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1. Introduction

Alternative materials for interfacial polymerization:
recent approaches for greener membranes

Adi Ben-2Zvi, 1 Usman Taqui Syed,+<“ Guy Z. Ramon {2 *2®€ and
Suzana Nunes (0 <9f

Thin-film selective layers fabricated via interfacial polymerization (IP) form the core of membrane-based
water purification and desalination, as well as other molecular separations. The monomers and organic
solvents used in the reaction are for the most part toxic chemicals, likely to be banned in the near future,
for environmental protection. There is, therefore, a growing need to find alternative, sustainable, materials
that can produce adequate membranes for industrial applications, fabricated via IP. The present work
summarizes recent studies on fabricating RO/NF/OSN membranes via IP using sustainable solvents and/
or monomers, in comparison to the toxic chemicals used to fabricate polyamide, the chosen polymeric
material for the commercial selective membrane layer. The properties of these ‘green’ materials are
described, as well as the properties of the resultant membranes, discussing possible limitations in the fab-
rication techniques and the benefits of the process. Furthermore, an eco-scale score is calculated for
representative membranes, demonstrating the utility of this tool for assessing the ‘greenness’ of the fabri-
cated membranes. Overall, the presented literature shows that there is a great potential for fabricating
more sustainable and scalable membranes. However, studies exhibit various limitations, for example, no
standardization for performance tests and performance criteria for every membrane type, which prevents
accurate and true comparisons among different membranes. Suggestions are made, where applicable, for
future work to add aspects that assess the potential of fabricated membranes to future industrial appli-
cations. Finally, and most importantly, there is still a need for improved fundamental understanding of IP,
with which to facilitate the search of alternative sustainable materials for membrane fabrication with
desired properties.

membranes." IP comprises various condensation chem-

istries, most commonly polyamides, polyesters, polyureas, etc.

Thin films fabricated via interfacial polymerization (IP) are
widely used in industrial applications, such as micro-encapsu-
lation and the separation layer for water purification

“Department of Civil and Environmental Engineering, Technion—Israel Institute of
Technology, Haifa, 320000, Israel. E-mail: ramong@technion.ac.il;

Tel: +972-4-8292580

bNanoscience and Nanotechnology Program, Technion-Israel Institute of Technology,
Haifa 32000, Israel

‘Environmental Science and Engineering Program, Biological and Environmental
Science and Engineering Division (BESE), King Abdullah University of Science and
Technology (KAUST), 23955-6900 Thuwal, Saudi Arabia

dAdvanced Membranes and Porous Materials (AMPM) Center, King Abdullah
University of Science and Technology (KAUST), Saudi Arabia

“Wolfson Department of Chemical Engineering, Technion—Israel Institute of
Technology, Haifa, 320000, Israel

JChemistry Program and Chemical Engineering Program, Physical Science and
Engineering Division (BESE), King Abdullah University of Science and Technology
(KAUST), 23955-6900 Thuwal, Saudi Arabia

tThese authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2024

The selected IP chemistry for the state-of-the-art water separ-
ation membranes is polyamide (PA)," which was first syn-
thesized in the late 1970s by Cadotte and co-workers, and
turned out to be the most significant breakthrough in desali-
nation technology, achieving >99% salt rejection in seawater.*”
With their exceptional performance, along with facile and
readily up-scalable manufacturing, PA membranes have
become the industry standard for Nanofiltration (NF) and
Reverse Osmosis (RO) applications.®® Furthermore, they are
integrated in various other industrial processes, such as waste-
water treatment, water purification, microencapsulation, and
industrial substances separation.”! Nonetheless, since their
first fabrication, TFC membranes have not undergone signifi-
cant improvements.**

TFC PA membranes comprise a thin, dense, and cross-
linked PA selective layer synthesized via a rapid, exothermic
Scotten-Baumann (acylation) polycondensation reaction of
two polyfunctional monomers. The commonly-used mono-
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Fig. 1 IP reaction between MPD in the aqueous phase and TMC in the organic phase producing cross-linked polyamide, HCl and heat are by-

products.®

mers for RO membranes are Trimesoyl-Chloride (TMC), dis-
solved in hexane, and m-Phenylene Diamine (MPD) or
Piperazine (PIP, for NF) in water (Fig. 1)."

The acyl group in TMC is added to the amine monomer
forming an amide bond, releasing HCI and heat as by-products
of the reaction.">*® The amine monomers are better soluble
in hexane than TMC in water; therefore, the reaction occurs at
the organic side of the interface and is diffusion limited."?
Besides the mentioned monomers, IP can be performed using
other monomers with a variety of chemical structures.
However, the success of the IP process for continuous scale-up
production not only mandates a complete reaction leading to a
defect-free selective layer, but potentially benefits from being
very rapid, which may limit the industrial implementation of
many reported approaches.

IP has been optimized by the industry for decades, making
it a highly competitive process, but only recently has its sus-
tainability begun to be questioned. The reaction involves the
use of hazardous organic solvents, such as hexane, heptane,
benzene, and cyclohexane, as well as petroleum-based and
toxic monomers.'*> Among the common chemicals for the
fabrication of RO membrane by IP (MPD, TMC, and hexane),
MPD is the most hazardous and toxic, while hexane is used in
much larger quantities but is less hazardous.>® These chemi-
cals have serious health and environmental adverse effects, to
the point that recent European legislation has classified some
of them as carcinogenic, designated to be banned from indus-
trial use in the near future.”®>' The search for green alterna-
tives for organic solvents would assist the global solvent
market, which is estimated to produce 37.4 million metric
tons by 2030,>* to align with the United Nations’ sustainable
development goals (SDGs) for 2030.>>>® The global membrane
manufacturing has a great share in the production of toxic
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wastewater, as well as to pollute the environment through the
evaporation of organic solvents.”® It was estimated in the last
decade that 10 billion liters of wastewater (containing mostly
organic solvents and polymers) were produced annually by
desalination membrane production processes solely.””
Therefore, there is a growing need to fabricate membranes
using sustainable materials, eliminating the adverse effects
the membrane industry has on the environment. Thus, our
focus in this work will be on the alternative greener
approaches within the framework of IP related membrane
production.

To design greener industrial processes and achieve the
international target of sustainability that arose since the
concept of green chemistry was first formulated in 1990s,>®
chemists use the Twelve Principles of Green Chemistry that
were introduced in 1998 by Paul Anastas and John Warner.*’
In the light of these principles, Szekely et al. (2014) outlined
the main principles needed for producing more sustainable
organic solvent nanofiltration (OSN) membranes, which are
relevant for NF and RO membranes as well because they
encompass similar processes.*® The principles are as the fol-
lowing (a) utilization of green solvents, (b) the use of low-tox-
icity chemicals, (c) the use of renewable and sustainable raw
materials, (d) fabrication of membranes at room temperature,
and (e) design of degradable membranes.*’

The present work focuses on recent published attempts
made to substitute the hazardous organic solvents and the
toxic amine monomers by bio-based or otherwise more sus-
tainable materials in an IP process solely, to derive TFC mem-
brane for NF/OSN/RO processes, and to replace the existing
polyamide chemistry. Finding ‘green materials’ that perform
IP, following the five principles of Szekely et al*° and using
them to fabricate a greener membrane without compromising

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A schematic representation of the review's concept: summar-
izing the ‘green’ options for monomers and organic solvents to perform
IP, the corresponding properties of the resultant TFC membrane fabri-
cated, and presenting the ‘eco-scale score’ calculation for the fabricated
membranes.

its performance, is challenging. We summarize the resultant
‘greener’ membrane performance, while considering these
principles. We also demonstrate the calculation of an Eco-
Scale score, that provides a quantitive value of the membrane
greenness (Fig. 2). Lastly, the underlying motivation of this
work is to understand where the process of moving towards
sustainable RO/NF membranes stands and to address the gaps
and limitations it experiences.

2. Sustainable materials for IP-based
membrane fabrication

In recent years, several studies have successfully incorporated
bio-based polymers and either less toxic solvents or without
the use of solvents for membrane fabrication via IP. Herein,
we review studies that use ‘green solvents’ and/or ‘green mono-
mers’, mentioning their origin, properties, the resultant mem-
brane performance, their advantages, and disadvantages. The
fabricated membrane properties are summarized in Tables 2
and 3, and a demonstration of how to calculate the ‘greenness’
of the membrane is presented later in section 3.

