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ARTICLE INFO ABSTRACT

Keywords: Nanofiltration is widely used in various industries to separate solutes from solvents. To foster a circular economy,
Nanofiltration establishing a closed-loop lifecycle for the membrane materials is highly important. In this study, we fabricated
Polyester

recyclable nanofiltration membranes from chemically recyclable polymers —polyester P(BiL™)rop and poly
(cyclic olefin) P(BiL™)romp— using y-butyrolactone as a green solvent. These two polymers, of two different
polymer classes, were obtained from a single monomer, which could be recycled back to the same monomer,
exhibiting the unique “one monomer—two polymers—one monomer” closed-loop chemical circularity. The effect
of physical treatment, such as annealing, hot-pressing, and air exposure on the morphological characteristics and
performance of the nanofiltration membranes was investigated. We revealed the interplay between membrane
pore size, thickness, density and the molecular sieving performance of the nanofiltration membranes. Solute
rejections were mainly governed by the membrane pore size. However, solvent flux was mainly governed by the
membrane density that determines the free volume interconnectivity. The membranes exhibited a tunable mo-
lecular weight cutoff between 553 and 777 g mol~! and methanol permeance between 5.9 and 9.8 L. m™2 h™!
bar~!. The membranes exhibited excellent long-term nanofiltration stability over 1 week. The combination of the
green solvent used for membrane fabrication and the circular life cycle of the polymer membrane brings one step
closer to closing the circularity loop of membrane technology.

Poly(cyclic olefin)
Green solvent
Recyclable polymer
Circular economy

1. Introduction

Chemical separation accounts for the majority of global industrial
energy consumption (Sholl and Lively, 2016). In particular, many sec-
tors including the pharmaceutical, fine chemical, petrochemical, food,
and textile industries use organic solvents in their production (Clarke
et al., 2018). To separate solutes from solvents, membrane-based sepa-
ration processes are considered more energy-efficient than conventional
thermal-based separation such as cryogenic distillation (Datta et al.,
2022). In organic solvent nanofiltration (OSN) process, pressure is
applied through a membrane to separate solutes of molecular weights
between 100 and 2000 g mol ! from either polar or nonpolar organic
solvents.
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At present, most nanofiltration membranes are fabricated from
petroleum-derived polymers, such as polybenzimidazole, poly(dime-
thylsiloxane), polysulfone, and polyamide, raising sustainability con-
cerns (Hardian et al., 2021; Serbanescu et al., 2020; Tan et al., 2018;
Zakharova et al., 2021). Moreover, these polymers are typically pro-
cessed using toxic and hazardous organic solvents, such as N,N-dime-
thylacetamide = (DMAc), N,N-dimethylformamide (DMF), and
N-methyl-2-pyrrolidinone (NMP), which pose a series of health and
environmental risks (Belfort, 2019; Cheng et al., 2018; Nunes et al.,
2020). The importance of employing green solvents in polymer mem-
brane fabrication has been emphasized in recent studies (Hessel et al.,
2021; Xie et al., 2021; Zou et al., 2021). Moreover, nanofiltration
membranes fabricated from these conventional polymers typically
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undergo a linear life cycle, which end up in a landfill or incinerated (Li
et al., 2023). Design thinking toward end-of-life and waste management
of the membranes and their processes is necessary to address the health,
safety, and environmental concerns (Figoli et al., 2014; Kim and Nunes,
2021; Xie et al., 2021). Therefore, it is important to explore alternative
polymers that can ensure minimum dependency on nonrenewable
petroleum-based polymer materials, and could benefit waste manage-
ment from an economic perspective (Kim and Nunes, 2021; Syeda et al.,
2022). Such polymers must ideally be recyclable, sourced from renew-
able sources, and processable using green solvents.

