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ARTICLE INFO ABSTRACT

Editor: V. Tarabara Thin-film-composite (TFC) nanofiltration membranes represent the pinnacle of membrane technology in water
treatment and desalination. These membranes typically consist of a polyamide (PA) selective layer and a
membrane support layer, often constructed from commercially available materials like polyethersulfone (PES).
However, there exists an alternative approach that involves the use of different polymers, preferably upcycled
waste polymers, as a viable support layer for TFC membranes. Successfully implementing the upcycling of waste
plastics into high-value support membranes can make a significant contribution to addressing the issue of plastic
waste pollution. One of the primary challenges associated with utilizing upcycled polymers as support layers is
the potential impact on the polyamide selective layer of TFC membranes, subsequently affecting their perfor-
mance in terms of permeability, rejection, and antifouling properties. In this study, we demonstrate the suc-
cessful fabrication of TFC membranes with a support layer crafted from upcycled waste PVC pipe. We conducted
a comprehensive investigation into the effects of upcycled PVC on the structural and physicochemical properties
of the polyamide layer. The ultrafiltration (UF) support membranes were fabricated from waste PVC pipe via the
nonsolvent induced phase separation (NIPS) method. Subsequently, a polyamide layer was synthesized atop the
Upcycled PVC membrane using interfacial polymerization (IP). The physicochemical properties and performance
of the TFC membranes with upcycled PVC support layer were compared with membranes with research-grade
(RG) PVC and commercial PES support layers. The results unveiled that the TFC membrane with upcycled
PVC support layer exhibited higher water permeability (18.2 LMH/bar), in contrast to RG TFC (15.5 LMH/bar)
and PES TFC membranes (13.7 LMH/bar). Furthermore, the salt rejection capabilities of the upcycled PVC TFC
membrane were competitive and well within an acceptable range.
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1. Introduction body through the food chain, as marine and terrestrial organisms are

consumed by humans. They can lead to various health issues, including

Plastic production has increased 20 times over the past 50 years, with
an estimated 9200 million metric tons (Mt) of plastic produced world-
wide, of which more than 6900 Mt end up in landfills and lead to
environmental pollution. 368 Mt of plastics were produced globally in
2019, which is expected to double within the next 20 years [1]. This also
results in the generation of large quantities of plastic waste and wide-
spread plastic pollution. It is estimated that 19-23 Mt of plastic waste
produced worldwide in 2016 entered into the aquatic bodies and is
estimated to rise up to 53 Mt annually by 2030 [1]. Two serious prob-
lems involving plastic fragments affecting marine organisms in aquatic
ecosystems are entanglement and ingestion which lead to loss of
mobility, loss of sensitivity, weakening of reproduction ability,
decreased growth and even death [2]. These plastics enter the human
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tissue damage, reproductive problems, mental health issues, intestinal
damage, immune system problems, and neurotoxicity [3]. Polyvinyl
chloride (PVC) is among the most widely manufactured and utilized
thermoplastics globally. It is employed in an array of applications,
including pipes, packaging, wire insulation, furniture, automotive
components, construction materials, flooring, window frames, and
numerous other products [4].

In 2018, the global demand for PVC stood at approximately 44.3
million tons, and it is projected to rise significantly to around 60 million
tons by 2025 [5]. This increasing demand for PVC has consequently
resulted in a surge in PVC waste production, posing environmental
concerns due to the chlorine content, adipate, phthalate, etc. in PVC
materials [5]. Notably, a substantial portion of PVC is utilized in the
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production of PVC pipes and fittings, leading to a significant volume of
PVC pipe waste generation [6].

Recycling PVC presents a significant challenge due to its high chlo-
rine content. The incineration of PVC leads to the production of toxic
chlorinated dioxins and corrosive hydrogen chloride (HCI) gas, posing
risks to human health [7]. Landfilling PVC waste is also an unsuitable
option because natural exposure can result in oxidative degradation,
causing slow decomposition and the release of additives such as
phthalates. This can lead to groundwater contamination [7]. Therefore,
a more promising solution to address PVC pollution is through upcycling
of waste PVC, which involves converting plastic waste into high-value-
added products such as polymeric membranes [8].