2.1 ‘Green’ solvents

The properties of organic solvents have a major influence on
the IP reaction as it involves many aspects that affect the resul-
tant membrane morphology and performance. The main pro-
perties affecting the reaction and resultant morphology are its
vapor pressure (high vapor pressure solvent may cause vapori-
zation of the organic phase during IP and crumpling of the
formed film),*" interfacial tension with the aqueous phase
(low interfacial tension increases the partitioning of the
aqueous monomer to the organic phase and hence the reac-
tion rate; furthermore, the interface will be more easily
deformed resulting in film crumpling), the aqueous monomer
solubility in the organic solvent, and viscosity (the latter two
will increase the aqueous monomer’s diffusion rate and hence
the polymerization rate), for a more detailed mechanistic

This journal is © The Royal Society of Chemistry 2024
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description of the organic solvent effects on IP reaction, see
ref. 15. The main characteristic required for an organic solvent
in IP is its water-immiscibility to create a biphasic system that
contains an interface, and the ability of the organic monomer
to dissolve in it. The physical properties of representative
‘greener’ solvents from different categories, used for NF/OSN/
RO membrane fabrication via IP, are summarized in Table 1.
2.1.1 Ionic liquids (ILs). Marién et al.*® were the first to
use ILs as the organic solvent in IP. ILs are formed by a variety
of organic ions possessing either hydrophilic or hydrophobic
characteristics. Their interaction with monomers and poly-
mers can be electrostatic and by hydrogen bonding, promoting
the solubility of materials such as cellulose, which are barely
soluble in other solvents. ILs are non-volatile; therefore, non-
toxic in terms of emission during membrane fabrication, and
generate less waste of solvent due to evaporation. However, not
all ILs are considered ‘green’, some can be toxic when dis-
posed and not easily biodegrade, but they can be designed to
be more sustainable than other organic solvents.*>*° Marién
et al® used the common imidazolium cation, 1-butyl-3-
methylimidazolium [C,mim], and the anion bis(trifluoro-
methylsulfonyl)imide [Tf,N] as the IL, its physical properties
are mentioned in Table 1. The water-IL interfacial tension is
lower comparing to water-hexane; therefore, a more diffuse
interface is formed increasing the partitioning of the aqueous
monomer, and hence the polymer formation rate, which may
reduce the use of surfactants as well as the aqueous monomer
concentration. Lower concentrations of the amine monomer
were used (0.1 wt% here vs. 2 wt% in the conventional system
with hexane) to receive good performing membrane. However,
ILs have a higher viscosity than hexane, leading to lower
diffusion of the monomers to the reaction zone reducing the
reaction rate, hence higher concentration of TMC is needed
(0.5 wt% here vs. 0.1 wt% in the conventional system). The
high viscosity minimizes mass transfer at the interface and the
resultant membrane is thinner and smoother, with high water
permeance and comparable selectivity to a conventional
system (with hexane as a solvent) fabricated under similar con-
ditions. The membranes are reported to have a lower tendency
for organic and mineral fouling. IL and TMC can in principle
be recycled by evaporating residual water from the IL/TMC
phase and reused in IP, because IL prevents TMC from hydro-
lyzation (when hydrolyzed it loses its reactivity) and it is not

Table 1 Physical properties of selected organic solvents used for IP
reaction at 20 °C, unless mentioned otherwise?~%7

Water-solvent

interfacial tension Viscosity Vapor pressure
Solvent [mMN m™] [mPa s] [Pa]
n-Hexane 50.8 0.31 20398.3
[C,mim][T,N] 13.69 63.05 —
Hexyl acetate  18.8 0.86-1.17 176
Decanoic acid — 4.3@50 °C 0.048@25 °C
a-Pinene — 1.3@25 °C 630@25 °C
p-Cymene 36.41 0.8333 200
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volatile, reducing the solvent volume required for the
process.”’ However, ILs are more expensive than regular sol-
vents and do not always completely meet the principles for
sustainable membranes.>® A more affordable class of hydro-
phobic ionic liquid with tricaprylmethylammonium as cation
(the trade name Aliquat), has been investigated as a solvent for
IP by Van den Mooter et al.*? Unfortunately, Aliquat was not
successful in promoting the polyamide thin-film formation,
since the presence of tertiary amines functioned as a catalyst
for the hydrolysis and esterification of TMC. However, Aliquat
was successful as an organic phase for IP using epoxy as
monomer, as an alternative to polyamide chemistry. Other,
less expensive options of green ILs are emerging and should
be explored for IP.

Hartanto et al®® used a mixture of 50:50 [Cymim][Tf,N]
(IL) and hexyl acetate, to reduce the costs and make IL-based
processes more feasible for the industry. Hexyl acetate is an
environmentally friendly solvent and cheaper than IL. The
mixture has higher interfacial tension and lower viscosity than
the pure IL*' (Table 1), resulting in a higher MPD concen-
tration required (0.5 wt%) and lower TMC concentration
(0.3 wt%).>° Considering large-scale usage, the membrane per-
formance achieved using IL and IL + hexyl acetate has lower
NaCl rejection (94-97%) than membranes used for RO appli-
cations (>99%), but it is still considered a good performance,
that can be used for various industrial applications. In this
case, ILs are still expensive compared to hexane, but the use of
a mixture with hexyl acetate reduces the costs and makes it
feasible for industrial use.

Zheng et al.™® fabricated polyamide/poly(m-phenylene iso-
phthalamide) (PMIA) TFC membranes for OSN, using a novel
IL-assisted method. Dope solutions formulated by an environ-
mentally benign IL [EMIm][OAc] were used to cast the porous
PMIA membrane substrates. The IP reaction between amine
monomers (ie., piperazine and polyethyleneimine) in the
aqueous phase and aromatic acyl chlorides (i.e., phthaloyl
chloride and 1,3,5-benzenetricarboxylic chloride) in the IL
[BMIm][Tf,N] phase led to the synthesis of the selective layer
on the PMIA surface. When a fabricated TFC membrane with a
favourable selection of monomers with the IL as the organic
solvent was compared to a membrane with the same monomer
composition but with n-hexane as the organic phase solvent,
the newly synthesized membrane had up to three times
enhanced permeance and maintained high rejections for
Congo Red and vitamin B12; however, this is not an adequate
comparison, because the monomer selection was optimized
for this IL system. The enhancement in the membrane per-
meance was attributed to the high viscosity of the ILs, which
reduced the rate of monomer diffusion in the organic phase;
further reducing the mass transfer at the interface, causing the
selective layer formed to be much thinner and less cross-
linked. Furthermore, the residual IL phase containing the
organic monomers can be reused to fabricate more mem-
branes. In subsequent work, Yao et al.** retained ILs as a re-
placement for organic phase and ventured into developing
TFC OSN membranes with sandwich-like structures via IP on
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metalorganic framework (MOF) nanosheet-modified micro-
porous polyvinylidene fluoride (PVDF) substrate surface. The
IP monomers are mixed amine (polyethyleneimine and PIP) in
the aqueous phase and TMC in the hydrophobic IL phase. The
IL was 1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfo-
nyllimide ([BMIm][Tf2N]), which was similar to the earlier
reported study.*> MOF nanosheets of micrometer lateral
dimensions and nanometer thickness (1.5 + 0.6 nm) could be
deposited on the PVDF substrate as an interlayer to facilitate
the IP reaction.

The low volatility of ILs comparing to hexane has advan-
tages relating to the IP reaction in addition to lower toxicity.
One example is the preparation of covalent organic frameworks
(COFs) by IP, which is affected by a disturbance in the liquid-
liquid interface as the volatile solvents evaporate. To overcome
this limitation, Gao et al,*® proposed the synthesis of several
imine-linked freestanding COF membranes having varying
thickness and morphology at tuneable IL-H,O interfaces. In
both, the water and ILs, the monomer diffusion was controlled
due to the hydrogen bonding between the amine monomers
and the catalyst (p-toluenesulfonic acid), and the high viscosity
of ILs. The crystallinity of the COF membranes could further be
improved by varying the alkyl chain length of cations in the ILs
(enabling regulation of the interfacial tension and interfacial
region size). However, a main disadvantage of COF approaches
is the long time required for an adequate selective layer for-
mation, which is usually much larger than a fabrication process
in a continuous mode allowed by the instrumental set-up.

While the examples focus on IL in the organic phase, there
are reasons to use hydrophilic IL as the polar phase when
working with monomers of limited solubility in water.*®*’
Although the performance seems to increase, these studies
cannot be classified as a greener approach when ILs replace
water as aqueous phase. Lastly, in most cases, the IL is used as
an additive.*®*°

2.1.2 Bio-based solvents. Ong et al." used decanoic acid in
the IP organic phase, which is a medium chain fatty acid
found in coconut oil, palm kernel oil, and animal fats. The
resultant NF polyamide membrane had very high water per-
meance and excellent separation performance for different
dyes; moreover, its stability in organic solvents was high.*'
However, decanoic acid’s melting point is 31.5 °C, and there-
fore the IP reaction was performed at 60 °C. Conducting the
reaction at a significantly higher temperature than the
ambient results in more energy consumption and doesn’t
follow green principles for OSN membranes.*°

In subsequent work, Falca et al.,’° used oleic acid as a re-
placement for hexane in the organic phase. The resulting
high-performing composite membrane was selective for small
molecules with a molecular weight cut-off (MWCO) of 650 g
mol™" and a high permeance of ~57 L per m* per h per bar.
Oleic acid, a green solvent derived from coconut, has a low
vapor pressure and high boiling point. These properties may
be favorable in synthesizing TFC membranes, but like
decanoic acid, the high viscosity would require higher temp-
eratures for an effective membrane formation.

l. 21
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Abdellah et al.®" used alpha-pinene, an organic compound
extracted from plants (e.g. rosemary, basil, pine), as the
organic solvent for IP reaction between terephthaloyl chloride
(TPC) and catechin or quercetin in two different studies.
Catechin or quercetin are both considered ‘green’ monomers
and will be described in the next section. Alpha-pinene has a
lower vapor pressure than hexane and this reduces the
amounts of solvent used and eliminates the possibility of
explosion. However, its vapor pressure is not negligible
(Table 1) and higher than other solvents mentioned here. The
resultant membrane showed high stability in harsh aprotic sol-
vents, and its performance is competitive with other mem-
branes in literature (see Table 2 and previous reports®"*?) with
relatively high DMF permeance of 2.6 L per m* per h per bar
and MWCO of 300 g mol . The effect of solely changing the
solvent to alpha-pinene cannot be deduced because these
membranes had other variations from the commonly used
membrane. Alpha-pinene has a slightly higher viscosity than
hexane, which would slightly decrease the MPD and TMC
diffusion rate to the reaction zone. This membrane followed
almost all of the ‘green’ principles®® except that the organic
monomer used was not considered ‘green’.

