by incorporat-
ing a novel Schiff base network (SNW-3) into a PSf matrix."**
DMSO was used to dissolve melamine and isophthalaldehyde
during the synthesis of SNW-3 fillers, as illustrated in
Fig. 11(a). The fillers were then mixed with PSf beads in
chloroform and subjected to ultrasonic treatment to achieve
uniform dispersion. FESEM images of the SNW-3 fillers and
resulting MMMs are given in Fig. 11(b). Compared to pristine
PSf membranes, PSf/SNW-3 MMMs demonstrated enhanced
CO,/N, and CO,/CH, selectivities and permeabilities, surpass-
ing the Robeson upper bound. This improvement is likely to
be due to polymer chain rigidification induced by SNW-3,
which also enhances membrane resistance to CO,
plasticization.

Soh et al. reported Tamisolve® NxG as a green solvent for
fabricating polyimide membranes for CO, separation by asses-
sing the solubility of 6FDA-durene using HSPs.>* They com-
pared two fabrication methods, namely chemical imidization
and one-step high-temperature polymerization. Membranes
fabricated from polymer synthesized via chemical imidization
exhibited lower chain packing, higher free volume, and greater
gas permeability. In constrast, membranes prepared through
one-step polymerization displayed higher thermal stability and
molecular weight. The chemically imidized membranes deli-
vered superior gas permeability and O,/N,, CO,/N,, and CO,/
CH, selectivities as shown in Fig. 12,>® with a CO, plasticiza-
tion pressure reaching up to 25 bar, outperforming those fabri-
cated with conventional solvents.'>*"°¢

For gas separation, Ortiz-Albo et al. employed a hybrid
phase inversion method using Polarclean to fabricate self-
standing Pebax®1074 membranes at polymer concentrations
of 11, 16, and 20 wt%."*° The resulting membranes exhibited
gas separation performance comparable to those prepared
with NMP. Increased polymer concentration led to higher crys-
tallinity, reducing CO, permeability due to the formation of a
more rigid matrix. Notably, the membrane fabricated with
16 wt% polymer achieved a CO, permeability of ~150 barrer
and a CO,/N, selectivity of ~45, approaching the 2008 Robeson
upper bound. This demonstrated the feasibility of replacing
NMP with Polarclean in Pebax®1074-based gas separation
membranes.

Bridge et al. prepared defect-free asymmetric PSf mem-
branes for gas separation using Cyrene™ and tetrahydrofuran
(THF) as solvents via the NIPS technique.'*® They reported that
Cyrene™ effectively suppressed macrovoid formation and pro-
duced a rigid, interconnected porous sublayer, unlike mem-
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branes prepared using DMAc. Although the gas selectivity of
the resulting membranes was slightly reduced, it remained
within acceptable limits. Among the membranes developed,
the PSf/Cyrene™/THF/EtOH (0.2/0.45/0.19/0.16) membrane
with a drying step of less than 10 s achieved the highest H,/
CO, selectivity of 2.5 and H, permeance of 115 barrer.

Using Matrimid® as the polymer, Bridge et al. further
explored the development of defect-free asymmetric mem-
branes for gas separation.'*” A similar suppression of macro-
void formation was observed when using Cyrene™ as the
solvent. The membrane prepared with 14 wt% Matrimid® and
a 5 s drying time exhibited the highest H,/CO, selectivity of 4.1
and an H, permeance of 149 GPU at 10 bar. This result outper-

This journal is © The Royal Society of Chemistry 2025

formed their previous results using PSf and DMAcfor H,/CO,
separation.

6.6 Applications of dipolar aprotic-based solvents in liquid
separation

Yang et al. employed DMSO as a green solvent to dissolve CA
for nanofiltration membrane fabrication,”” DMSO was uti-
lized. The resulting membrane support was subsequently dea-
cetylated using a 0.1 M NaOH solution in ethanol. Ethanol is a
bio-based, non-toxic, and biodegradable solvent. This treat-
ment yielded a cellulose with excellent solvent resistance and
hydrophilicity, ideal for fabricating thin film composite (TFC)
membranes. The solute rejection performance of algal-based
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membranes was evaluated using styrene oligomers with mole-
cular weights ranging from 236 to 1900 g mol '. The TFC
membranes exhibited a molecular weight cut-off (MWCO)
range of 434 to 880 g mol " and demonstrated high permeance
for polar solvents such as acetone (e.g., from 7.8 to 22.9 L m™*
h™" bar™"), while lower permeance was observed for nonpolar
solvents, indicating favourable selectivity for polar solvents."®
The tightest membrane, TFC9, achieved 81.7% rejection of
styrene dimer (e.g., 236 g mol™") and >90% rejection of solutes
around 505 g mol ™",

DMSO is recognized as a viable solvent for various poly-
mers, including PVDF, PES, polyimide, PAN, PBI, poly(amide-
imide) (PAI), CA and poly(vinylpyrrolidone) (PVP).>> Marino
et al. validated the use of DMSO EVOL™ as an alternative to
NMP for PES membrane fabrication via phase inversion.'*®
Pore forming polymers such as PVP, Pluronic®, polyethylene
glycol (PEG) were utilized, resulting in membranes with
enhanced pore size and thickness. Specifically, membranes
incorporating PVP/PEG exhibited PWPs ranging from 2000 to
7700 LMH per bar, while those with Pluronic®/PEG reached
3500 to 13200 LMH per bar. PVP-incorporating membranes
also demonstrated superior mechanical properties and thick-
ness compared to Pluronic®-based ones, reinforcing the suit-
ability of DMSO as a substitute for NMP. Similarly, Foong et al.
demonstrated that DMSO could replace NMP when fabricating
PSf membranes using gum Arabic (GA) as an additive.'®® The
DMSO-based PSf membranes exhibited comparable PWP to
those made with NMP, while maintaining excellent dye rejec-
tion (e.g., 84.84%), PWP (e.g., 8.63 LMH) and flux recovery
ratio (FRR) (e.g:, 93.29%); this was attributed to increased
porosity and pore size.

Ong et al. further applied DMSO in the preparation of PSf
MMMs using graphene oxide (GO) as nanofillers.'® The
inclusion of GO up to 1 wt% loading enhanced membrane
porosity, though aggregation at 2 wt% reduced the perform-
ance. The optimal membrane with 0.5 wt% GO achieved a
PWP of 76.1 LMH, humic acid rejection of 53.5%, and an FFR
of 96.2%.

For solvent-resistant membrane applications in dye and
pharmaceutical separations, Alqadhi et al dissolved poly
(ether-ether-ketone) (PEEK) in Tamisolve® NxG.'®* Cross-
linking improved membrane stability up to 15 days at 30 bar.
The membranes demonstrated MWCO values of 540 to 768 g
mol™" and effectively separated roxithromycin with 99.8%
rejection from impurities with minimal API loss during diafil-
tration. In other work, Jiang et al. employed Tamisolve® NxG
to develop TFC membranes using PES as the substrate
polymer and PEG as a pore-forming agent.”® Pure water per-
meability (PWP) measurements for both TFC membranes were
performed using a lab-scale dead-end filtration cell at room
temperature under an applied pressure of 10 bar and the study
was carried out together with membranes prepared with NMP,
DMF and DMAc. HSP confirmed the affinity between PES and
Tamisolve® NxG. The PES/Tamisolve® NxG/PEG (12/58/30)
membrane exhibited the best PWP of 3.54 LMH per bar and
NaCl rejection of 92.6%, due to increased porosity and surface
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roughness resulting from the lower PES concentration and
higher PEG content.