Presently, thin film composite (TFC) membranes are the predomi-
nant choice for large-scale industrial water treatment and desalination
applications [9]. These TFC nanofiltration (NF) membranes consist of
two key components: a support layer, responsible for providing struc-
tural integrity, and a selective polyamide layer, responsible for the
separation capabilities of the TFC membrane [10].

Currently, the majority of commercial TFC membranes utilize poly-
ether sulfone (PES) or polysulfone (PSF) as their support layers. How-
ever, there is a wealth of research reporting the development of TFC
membranes using various porous support materials [11]. While various
polymers, including polyethylenepolyethylene (PE) [12], polypropylene
(PP) [13], polyimide (PI) [14], polyvinylidene fluoride (PVDF) [15],
polyacrilonitrile (PAN) [16], polyphenylsulfone (PPSU), polytetra-
fluoroethylene (PTFE), polyetherimide (PEI), poly(ether ether ketone)
(PEEK), copoly(phthalazinone biphenyl ether sulfone) (PPBES), poly
(arylene ether nitrile ketone) (PENK), polyether polyurethane (PF), poly
(phthalazinone ether nitrile ketone) (PPENK), and polyketone (PK)
[11,17], have been employed to fabricate support layers in TFC mem-
branes, but the upcycling of waste plastics/polymer such as PVC for use
as a support layer in TFC membranes remains relatively unexplored.

The interfacial polymerization (IP) reaction, which forms a thin
polyamide layer occurs on the surface of the porous support layer;
therefore, the properties of the support layer such as its chemistry,
surface topography, roughness, porosity, pore size, surface hydrophi-
licity/hydrophobicity, morphology and surface charge significantly in-
fluence the characteristics such as morphology, thickness and transport
properties of the resulting polyamide layer which in turn affect the
performance such as water permeability and salt rejection of the TFC
membranes [11,18]. Furthermore, the addition/presence of additives in
the support layer also changes one or all of the aforementioned support
layer properties that, in-turn, impact the properties of the resulting
polyamide layer and the performance of the TFC membrane [11].
Several studies have reported the impact of different support layer
properties on the characteristics and properties of the polyamide layer
and the performance of the TFC membranes. Mokarizadeh et al [11],
conducted an comprehensive review focusing on the relationship be-
tween the support layer, the PA selective layer, and the effect of support
layer properties and additives on the physicochemical properties of the
PA layer and, consequently, the performance of TFC membranes.

This paper explored the upcycling of waste PVC pipe as a support
layer for creating a TFC membrane. The waste PVC pipe, sourced
directly from a landfill, transformed into a support layer using the
nonsolvent induced phase separation (NIPS) process. Subsequently, a
thin polyamide layer was fabricated atop the support layer through
interfacial polymerization (IP), resulting in the development of an
Upcycled PVC TFC membrane. To assess the impact of additives, present
in the waste PVC pipe on various aspects of the upcycled membrane,
including the structure, morphology, thickness, transport properties,
and performance (water permeability and salt rejection) of the poly-
amide layer, TFC membranes using commercial research-grade PVC (RG
PVC) powder, were fabricated employing identical conditions as those
for the fabrication of the Upcycled PVC TFC membrane. Finally, a
comparative analysis assessed the physicochemical properties and per-
formance of the Upcycled PVC TFC membrane against the TFC

Separation and Purification Technology 340 (2024) 126747
membranes with commercial polyethersulfone (PES) support.
2. Materials and methods
2.1. Materials