2.1.3 Vapor phase interfacial polymerization. A creative
study reported by Paseta et al> eliminated the use of the
organic solvent by carrying out the IP reaction in the vapor
phase. They used the common monomers (MPD and TMC),
while the TMC was vaporized in an oven at 40 °C reacting with
MPD on a PI (polyimide) support in an upside-down Petri
dish. The low melting point of TMC (32-38 °C) allowed for the
process to occur in the vapor phase, because of increased TMC
vapor pressure, at a reasonable temperature (40 °C). The
authors demonstrated that by using this technique, the con-
sumption of TMC monomer is reduced by 96.2% because
there is no excess of TMC in a residual solution. The mem-
brane permeance was higher than conventionally-fabricated
membranes, but the rejection was similar. Nevertheless,
higher permeance with similar rejections translates to higher
salt permeability as well. Moreover, the MWCO was lower than
most other membranes in this review. The technique is more
environmentally friendly as it reduced the amount of TMC
used and eliminates the need for hexane, and more economi-
cal due to the same reasons. However, its preparation requires
heating for 60 minutes at 40 °C which is a drawback from an
industrial perspective. Future work should examine the indus-
trial suitability of this process and its overall environmental
impact. In a similar study, Karki et al.>* developed thin film
nanocomposite (TFN) membranes, by the vapor-phase IP
method, in which TMC was vaporized. Carboxylic acid-functio-
nalized TiO, (COOH-TiO,) nanoparticles were incorporated in
the TFN membranes. The surface of the membrane was modi-
fied by IP using diethylenetriamine and TMC. However, the
low functionalization required the incorporation of large
amounts of nanomaterials (and subsequent large amounts of
monomers) to make the IP process feasible.

Welch et al.>® used molecular layer deposition to produce
polyamide by gas phase deposition. Within 48 cycles, a 15 nm

This journal is © The Royal Society of Chemistry 2024
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film was fabricated by the reaction between vaporized MPD
and TMC, without solvents, and thus, RO membrane perform-
ance was achieved. The process requires high temperatures
(115 °C) and low pressure, and the reaction time is higher
than conventional IP. Fabrication in a large scale of robust
films is a challenge.

Promoting the IP reaction from the vapor phase might be
an alternative to the classical organic solvent liquid system,
but optimization and further investigation are still needed.

2.1.4 Alternative IP methods based on non-organic sol-
vents. An aqueous two-phase interfacial assembly method was
proposed by Wang et al>® for the fabrication of covalent
organic framework (COF) membranes. The aqueous two-phase
system contained polyethylene glycol and dextran which spon-
taneously segregated into two water-rich phases. At the water—
water interface, COF membranes were fabricated by the distri-
bution of aldehyde and amine monomers into the two
aqueous phases. The membrane fabrication was dependent on
the reactants’ weight ratio, pH value, and reaction time. The
membranes had high NaCl rejection of 93.0-93.6% and water
permeance reaching 1.7-3.7 L per m” per h per bar. It was also
observed that the structure of the membranes was highly
dependent on the interfacial tension. Tight and compact COF
membranes were formed for high interfacial tension
(0.1-1.0 mN m™"), while loose and fragmented COF mem-
branes were formed for low interfacial tension (0.001-0.1 mN
m™ ). This method has also been adapted to fabricate other
COF and metal-organic polymer membranes. The fabrication
of membranes in an all-aqueous system for the very first time
confers a green and generic method for advanced membrane
manufacturing systems. Here again, the proper COF formation
might require time, compromising the feasibility of the mem-
brane formation in continuous machines.

Table 2 compiles a list of studies using IP to prepare mem-
branes by using green solvents. The key components and
results of the studies, along with the advantages and disadvan-
tages, are mentioned. The comparison must be carefully ana-
lyzed since the membranes were not tested under the same
conditions. An agreement on testing protocols in the nanofil-
tration and reverse osmosis field would be highly advan-
tageous to guide the development of new membranes.
Recently OSN and RO database of membrane performance
were released.”””® These databases serve as an essential tool of
comparison among different membranes; however, the com-
parison should be carefully assessed because the testing pro-
cedure was not uniform.

2.2 Green aqueous monomers

Replacing the toxic amine monomer in an IP reaction is chal-
lenging. The monomer should be sufficiently reactive to create
a highly crosslinked thin film and must be soluble in appropri-
ate, immiscible liquids (ideally green solvents).®' Green mono-
mers are a sort of natural reagents, the building blocks of poly-
mers, which are abundant, nontoxic, cheap, environmentally
friendly, renewable, and sustainable as they are usually
sourced from biorefineries, bioplastics, plants, bio wastes or

Green Chem., 2024, 26, 6237-6260 | 6241
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renewable 0il.°*®* Table 3 summarizes the ‘green’ aqueous
monomers used for IP in recent studies and the fabricated
membrane properties, and a calculation tool to assess the
‘greenness’ of the membrane is demonstrated in section 3.

2.2.1 Bio-polyphenols. Various studies used different kinds
of plant-derived polyphenols as the aqueous monomer repla-
cing the toxic amines, to derive a polyester film. Polyester is
produced by a reaction between an organic acyl chloride and a
diol, here we focus on a bio-polyphenol, that can cross-link
resulting in a thin, well-performing membrane.’"® Phenols
behave like weak acids that have a low reactivity towards acyla-
tion (the characteristic reaction that occurs during IP); there-
fore, initial activation of the phenol with a strong base is some-
times used which results in a more reactive specie towards the
acyl group, phenoxide ions. The added base also neutralizes
the by-product acid.>®> Pérez-Manriquez et al.®® used morin
hydrate, a natural polyphenolic compound derived from the
Guava plant, as the aqueous monomer, and terephthaloyl
chloride (TPC) as the organic monomer. The morin/TPC TFC
membrane was stable in harsh organic solvents. The monomer
is low-cost; however, morin has low solubility in water and
hence methanol was used as the aqueous solvent reducing the
potential for upscaling.®® Abdellah et al.>"*> used two different
bio-polyphenols, catechin and quercetin, in two separate
studies. The polyphenols were first reacted with sodium
hydroxide that was added to the aqueous solution for their
activation and then performed an IP with TPC, Fig. 3 is an
example for the fabrication of polyester from catechin and
TPC. Catechin and quercetin have many cross-linkable
hydroxyl groups, increasing their potential to produce an ade-
quate membrane. However, the reaction time was 3 hours com-
pared to the 1-2 minutes of the reaction to fabricate commer-
cial membranes. The organic solvent they used to dissolve TPC
is also derived from plants, alpha-pinene, its properties appear
in section 2.1. The fabricated membranes showed high DMF
permeance of 1.4 and 2.6 L per m” per h per bar and MWCO
of 500 and 300 g mol™", while quercetin being superior. The
reason for the better performance is not clear. In both studies
they used the same procedure for membrane fabrication, same
support, and the same monomer concentrations. Moreover,
understanding the effect of changing the aqueous monomer
should be studied when solely the aqueous monomer is
changed comparing to commercial membrane, here multiple
parameters were changed.

Zhang et al.,*® Pérez-Manriquez et al.,”* and Park et a
used tannic acid, a type of polyphenol found in plants, as the
aqueous monomer. They used different organic monomers,
organic solvents, and supports (Tables 3 and Table 4). The
resultant membranes varied in their performance, while the
best performing membrane was that of Park et al®' Zhang
et al.®® fabricated membranes with excellent antifouling pro-
perties probably due to the enrichment of hydroxyl groups in
the polyester thin film. Pérez-Manriquez et al.>* produced a
stable membrane that could in principle be scaled up.