To increase hygroscopicity for water vapour absorption,
Marino et al. developed UF and MFPES membranes using
Polarclean combined with PVP and PEG via NIPS and VIPS
techniques.?! Sponge-like membranes with bi-continuous mor-
phologies were obtained by adjusting the polymer and additive
contents, and air exposure time. Wang et al. applied NIPS
using Polarclean for PSf and CA membranes for desalination.®
PSf membranes achieved a PWP of 314.5 LMH per bar with
98.1% BSA rejection, while CA membrane exhibited a PWP of
1.5 LMH per bar and NaCl and MgCl, rejection of 85.1% and
93.2%, respectively.

Hassankiadeh et al. prepared PVDF hollow fiber mem-
branes using Polarclean via TIPS and NIPS methods.'*?
Additives including PVP, poly(methylmethacrylate) (PMMA)
and glycerol were incorporated, with PVP enhancing porosity
up to 80% and the PWP to 1152 kg m™> h bar. In another
study, Ursino et al. utilized Polarclean with PVP and PEG to
fabricate MFPES hollow fiber membranes via NIPS.'®® The
highest PWP of 1340 LMH per bar was observed with 18 wt%
PES, 40 wt% additives, and a bore fluid composition of H,O/
Polarclean (85/15), due to the larger pore size and thinner
membrane.

Zou et al developed a PVDF/PSf membrane using
Polarclean and grew an inorganic layer of TiO, and Al,O;
in situ using Pluronic L61 for dispersion.'®* This increased the
tensile strength from 1.5 MPa to 9.2 MPa, improved the BSA
rejection to ~95%, and enhanced the anti-fouling properties.
Later, the same group modified these membranes using tribu-
tyl O-acetyl citrate as the coating fluid and PEG as a bore fluid
for ginseng extraction and water desalination.'®® Although a
high ginseng rejection of 99.96% was achieved, the membrane
demonstrated low stability, and its applicability for desalina-
tion was limited due to its hydrophobic nature. Fluorination
and Hyflon modification improved the membrane hydrophobi-
city, enabling 99.99% salt rejection in direct contact mem-
brane distillation (DCMD) using 0.1 mM sodium dodecyl
sulfate (SDS).

Similarly, the chemically recyclable aliphatic polyester
(P(4,5-T6GBL)) TFC membrane fabricated by Hardian et al
using Polarclean as the casting solvent showed outstanding
long-term stability during continuous operation."®® In a 96 h
cross-flow NF test using a 2 g L™ Na,SO, solution at 6 bar and
25 + 1 °C, the membrane maintained a consistent water flux of
19.5 L m> h™" and a salt rejection of 98.1%, with negligible
variation over time. These results highlight the high durability,
mechanical integrity, and chemical resistance of the mem-
brane, validating Polarclean as a green and effective alternative
to conventional toxic solvents for fabricating stable NF mem-
branes suitable for prolonged operational use.

Zhu et al. fabricated a Janus MHP/PEBA membrane using
the green solvent Cyrene™.'®” The membrane exhibited excel-
lent permeate flux stability during 12 h of cross-flow filtration
cycles alternating between pure water and secondary waste-
water effluent. It also maintained a high removal efficiency (up
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to 100% for target pharmaceuticals and personal care pro-
ducts) and over 85% reusability after six adsorption-desorp-
tion cycles, with 32% reduction in mechanical strength. These
results demonstrate the robust durability and operational
stability of the Cyrene™-based membrane under realistic
conditions.

7. Polar protic

Polar protic solvents are characterized by their ability to form
hydrogen bonds due to the presence of acidic hydrogen atoms
(e.g., O-H or N-H groups). These solvents are essential in
membrane technology for their high polarity, biocompatibility,
and sustainability. Unlike aprotic solvents, they actively partici-
pate in hydrogen bonding, which can significantly influence
phase separation dynamics and membrane morphology. This
section explores Agnique® AMD 3 L, a bio-based polar protic
solvent that offers a greener alternative to conventional toxic
solvents. Its use in gas and liquid separation membranes high-
lights its potential to enhance sustainability without compro-
mising membrane performance.

7.1 Agnique® AMD 3 L

Agnique® AMD 3 L, chemically known as N,N-dimethyl lacta-
mide, is a bio-based solvent derived from lactic acid fermenta-
tion. Besides favorable attributes including non-toxicity and
biodegradability, high polarity and water solubility make it a
promising green alternative to traditional solvents like NMP
and DMF, which pose significant environmental and health
risks."®® Agnique® AMD 3 L has been employed as a green
solvent in fabricating PES hollow fiber membranes. Studies
demonstrated that membranes produced using this solvent
exhibited comparable porosity and permeability to those pro-
duced with conventional solvents."®® Replacing hazardous sol-
vents with Agnique® AMD 3 L contributes to a safer working
environment and reduces environmental impact. Despite
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these advantages, several challenges persist in its full inte-
gration into membrane manufacturing. Its unique physico-
chemical properties require adjustments to the fabrication
parameters to achieve optimal membrane morphology and
performance. Additionally, its higher hydrogen bonding
capacity can alter the phase separation behavior, potentially
affecting the pore structure and distribution during membrane
fabrication.>® The relatively high boiling point of Agnique®
AMD 3 L may also complicate solvent removal and necessitate
tighter process control.”” Addressing these challenges requires
further research aimed at optimizing membrane fabrication
protocols to fully leverage the benefits of this green solvent in
sustainable membrane technology.

7.2 Applications of polar protic-based solvents in liquid
separation

To date, the applications of Agnique® AMD 3 L in membrane
fabrication have been limited but promising, with notable
examples including CA hollow fiber membranes for forward
osmosis (FO),"*® PES hollow fiber membranes for liquid-liquid
separation,’®® and PESU flat sheet membranes for ultrafiltra-
tion.>® The CA hollow fiber membranes fabricated using
Agnique® AMD 3 L exhibited excellent mechanical stability,
characterized by dense outer surfaces and porous, sponge-like
structures that minimized macrovoid formation. These mem-
branes achieved a MWCO of less than 100 g mol™", with high
rejections for anionic dyes (>99%) and sulfate ions (>90%), attrib-
uted to the hydrated size and negative charge of these solutes
(Fig. 13(a)). In FO testing, the membranes showed competitive
water fluxes from 2.0 to 6.2 LMH and low reverse salt fluxes, par-
ticularly when annealed under humid air conditions, which
enhanced the performance without compromising structural
integrity."®

Agnique® AMD 3 L also showed great potential as a green
solvent in the fabrication of PES hollow fiber membranes via the
NIPS process. Compared to the conventional solvent N-ethyl-2-
pyrrolidone (NEP), Agnique® AMD 3 L exhibited a higher affinity
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Fig. 13 (a) Rejection of anionic dyes and magnesium sulfate by CA hollow fiber membranes prepared with Agnique® AMD 3 L. Reproduced from
ref. 168 with permission from American Chemical Society, copyright 2023. (b) and (c) SEM images of the cross-sectional morphology of PES hollow
fiber membranes prepared with Agnique® AMD 3 L. Reproduced from ref. 169 with permission from Wiley Periodicals LLC, copyright 2021.
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for water and a lower affinity for PES, leading to faster phase sep-
aration.'® This resulted in membranes with larger pore sizes
and higher porosity, which contributed to a PWP of up to
406.9 kg m™> h™" bar™', attributed to their open and sponge-like
structures (Fig. 13(b) and (c)). For PESU ultrafiltration mem-
branes, Agnique® AMD 3 L enabled the fabrication of mem-
branes with hydraulic permeability up to 610 kg m™> h™" bar™*
and MWCO values up to 20 kDa, comparable to membranes pre-
pared using conventional solvents like NMP and DMAc.*
Additionally, membranes fabricated with Agnique® AMD 3 L
retained significantly lower levels of residual solvent, thereby
reducing the need for extensive post-treatment and enhancing
safety for applications in drinking water purification and
haemodialysis.