Sustainable nanofiltration membranes are fabricated to promote
environmental health and conservation, in line with the United Nations’
Sustainable Development Goals, and achieve clean water and sanitation,
affordable and clean energy, climate action, and aquatic life below water
(Ogunmakinde et al., 2022; Syeda et al., 2022). Sustainable nano-
filtration membranes can be classified based on the employed solvents
and the membrane materials (Nguyen Thi et al., 2021). Based on the
employed solvents, the selection of green solvents that can be used to
fabricate nanofiltration membranes are provided in the list of GSK’s
solvent sustainability guide (Alder et al., 2016), which considers the
lifecycle impact, health, environment, safety, and waste categories.
Some examples on the use of biobased polymers for nanofiltration and
other membranes have been reported in the literatures, which includes
the use of cellulose derivatives, algal biomass and polyesters (Fatima
et al., 2023; Hardian et al., 2022; Rasool and Vankelecom, 2021;
Tomietto et al., 2022; Tran and Ulbricht, 2023; Yang et al., 2023). In
these literatures, the membranes were fabricated via phase inversion
technique using green solvents, and the bio-sourced polymer solutions
were cast on the nonwoven polypropylene support to enhance their
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mechanical stability. Despite addressing as many green chemistry and
engineering principles as possible, the use of polypropylene supports is
undesired because it is sourced from petrochemical derivatives.
Herein, we fabricated free-standing recyclable nanofiltration mem-
branes with remarkable mechanical stability from novel polyester P
(BiL™)rop and poly(cyclic olefin) P(BiL™)gromp polymers using y-butyr-
olactone as the green solvent (Fig. 1). Importantly, both polymers were
originated from a single hybrid bicyclic lactone-olefin (BiL™) monomer,
a hybridization of y-butyrolactone and cyclohexene constituents. These
two constituents and their derivatives can be extracted from natural
products and biologically synthesized, making them categorized into
renewable sources. For instance, y-butyrolactone can be derived from
succinic acid obtained from anaerobic metabolism during microbial
fermentation (Caretto et al., 2014; Lee et al., 2011). Moreover, cyclo-
hexene and its derivative can be found in small Japanese tree Lindera
umbellata and L. umbellata vat. lancea (Gribble, 1991). The BiL.™ mono-
mer underwent ring-opening polymerization (ROP) and ring-opening
metathesis polymerization (ROMP) to generate P(BiL™)rop (a class of
polyester) and P(BiL™)gromp (a class of poly(cyclic olefin)), respectively
(Shi et al., 2022). Both polymers can be depolymerized back to the same
monomer in the presence of a catalyst, thereby allowing the recovery of
their constituent monomer BiL~on demand, promoting sustainable
end-of-life cycle and a circular plastic economy. The properties and
nanofiltration performance of the membranes were investigated in
depth. The interplay between the membrane pore size, density, and
thickness with their nanofiltration performance was evaluated.
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Fig. 1. Sustainable lifecycle of recyclable “one monomer-two polymers—-one monomer” membranes for organic solvent nanofiltration (OSN): ring-opening poly-
merization (ROP) and ring-opening metathesis polymerization (ROMP) of hybrid lactone-olefin monomer that yielded P(BiL " )rop and P(BiL ™ )romp polymer
structures (see also Scheme S1); both polymers can be fabricated into OSN membranes using y-butyrolactone green solvent. Membrane fabrication; the dope solution
containing polymer and green solvent is cast, and the formed film is immersed in a water coagulation bath followed by annealing.
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2. Results and discussions
2.1. Membrane fabrication strategy

The membrane fabrication strategy involved solvent selection, vis-
cosity determination, and membrane post-treatment. To identify a
suitable solvent to process P(BiL™)grop and P(BiL™)romp polymers into
membranes, several green and conventional solvents were tested to
solubilize the polymers (Table S1). From 42 solvents, the P(BiL™)rop
polymer was soluble in 16 green and 9 conventional solvents. However,
only 8 green and 6 conventional solvents were able to dissolve the P
(BiL™)romp polymer. The limited solubility of P(BiL™)romp could be due
to its higher number-average molecular weight (M;, = 162.4 kDa) than
that of P(BiL™)rop (M, = 84.4 kDa). Moreover, the rigid structure of P
(BiL™)romp owing to the introduction of C=C in the backbone possibly
contributed to the enhanced solvent-resistant property.