Zhang et al.®” used polyphenol from green tea, epigallocate-
chin gallate (EGCG), to fabricate NF membrane. They first per-

L61

Green Chem., 2024, 26, 6237-6260 | 6245


https://doi.org/10.1039/d4gc00466c

View Article Online

Green Chemistry

Critical Review

Hd y3ry
Ul uonoeay
“(a/m%¢"9)

*ssooo1d
uonedLIqey
J[qereaday «
‘syuadeal
J[qe[reae
ATe1o19TITIOD *

ULIX9PO[IAD JO HO®N I T Ul
UONBIIUIDUO0D ‘op1reydoesodio
Y3 *STerIa1e W EY:100:A00) 11940 :(aD)
A[oAnye[oy - 1S00-MOT » 0¢ :1978M [AYIDIN %S6-16 — 121894104 Nvd oueXoH DL NSO/AN yoIels ULnXopoAd 69
Iawouowr adin uonnos
-0J B SB pPasn  IdWOUOW Paseq YOS%eN %65 JIowouow 1apnq areydsoyd
sem QdIA ‘SoAp [ouayd4jod jo ‘a3ueIo [Ayzow -0 syuerd ur proe
Jo uonodafor oYy 9sn oNSISISUAS « %18 ‘pa1  Jo asn oy 1910 ®YIeq  OI[[ED PACIAY
Zursearour 104 XNy 103em Y3IH o 9'/¥ 191BM 03U09 %66< M £2€ 193594104 NVd o 1edost JAL AN Jeo 9nu [[eo :;Jouayd4jod 89
“Iowouow
aurwre dIxo} YOS%eN aueIqUIDW
B SI YOIYM JUBRIqUIdW J[qEIS %666 ‘93urIO qALd I4d - DDOF
pasn sem [4d pueisnqoy  ST°6:19YepM  [AYIOW %6°66 08¢ /DINLIAd-DODT HALd ouexoHq DINL  NSO/AN ©9) U221D :JousydAjod 29
ssado01d dn
-oreds reuondoQ pa1 o3uod
oouewrojrad  9ATIORYR-ISOD « 800 AN UI %88 ‘an[q proe druuey
Ieq 9[qeIS +  ANn[q IUBI[[HF  IURI[[LIF %S6 008 193894104 NVd 9Uuexayo[dAD DAL NSO iy aeq :;jouayd4Ajod e
Y31y jou sI sonzadoid P21 03U0d %66 *272 ‘poom proe oruuey
uonoafa1yes Surnojnue pooo 02  ‘YOSYeN %c¥ V/N 193894104 sAad ouexoH DAL AN ‘sol1Iaq ‘ealL, ;jouayd4Ajod 99
d1 Joelq
urjoea1 1n9q  Aiiqers ySiy - OpIWE %96
0} SUOTPUOD "UOnedIIqR] ‘odueIofAypow suaurd *019 unadianb
aseq Aserq « ANA :9°T %06 00¢ 193594104 asonaD -eydy DdL NSO ea-yoe[q 1odeD :;Jouayd4jod TS
ur jousayd4Ajod  Aipiqess ySiy anjq uepns
a3 JO UOTIOLAI ‘uonedLIqey %L8 S[oelq auaurd SNy uIyoajed
Joud v Aserq « ANA F'T OPIWE %76 00S 1954104 ason[2D -eydry DdL NSO 12130 pue so[ddy :‘JouaydAjod S
1S09-MOT »
-oueurIoyrad
JUS[[9IXT »
*SJUIA[OS JTUBSI0
[oueylaw ysiey ur a[qels .
Jo a8vsn) » oreasdn 03 Aseq -
“193em ‘poyowt [oueylaur
ur 9[qNn[os uonedlqe; €0 :dIAN Ul aniq ul 93eIpAY uLIOwW
3,UST ULIOIN » oidwis « anjqIueI[Eg  JURI[LG %96 008 193894104 NVd 9UexXayo[dAD DdL NSO BARND ;jouayd4Ajod <9
sagejueApesIqQ sadejueApy [req1ad  [op] uonoaloy [,_[ow jonpoid 110ddng JUAJOS IOWOUOW adfy udino  aseyd snoanby ‘joy
y 1od jw 1ad 3] oomIn JrueSIQ  OIUEdIQ QUBIqUIdIA

] souesUIIdg

sJsawououw s)qeuleisns buisn d| el pajedligey ‘sanpiadoad sueiquisw NSO/4N 2Y) JO Alewwns ¢ ajqel

"INd 85:9T:G 9202/22/T U0 papeojumoq '#20Z 1idy €2 uo paustiand

This journal is © The Royal Society of Chemistry 2024

6246 | Green Chem., 2024, 26, 6237-6260


https://doi.org/10.1039/d4gc00466c

View Article Online

Critical Review

Green Chemistry

Iowouowr
snoanbe
30 (% <)
UONBIIUIDUOD UONN[OS snoanbe
ydiy - woij 1edns (esouyger)
aseyd  ajeredoas 03 pasn c8¥ HO®BN I T y3im
snoanbe a1om sauelqUIdW (asoarew) SOpLIBYOJBSLI)
oy3 ur isA[ezed  poseq-1edns se S6¥ S}Inij pue - asouyjer
B SE pasn AWIOU0D3 IB[NOIID  3S0oN[S Yim ‘(2s00n[3) Aouoy ‘syueld pue ‘Ip - asoyew
sem HO®N -« sajordwop L€ :10)BM YOSPeN %S6~ 9% 193894104 SAd ouexoH DAL AN ISOW jO SINSSLL, ‘OUOW - 9S0dN[DH S/
‘pareay
pue (z~Hd) ‘papaau
uonn[os Iowouowr
JIpIoR Ul aurwe ay)
POA[OSSIP 9q 03 JO JUnOWe a3} uesolyd
SBY UBSOIIYD S9INPaI UBSOIYD TTS  YOSeN %6°16 008 aprweAjod ASd ouexoH DAL AN sueadeIsnI)  apueyodesAjod ¥/
QIMIXIW SI[BS/AAP
10§ 9ouewioyrad aueIqUIdW
uoneredas AdAd uo
uTwre[AYIaIm pooo . (SINDMIN)
pue JueISISaI (seremsqns (sorensqns saqnjoueu
HOEN JO s » 9ULIO[YD A[Y3I1H - SINDMIN U213 Juel[[iq  SLNDMIN uoqIed uTweAYIaLn
SLNDMIN Xn[y 127em U0 dD-g %7) %V'L6 ‘P21 uo D pafrem ynm ad-d :(ao)
joasn . Yy APWanXd « £6°6LT :19Jepd  0SU0D %¥°96 %72) 06S 191594104 -INIA ouexoH DAL AN yoIels UInXopoAd ¢/
sjop wnjuenb (seanippe se
ouoydeid sjop wnjuenb
J1X03 MO[ suayderd (s30p
pue aarsuadxa JueR)SISaI %€°0 pue wnjuenb SaAnIppE
Joasn - QULIOTYD AY3IH - an-g %8°1) pa1o3uod  auaydeid se sjop wnjuenb
Do 09 JO L¥LY ‘197eM pue L 3oe[q %E0 auayderd
juauneaI) 3edY xnpj 101em  {(an-d %8°1) swioIyoolr  pue ddD-g s ap-d ((an)
3sod saxmboy « Y3y A[pwenxy . TTT 1918 %0°€6<  %8'T) 098 19359404 SAd sueydoy DL AN orels UIDXIPO[dAD ¢/
an-d %m g1 Jue)SISaI
sarmbay « aumoyo A[YSIH «  (aD-d %8°'1)
Do 09 JO 9°/6T :197eM an[q [Ayleuwt
JusuUnEean JBAY “an-d %1°0) %¥'¥6 ‘pa1 an-g :(an)
jsod saxmboay « xn[jiorem ySiH «  9°%0T :193ep 03U0D 99°S6 V/N 193594104 SAd sueydoy DL AN yoreIs ULIXPO[AD  TZ
syuaa[os oruedio
-uou R oruedio
SjuaA[os 10y doueawirad
jo ooueowzad  smo[[e UOTIOBAI 09
soueurojrad dI pa1oauISus  :9uexoH ‘S'¥
ey » A[TR[NOS[ON »  :9UBXAYO[IAD
-aseyd JIowouowr ‘80 :dINN adueio (ea
snoanbe e se ulXapoIAd ‘6°0 {AINA TAIdW 9%E£°98 0SS) AD-A> uonnos HOeN
a3 ut 3sA[ered Quisn  ‘grg:oueyyyg  ‘oniqiuelq  (ed 0ov) ur gp-A> pue
B SB pasn aueiquowW snue[ ‘6'§ :JOUBION 9'86 ‘TeSuag  an-¢> (ea yoreys oyerod  @d-d ‘an-o :(ad)
Ssem HOBN » U0 Iom A[UQ » ‘GG :191eM 9801 %¥'66 0TE) ADO 1938904 pruLneN ouexoH DAL NSO /ozTeui/yeaym ULnxXapopAd 0L
sagejueApesIqQ sadejueApy [req1ad  [op] uonoaloy [,_[ow jonpoid 110ddng JUAJOS IOWOUOW adfy udno  aseyd snoanby ‘joy
y 1ad jw 1ad 3] oomIn orueSIQ  OIUBdIQ QUBIqUIAN