8. Organic salts

Organic salts, particularly ionic liquids (ILs) and deep eutectic
solvents (DESs), have emerged as innovative and sustainable
alternatives to conventional solvents in separation processes.
Their unique physicochemical properties, such as low volatility,
high thermal stability, and tunable solvation behaviour, make
them highly attractive for gas and liquid separation applications.
ILs composed of organic cations and anions, offer exceptional
versatility due to their customizable structures. ILs offer signifi-
cant advantages in fabricating CO, capture membranes due to
their strong affinity for CO, and their ability to tailor the mem-
brane morphology, enabling the formation of optimal pore
structures for enhanced gas separation performance."”® In con-
trast, DESs are formed through hydrogen-bonding interactions
between hydrogen bond donors (HBDs) and hydrogen bond
acceptors (HBAs). They offer a greener and more cost-effective
synthesis route due to their lower raw material costs, ease of syn-
thesis, and minimal purification requirements."”" Over the past
decade, advancements in bio-derived ILs and natural deep eutec-
tic solvents (NADESs) have further enhanced their environ-
mental compatibility. This section explores the properties, syn-
thesis, and applications of ILs and DESs in gas and liquid separ-
ation technologies, highlighting their potential to improve
efficiency, selectivity, and sustainability in industrial processes.

8.1 Ionic liquids (ILs)

ILs are low melting organic salts composed of various combi-
nations of organic cations and anions. Their physical and chemi-
cal properties can be precisely tuned by selecting and combining
specific cation-anion pairs. At an early stage when ILs were intro-
duced as functional solvents, ILs such as those based on imida-
zolium or pyridinium cations and halogenoaluminate(ur) anions
were highly sensitive to air and moisture, which limited their
practical applications. Over the years, second and third gene-
ration ILs have been developed with improved characteristics
including enhanced air and water stability, low toxicity and
greater biodegradability.'”> In the past 10 years, research has
increasingly focused on the development of greener ILs derived
from renewable feedstocks to support a closed-loop biorefinery
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approach. Examples of such bio-based ILs include those syn-
thesized from proteins, polysaccharides, sugars, and lignin, as
illustrated in Fig. 14. Numerous reviews have extensively dis-
cussed the application of ILs across diverse fields, including
energy storage, green catalysis, CO, capture, biomass processing,
pharmaceuticals, and advanced materials. Hulsbosch et al. con-
ducted a comprehensive review of ILs synthesized from green
precursors.'”? These include cationic species such as quaternary
ammonium salts, amino acids, and ester derivatives and anion
species such as halides, phosphates, natural carboxylates, and
sugar analogs. Valorizing the bio-derived ILs over conventional
ILs offers environmental advantages, including reduced ecologi-
cal impact and improved recyclability. Key application areas
include solvent extraction, gas absorption, membrane gas separ-
ation, and electrochemical systems. Besides, ILs have been
widely applied as safe electrolytes in batteries and fuel cells due
to their high conductivity, low flammability, and high regener-
ation ability.'”* Conventional ILs typically capture CO, via physi-
cal absorption, relying on weak dipole-dipole interactions, van
der Waals forces, and hydrogen bonding. Nonetheless, these
interactions are often insufficient under flue gas conditions with
low CO, partial pressures. To address this, task-specific ionic
liquids (TILs) have been developed with functional groups such
as amino acids, imidazoles, or phenols that enable chemical
absorption of CO, through carbamate formation, thereby enhan-
cing capture efficiency.'”>

8.2 Deep eutectic solvents (DESs)

Deep eutectic solvents (DESs) are formed by combining a HBD
and HBA through hydrogen bond interactions. They remain in a
liquid state at temperatures below 100 °C and possess melting
points lower than those of their individual components.’”® The
synthesis process is simple as HBDs and HBAs are first mixed by
grinding, followed by heating within the range of 50-100 °C until
a homogeneous solution is obtained. Recently, new synthesis
methods such as ultrasound-assisted extraction (UAE) and micro-
wave-assisted extraction (MAE) were introduced. However, the
most established and straightforward approach remains tra-
ditional heating and stirring, owing to its simplicity and low
cost.'”” DESs exhibit properties similar to those of ILs, including
high thermal and chemical stability, non-flammability, and negli-
gible vapor pressures. However, they offer additional advantages
such as biodegradable, lower toxicity, reduced combustibility, and
easier synthesis. As such, DESs are highly recommended for long-
term applications. For example, DESs composed of choline chlor-
ide, propanediol, and sugars have been reported to be bio-
degradable when prepared with sugars, glycerol, and oxalic acid
as HBDs, showing non-toxic effects and non-environment
impact."”® Recently, a new class of DES, NADESs, was developed
from natural sources such as plants, animals, and microorgan-
isms. NADESs are considered more environmentally friendly and
greener alternatives to conventional DESs. They are typically com-
posed of proteins and plant-based metabolites such as sugars,
ammonium salts, amino acids, and organic acids, making them
renewable and highly biocompatible. Different from ILs, NADESs
possess unique features such as stability, biodegradability, and re-
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usability, making them suitable for various applications including
extraction, chromatographic media, gas separation, and bio-
medical uses. In CO, capture, many NADESs containing CO,-
philic functional groups including amines, carbonyls, ethers and
fluorinated groups have been employed for both absorption and
adsorption processes. These have demonstrated significant
improvements in carbon capture kinetics and CO, capture
capacity.'”®

8.3 Applications of organic salt-based solvents in gas
separation

Due to the low volatility and non-flammability of ionic liquids,
ILs have been used as alternatives to conventional organic sol-
vents in polymer synthesis. One study demonstrated the appli-
cation of 1-ethyl-3-methylimidazolium trifluoromethane sulfo-
nate in the free radical polymerization of methyl methacrylate
and acrylonitrile, resulting in high molecular weight PMMA and
PAN."®® In atom transfer radical polymerization, 1-methyl-imida-
zolium acetate, 1-methylimidazolium propionate, and 1-methyl-
imidazolium butyrate showed excellent performance in the
polymerization of methyl methacrylate using ethyl 2-bromoiso-
butyrate/CuBr as the initiating system. A strong correlation was
observed between the polymerization rate and the length of the
substituted anion groups in the ILs."®*

Regarding support synthesis, Ziobrowski and Rotkegel
impregnated 1-ethyl-3-methylimidazolium acetate ([EMIM][Ac])