Waste PVC pipe was directly collected from a landfill, and its mo-
lecular weight was measured using gel permeation chromatography
(Table S1). Research-grade (RG) PVC powder (with a molecular weight
of approximately 50,000 g/mol and number-average molecular weight
of about 35,000 g/mol) was procured from Sigma Aldrich (St. Louis,
MO, United States). Commercial polyethersulfone (PES) membranes
were obtained from Synder Filtration (Vacaville, CA, United States).
High-purity Tetrahydrofuran (THF) (with a purity of >99.9 %) was
purchased from Honeywell-Burdick & Jackson (Muskegon, MI, United
States). N,N-dimethylformamide (DMF) (with a purity of >99.9 %) was
sourced from VWR Chemicals BDH (Randor, PA, United States). Piper-
azine (C4H10N2), anhydrous and 99 % pure, was acquired from Bean-
Town Chemical (Hudson, NH, United States). 1,3,5-Benzenetricarbonyl
trichloride (C6H3(COCI)3) (TMC) was obtained from Tokyo Chemical
Industry (TCI) (Portland, Oregon, United States). n-Hexane (CH3(CH2)
4CH3) with a purity of 95 % was supplied by J.T.Baker (Phillipsburg,
NY, United States). Sodium chloride (NaCl) with a purity of >99 % (and
a molecular weight of 58.44 g/mol), calcium chloride (CaCl2) anhy-
drous (with a molecular weight of 110.98 g/mol), and magnesium sul-
fate (MgSO4) anhydrous (with a molecular weight of 120.36 g/mol)
were all purchased from VWR Life Science (Solon, OH, United States).
Nitric acid (HNO3) with a purity of 68-70 % was procured from VWR
Chemicals BDH (Randor, PA, United States). Pellets of sodium hydroxide
(NaOH) with a molecular weight of 40.00 g/mol and a purity of 98.5 %
were sourced from Acros Organics (Geel, AN, Belgium). Silver nitrate
(AgNO3) with a molecular weight of 169.87 g/mol was obtained from
VWR Life Science (Solon, OH, United States), and a silver standard for
ICP was purchased from Inorganic Ventures (Christiansburg, VA, United
States). Bis(2-ethylhexyl) adipate, having a purity of 99 % and molecular
weight of 370.57 g/mol was purchased from Thermo Scientific (Wal-
tham, Massachusetts, United States). Diisononyl Phthalate with a mo-
lecular weight of 418.62 g/mol was obtained from Tokyo Chemical
Industry (TCI) (Portland, Oregon, United States). Acetone (purity >
99.5 %) was obtained from VWR Chemicals BDH (Randor, PA, United
States). Ultra-pure deionized (DI) water from MilliQ was utilized for all
experiments.

2.2. Sample pretreatment.

The waste PVC pipes collected from landfill were water-washed and
then soaked in acetone to facilitate the cutting process. After softening,
the pipes were cut into small pieces with average dimensions of
approximately L: 1.19 cm, W: 0.94 cm, and H: 0.386 cm. Following this,
the samples were air-dried at room temperature for a duration of one
week to ensure complete evaporation of the acetone. The dried pieces
were then subjected to a thorough washing with deionized (DI) water
and allowed to dry again at room temperature.

2.3. Support membrane fabrication via nonsolvent induced phase
separation (NIPS)

Two different dope solutions were prepared by dissolving 22 wt% of
each waste PVC pipe and research-grade (RG) PVC in THF and DMF in a
volume ratio of 2 to 3, respectively. All the dope solutions were prepared
by stirring at 400 rpm at 23 °C for 19 h. The dope solutions were
degassed for 4 h before the phase inversion process. The doctor blade
was adjusted to a thickness of 150 pm and positioned on a clean glass
slide supported by a solid surface. Approximately 20 % of the casting
solution was carefully poured within the doctor blade’s designated area.
The doctor blade, along with the solution, was then smoothly moved
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across the glass plate. Subsequently, the solution was allowed to sit
undisturbed for one minute. The resulting uniformly flat solution was
transferred into a 2 L container of deionized (DI) water, initiating sol-
vent/nonsolvent exchange and causing the membrane to detach from
the glass surface. The newly fabricated membrane was gently lifted from
the glass plate and stored in refrigerated DI water. The membrane
casting was performed at a room temperature of 25 °C and an average
humidity of 74 %.