7] souesUIIdg

"INd 85:9T:G 9202/22/T U0 papeojumoq '#20Z 1idy €2 uo paustiand

(‘pauoD) ¢ aqel

Green Chem., 2024, 26, 6237-6260 | 6247

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc00466c

View Article Online

Green Chemistry

Critical Review

s1sATered
10 S9ADIPPE ON »
uonyeredas
[es/24p pooD -
A1anisuas SL'T/T66
UONEIIUIIUOD [DeN/d uda1d '3 sueaq ‘ysy QUISA-T
ODMIN YSTH Nes YSIH «  ST°9¢€ :191eMm foyyden 0STT vd asd ouexoHq DAL ‘“Annod 3o 101 :ploe ourwry €8
SoUBIqUIdW NAL
[euonOUNIHNIA [ aAnIppE SAON
Aqess AN £8T:vE [DBN %€£°C6 m asooni3
SaAnIppe [BdIUBYDW  T*Q€ :9UO0JIY D3N %L6 syuerd jo pue (vad)
se SION d1X0} pue [edrwayd S'8T :vdl 'OSSIN ‘%6°86 ISOW JO $anssn apuIo[yd0IpAY
-mO[ JO asn JUS[[OOXH »  ‘€°6€ ‘191BM  ‘YOSTeN %6°66 V/N vd Id ouexoH DAL pue s[assniy aurtredoq  ¢8
aseyd (V) proe
snoanbe ayy umouwy S)INTJ ‘S9R1Y, 'V], oruue) pue (ANd)
ur ANd/VAd -[[om ST AnsTwIayo proe Ioptwsuenomau  surrydourdarou
1M IsA[ered uonoeay » oIuuRl, 7€8 {HNd ‘(vad)
B Se pasn J[qess vad %s g 10J  ‘(ANd) STZ 9PLIO[Y20IPAY
sem HOBN A[reorway « 7’8 :199BM YOSPEN %¢£6~  (VAd) 059 191894104 asd D-10ST DAL S[oSSNIN *vad surwredoq 18
Soueawrad
ODMN Y3IH - USIH *
“uneay ‘anjq
saxmbai Aq3ow ‘par
vas 3o 03U02 %6°66 (vas) sururedop
uoneredaid - J[qeIS+  POT XM ‘TOSTeN %06 0002 DINL-VAS NVJH SUeXayo[o4D DXL S[oSSNIA paleuojns 08
“AN 103 ySnous
poo3d jou uonyeredaxd
ST 9ouewIofIad orduis « Ppa1 03U0d %6
I Jqess - G/ 103eM ‘POSPRN %719 DINL/VA sad sueydoy DXL spossniN - (V@) sutwedod 64
Aauowr 1es OS“eN
30 3500 a3 Jo uonoafor
Je 383y JO 3s] « Y31y A19A aon-d :(ao)
-aseyd ULIIXaPO[IAD
snoanbe Iowouowr yores  ‘SopLIeyodesLy)
a3 ur IsA[ered pozrundo pue ‘s3inij pue - asouyjer
B sé pasn JueISISaI se 9s0on[3 Asuoy ‘syueid  pue ‘Ip - aso1ons
sem HOEBN « oauLo[yo AySiH » 1°9T :1938M "OSPBN %S°66  UIm 0FF 193894104 Nvd aueydoH DAL JSOW JO SONSSIL, ‘OUOW - 9S0ON[D 8/
9'¢
/T°66 [JDBN/€T
Ariqe pa132211p ‘IT
Burnoynue /9°66 YOS%eN [03IYIA19-059U
pooo . 7°€S I9IBM /pa1 03uoD V/N 193894104 SAd QueXoH DAL wion :Joyooe 1e3ns £/
€¢/8'86 HOBN W T Jaim
aseyd snoanbe [DBN/ET an[q asoIons SOpLIBYDJESLT)
a3 ur IsA[ered 309211p ‘T°TT %3IM 9°0 S)nij pue - asouyjer
e se pasn uonodafaryes/oAp  osorons YPIM /366 YOSCeN  paziwndo Asuoy ‘syueid  pue ‘Ip - aso1ons
sem HOEBN a[qeuoseay » $°CS 1938 /pa1o3uo)  YIm €8/ 193894104 sAd ouexoH DAL JSOW JO SONSSIL, ‘OUOW - 3S0ON[D 9/
sagejueApesIqQ sadejueApy [req1ad  [op] uonoaloy [,_[ow jonpoid 110ddng JUAJOS IOWOUOW udno  aseyd snoanby ‘joy
y 1ad jw 1ad 3] oomIn oruedip  oruediQ

7] souesUIIdg

"INd 85:9T:G 9202/22/T U0 papeojumoq '#20Z 1idy €2 uo paustiand

(‘pauoD) ¢ aqel

This journal is © The Royal Society of Chemistry 2024

26, 6237-6260

6248 | Green Chem., 2024


https://doi.org/10.1039/d4gc00466c

Published on 23 April 2024. Downloaded on 1/22/2026 5:16:58 PM.

Green Chemistry

) 2 T b2 =
18 O ® e g
on 3 aQ,
c| s SZ2°%° Z&
< =] ‘a‘*-‘ﬁu.’:‘q)
2| S =6 °8 25k
Tl 8Ez=0E2TS
%] o= QwENQN
= S5a8Po8~R Y
[a) Emmm-mo..:
—_ )
< n o et
5] < o
= §& ISRE=a1
” .g '439 Jé&cu
& 22 £°2 og%b%
on g3 5 £ SE2 w
flwugs Hg¢ ETEESL
SlSgp =8 pEcRP
£ 838w O S E g
S |lhAarm =X mgsasg
< « o e o & ¢ = ® T =
= = =
= =
S5, ~ “f%m%
She| SEYE
Q)N < . . e
EES| S 5858
S5E| o s g%
fAR|E B :S
o
=] « I 2B
T|Ee 9285
S ESsgR g0
=) 'Eoopgbﬂm:..e
Elec2S2EGE L
=} o O © © <
BIRLESLER eSS
g|5g2i5sss2
) I\EOHQ'\'MLQ:
K|loOhd 0 NH
o
o —
ST
(=]
SE|g s
St
| 8 3
Q = 17 Rl
j=} a [
=S =3
g1 S E
=Y =9 A
+
-
19
8| e o
j=] %] =
7] =¥ =01
2ol v 3
=i =1 =] =]
53| ¢ g
&0'6‘ [} [}
O & | s
=3
JE
=
CE|FE =
Q
= 4 4
@ %) %)
a o o
S o |+ +
Lo X <]
S|z 4
= kS
© (=) [}
= cg 9
— =i >
< <.g =
13} 0 (%]
] £8 m
2% SE
&g s g8<5 8
= = SRR
O |~ O e 2&
—
<<
g2 E‘“Ec
e\ 578
3 < |75 gESE
< % = 83.5-3
S 2| : FES 2
S| glf  ,s23%
g | .0 o2 EE T
3 < |3 ESsEZ
I} o
(L Y Sy o)
] & | o S

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical Review

formed a Michael addition/Schiff base reaction between the
pyrogallol groups in EGCG and amine groups in polyethyl-
eneimine (PEI), later amidation reaction with TMC onto poly
(tetrafluoro ethylene) (PTFE) resulted in a crossed-linked
EGCG-PEI-TMC/PTFE product (see Fig. 4). The use of PEI,
which is considered a toxic amine monomer, reduces the sus-
tainability of the membrane; however, its optimized concen-
tration is 1 w/v%, half the MPD concentration commonly used.
The use of EGCG for the production of NF membranes com-
pared to those produced solely by the reaction between PEI
and TMC increased the stability of the membrane due to the
stronger adhesion to the support.’” The resultant membrane
had very good performance and stability.

Alhazmi et al.®® used allylated gallic acid as [P monomer to
react with TMC. The MWCO was tuned between 700 and 327 g
mol™" by changing the chemical composition and reaction
time. The allyl functionality integrated into the membrane
network offers the chance for post-functionalization.

To conclude, membranes fabricated using bio-polyphenols
showed overall competitive performance, as seen in Table 3,
were easily fabricated, and have good potential to replace or to
come in addition to the aqueous monomer commonly used
for OSN/NF membranes.

2.2.2 Polysaccharides. Recent literature suggests alternative
monomers to those of petrochemical sources by simply explor-
ing sugar-based monomers for replacing the amine monomer.
Zheng et al.”> employed the classical examples of mono-, di-
and tri-saccharides such as glucose, maltose and raffinose for
facile IP. However, as in the case of polyphenols, the pH had to
be adjusted and therefore NaOH had to be used in the
aqueous solution for accelerating the reaction. The reactivity of
the primary -OH groups was lesser than secondary and tertiary
—-OH groups of saccharides and was much lower than the -OH
groups of amine monomers (MPD/PIP) with aqueous
monomer TMC. Hence, the sugar monomer concentrations
were increased to promote IP reaction rate. Additionally, a
high porosity commercial PES (with a MWCO as high as
100 kDa) was applied as the support to improve the sugar
transfer rate to the polymerization zone. The optimized sugar-
based TFC-NF membrane exhibited a water permeance of 33.7
L per m* per h per bar and Na,SO, rejection of ~95%. The
glucose-based TFC-NF membrane had a MWCO of 464 ¢
mol ™, slightly larger than the MWCO of PIP/TMC NF mem-
branes. However, the rejection of Na,SO, was similar due to a
high density of negative charges on the surface.
Polysaccharides are large molecules, that hinder the rapid IP
reaction by their slow diffusion to the interface. The resulting
TFC membrane is inferior in its performance to membrane
fabricated by polyphenols. Nevertheless, in terms of sustain-
ability, sugar-based monomers open a new window of opportu-
nity to replace toxic monomers as sugar is abundantly avail-
able in the nature offering non-toxic and harmless trait to
human beings and environment, and the matured industrial
methods to extract sugar makes it a cheap and a greener
alternative. Additionally, the authors closed the loop by fabri-
cating sugar-based TFC-NF membrane, and subsequently, by
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Fig. 3 The IP reaction between catechin and TPC, yielding polyester.>?

using these membranes, sugar was recovered from water for its
further production.”