This journal is © The Royal Society of Chemistry 2025
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in the nanopores of ceramic supports in commercial PDMS
and MF membranes for CO,/N, separation.'®” The ceramic-sup-
ported PDMS coated with [EMIM][Ac] surpassed the Robeson
upper bound, exhibiting a superior selectivity of up to 152.0,
outperforming the [EMIM][Ac][/PDMS membrane prepared via
the soaking method. In contrast, the MF membrane impreg-
nated with IL demonstrated significantly lower separation per-
formance due to insufficient pore coverage, leading to IL loss.
ILs have been used not only as solvents but also as raw
materials and chemical or physical modifiers in membrane
fabrication. Chen et al. reported that dissolving various poly-
mers (e.g., PES, PVDF, polyamide) in ILs to fabricate ionic
liquid-polymer membranes (ILPMs) addressed the stability
issue encountered in supported ionic liquid membranes
(SILMs)."®® Embedding ILs into the polymer matrix enhances
membrane permeability and selectivity, especially when func-
tionalized ILs are used. Additionally, membranes prepared
through physical blending or chemical grafting of ILs with
polymers from free-standing and mechanically robust films do
not require additional support layers. Interestingly, Zou et al.
found that incorporating ILs into PES altered the phase separ-
ation mechanism, creating porous morphologies that were
typically unattainable using conventional organic solvents.>
Shafie et al. highlighted the potential of ILs in polymeric
membranes for CO, capture owing to their high CO,
affinity.'® Incorporating ILs increases the free fractional
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volume (FFV) of the membrane, improving gas diffusivity and
creating more sorption sites. Higher IL loading enhances CO,
solubility by increasing the solubility coefficient. Mannan et al.
reported superior membrane performance when 1-ethyl-3-
methyl imidazolium bis(trifluoromethylsulfonyl)imide
((EMIM][Tf,N]) was incorporated into PES."® A membrane
with 50% [EMIM][Tf,N] loading exhibited a CO,/CH, selectivity
of 49.0 and CO, permeability of 355.7 barrer, validating the
benefits of IL incorporation for gas separation.

Shafie et al. also discussed the incorporation of ILs in
MMMs, where ILs enhanced the gas separation efficiency
through improved interactions between the polymer and in-
organic phase."® ILs contribute additional FFV, thereby
increasing membrane permeability. The fabrication of IL
MMMs involves more steps than conventional polymeric mem-
branes, including dispersing inorganic particles in a solvent,
sonication, priming and stirring, casting the dope solution,
and drying.'®® Fig. 11(d) illustrates the schematic process for
preparing IL MMMs. Cardoso et al. investigated membranes
containing 10 to 40 wt% [EMIM]Tf,N] in PES/SAPO-34
MMMs.'®®  The optimum membrane performance was
observed at 20 wt% IL loading, yielding a CO,/N, selectivity of
39.4 and CO, permeability of 2.1 barrer. Increasing the IL
loading from 10 to 20 wt% enhanced the selectivity by redu-
cing the free volume available for N, thus favoring CO, trans-
port. Nevertheless, further increases in IL concentration led to
a decline in selectivity, attributed to increased polymer chain
mobility, which raised the permeability of both CO, and N,.
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The findings confirm that the incorporation of ILs into MMMs
can significantly enhance the membrane performance for gas
separation.

Shah Buddin et al. explored two modification approaches
for ZIF-1-based PES MMMs using 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF,]) IL via (i) pre-modification,
whereby ZIF-L was treated with the IL before incorporation into
PES, and (ii) post-modification, where the IL was introduced
after the formation of PES/ZIF-L MMMs.'®” The pre-modified
PES/ZIF-L MMM exhibited an improved gas separation per-
formance at 0.75 wt% IL loading with the CO, permeability
increasing by 867%, and CO,/N, and CO,/CH, selectivities of
30.1 and 21.8, respectively. This is attributed to reduced inter-
facial voids and a strong affinity between the IL and CO,. In
contrast, post-modification led to disrupted polymer chains,
enhancing permeability but reducing selectivity.

Patil et al. investigated the CO,/CH, separation perform-
ance of SILMs composed of Pebax-1657 and [BMIM][Ac]."*®
Due to the higher interaction energy of CO, with [BMIM][Ac]
compared to CH,, CO,-dominated permeation was observed.
Among membranes containing 0-20 wt% IL, the Pebax mem-
brane with 20 wt% IL demonstrated a superior separation per-
formance in both single and mixed gas permeation tests. At
2.5 bar during mixed gas testing, this membrane exhibited a
52% increase in CO, permeability and a 78% improvement in
CO,/CH, selectivity over pristine Pebax, approaching the
Robeson upper bound (Fig. 15(a) and (b)). However, the poor
miscibility of ILs in the polymer matrix at high loadings
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Fig. 15 (a) CO, permeability and (b) CO,/CH, selectivity of [BMIM][Ac]/Pebax-1657 SILMs. Reproduced from ref. 188 with permission from Elsevier
B.V., copyright 2023. (c) Top view of the bilayer COF membrane incorporating [BMIM][BF 4], (d) CO,/N, permeability and selectivity as a function of IL
thickness. Reproduced from ref. 192 with permission from the Royal Society of Chemistry, copyright 2022. (e) SO, permeability and (f) SO,/N,
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M726 | Green Chem., 2025, 27, 11705-11738

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc03161c

Published on 10 September 2025. Downloaded on 3/9/2026 12:12:01 PM.

Green Chemistry

adversely affected the mechanical stability due to structural
inhomogeneity. '8

A 2D-COF-based SILM was developed for CO,/N, separation,
exceeding the Robeson upper bound.'®> The membrane uti-
lized [BMIM][BF,] as the IL and NUS-2 as the covalent organic
framework (COF) (Fig. 15(c)). The [BMIM][BF,] layer imparted
a gating effect, enabling selective CO, adsorption and per-
meation while hindering N, transport. Among membranes
with varying IL thicknesses (e.g., 4, 8, 12, and 16 A), the bilayer
COF-SILM with an 8 A IL exhibited optimal performance
(Fig. 15(d)). Thicker IL layers increased the gas transport resis-
tance, reducing CO, permeability, while monolayer COFs and
4 A ILs failed to sufficiently expose COF pores, resulting in
lower selectivity. The optimized membrane thus offers promis-
ing potential for efficient CO,/N, separation.

Zhang et al. further explored PVDF membranes incorporat-
ing a DES composed of 1-butyl-3-methyl-imidazolium bromide
([BMIM]Br) and diethylene glycol (DEG) for SO, separation.'®
The inclusion of the DES significantly enhanced the SO,/CO,/
N, separation performance (Fig. 15(e) and (f)). Compared to
pristine PVDF membranes with SO, permeability of 3.2 barrer,
the PVDF/DES (1:1) membrane achieved a remarkable SO,
permeability of 17 480 barrer. Moreover, the [BMIM]Br : DEG
molar ratio influenced selectivity, with a 2 : 1 ratio yielding out-
standing SO,/N, and SO,/CO, selectivity of 8109 and 344,
respectively. These results confirm the high potential of PVDF/
DES membranes for selective SO, separation.

Saif-ur-Rehman et al. explored the feasibility of incorporat-
ing DESs to functionalize fillers when fabricating DES-SBA-15/
PSf MMM s for CO, separation.'®* The SBA-15 fillers were func-
tionalized through a solvent evaporation technique using a
DES synthesized from choline chloride and decanoic acid.
Among the membranes with DES-SBA-15 loadings ranging
from 0 to 20 wt%, the 20 wt% DES-SBA-15 MMM demonstrated
the highest CO,/CH, and CO,/N, separation performance; this
was attributed to increased porosity. This membrane achieved
a CO, permeability of 22.3 barrer with CO,/CH, and CO,/N,
selectivities of 57.1 and 59.9, respectively. The improved per-
formance was attributed to the DES-functionalized SBA-15
introducing uniformly distributed small pores and enhancing
CO,-specific interactions with the PSf matrix.