Water was selected as the coagulation media during phase inversion
for membrane fabrication because it is the greenest solvent, abundantly
available, and economically feasible. Among all the green solvents that
could dissolve both P(BiL™)gop and P(BiL™)romp, only 4 were miscible
with water: dimethyl isosorbide, PolarClean, y-butyrolactone, and
y-valerolactone. The boiling point of dimethyl isosorbide (95 °C) is very
close to that of water (100 °C); thus, it could pose a challenge in the
potential recovery of solvents via distillation. In contrast, PolarClean
(boiling point: 282 °C) exhibited low polymer solubility (maximum of
18 wt% and 5 wt% for P(BiL™)grop and P(BiL™)romp). Due to structural
similarity with the polymers, y-butyrolactone (boiling point: 204 °C)
was selected as the appropriate solvent because it showed the highest
polymer solubility (>30 and 6.5 wt% for P(BiL™)gop and P(BiL™)romp)-

We determined the polymer dope solution concentration to reach
adequate viscosity for casting. In general, three concentration regions
could be distinguished in the concentration versus viscosity curve,
namely, dilute, semidilute, and concentrated regions (Strivens, 1999), as
shown in Fig. S1. The viscosity was considerably low in the dilute region,
resulting in a very thin membrane with poor mechanical properties.
However, it was substantially high in the concentrated region, resulting
in a very thick membrane that limited permeation. Adequate viscosity
for casting was achieved in the semidilute concentration region, indi-
cated in the inflection region in the concentration versus viscosity curve.
The semidilute concentration was obtained at 30 and 6.5 wt% of P
(BiL™)grop and P(BiL™)romp, with 4660 and 4280 mPa s viscosities,
respectively (Fig. S2a). Both polymers exhibit different viscosities
because they have different structures and respond differently to three
intermolecular forces, i.e., between the polymer molecules, between the
solvent molecules, and between the polymer and solvent molecules
(Strivens, 1999).

The dope solutions were cast, followed by phase inversion in water to
form free-standing membranes. The morphologies of the resulting
membranes were characterized via scanning electron microscopy (SEM)
as shown in Fig. S2b-i. Both P(BiL™)rop and P(BiL™)romp membranes
exhibited typical integrally skinned asymmetric morphology at the
cross-section, with a thin layer on the top region and finger-like mac-
rovoids in the bottom region of the membranes. The P(BiL™)gop mem-
brane was approximately three times thicker than the P(BiL™)romp
membrane because the concentration of P(BiL™)rop dope solution was
approximately five times higher than that of the P(BiL™)gomp dope so-
lution. The P(BiL™)gop membrane surface had a pore size of ~40 nm
(Fig. S2c), which is considerably large for nanofiltration applications.
However, the P(BiL™)romp exhibited considerably larger voids (up to 12
um), indicative of a defective membrane (Fig. S2f). To reduce the
membrane pore sizes, the cast solution was exposed to air before the
membranes were immersed in water. After 30 mins of exposure, the P
(BiL™)rop membrane surface showed a smooth and homogenous
morphology without any observable porosity (Fig. S3). However, P
(BiL™)romp membrane exhibited observable surface porosity (~200 nm
size) even after 0.5 h of exposure to air before coagulation in water (Fig.
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S4). Additionally, the membranes were annealed at various tempera-
tures to reduce their pore sizes. The P(BiL™)rop membrane did not
present any observable surface porosity after annealing at 120 °C for 2 h
(Fig. S5). Meanwhile, P(BiL™)gomp exhibited relatively large surface
porosity (Fig. S6) after annealing under the same thermal conditions. As
the P(BiL™)romp membrane defects could not be eliminated, only the P
(BiL™)rop membrane was characterized further because it showed good
membrane-forming ability with potential application for nanofiltration.
Indeed, P(BiL™)gop and P(BiL™)romp were successfully fabricated as
dense films (Fig. S7), which can potentially be used for gas separation.
However, this is out of the scope of this study.