In continuation, Jin et a reported the use of a sugar
alcohol, meso-erythritol, followed by sugar bio-monomers
such as sucrose’® replacing the amine monomer. These mem-
branes were evaluated for the wastewater treatment of textile
industries, as they offered adequate dye/salt separation,
wherein 99.6% of Congo Red dye was rejected and 89% of
Na,S0;, salt was permeated (at a water flux of 53.2 L per m” per
h per bar)”” and 99.4% of Congo Red dye was rejected and
88.8% of Na,SO, salt was permeated (at a water flux of 52.4 L
per m” per h per bar).”®

Cyclodextrins (CDs) constitute a family of cyclic oligosac-
charides, which are plant-based produced derived from starch.
They have abundant active -OH groups for crosslinking as well
as a cavity in the middle of their structure, named alpha, beta,
or gamma macrocycles. The cavity enables selective transport
of molecules with a sizes range of 0.47-0.95 nm. When they
are used as IP monomers in a fully crosslinked network, the
cavities can act as “preformed” pores. However, to have full
advantage of CD cavities as selective pathways, the space
between the CD unities must be minimized. CDs also have dis-
advantages compared to MPD: their hydroxyl groups are less
reactive towards acyl-chloride than amines, and they tend to
agglomerate in aqueous solutions. A pioneering approach to
effectively produce CD membranes was proposed by Villalobos
et al.,*® they used CD as the aqueous monomer and succeeded
in optimizing the preparation conditions (high concentration
of the aqueous monomer, hydrophilic and highly porous
support, high pH). CD reacted with terephtaloyl chloride (TC)
to produce polyester. The fabricated membrane had high per-
formance: its permeance was an order of magnitude higher
than commercially available OSN membranes, and its rejection
of methyl orange is slightly lower than polyamide TFC
membranes.

l. 77
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Table 4 Summary of the NF/OSN greener membranes properties, fabricated via IP using greener monomers and greener organic solvents

Permeance
[L per m*

MWCO

(g

per h per
bar]

Rejection
[%]

Organic

Membrane
type

Aqueous
phase

Disadvantages

Advantages

Product mol™]

Support

solvent

Organic monomer

Origin

Ref.
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Michael addition reaction

Schiff base reaction

OH |

OH

+TMC

Amidation reaction

Fig. 4 Reaction mechanism between pyrogallol groups of EGCG, amine groups of PEIl, and acyl-chloride.®”

In a practically identical approach, Liu et al’® further
explored the fabrication of membranes by molecularly engin-
eering the IP of CD and TMC to construct precise molecular
sieving architectures (Fig. 5). Preferential transport for polar
solvents is claimed to occur outside the cavities, while the
methylene (-CH2-) groups located at the interior of CD’s cav-
ities generate inner hydrophobic cavities for the transportation
of non-polar solvents, giving a double character to the mem-
brane recognized as a “Janus” system, as depicted in Fig. 5.
The study employed positron annihilation spectroscopy (PAS)
to confirm that larger free volume and higher microporosity
are generated with a larger inner cavity of the type of CD.
Based on the rejection ratio of various dyes, the estimated
MWCOs of various CDs and TMC based nanofilms are 320 g
mol ™, 400 g mol™" and 550 g mol ™ for a, f and y-CDs respect-
ively. These are in accordance with the free volumes and inner
cavity sizes of a-CD < p-CD < y-CD. Lastly, the chosen p-CD and
TMC based freestanding nanofilms exhibited shape-selective
functions for 3D molecules and reasonable permeances for
both polar (methanol, 4.9 L per m” per h per bar) and nonpo-
lar solvents (n-hexane, 6.3 L per m* per h per bar).

Polyester, the selective layer network when using unmodi-
fied CD or polyphenol as monomers can have advantages over
polyamide chemistry, which has been highly successful for
TFC membranes, in term of chlorine resistance.”"®” Polyamide
is not resistant towards chlorine which is a drawback for large-
scale desalination plants that cannot clean the RO system with
sodium hypochlorite.”"**%° Xue et al.”* therefore explored the
potential advantages of CD polyester membranes, prepared by
a procedure similar to that described above, in terms of their
chlorine resistance. High fluxes ranging from 104.6 L per m”
per h per bar to 197.6 L per m® per h per bar were reported by
altering the concentration of p-CDs in between 0.1 to 1.8 wt%
and the rejection of Congo red and methyl blue dyes was
95.6% and 94.4%, respectively. The desirably high flux was
attributed to the synergistic effect of the intrinsic cavity and

This journal is © The Royal Society of Chemistry 2024

inactive -OH groups of $-CD which resulted in the formation
of water channels and a loose selective layer. The most striking
result of this work was indeed the confirmation of a remark-
able chlorine resistance even when exposing to 10 000 ppm of
sodium hydrochloride solution for 96 h. Besides the low reac-
tivity and need for high pH during synthesis, a drawback of
this work was that heat treatment is needed to promote cross-
linking of the selective layer and to remove the n-heptane
organic solution.

With the objective of achieving even higher permeability,
while maintaining solute selectivity, more sophisticated
approaches were investigated, such as introducing graphene
quantum dots or carbon nanotubes as an additive to the p-CD
monomer in the aqueous solution.”>”* However, the cost of
graphene quantum dots and the complex pre-steps of obtain-
ing not-so-economical MWCNTs poses a disadvantage.
Nevertheless, the increase of the complexity for the membrane
preparation is not an advantage for the industrial fabrication
and application.

Regarding the high-performance properties of CD mem-
branes, the availability and low cost of the reactants make the
process feasible for large-scale usage; however, the require-
ment of high pH reduces their attractivity., A much more
effective approach was later proposed and demonstrated by
Huang et al,’ they functionalized CDs with amino groups
and then used them as monomers for IP. Amines are more
reactive; hence a thin, defect-free selective layer was formed,
which was able to separate molecules efficiently with MWCO
around 350 g mol™". By using this procedure, the selective
layer is highly crosslinked and constituted by 61.5% of $-CD,
each unit covalently connected with four others. The mem-
branes rejected more than 99% brilliant blue. The rigid CD
cavities rejected molecules with kinetic size larger than
0.61 nm. They distinguish molecules by shape as well, the
rejections of Safranine O and methylene blue were 72% and
38%, respectively, even though their size is similar (351 and

Green Chem., 2024, 26, 6237-6260 | 6251
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Fig. 5 Chemical structures and architectures of the crosslinked cyclodextrins and TMC, to produce molecular sieving nanofilms by IP.”°

320 g mol ™). With the fast reactivity of the amino functionali-
zation, the IP reaction can be easily translated to machines
analogous to those used in the industry. The scalability should
be therefore straight forward. The amino functionalization pre-
ferentially occurs in the narrow rim of the f-CD molecule and
the reaction with the acid chloride is regiospecific.”® The
resulting layer is therefore asymmetric, having different
degrees of hydrophilicity on each side, reflected by water
contact angles of 29° (high density of unreacted hydroxyl
groups) and 72°. This fact has been further explored by Jiang
et al.’* with the perspective of obtaining aligned macrocycle
pores for nanofiltration practically with the approach again
applied to CD and extended to 4-sulfocalix[4]arene.

Tang et al.”* used chitosan, a polysaccharide abundant in
crustaceans, to fabricate a NF membrane. First, chitosan was
used as the only aqueous phase monomer (0.8% w/v) reacting
with TMC in hexane (0.8% w/v); next, together with PIP (0.55%
w/v chitosan, 0.25% w/v PIP) in the aqueous phase, the IP reac-
tion with TMC was performed to produce polyamide (Fig. 6).
Chitosan is a polymer with long chain molecules that reduce
its penetration ability to the organic phase, as opposed to PIP
which diffuses more easily to the organic phase and reacts
with TMC. Therefore, the addition of PIP increases the
polymerization rate and a significant increase in pure water
flux (~5 L per m> per h per bar) was reported, and a slight
decrease in salt rejection (~3%) in comparison to the perform-
ance of the pure chitosan NF membrane which has salt rejec-
tion of 91.9% for Na,SO, and water permeance of 5.22 L per
m® per h per bar, moreover the addition of chitosan could
reduce the usage of the amine monomer concentration (0.8%
vs. 2%).”* However, to dissolve chitosan in the aqueous phase

6252 | Green Chem., 2024, 26, 6237-6260

Chitosan

OH
OH
Q
HO. O 2
NH, al o HO Onne
P!
P —

o ot /\

N N

—) o

PIP T™C HO[" D)

Fig. 6 The IP reaction between chitosan and PIP with TMC to produce
polyamide.”*

it must be heated and under acidic conditions, which reduces
process sustainability and upscaling potential.

In a recent study, Abdi et al.®® explored the separation of
mixtures of dye/salt wherein P84 co-polyimide was modified
with B-CD by a green method. In this research work IP between
N,N-bis(3-aminopropyl)-1,3-propanediamine (APPD) and p-CD
in a green solvent formulated novel p-CD incorporated P84 co-
polyimide nanofiltration (NF) membranes. The difference in
this method was that the chemical crosslinking between the
P84 co-polyimide membranes and APPD, and the IP with p-CD
would take place in one step. Initially, APPD would be dis-
solved in water at different -CD concentrations and since all
the mixed solutions would have a pH higher than 12.33, this
would favor the reactivity of the p-CD leading to a strengthen-
ing of the electrostatic attraction of f-CD with APPD. When the
P84 membrane is immersed in this solution, chemical cross-
linking and IP would simultaneously occur. The unreacted
hydroxide groups on the outer surface of p-CD would help

This journal is © The Royal Society of Chemistry 2024
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increase water permeability and form a negatively charged
surface, while the interior cavity of the 3D bowl-like structure
would enhance the size-sieving capability of the membrane. As
a result, the dye/salt separation efficiency of the f-CD incorpor-
ated NF membranes increases and turns it to a favorable
system for the treatment of salt-containing dye wastewater
treatment.