In a related study, Saif-ur-Rehman et al. reported enhanced
CO, separation using DES-ceria as fillers in PSf MMMs, com-
pared to a pristine PSf membrane.'®® The DES-ceria nano-
particles were synthesized by mixing cerium oxide with a DES
at an 8:1 weight ratio in ethanol, followed by solvent evapor-
ation. The membrane with 8 wt% DES—-ceria achieved the best
mixed-gas separation performance among the 0-8 wt% load-
ings, with CO, permeability of 16.3 barrer and CO,/CH, and
CO,/N, selectivities of 35.4 and 39.3, respectively, approaching
the Robeson 2008 upper bound. The enhancement was attribu-
ted to the interactions between the amine groups and carboxyl
groups in the DES-ceria and CO, molecules.

Craveiro et al explored supported liquid membranes
(SLMs) (Fig. 11(c)) using polytetrafluoroethylene (PTFE) sup-
ports and DES formulations comprising choline chloride
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(ChCl) as a HBA and urea, glycerol, ethylene glycol, or oxalic
acid as HBDs."® Carbonic anhydrase (CA*), an enzyme that
catalyzed the conversion of CO, into bicarbonate, was incor-
porated to enhance CO, sorption. However, CA* reduced CO,
solubility in ChCl:glycerol, ChCl:ethylene glycol, and
ChCl: oxalic acid DESs due to their high acidity. In constrast,
ChCl:urea stabilized CA* via hydrogen bonding with the
enzyme surface, enhancing both its stability and CO, solubi-
lity. Overall, the DES SLMs generally increased CO, per-
meability, although gas selectivity improvements were limited;
only ChCl: oxalic acid showed enhanced selectivity after CA*
incorporation. Notably, the ChCl:urea PTFE membrane
without CA* surpassed the Robeson upper bound for CO,/CH,
separation, achieving a selectivity of around 90 and CO, per-
meability of 100 barrer, indicating strong potential for gas sep-
aration applications.

In another study, Saeed et al. incorporated DESs derived
from betaine as the HBA with glycerol, ethylene glycol, and
urea as the HBDs into microporous PVDF membranes."®”
Betaine was selected for its sustainability, low toxicity, and bio-
degradability. A 1:3 molar ratio of betaine:urea exhibited
enhanced CO,/CH, separation, with a CO, permeability of 35.6
barrer and a selectivity of 57.5, outperforming the betaine:
glycerol system. This improvement was primarily attributed to
the strong CO, affinity of the betaine : urea DES. Both betaine :
urea and betaine : glycerol SLMs exhibited thermal stability up
to 200 °C because of strong hydrogen bonding between the
HBA and HBD. These DESs offer a promising, greener alterna-
tive to conventional ILs in SLMs, with performances approach-
ing the Robeson upper bound.

8.4 Applications of organic salt-based solvents in liquid
separation

Pragmatically, DESs have been employed in membrane fabrica-
tion to enhance their permeability and anti-fouling pro-
perties.”” Shahabi et al. reported that the introduction of 1%
DES into polyamide membranes led to a 27% improvement in
water permeability and an approximately 3% increase in NaCl
rejection compared to the pristine membrane for desalina-
tion."”® These enhancements were attributed to increased
membrane hydrophilicity, resulting from hydrogen bonding
interactions between the amine groups in the polyamide and
the N-H, -OH, and C=O0 groups in the DESs. However, DES-
modified membranes also exhibited smoother surfaces, which
reduced the effective filtration area and water flux. In other
work, Russo et al. successfully incorporated benzyl-trimethyl-
ammonium mesylate/p-toluenesulphonic acid monohydrate
(PTSA/TBnA MsO) DES and phenyl acetic acid/trimethyl
glycine (PhAA/TMG) NADES as organic solvents for PVDF
membrane fabrication.’®® For PAN membranes, sulfobetaine-
based DESs were used, including (1S)-(+)-10-camphorsulfonic
acid/(3-(1-methyl-1H-imidazole-3-ium-3-yl)propane-1-sulfonate)
((+)CcSA/SB3-MIM) and (1S)-(+)-10-camphorsulfonic acid/3-(N,
N-dimethybutylammonio)propane-1-sulfonate ((+)CSA/SB3-4).
Due to the inherently high viscosity of DESs, co-solvents such
as water and polar aprotic solvents (e.g., TEP) were employed
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to facilitate membrane casting by reducing the solution vis-
cosity. Among the PVDF membranes fabricated, the one pre-
pared using PhAA/TMG as the DES and TEP as a co-solvent
exhibited the highest PWP of 3243 LMH per bar. Additionally,
the membrane synthesized using PTSA/TBnA MsO as the DES
and TEP as the co-solvent showed the highest methylene blue
rejection of 76%, which was ascribed to its variable pore size
distribution.

ILs and DESs offer tunable physicochemical properties and
have shown significant promise in membrane separation pro-
cesses. However, their practical implementation in continuous
or large-scale operations requires several key challenges to be
addressed. Recyclability and recovery of ILs and DESs remain
active areas of research. ILs, especially those with a low vapor
pressure, can be recovered through vacuum distillation,
solvent extraction, or membrane-based separation while
hydrophilic ILs may also be recovered using aqueous two-
phase systems (ATPS).>°° For DESs, membrane filtration has
emerged as a non-thermal recovery method, often facilitated
by dilution with water, ethanol, or acetone to reduce viscosity
and improve processability.’®’ High viscosity is a current
limitation for both ILs and DESs, as it adversely affects mass
transfer and permeation rates in membrane systems.
Strategies such as dilution or the use of ultrafiltration con-
figurations can help mitigate these issues and enhance separ-
ation efficiency.?> The diffusion behaviour of solutes in IL or
DES systems is highly dependent on solvent viscosity and
solute-solvent interactions, which directly influence transport
dynamics through the membrane matrix.>*® In terms of leach-
ing and retention, ILs typically exhibit strong retention within
membrane pores due to their negligible vapor pressure; this
enhances membrane stability and enables selective separation
via tailored IL-solute interactions.?’* On the other hand, DESs
are increasingly used as solvents, additives, or pore formers
during membrane fabrication, modifying the membrane
structure and affecting properties such as porosity and pore
size. DES-based SLMs have also shown promise for gas separ-
ation, although stability and long-term performance remain
critical concerns.?®® Overall, while ILs and DESs demonstrate
strong potential in lab-scale applications, further studies are
required to validate their stability, recyclability, and transport
behaviour under industrial or continuous operation
conditions.