2.2. Membrane characterization and recyclability

The membrane designation is presented in Table 1, and the effect of
annealing, hot-pressing, and air exposure on the membrane properties
are presented in Fig. 2. From differential scanning calorimetry (DSC)
analysis (Fig. 2a), the endothermic peak at around 108 °C was observed
in both the polymer and the membrane, which corresponds to the glass
transition temperature (Tg) of P(BiL™)gop. Interestingly, an exothermic
peak at around 196 °C was only observed in the membrane, but it was
not observed in the polymer. This exothermic peak was likely a result of
physical crosslinking of the double bonds (exothermic reaction) that
occurred during membrane preparations. Physical crosslinking is the
formation of bonds between polymer chains through weak interactions
(such as coordination bonding, hydrogen bonding, ionic interactions,
and van der Waals interactions). Whereas, chemical crosslinking occurs
through the formation of covalent bonding, which is facilitated by the
addition of crosslinking agents (Dodero et al., 2021; Hu et al., 2019;
Rebers et al., 2021). As the membranes were prepared without the
addition of crosslinking agents, only physical crosslinking may occur.
When the polymers were dissolved and coagulated during membrane
fabrication, the polymer chain entanglements were altered. The rear-
rangement of the polymer chains modified the hydrogen bonding and
van der Waals interactions between the polymers chains, which induced
physical crosslinking.

M2 was prepared by heating M1 at 120 °C for 2 h. Above its glass
transition temperature (~108 °C), the polymer structure changed
gradually from a hard and relatively brittle state to a rubbery state,
which enable the polymer rearrangement. The thermal property of M1
and M2 were very similar, where both M1 and M2 showed T at the same
temperature regions (Fig. 2b). M3 was prepared by sandwiching M1
between two glass plates (hot-pressing) and heating at 120 °C for 2 h.
Similar to M2, the thermal property of M3 remains unchanged (Fig. 2b).
M4, prepared by exposing the cast solution in air for 30 min prior to
water coagulation, also exhibited similar thermal properties as M1, M2,
and M3. The exothermic peaks were observed in a relatively narrow
temperature range, between 185 and 195 °C (Fig. 2b). A slight shift in
the exothermic peak could be attributed to the different modification
treatments employed to different membranes, which influenced the
physically crosslinked structures of the polymers. Thermogravimetric
analysis (TGA) curves of M1-M4 showed the same thermal profiles with
a sharp degradation temperature at ~258 °C (Fig. 2c). The Fourier
transform infrared (FTIR) spectra of the gas released when heating M1

Table 1

Membrane designations: free standing P(BiL™)rop membranes fabricated using
30 wt% dope solution in y-butyrolactone followed by casting (200-um knife
thickness) and coagulating in water; n.a. = not applicable.

Membranes Evaporation Heating Heating Hot-

) time (min) temperature ( time (h) pressing
°C) )

M1 0 n.a. n.a. no

M2 0 120 2 no

M3 0 120 2 yes

M4 30 n.a. n.a. no
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Fig. 2. Differential scanning calorimetry (DSC) curve of M1 membrane (solid line) and P(BiL™)gop polymer (dotted line) from room temperature to 250 °C (a); DSC
(b) and thermogravimetric analysis (TGA) (c) curves of M1-M4; FTIR spectra of the gas released during the thermal analysis of M1-M4 (d); FTIR spectra of M1-M4
(e); stress—strain curve (f) and mechanical properties (g) of M1-M4; H NMR spectra (f) of M1 before (black) and after (red) depolymerization.

(Fig. 2d) showed two species. At 100 °C, weak FTIR signals corre-
sponding to water adsorbed on the membrane surface were identified at
1700 and 3600 cm~*. More complex FTIR signals were identified at 258
°C, corresponding to the complete degradation of the polymers.