2.2.3 Amino acid-based monomers. Dopamine (DA) is a
bio-molecule known as a mussel-inspired ‘bio-glue’; it consists
of a catechol structure with one amine group. The amine and
phenol groups can all react with acyl chloride groups forming
amide and ester bonds in the dense thin film composite
membrane.”>®*® Zhao et al.”® (2014) were the first to use DA as
the aqueous monomer in the preparation of TFC membrane
via IP. They reported a strong bio-adhesion of DA from the
active layer to the support, producing a stable membrane. The
membrane salt rejection is not good enough for NF appli-
cations, MWCO wasn’t measured, but the membrane excellent
chemical stability turns it to be an adequate candidate for
wastewater applications.”®

Ding et al® added sulfonic acid groups to dopamine,
resulting in sulfonated dopamine (SDA) as the aqueous
monomer reacting with TMC via IP (Fig. 7). They reported that
the sulfonic acid groups contribute to the restraining of IP and
to the hydrophilicity of the fabricated membranes. The salt
rejection of the SDA-NF membrane was lower than of the
DA-NF membrane they fabricated, whereas the SDA-NF mem-
brane water flux was higher. The SDA-NF membrane per-
formed an excellent dye rejection (~99.9%) even for dyes with
MW of 320 g mol™*; however, the MWCO is very high (2000 g
mol "), which does not go along with the dye rejection per-
formance reported. The preparation of SDA included the
addition of propanesulfonate and ammonia to DA, following
heating of the solution to 50 °C for 18 h. This may reduce the
sustainability and the feasibility of industrial usage.

Along a similar line of research, Shah et al.®" employed bio-
monomers, namely dopamine hydrochloride (PDA) and pr-nor-
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epinephrine hydrochloride (PNE), which are derivatives of
amino acids, for replacing toxic monomers in the aqueous
phase. The amine, phenol and catechol functional groups of
PDA and PNE aid in forming a dense thin-film selective layer
with enhanced chemical and structural stability even in harsh
environments compared to the previously mentioned amino
acid derivatives based monomers. TMC was used in the
organic phase, constituted by a light alkylate Isol-C solution.
The permeation was tested with poly(propylene glycol) oligo-
mers with varied molecular weights, revealing that PDA, PNE
and tannic led to membranes exhibiting approximate MWCOs
of 650 ¢ mol™', 715 g mol™', and 832 g mol™", respectively.
Comparing all three NF membranes, the PDA based-mem-
brane exhibited a relatively higher flux and rejection rate for
bivalent ions. The water permeability was 8.14 L per m” per h
per bar and with a Na,SO, rejection of ~93%. Thus, in com-
parison to the two earlier works of DA and SDA-based mono-
mers, the dopamine hydrochloride-based TFC membranes had
better permeability and salt rejection. Lastly, as concluded by
the authors in this work, these TFC-NF membranes require
further fine-tuning of the properties for their implementation
in various industrial applications.

Another work by Zhang et al.®* extended the protocol of
using DA hydrochloride as an aqueous monomer by combin-
ing it with glucose and MOFs to prepare nanocomposite
membranes for precise and ultrafast molecular separations.
The IP reaction of polydopamine and glucose in the pres-
ence of compatible MOF additives enabled the formation of
ultrathin selective layers on the surface of porous substrates.
These ultrathin nanocomposite membranes derived from
natural compounds offered enhanced chemical stability and
water flux permeability of 39.3 L per m* per h per bar. Due
to the synergistic effects of each of the components, the
reported solvent permeances of these ultrathin nano-
composite membranes were two orders of magnitude higher
than that of commercially available OSN membrane.’
However, the incorporation of MOFs compromises the green

HO3S
(pH=8.5)

Cl Cl

Fig. 7 Preparation of NF membranes by IP, using sulfonated dopamine (SDA) and TMC as monomers.&°
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advantage of DA and glucose and makes the scaling-up pro-
cesses more difficult.

Another amino acid-based monomer, t-lysine, was explored
as an aqueous monomer in IP with TMC. Xu et al.®® used
readily available, non-toxic, and cheaper amino acids like
t-lysine with two amino groups that can rapidly react with
TMC. The membrane is presented as charge-mosaic. By using
t-lysine, a loose inner structure was obtained for fast transport
of salts and water and efficient rejection of dyes. Extensive dis-
cussions related to the plausible mechanisms of the salt con-
centration sensitivity (the water flux of the i-lysine based mem-
brane had a linear increase with the salt concentration in the
feed solution) of the charge-mosaic NF membranes were pre-
sented in this work. The optimized membrane exhibited desir-
ably high separation efficiency to salts/dyes mixtures (retention
of over 99.2% for Naphthol green B dye and NaCl rejection of
2.75%) coupled with an unusual salt concentration sensitivity.
The measured water flux of 36.15 L per m” per h per bar was
13 times higher than the pure water flux reported in the litera-
ture and these findings were confirmed after rigorous cycles of
repetition. This study could open doors for potential industrial
applications such as in textile industry where separation of
salts and dyes are inevitable or during pre-treatment in
salination.

2.2.4 Lignin. Zhan et al.®* used lignin alkali (LA) as the
aqueous monomer. Lignin is a polymer derived from plant cell
walls; it is the second largest natural macromolecule in nature.
Lignin has many benefits, being renewable, bio-degradable,
abundant, cheap, and non-toxic. Zhan et al.®* were the first to
perform IP with lignin as the aqueous monomer to produce a
NF membrane. The phenol groups in LA reacted under alka-
line conditions with acyl groups in TMC forming a dense thin
polyester layer. The fabricated membrane has high rejection
towards dyes (>97%); however, not satisfying salt rejection
(51.4% for MgSO,), excellent structural stability, and an easy,
low-cost preparation process. However, lignin is a complex
material, and the reproducibility of the membrane will depend
on the source of lignin.

2.2.5 Trisaminomethane. Tris(hydroxymethyl Jamino-
methane or THAM, a low-cost and green monomer was
reported used to prepare poly(ester amide) (PEA) thin-film
composite membranes via IP.*> THAM contains one amino
group and three hydroxyl groups and exhibits tetrahedral-like
geometry which is uncommon among most of the monomers
as they are either linear or planar. Moreover, THAM is exten-
sively used in the medical field, specifically in molecular
biology or biochemistry, and is featured as an integral com-
ponent in buffer solutions.”® Furthermore, THAM demon-
strated high water solubility and thus, Zhang et al.®> were par-
ticularly interested to investigate the relationship between
membrane structures and aqueous monomer concentration
for IP with TMC in the organic phase. Additionally, detailed
experimental work revealed that the coexistence of functional
groups with different reactivities enabled THAM to showcase
moderate reactivity which in turn was beneficial for tuning the
crosslinking density of the resultant polymeric network.

6254 | Green Chem., 2024, 26, 6237-6260
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Therefore, low and high THAM concentrations and the sub-
sequent tunable crosslinking densities led to loosen and
dense structures, respectively.

This interesting study shows THAM as a potentially suitable
monomer for controlled IP, which was difficult to achieve with
the traditional polyamide or polyester membranes. The con-
trolled tunability provides a wide range of structures, as higher
THAM concentration was tested for desalination application
wherein a water permeance of 11 L per m” per h per bar and
Na,SO, salt rejection of 97.1% was recorded. Contrarily, lower
THAM concentration, a loosely crosslinked structure showed
dye removable rate of 95% and a lowered NaCl rejection of
<7.5% with high water permeance of >45 L per m* per h per
bar. Therefore, tunable crosslinked membranes can be further
exploited for task-specific separation processes. Lastly, as
THAM contains three hydroxyl groups, lower reactivity with
TMC was addressed, by adding NaOH to the aqueous phase
the OH groups are deprotonated® and aid in forming alkoxide
ions with improved reactivity. However, during IP, extended
time was required to promote the reaction as well as thermal
post-treatment, which needs to be considered for further scale-

up.

2.3 Pursuit for greener membranes combining green solvents
and green monomers

Recent studies reported pioneering work in preparing green
membranes wherein both the toxic organic solvents and toxic
monomers have been replaced by green alternatives.”*°%°
Furthermore, these membranes were fabricated at room temp-
erature, thereby fulfilling all sustainable principles by Szekely
et al. (2014).>° Park et al.®" fabricated a totally green membrane
for the first time. p-Cymene was used as the organic sustain-
able solvent in the IP reaction, it is derived from plants, such
as origanum, eucalyptus, etc. It has low viscosity and moderate
to high vapor pressure, is considered flammable and its inter-
facial tension with water is lower than hexane (Table 1). The
product was not polyester because they did not use acyl chlor-
ide as the organic monomer, but priamine. The polymeriz-
ation reaction was Schiff-base and Michael-addition between
the pyrogallol groups of tannic acid (they were first converted
to quinone) and the amine groups of priamine resulting in the
formation of imine and amine groups (see Fig. 8). Its perform-
ance show high permeance of different solvents (e.g. 13.7 L per
m? per h per bar for acetone) and a low MWCO (395 g mol ™).
The fabrication process is easy and can be scaled up; however,
the costs of the green solvent and the green monomers may be
much higher than the commonly used ones.