9. Expanding the use of green
solvents: vegetable oils in emulsion
liguid membranes (ELMs)

While earlier sections of this review focus primarily on green
solvents for polymeric membrane fabrication, vegetable oils
also represent a promising class of green solvents for emul-
sion liquid membranes (ELMs). Incorporating bio-based oils
into ELM systems broadens the scope of green-solvent appli-
cations, contributing to sustainable liquid-liquid separation

1728 | Green Chem., 2025, 27, 1705-11738

View Article Online

Green Chemistry

technologies. However, their applicability in conventional
membrane casting (e.g., via phase inversion) is limited, as
these oils generally cannot dissolve polymers such as PVDF,
PES, or PSf, making them unsuitable as primary solvents.
Nevertheless, research has explored their use as additives or
pore formers in polymer blends, where they can influence
membrane morphology or hydrophobicity. Conventional pet-
roleum-based diluents such as kerosene pose significant
environmental and safety concerns due to their toxicity,
flammability, volatility, and non-renewable nature. In con-
trast, vegetable oils such as palm oil, rice bran oil, and sun-
flower oil offer eco-friendly alternatives with high thermal
stability, low volatility, and excellent solvation capabilities.
These properties not only improve the performance of ELMs
in applications such as heavy metal removal, organic com-
pound extraction, and wastewater treatment, but also align
with the principles of green chemistry. This section evaluates
the physicochemical properties, advantages, and specific
applications of these oils in ELM systems, highlighting their
potential to replace conventional solvents in liquid separation
processes.

9.1 Palm oil

Palm oil is among the most commonly utilized vegetable oils
in ELM fabrication, serving as a renewable and sustainable
alternative to traditional petroleum-based diluents.?*® Palm
oil is non-toxic, biodegradable, non-volatile, and non-flam-
mable, featuring a high flash point, low dielectric constant,
and low melting point. Notably, palm oil lacks a TLV-TWA
value, indicating minimal occupational health risks.”’
Moreover, palm oil is readily available, cost-effective, and has
high global productivity, making it an attractive green solvent.
Palm oil has been effectively applied in the extraction of heavy
metals and organic compounds such as succinic acid. It also
shows strong potential for phenol extraction due its ability to
form hydrogen bonds or other intermolecular interactions
between phenol and triglycerides in the oil, resulting in
phenol-triglyceride complex formation.?®® The separation
process involves both partitioning (dissolution) and complexa-
tion mechanisms, facilitated by the hydrophobic character-
istics of palm oil and its high viscosity, which enhances emul-
sion stability.”°

9.2 Rice bran oil

Rice bran oil (RBO) is the second most viscous vegetable oil
after palm oil and contains approximately 24% palmitic acid
(C16:0), 42% oleic acid (C18:2), and 34% linoleic acid (C18:1),
which closely aligns with the fatty acid ratio of 1:1.5:1 (satu-
rated:monounsaturated:polyunsaturated) recommended by
the World Health Organization (WHO).*'>*'" Owing to its
high viscosity, RBO significantly enhances the stability of
green emulsion liquid membranes (GELMs), exhibiting the
highest static stability of 120 min among various tested vege-
table oils, including olive, groundnut, soyabean, sunflower,
coconut and mustard oils.>'®> This superior static stability
allows for extended extraction times and promotes efficient
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separation between the membrane and internal phases
during the emulsion process. Derived from the inner rice
husk, RBO offers several favorable attributes such as being
non-toxic, cost-effective, readily available, and possessing a
high smoke point. Physically, RBO has a density of 910 g L™,
a refractive index of 1.467, and an absolute viscosity of 59.3
cP.>'! Additionally, it naturally contains bioactive compounds
such as oryzanol, polycosanol, and ferulic acid, which act as
surface-active agents. These molecules reduce interfacial
tension between the aqueous and oil phases, prevent droplet
coalescence, and thereby contribute to enhanced emulsion
stability.>'*>'?

9.3 Sunflower oil

Sunflower oil is emerging as a viable green solvent for ELM
applications. It is biodegradable, renewable, cost effective and
has low toxicity.”’**'* In ELM fabrication, sunflower oil can
serve as the membrane phase, which is the organic phase. It
can create stable emulsions with both internal and external
aqueous phases; this is crucial for determining ELM
efficiency. It functions as a selective barrier, facilitating the
transport of desired solutes while excluding undesired com-
ponents. Moreover, sunflower oil is capable of dissolving
specific carriers including compounds that aid in the selective
transport of substances and additives that enhance the per-
formance of the ELM.>'>?'® Sunflower oil-based ELMs have
demonstrated efficacy in the removal of various contaminants,
including heavy metals such as chromium®’?" and
copper®?® from industrial wastewater, as well as the extraction
of pharmaceutical compounds such as the antibiotic vanco-
mycin,>'® and other organics like lignosulfonate.”*" These
applications underscore the potential of sunflower oil in
developing sustainable and effective liquid separation
technologies.

9.4 Applications of oil-based solvents in liquid separation

ELM technology is an advanced separation method that syner-
gistically combines the principles of liquid-liquid extraction
and membrane technology. The system typically involves the
formation of a double emulsion, either water-in-oil-in-water
(W/O/W) or oil-in-water-in-oil (O/W/O), where a primary emul-
sion is dispersed within a continuous phase. The membrane
phase, often an organic solvent, acts as a barrier that selec-
tively transports target solutes from the feed phase to the
receiving phase. ELM is widely used for the extraction and
recovery of metals, organic compounds, and biomolecules due
to its high efficiency, selectivity, and suitability for treating
dilute solutions.****??

Palm oil demonstrated excellent performance as a green
and sustainable membrane phase in ELM applications. In a
study focused on Cr(vi) removal from wastewater, palm oil
was used with Span 80 (e.g., as a surfactant) and bis(2-ethyl-
hexyl) phosphate (e.g., as a carrier). The system achieved
effective emulsion stabilization and high Cr(vi) removal
efficiency. Optimal operating conditions included a TOMAC
concentration of 0.4 M, NaOH stripping agent at 0.3 M, and
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agitation speed of 8000 rpm, which led to substantial Cr(vi)
recovery. The use of palm oil not only enhanced the stability
and efficiency of the ELM system but also aligned with eco-
friendly practices due to its biodegradability and low tox-
icity.?** In a continuous emulsion liquid membrane (CELM)
process for phenol recovery, palm oil combined with Span
80 (e.g., as a surfactant) and sodium hydroxide (e.g., as a
stripping agent) also exhibited outstanding performance.
Under optimal conditions, including a rotational speed of
527 rpm, a treat ratio of 1:4, and a retention time of
2.6 min, the system achieved nearly 100% phenol recovery
and a sevenfold (e.g., 2100 ppm) enrichment in the internal
phase.?”® These findings emphasize the efficacy and sus-
tainability of palm oil as a replacement for conventional
solvents in ELM applications, particularly in effluent
treatment.

RBO has demonstrated exceptional potential as a green and
sustainable diluent in ELM systems. In combination with Span
80 (e.g., as a surfactant) and NaOH (e.g., as a stripping agent),
RBO achieved a dynamic emulsion stability of up to 150 min
with less than 1% membrane breakage. Optimal conditions,
including an emulsification speed of 2100 rpm, 2% Span 80
concentration, and a treat ratio of 1: 3.5, ensured stable emul-
sion formation and enhanced performance. Additionally, RBO
has proved effective as a green solvent in the green emulsion
ionic liquid membrane (GEILM) system for the extraction of
lactic acid (LA), achieving a 90% extraction efficiency and a
static emulsion stability of 90 min.*"' Owing to its natural
composition, biodegradability, and low toxicity, RBO is con-
sidered a cost-effective and environmentally friendly solvent
for ELM-based separations. These attributes make RBO par-
ticularly suitable for the sustainable extraction of low-concen-
tration solutes in wastewater treatment and resource recovery.