The FTIR spectra of M1-M4 are identical (Fig. 2e), indicating that the
pristine (M1) and physically treated (M2-M4) membranes had similar
chemistry. The P(BiL™")rop structure showed vC=C from the cyclohexene
form at 1653 cm ™! and C=0 stretching at 1723 cm™!. In contrast, the
mechanical behaviors of the membranes were distinct, as shown in the
strain-stress curves (Fig. 2f). M1 and M4 showed a more ductile char-
acteristic, whereas the thermally treated M2 and M3 showed a more
brittle characteristic. After heating to 120 °C, the elastic modulus and
tensile strength of M2 increased from 1.13 to 2.06 MPa and from 4.23 to
7.74 MPa, respectively, whereas its elongation at break reduced from
9.51% to 4.75% (Fig. 2g). The elastic modulus and tensile strength of M3
further increased to 4.79 and 15.24 MPa, respectively. Meanwhile, the
elastic modulus and tensile strength of M4 were quite similar to M1 at
1.11 and 4.48 MPa, respectively. These observations indicated that
thermal treatment induced rigidity in the polymer and reduced its
plasticity.

To promote a sustainable end-of-life treatment of the fabricated
membranes, M1 was depolymerized using a catalyst, ZnCl,. The proton
NMR spectra of M1 derived from P(BiL™)gop polymer and its depoly-
merized BiL™ monomer are shown in Fig. 2h. The P(BiL™)rop membrane
was successfully transformed back to its monomer, confirming its
recyclability and enabling its usage for other applications. The detail
assignments of the NMR peaks are provided in Fig. S8. The treated
membranes (M2 and M3) and also the membranes that have been used
for OSN test exhibited excellent recyclability to their parent monomers
(Fig. S10). These findings were crucial because we can fine-tune the
molecular sieving properties of the membranes via various physical
treatments without compromising monomer recycling.

The surface of M1 membrane exhibited observable pores of approx.
40 nm size (Fig. 3a), which could be tightened by heating at 120 °C
(Fig. 3b) and hot-pressing (Fig. 3c). Additionally, the large pores on the
membrane surface of M1 were also successfully eliminated, after the cast
solution was exposed to air for 30 mins prior to water coagulation (M4).

The tightening of the surface porosity was also confirmed by the
atomic force microscopy (AFM) images where the observable pores in
M1 surface (Fig. 3i) were absent in M2 (Fig. 3j) and M3 (Fig. k) surfaces.
The cross-sectional images of M1-M3 displayed integrally skinned
asymmetric structure, except that a denser morphology with thinner
membrane thickness was clearly observed for M3. These observations
indicated that heating process induced pore closure on the surface which
caused a slight increase in the density from 0.46 to 0.58 g cm™>
(Fig. 3k-1). Whereas, due to the combined effects of mechanical pressure
and heating during hot-pressing, densification occurred in both surface
and cross-section of the membrane, considerably increasing the density
from 0.46 to 0.76 g em 3 (Fig. 3k and 3m). The cross-sectional
morphology of M4 was distinct from M1-M3; its macrovoid size was
considerably smaller and more compact than those in M1-M3. The
morphology of M4 yielded a density of 0.64 g cm ™2, higher than those of
M1 and M2 but lower than that of M3. The water contact angles of
M1-M4 were relatively similar (61°-68°), indicating that the hydro-
philic characteristics originated from the ketone and ether functional
groups in the P(BiL™)gop structure. In conclusion, physical treatments
(annealing, hot-pressing, and air exposure) did not alter the chemical
and thermal properties of the membranes but affected their morphology
and mechanical properties.

2.3. Nanofiltration performance

The membrane separation performance was evaluated for OSN. The
membranes demonstrated excellent stability in water, hexane, heptane,
acetonitrile, and various alcohols. All the tested solutes with various
molecular weights (236-1017 g mol 1) passed through M1 with negli-
gible rejections (Fig. 4a), which indicates the presence of large porosity
on the membrane surface, as observed in the SEM images (Fig. 3a). The
list of tested solute molecules is given in Table S2. M2-M4 membranes
exhibited considerable rejection curves with various molecular weight
cutoff (MWCO) values. The heating process in M2 resulted in a mem-
brane with MWCO value of 624 + 27 g mol ! which correspond to the
membrane pore radius of 0.72 nm (Fig. 4b). Meanwhile, the hot-pressing
process in M3 tightened the MWCO value to 553 + 28 g mol~}, which
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Fig. 3. SEM surface (a-d) and cross-section (e-h) images of M1, M2, M3, and M4; insets in Figs. 3a-3d indicate the water contact angles of membranes; 3D AFM
topography (i-1) and fractional free volume (FFV) (k-n) of M1-M4. FFV was determined by using the Materials studio software: amorphous cell module was built
from 10 chains length with benzyl alcohol as terminator, using the COMPASS 1I force field and experimentally measured density.