2.4. Fabrication of thin film composite (TFC) membranes.

The TFC membranes were prepared by forming a thin polyamide
layer on top of the support membranes through interfacial polymeriza-
tion between piperazine (C4H;oN3) (aqueous phase) and 1,3,5-Benzene-
tricarbonyl trichloride (CgH3(COCl)3) (TMC) (organic phase). The
aqueous phase was prepared by dissolving 1 g of piperazine in 99 g of
water (1 wt% aqueous piperazine solution) and stirring for 1 h at room
temperature. The organic phase was prepared by dissolving 0.15 g of
TMC in 100 mL of n-hexane (0.15 wt% of TMC in hexane) and stirring
for 1 h at room temperature. The support membranes were taped onto a
glass plate and aqueous solution was poured on the membrane surface
for 90 s, after which the excess piperazine solution was removed, and the
membrane was air knifed for 15 s to completely remove the piperazine
from its surface. Following this, the support membrane was immersed in
an organic solution containing 0.15 wt% TMC in n-Hexane for 30 s,
resulting in the formation of a thin polyamide layer on top of the support
membrane. The fabricated TFC membrane was taken out of the organic
solution, rinsed three times with DI water, air dried for 2 min, and stored
in DI water [19].

2.5. Permeability and salt rejections of the support and TFC membranes.

The permeability of the support and TFC membranes was measured
using a cross-flow setup. The membranes were compacted at 120 psi for
2 h to reach a semi-steady-state permeability. This was followed by
permeability measurements at 100 psi based on standard protocol (see
supporting information S2). The salt rejection of the TFC membranes
was measured by passing 2000 ppm aqueous solutions of three salts,
sodium chloride (NaCl), calcium chloride (CaCly), and magnesium sul-
fate (MgSO4) through the membrane in the cross-flow cell at 100 psi (see
supporting information S2).

2.6. Investigate the effect of adipate and phthalate on PA formation

To assess the potential impact of adipate and phthalate, the two
primary additives found in PVC pipe, on piperazine diffusion, the same
interfacial polymerization (IP) process was conducted. However, this
time, only the pure organic phase (n-hexane) was employed instead of a
mixture of TMC in hexane. Various amounts of adipate and phthalate
(ranging from O to 2 wt%) were individually added to the aqueous phase
solutions containing 1 wt% piperazine. These solutions were stirred for
30 min. Subsequently, 20 mL of the aqueous phase solution for each
condition was poured over RG PVC support membranes for a duration of
90 s. Afterward, the excess aqueous phase was removed, and 20 mL of n-
hexane solution was applied to the surface of the RG PVC support
membrane for 30 s. During this period, piperazine diffused from the
membrane pores into the n-hexane solution. The resulting piperazine-
hexane solution was collected in small beakers and allowed to dry
overnight, leaving piperazine behind. Once all the hexane had evapo-
rated, piperazine remained in the beakers. To these beakers, 40 mL of
water and 0.8 mL of an internal standard (methyl piperazine) were
added, and the solutions were stirred for 30 min. The concentration of
piperazine was determined using a Bruker HCTUltra PTM Discovery
system quadrupole ion trap mass spectrometer in conjunction with an
Agilent 1200 capillary LC.
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2.7. Characterization techniques.