Following the above work, Park et al.>* designed thin-film
composite (TFC) membranes via IP of chitosan, a shrimp
farming waste material, in the aqueous phase and plant-based
2,5-furandicarboxaldehyde in the organic phase, on an
upcycled  polyethylene terephthalate porous support.
TamiSolve was employed as a green solvent for the first time,
to activate the selective layer of the chitosan-based TFC mem-
brane. This resulted in significant enhancement in the per-
meance of various pure solvents including ethanol, methyl

This journal is © The Royal Society of Chemistry 2024
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ethyl ketone, acetone, and acetonitrile, with no remarkable
defects and high solute rejections. This work successfully tar-
geted the replacement of toxic and fossil-based solvents and
reagents in developing high-performance and solvent-resistant
nanofiltration membranes.

Yang et al. fabricated a biodegradable electrospun nanofi-
brous support, made of polylactic acid (PLA) and gelatin as an
interlayer.®® PLA and gelatin were dissolved using dimethyl
carbonate (a green solvent) and water. The hydrophilicity of
the support was enhanced due to the presence of the inter-
layer, gelatin. IP of natural monomers was employed to fabri-
cate green polyamide TFC membranes on the porous support.
The natural monomers (plant-based) used were genipin in the
aqueous phase and priamine in organic solvent eucalyptol.
The fabricated final membranes showed excellent acetone per-
meance up to 10 L per m? per h per bar and a 99.6% of oil
removal rate in water treatment at a water permeance of 5.6 L
per m? per h per bar. These membranes have excellent solvent
stability and OSN performance which potentiates its use in
sustainable membrane manufacturing. Considering the under-
lying motivation of this review, more efforts from the scientific
community can be directed towards producing greener mem-
branes by IP which include both green solvents and green
monomers, exhibiting enhanced process performance.

3. Eco-Scale greenness assessment
tool towards IP

Green chemistry encourages reducing the use of toxic chemi-
cals/reagents, employing energy-efficient equipment, and gener-
ating minimal waste.”® Recent trends in chemical processes
focus on the miniaturization of the sample preparation devices,
the development of solventless or solvent-minimized extraction
techniques, and the utilization of less toxic solvents.”® The
twelve principles of green chemistry serve as a basic guideline
for inducing greenness in the design of chemical procedures.*
Several metrics have been developed for the evaluation of the
greenness of chemical processes, of which Analytical Eco-Scale,
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Green Analytical Procedure Index, and Analytical Greenness
Metric are among the important tools for assessing the green-
ness of chemical processes.”>°® All these metrics take different
aspects of the analytical/chemical procedure into account to
provide the green index of the procedure. However, Eco-Scale is
the most widely employed greenness assessment tool due to its
simplicity in calculation and as it provides a quantitative assess-
ment of the method’s greenness in the form of a number that
can be compared with an ideal score of 100.°*°°

Although the membrane community has been continually
seeking to harness the sustainability metrics offered by mem-
brane technologies, there is a sporadic distribution of works
reported on utilizing ‘greenness assessment tools’ in this field
of research. Here, we attempt to uphold the principles of green
chemistry by exploring the analytical Eco-Scale tool to compare
the greenness of the IP reaction for the fabrication of represen-
tative membranes, each one from the three -categories
described in the previous sections, namely, green solvents,
green monomers, and total green membranes. For compari-
son, the Eco-Scale of the standard membrane fabricated via IP
using MPD/TMC as monomers and hexane as organic solvent,
is calculated as well. Briefly, the underlying motivation of this
section is to evaluate the effective greenness of the materials/
procedure for performing IP to obtain TFC membranes. It also
distinguishes between the overlapping perception of green and
sustainable chemistry, wherein the former concerns the
environment, and the latter deals more broadly towards econ-
omics, ecology and society.””

The Eco-Scale assessment tool was proposed by Galuszka
et al.’® based on the calculation of a numerical total score clas-
sifying the greenness level of the investigated analytical method.
An ideal green procedure has a total score of 100 with no penalty
points. Penalty points representing the harmful impacts of the
method on the environment are subtracted from the total score.
Negative effects on the environment include hazardous solvents
consumed, high energy consumption, and the amount of waste
generated. According to this assessment tool, there are three
classifications: a green method, which has a final total score of
more than 75 points; a non-green method, which has a final total
score between 50 and 75 points; and inadequate green analysis
and extremely harmful to the health/environment if the final
score is below 50 points. The penalty points of hazards are calcu-
lated based on the following criteria: non-hazard, which has no
pictogram and 0 penalty points; less severe hazard chemical,
which has only one penalty point and a more severe hazard,
which has two penalty points. The penalty points are also
extended towards energy consumption and purification steps of
the materials involved, if any, during the process.

The Eco-Scale assessment in this review was carried out
using the freely available Eco-Scale calculator (https://ecoscale.
cheminfo.org/calculator) and the software is based on the
paper by Aken et al.*® There were following assumptions while
carrying out the analysis: (i) The materials and process
employed only for the IP section were considered, (ii) The type
of membrane support and its procedure to obtain them was
not considered, (iii) The technical set-up for IP was assumed
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Table 5 Eco-Scale scores of the work on classical interfacial polymerization (IP), selected work on use of green monomer (section 2.1) or green
solvent (section 2.2), and of green membranes employing both green monomers and solvents (section 2.3)

Aqueous monomer Organic monomer Organic solvent Category of IP work Eco-Scale score Ref.
MPD TMC n-Hexane Classical IP 73 100
MPD T™C Oleic acid Green solvent 88 50
Allyl gallic acid T™C Isopar G Green monomer 90 68
Tannic acid Priamine p-Cymene Green membrane 90 61
Chitosan FDA Eucalyptol Green membrane 95 23
Genepin Priamine Eucalyptol Green membrane 95 86

to be a common set-up without the need for any special glass-
ware/glove box/unconventional set-up, (iv) the pre- and post-
treatment steps like heating were considered.

As seen in Table 5, it is clearly evident that the classical
example of IP has an undesirable Eco-Scale score of 73 as it
uses toxic monomers like TMC and MPD along with hexane as
an organic solvent and requires post-heat treatment for cross-
linking.'®® Merely by replacing hexane with greener organic
solvent alternative like oleic acid increased the Eco-Scale score
of the IP process to 88.°° Furthermore, the same group chose
an alternative greener monomer allylated gallic acid and
instead of n-hexane, isopar-G was used as a solvent and the
crosslinking was performed at room temperature conditions.®®
This resulted in the Eco-Scale score of 90. Avoiding toxic sub-
stances like MPD monomer and n-hexane organic solvent
saved 10 penalty points each. However, 5 penalty points each
were attributed to the usage of TMC and a non-green solvent
like Isopar-G. Lastly, sub-section 2.4 dealt with green mem-
branes produced by combining both greener monomers and
green organic solvents, and no post-heat treatment at elevated
temperatures was involved. The Eco-Scale score of the first
work by Park et al.,°" was 90 as p-cymene was used as the
organic solvent and priamines were used as the organic mono-
mers.®” The penalty points were applied for these two as
p-cymenes, a bio-derived green solvent imparts irritation to the
eyes and skin, and priamines are a bit expensive and not so
readily available. The other two works on green membranes by
Park et al., and Yang et al, from the same research group>**°
obtained the highest Eco-Scale scores of 95 each. In the former
work, chitosan from shrimp shells was used and the latter
work used priamines as the green monomer. Although both
are bio-derived greener options, their cost and availability are a
concern. Anyhow, a clear distinction can be witnessed from
Table 5 as alternatives uphold the spirit of green chemistry by
increasing the Eco-Scale score and substantially contributing
to more sustainable processes, which was the essence of the
contribution of the present review.

4. Conclusions

This work summarizes the recent advances reported on sus-
tainable variations of organic solvents and monomers used
for NF/OSN/RO membrane fabrication via the IP reaction.
Clearly, there is a wide variety of sustainable solvents and

6256 | Green Chem., 2024, 26, 6237-6260

monomers that can be used, and there is a need for more
specific criteria of what makes a better solvent or monomer.
To this end, better understanding of IP fundamentals pro-
vides insight on the desired properties of materials involved
in the reaction. Another noteworthy outcome of this review
is the apparent lack of agreed-upon criteria for performance
tests of a specific membrane type. For example, in the case
of OSN membranes, different dyes were used in different
studies to measure rejection, the permeance was measured
using different liquids, and the MWCO was not consistently
reported. These variations make it very difficult to compare
between membranes and scrutinize the impact of variations
in materials and fabrication conditions. Ideally, every mem-
brane type should have specific criteria and an experimental
protocol for evaluating its performance. Moreover, when
studying an effect of a specific parameter on the fabricated
membrane performance, this parameter should be the only
one changed, if possible, otherwise it is not possible to
clearly gauge its impact on the reaction and on the resultant
membrane.

Furthermore, the objective of these studies is to find alter-
nate, sustainable materials to replace the commonly used toxic
materials; therefore, it would be very useful to include an
industrial perspective, e.g., estimated costs, reaction times,
upscaling potential, and possibly other aspects of industrial
relevance. In lieu of this, many ‘green’ membranes will remain
in the academic literature without their application in
industry.

The last aspect of this review is the evaluation of the green-
ness of the membrane materials used in the IP process by
employing an Eco-Scale greenness assessment tool. The
results clearly distinguished the importance of using greener
solvents and greener monomers as they had less environ-
mental penalty points when compared with the classical
monomers (TMP and MPD) and organic solvent (n-hexane)
used in IP for producing membranes.
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