correspond to the membrane pore radius of 0.68 nm. M4 possessed an
MWCO value of 777 + 29 g mol~! (corresponding to the pore radius of
0.81 nm), which was larger than those of M2 and M3. Accordingly,
methanol permeance for M2 (9.8 L m2h! bar!) was higher than that
for M3 (5.9 L m 2 h™! bar 1) and M4 was 7.7 Lm 2 h™! bar ..

The relations between the physical properties and OSN performance
of membranes are shown in Fig. 4c. The interplay between membrane
pore size, density, and thickness resulted in various molecular transport
mechanisms (Figs. 4d-4f). Although M2 had a medium pore size (r =
0.72 nm) and medium thickness (81.6 um), it exhibited medium MWCO
(624 + 27 g mol_l) with the highest permeance (9.8 L m2h!bar )
due to its lowest membrane density (0.58 g cm™>). Thus, pore size was
the main contributing factor for MWCO, but permeance was mainly
influenced by membrane density. A low membrane density indicated
that the membrane contained highly interconnected free volume, which
provided many channels for the facile transport of solvent molecules as
illustrated in Fig. 4d. By increasing the membrane density (0.76 g cm™~3)
while reducing the pore size (r = 0.68 nm), as in the case of M3, a
membrane with the lowest MWCO (553 + 27 g mol’l) and the lowest

permeance (5.9 L m~2 h™! bar™!) can be obtained, although M3 was the
thinnest membrane (50.6 pm). Moreover, these observations support the
argument that pore size mainly controlled the MWCO and membrane
density mainly governed the permeance. A high density indicated that
the membrane contained many unconnected free volumes which, in
combination with small pore size, hampered molecular transport
(Fig. 4e). M4 had inhomogeneous pore sizes, as shown in SEM and AFM
images (Fig. 3d and 31). The solute rejection will be governed by the
largest pore size, whereas the permeance will be determined by the total
number of available channels (Fig. 4f). M4 exhibited the largest pore size
(r=0.81 nm) with a medium density of 0.64 g cm™3; thus, it showed the
largest MWCO with medium permeance (7.7 L m2h! bar’l) because it
had a few large channels with many unconnected free volumes.

The permeance and solvent parameters of M2-M4 exhibited a linear
relation (Fig. 4g). In general, M2 exhibited the highest permeance for
any tested solvent, followed by M4 and M3. These results were in line
with the previous observations (Fig. 4d-f), where membrane density
primarily affected the permeance. Furthermore, solvent polarity was
proportional to the solvent permeance (Fig. 4h); the high-polarity
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the proposed membrane morphologies and molecular transport mechanism in M2 (d), M3 (e), and M4 (f); effects of solvent parameter (g), solvent polarity (h), and
solvent viscosity (i) on the permeance; methanol flux through M2, M3, and M4 at different applied pressures (j); acetonitrile, methanol, and hexane fluxes through
M2 at different applied pressures (k); OSN long-term stability of M2 (1); all nanofiltration measurements were conducted in methanol at 20 °C and 30 bar unless

otherwise stated.