The surface morphology of the ultrafiltration (UF) support layer and
TFC membranes was determined using scanning electron microscopy
(SEM, JEOL FE 7000, JEOL, Tokyo, Japan) with gold-coated samples.
Fourier transform infrared (FTIR) (Perkinelmer, Waltham, Massachu-
setts, USA) was used to determine the chemical bonds and functional
groups in the membranes. The water contact angle (WCA) of the
membranes was determined using the Bio Scientific Attention Theta Lite
instrument (Avondale, Arizona, USA). The molecular weight cutoff
(MWCO) of the support membranes was measured using polyethylene
glycol (PEG) with molecular weights 400, 600, 1000, 1500 and 2000 Da
(see supporting information S3) [20]. Ternary phase diagrams for both
the PVC pipe and RG PVC casting solutions were established based on
the experimental cloud point data obtained through the titration method
(see supporting information S4) [21]. Silver binding and elution method
was used to measure the carboxylic group density (crosslinking degree)
of the polyamide layer (see supporting information S5). The surface
charge of the membranes was measured using Surpass 3 (Anton Paar,
Houston, Texas, USA). The concentration of the eluted silver ions (Ag*)
was measured using Inductively Coupled Plasma Optical Emission
spectroscopy (ICP-OES) (Optima 8300, PerkinElmer, Waltham, United
States). The solution conductivity was measured using a conductivity
meter (Orion Star A212, Thermo Fisher Scientific, Waltham, United
States). The surface roughness of the TFC membranes was measured
using atomic force microscopy (AFM) (Innova Scanning Probe Micro-
scope, Bruker, USA). The concentration of piperazine was measured
using Bruker HCTUltra PTM Discovery system quadrupole ion trap mass
spectrometer coupled with an Agilent 1200 capillary LC and membrane
thickness was measured using a micrometer.

3. Results and discussion
3.1. Characterization of Upcycled PVC membrane (support layer)

The thickness measurement of the three support layers—Upcycled
PVC, RG PVC, and PES—was performed at ten different points of an
individual membrane sheet. The thickness of the commercial PES sup-
port membrane with the nonwomen was around 193 + 0.79 ym and the
Upcycled PVC and RG PVC membranes showed a thickness of 184 +
6.98 and 190 + 5.23 um respectively, which were in the same range and,
therefore their thickness should not have had any effect on the formation
of PA layer (see supporting information S6).

The addition or presence of additives in the support layer changes/
alters the properties of the support layer (surface functional groups,
hydrophilicity, surface charge, morphology etc.), which impact/alter
the piperazine and TMC transport and reaction, hence impacting the
thickness, crosslinking degree and morphology of the polyamide layer
[15]. The surface chemistry of the support layer impacts the formation
and properties of PA selective layer [11]. For instance, a more hydro-
philic support has attractive interactions with the aqueous phase which
facilitates and improves the penetration of aqueous solution into the
support layer and resists the transfer (slows down the diffusion) of
aqueous solution to the reaction zone, resulting in the formation of a less
crosslinked and thinner PA layer [11,22]. Considering that the PVC pipe
incorporates various additives such as adipate and phthalates, a
comprehensive FTIR analysis was performed on the Upcycled PVC
membranes. The aim was to compare the FTIR results of Upcycled
membranes with RG PVC membranes in order to ascertain whether any
additives were leached out during the solvation and phase inversion
processes. Additionally, a comparative FTIR analysis was conducted on
the PA selective layers formed on the surfaces of both Upcycled PVC
membranes and RG PVC membranes, as well as commercial PES mem-
branes. This was done to assess the potential alterations in the compo-
sition of the PA selective layer. Fig. 1 a and b show the FTIR spectra of
RG PVC powder and the RG PVC support membrane, respectively. The
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Fig. 2. (a) The water contact angle and (b) The zeta potential (surface charge) of PES, Upcycled PVC, and RG PVC membranes.