Sunflower oil is another promising candidate for use as a
green solvent in GELM systems. It has been employed effec-
tively for the extraction of Cu(u) ions from aqueous solu-
tions, achieving a Cu(u) extraction efficiency above 94%
with stable emulsion durations of up to 130 min.**°
Furthermore, sunflower oil has been explored for Cr(vi)
recovery using ELMS, as depicted in Fig. 16(a). A study by
Anarakdim et al. highlighted that sunflower oil, combined
with surfactants such as polyglycerol polyricinoleate and
Tween 80, could form stable water-in-oil emulsions with
over 99% extraction efficiencies over a Cr(vi) concentration
range of 0.043 to 50 ppm. The emulsions were efficiently
demulsified using heat treatment at 80 °C for 2 h, achieving
a demulsification efficiency of 96%. Importantly, DSC and
FTIR analyses confirmed that the recovered oil retained its
quality and could be reused up to four times without sig-
nificant degradation or loss of performance.”?’” These
results emphasized the potential of sunflower oil as a sus-
tainable and cost-effective substitute for traditional pet-
roleum-based solvents in ELM processes. Its biodegradabil-
ity, renewability, and capacity for reuse offer both environ-
mental and economic advantages in heavy metal remedia-
tion from industrial wastewater.
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(a) Schematic diagram illustrating Cr(vi) extraction using an ELM system with oil recovery via heat-induced demulsification. Reproduced

from ref. 217 with permission from Elsevier B.V., copyright 2020. (b) Overview of Al-assisted solvent design strategies, covering the entire workflow
from data collection to inverse molecular design, reproduced from ref. 226 with permission from American Chemical Society, copyright 2023.

10. Artificial intelligence (Al) tools for
green membrane preparation

Computational approaches such as quantitative structure—
property relationship (QSPR) models have been employed to
screen suitable green solvents with high accuracy and
efficiency. Wen et al. demonstrated the effectiveness of Al-
driven frameworks for the design of green solvents, highlight-
ing strategies to integrate computational methods into solvent
?2¢ They summarized the overall intensification
methods for Al-assisted green solvent design, as illustrated in
Fig. 16(b).

Wang et al. developed a universal deep-learning model,
DeepH, that predicted density functional theory (DFT)
Hamiltonians for a wide range of materials with high accuracy
(mean absolute error: 2.2 meV).>*” Their approach utilizes
equivariant neural networks trained on a large database of
materials containing 12 062 structures to simulate electronic
properties, while overcoming the “gauge problem” in DFT
through a novel gauge-invariant loss function. This enables
efficient prediction of material behaviors, including solubility
and intermolecular interactions, without the need for costly
quantum computations. DeepH optimizes green solvent selec-
tion for membrane fabrication by simulating solvent-polymer
affinity.

Graph neural networks (GNNs), revealed to be a powerful
tool for atomic-level insights, are specifically designed for
graph-structured data, where nodes represent entities (e.g.,
atoms or molecules) and edges represent relationships (e.g.,
chemical bonds). Unlike traditional methods, GNNs automati-
cally capture complex interactions without extensive feature
engineering, making them ideal for molecular system model-
ing. For instance, Ignacz et al. applied GNNs to analyze solute—
solvent-membrane interactions in OSN, revealing how func-
tional groups and molecular substructures influence mem-
brane performance.**® In addition, Al-based optimization tech-

innovation.
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niques have proved useful in membrane design and perform-
ance evaluation. Models such as genetic algorithm (GA), par-
ticle swarm optimization (PSO), and Bayesian optimization
have been applied to optimize membrane configurations, oper-
ating parameters, and sustainability metrics.”*® AI has also
been proposed for use in both computational and experi-
mental scientific discovery, where autonomous Al-driven
experiments can replace traditional testing in membrane fabri-
cation for water purification and gas separation.>*°

To identify suitable solvents for polymer dissolution,
Chandrasekaran and co-workers compiled data on 4500 poly-
mers and their corresponding solvents and non-solvents to
> In their
approach, polymers were represented using the simplified

train a deep neural network binary classifier.

molecular-input line-entry system (SMILES), while solvent
descriptors were used as additional inputs. The model predicts
whether a solvent can dissolve a given polymer by evaluating
the absolute difference in Hildebrand solubility parameters
between the polymer and solvent, classifying solvents with
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Fig. 17 General overview of the data-driven algorithm execution
process. Reproduced from ref. 236 with permission from Elsevier B.V.,,
copyright 2023.
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differences below 2 MPa'? as suitable for dissolution.
Sanchez-Lengeling et al. developed a Bayesian machine learn-
ing model based on Gaussian processes to predict HSPs for
193 solvents and 31 polymers using molecular access system
(MACCS) keys and Morgan fingerprints as molecular descrip-
tors. The model achieved prediction accuracies with R* values
ranging from 0.56 to 0.83.>> Moreover, Kern et al. trained
random forests and multilayer perceptron neural networks on
a dataset of 3373 polymers and 51 solvents, predicting room-
temperature polymer-solvent solubility.”*®> Their polymer rep-
resentations combined three hierarchical levels of descriptors
(e.g., atomic triplets, chemical building blocks, and QSPR
descriptors), while solvent representations used one-hot
encoding or structural fingerprints, enabling accurate classifi-
cation of polymer solubility in diverse solvents.

One of the primary limitations in applying AI to green
solvent design and membrane development is data sparsity,
particularly for novel solvents such as Cyrene™, NADESs, and
DESs.>****> Unlike conventional solvents such as NMP or
DMF, which benefit from abundant experimental datasets,
these greener alternatives often lack comprehensive, high-
quality data covering key parameters such as polymer solubi-
lityy, membrane morphology, toxicity, and environmental
impact. This scarcity restricts the performance and generaliz-
ability of conventional data-driven models. To overcome this
limitation, advanced Al approaches have incorporated tech-
niques such as transfer learning, which leverages knowledge
from well-characterized systems to make predictions in less-
explored domains and data augmentation, where synthetic or
simulated data are generated from molecular descriptors.
Physics-informed machine learning, which integrates solubi-
lity theories or thermodynamic constraints into model archi-
tectures, is also gaining traction. Additionally, semi-supervised
learning can exploit both labelled and unlabelled data to
improve prediction accuracy. While these methods show con-
siderable promise, the long-term success of Al in green solvent
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discovery will ultimately depend on improving data availability
through systematic experimental reporting and the develop-
ment of open-access databases.

Fig. 17 illustrates a general overview of the data-driven
algorithm execution process.”*® A typical data-driven model
workflow comprises three essential components, namely data,
representation, and model, which operate in two main phases:
training and prediction. In the training phase, raw input data
undergo pre-processing steps such as duplicate removal, nor-
malization, dimensionality reduction, transformation, and
feature data extraction and selection. The refined data are then
used in the learning stage to develop a trained model, followed
by error analysis to assess and optimize the performance. This
structured approach enables the development of accurate,
efficient, and real-time prediction models, with the quality and
relevance of the input data being critical for generating reliable
outputs.

To conclude this section, the various Al models discussed
are summarized as a workflow in Fig. 18 for predicting green
solvent-polymer compatibility in membrane fabrication. In
general, an Al workflow begins with data input for model train-
ing. The trained AI model then generates the desired output
through a structured learning process. Finally, the output is
validated against experimental or benchmark data to ensure
the reliability and accuracy of the Al model.>*”

11. Conclusion

The transition to green solvents in membrane technology rep-
resents a pivotal stride toward sustainable separation pro-
cesses, addressing the environmental and health concerns
associated with traditional solvents such as NMP and DMF.
This review has critically assessed the applications, advan-
tages, and limitations of seven major classes of green solvents,
namely, esters, polar aprotic, dipolar aprotic, polar protic, non-
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polar aprotic, organic salts, and oils in both gas and liquid
separation. While these alternatives demonstrate substantial
promise, their industrial implementation faces practical and
economic challenges. The following are the concluding
remarks.