solvents had a high permeance. These findings indicated that since the P
(BiL™)rop membranes were hydrophilic, the membranes had better
wetting degrees with polar solvents, facilitating faster flow and resulting
in higher permeance. These observations were also supported by pre-
viously reported studies (Miao et al., 2020; Xu et al., 2012). As expected,
the solvent viscosity (for both polar and non-polar solvents) was
inversely proportional to the solvent permeance (Fig. 4i) because
higher-viscosity solvents had higher transport resistance, as demon-
strated by the Hagen-Poiseuille equation (Eq. S2). Two trends were
clearly observed in Fig. 4i, where polar solvents exhibited higher per-
meance than non-polar solvents. The methanol flux linearly increased
with the applied pressure (Fig. 4j), indicating the mechanical stability of
membranes under high pressures and the absence of concentration po-
larization that could reduce the permeance. For other solvents, such as
acetonitrile and hexane, the linearity between applied pressure and
solvent permeance remained observed (Fig. 4k). These observations
suggest that the solvent properties (polarity, molecular size, and vis-
cosity) did not alter the mechanical stability of the membranes. The
solvent properties only affect the magnitude of the permeance through
the membrane. As M2 exhibited the most optimized OSN performance
with the highest flux and medium MWCO, it was further tested for
long-term nanofiltration stability over a 1-week continuous OSN test
(Fig. 41). During the first 24 h, the methanol permeance slightly
decreased from 13.7 to 9.9 L. m™2 h™! bar ™! because of membrane sta-
bilization. After 24 h, the membrane exhibited stable permeance during
the 1 week. Accordingly, roxithromycin (molecular weight: 837.05 g
mol 1) and oleuropein (molecular weight: 540.51 g mol™!) rejections

slightly increased from 59.4% to 65.4% and from 94.9% to 97.8%,
respectively. After the initial tightening of the membrane, it exhibited
stable rejections of both solutes for 1 week.

3. Conclusion

Recyclable nanofiltration membranes were successfully fabricated
from P(BiL™)grop and P(BiL™)gomp polymers using y-butyrolactone as a
green solvent. These polymers were obtained from a single monomer
(BiL™) and can be depolymerized into the parent monomer, following
the unique “one monomer-two polymers-one monomer” trans-
formation. The P(BiL™)rop membrane exhibited strong resistance to-
ward water, heptane, hexane, acetonitrile, and various alcohols,
enabling its potentials applications in various liquid media. The
morphology and mechanical properties of the membranes were tunable
via physical treatments (annealing, hot-pressing, and air exposure)
without modifying their chemical and thermal properties. Annealing
yielded membrane with a medium pore size (r = 0.72 nm), while
maintaining large free volume in the cross-section, allowing for high
solvent flux (9.8 Lm2 h ! bar D). Hot-pressing induced densification in
both skin layer and the cross-section, resulting in membrane with a small
pore size (r = 0.68 nm) and low solvent permeance (5.9 L m2h! barfl).
After exposing the cast solution to air before phase inversion, membrane
with a large pore size (r = 0.81 nm) and medium solvent flux (7.7 L m2
h! bar 1) were obtained. Furthermore, the interplay between mem-
brane pore size, density, thickness, and membrane nanofiltration per-
formance was assessed. Solute rejection was mainly determined by the
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pore size of membranes, whereas solvent flux was mainly affected by the
membrane density that governed the free volume interconnectivity. The
most optimized P(BiL™)rop membrane (M2) demonstrated an MWCO
value of 624 + 27 g mol !, with the highest methanol permeance (9.8 L
m2 h! bar™!). M2 also exhibited excellent long-term stability under
continuous cross-flow filtration in methanol over one week. The fabri-
cation of fully recyclable polymer nanofiltration membranes using green
solvents was in line with sustainability and circular economy principles.

Statement of novelty

Herein, we have developed nanofiltration membranes based on
novel fully recyclable polyester P(BiL™)rop and poly(cyclic olefin) P
(BiL™)romp, using y-butyrolactone as the green solvent. These polymers
were synthesized from a single monomer (BiL™) and exhibit the unique
“one monomer-two polymers—one monomer” closed-loop lifecycle.
These recyclable polymers enabled fabrication of membranes with
distinct properties, which can be used for various applications. Thus, the
results reported herein call for rapid dissemination. The depolymeriz-
ability of these novel polymers enabled the recycling of the after-used
membranes, paving the way toward a sustainable and circular plastic
economy.
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