1. Esters such as GBL and TEP offer excellent polymer solu-
bility and tunable properties for membrane fabrication. GBL
has shown success in CO,-selective membranes, whereas TEP
is a greener alternative for PVDF membrane synthesis.
However, their scalability is constrained by high production
costs and energy-intensive synthesis (e.g., GBL requires high-
pressure conditions). Additionally, the lower solvent power in
TEP compared to NMP may result in suboptimal membrane
morphology, necessitating formulation optimization.

2. Among polar aprotic solvents, biomass-derived Cyrene™
stands out due to its low toxicity and strong solvating power,
proving effective in polyimide and polysulfone membranes
while mitigating macrovoid formation. However, its reliance
on the hydrogenation of levoglucosenone may limit its avail-
ability. Similarly, while 2-MeTHF is biodegradable, its high
volatility complicates the phase inversion processes. GVL
holds promise for nanofiltration membranes but demands
further functionalization to improve CO, capture due to its low
polarity restricting interactions with acidic gases.

3. Dipolar aprotic solvents such as DMSO are valued for
their broad polymer compatibility and low toxicity, supporting
their use in ultrafiltration and gas separation. However, the
high boiling point of DMSO complicates solvent recovery.
Alternatives like Tamisolve® NxG and Polarclean are excellent
NMP replacements, but their high viscosity can lead to uneven
pore formation during membrane fabrication.

4. Polar protic solvents, such as Agnique® AMD 3L, have
demonstrated their potential in PES hollow fiber membranes,
but solvent retention remains an issue, particularly in bio-
medical applications.

5. ILs and DESs provide highly customizable platforms,
with ILs exhibiting strong chemisorption for CO, capture.
However, ILs face limitations including high synthesis costs,
toxicity concerns, and recycling difficulties. DESs are more
cost-effective and biodegradable but suffer from viscosity and
thermal stability issues that hinder membrane processing.
Emerging research into NADESs is promising, although indus-
trial validation is still needed.

6. Biodegradable oils such as palm oil, RBO, and sunflower
oil show potential in ELM applications for the extraction of
heavy metals and organic pollutants. Palm oil and RBO
enhance emulsion stability but exhibit high viscosities that
slow mass transfer. Sunflower oil offers superior reusability
(e.g., up to 4 cycles) but faces challenges in demulsification
efficiency. The variable composition of these oils, dependent
on source and harvest conditions, can lead to inconsistent sep-
aration performances.

7. A general solvent selection workflow that incorporates
sustainability and solvent recovery considerations is proposed.
First, evaluate solvent sustainability using established guides
such as CHEM21, GSK solvent guide, and REACH classifi-
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cations, and eliminate solvents with high toxicity or regulatory
concerns. Next, perform polymer-solvent compatibility screen-
ing by calculating HSP and RED, selecting solvents with RED <
1. This is followed by solubility tests to assess the homogeneity
and viscosity of dope solutions. Membrane fabrication and
performance testing are then conducted. Finally, evaluate
solvent recovery and carry out a comprehensive life cycle
assessment (LCA) alongside an economic feasibility study.

12. Challenges and future prospects

Although various alternative green solvents have been pro-
posed for gas and liquid separation, there is an urgent need to
continue advancing the development of more industrially feas-
ible solvents for real-world applications. Accordingly, the fol-
lowing challenges and perspectives are outlined to guide
future efforts toward sustainable green solvent development
and implementation.

1. Polymeric membranes are typically fabricated using solu-
tion-based methods such as NIPS or TIPS. These techniques are
highly reliant on solvents for polymer dissolution, which signifi-
cantly influences the resulting membrane. One of the key chal-
lenges in employing green solvents is the validation of solvent-
polymer compatibility through HSP evaluation. Although green
solvent membranes offer clear environmental benefits, concerns
remain regarding the sustainability of green solvent production.
Upstream emissions and high energy consumption during syn-
thesis can offset their ecological benefits.>*® This is particularly
relevant for ILs and DESs, which often require elevated tempera-
tures due to their inherent high viscosity, low conductivity, and
limited diffusion, resulting in substantial energy usage.>*’

2. A broader range of green solvents that are characterized
by low toxicity, biodegradability, and favorable solvation pro-
perties should be explored beyond those currently in use.
Additional research into their compatibility with various
polymer systems and processing techniques is essential to
unlock their full potential for scalable membrane production.

3. Scalability remains a critical bottleneck when transition-
ing green solvent-based membranes from the laboratory to
industrial applications. For commercialization, membranes
must deliver a high separation performance, cost-effectiveness,
desired separation performance, and long-term operational
stability. SLMs limit mechanical stability due to pressure fluc-
tuations, further impeding their large-scale application.

4. Economic viability is also a major consideration. ILs are
generally more expensive than DESs, though some ILs can be
synthesized via cost-effective acid-base reactions such as
[MTBDH][TFE], [MTBDH][Im], [MTBDH][PhO],
[MTBDH][TFPA], and [MTBDH][Pyrr], which minimize waste-
water production and improve sustainability.>****°

5. In contrast, DESs are characterized by lower cost, scalabil-
ity, and chemical inertness to water, making them easier to
handle and store.>*"*** They offer promising potential for CO,
capture applications due to their affordability and tunability.
However, current research is insufficient to fully optimize DES
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structures for enhanced CO, adsorption performance. Future
work should focus on tailoring DES compositions to improve
CO, capture capabilities, paving the way for broader industrial
adoption.>*!

6. To accelerate green solvent selection and membrane
development, advanced artificial intelligence (AI) tools can be
leveraged. These tools facilitate high-throughput screening of
solvent candidates, reducing reliance on trial-and-error exper-
imentation. Furthermore, Al can aid in guiding solvent design
by identifying molecular modifications that enhance polymer
dissolution while preserving eco-friendly characteristics.
Additionally, cross-disciplinary collaboration between chemi-
cal engineers and computational scientists is crucial to accel-
erate the development of high-performance green solvent
membranes.

7. The compatibility of green solvents with polymers
directly influences membrane performance, lifespan, and fab-
rication costs. To fully assess their environmental and econ-
omic impacts, life cycle assessment (LCA) and techno-econ-
omic analysis (TEA) should be incorporated. Achieving mem-
branes that combine excellent performance, low cost, scalabil-
ity, and sustainability remains a significant challenge.
Nevertheless, continued progress in green solvent research is
essential to advance carbon reduction efforts and enhance the
sustainability of membrane-based separation technologies.

8. The adoption of green solvents in membrane technology
signifies not only an environmental necessity but also a tech-
nological advancement. While several barriers ranging from
cost and scalability to physicochemical limitations remain,
steady progress in developing bio-based, low toxicity alterna-
tives signals a clear pathway toward sustainable separation pro-
cesses. Strategic collaboration between industry, academia,
and regulatory bodies combined with policy incentives and
continued innovation will be crucial for transforming labora-
tory-scale successes into practical, industrial-scale appli-
cations, thereby aligning membrane technology with global
sustainable development goals (SDGs).
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