FTIR peaks observed in the RG PVC polymer and the RG PVC membrane
were found to be identical, providing confirmation that any constituents
present in the RG PVC polymer were also retained in the RG PVC support
membrane. The PVC peaks include C-Cl bond at 600-650 cm ™, Trans-
CH wagging at 961 cm ™!, CH rocking at 1240-1257 cm ™!, CH, defor-
mation at 1339 cm ™! and C-H stretching at 2890-2958 cm ™! [23,24].
Fig. 1 d and e display the FTIR spectra of the solid PVC pipe and
Upcycled PVC membrane, respectively. The FTIR spectra of the PVC pipe
and Upcycled PVC exhibit identical peaks, confirming the presence of all
components, including various additives, from the waste PVC pipe in the
Upcycled PVC. The three main additives of PVC pipe are calcium car-
bonate, adipate and phthalate [25-27]. The carbonate peaks were
identified by in-plane bending of carbonate ion at 700 cm™?, out of plane
bending adsorption of carbonate ion at 870 cm™?, the symmetric stretch
of carbonate ion at 1080 cm ™" and the asymmetric stretch of carbonate
ion at 1400 cm™! [28]. The adipate was identified by the peak at 1700
cm ™" which represents the stretching vibration of C=0 group in adipate
[29], and phthalate peaks were identified by the symmetric and asym-
metric stretching vibrations of the saturated C-H at 2872, 2934 and
2967 cm’, the stretching vibration of C=0 at 1700,/1730, the C-C
stretching vibration peaks of the benzene ring at 1575 cm ™! and 1599
cm !, The symmetric and asymmetric stretching vibrations of the ~CHg
group at 1465 and 1385 cm™! and the ortho- substituted benzene
stretching vibrations at 745 cm™! [30]. Fig. 1g shows FTIR of
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commercial PES support membrane with characteristic peaks of benzene
rings at 1576 cm™!, 1483.7 em™!, and 1405 cm ™!, ether function at
1319 ecm™}, as well as 1296 cm ™! and sulfone group at 1144 cm™! and
1100 em~! [31]. The FTIR of all the TFC membranes confirmed the
formation of PA layer on three support layers (Fig. 1 c, f, and h). A strong
broad band at 1627 cm ™!, corresponds to the C=0 stretching vibrations
of the amide group. The peak at about 3399-3440 cm™! which corre-
sponds to —-COOH functional groups in poly (piperazine-amide) indicates
the carboxylic acid functional groups formed by the partial hydrolysis of
the acyl chloride of TMC [10,32]. The comparative analysis of the FTIR
spectra of the PA layers formed on the three support layers revealed no
discernible alterations in the chemical composition of the PA. This
outcome confirmed that the additives present in the Upcycled PVC
membrane exerted no influence on the chemical structure of the PA
layer.

The water contact angle, which reflects the hydrophilicity/hydro-
phobicity of the surface of the three membranes (support layer) is pre-
sented in Fig. 2a. In general, hydrophilic supports tend to enhance the
wettability of the aqueous solution containing amine monomers.
Consequently, this elevated wettability contributes to impeding or
decelerating the diffusion of amine monomers toward the organic-
aqueous interface—the site where the reaction occurs. This hindrance
arises due to interactions transpiring between the aqueous phase
(comprising water and amine monomers) and the pore walls of the
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Fig. 3. (a) Molecular Weight Cutoff (MWCO) of PES, Upcycled PVC and RG PVC support membranes measured using different PEG at pressure of 60 psi, (b) Viscosity
of PVC Pipe and RG PVC casting solutions at different shear rates measured at the ambient temperature of 23 °C. The concentration of the casting solutions was 22 wt

% in a mixture of DMF:THF (v/v) 3:2, stirred at 400 rpm for 19 h at 23 °C.
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Fig. 4. SEM cross-section of (a) PES, (b) RG PVC and (c) Upcycled PVC membranes. Prior to SEM, the samples were gold sputtered at 6 mA current for 90 s.

support, leading to the formation of a thinner PA on the membrane
surface during IP [11].

The results showed that all three support membranes can be cate-
gorized as hydrophilic (contact angle < 90°). The Upcycled PVC mem-
brane showed a slightly more hydrophobic behavior than RG PVC
membrane. This might be due to the existence of additives such as
adipate and phthalate with a hydrophobic nature added to PVC pipe
during its manufacturing [25]. The Upcycled PVC and RG PVC mem-
branes showed slightly lower hydrophilicity than the PES membrane.
The higher hydrophilicity of PES support is due to the highly electro-
negative oxygen atoms in PES, which make hydrogen bond with water
molecules that are stronger than the dipole-dipole interactions between
electronegative chlorine and water molecules in PVC membranes [33].

The surface charge of a support layer plays a crucial role in influ-
encing the surface charge of the thin-film composite (TFC) membrane by
exerting an impact on the polyamide (PA) structure. A support layer
characterized by a more negative surface charge results in a corre-
sponding increase in the negative surface charge of the TFC membrane
[34,35]. The increased negative surface charge of the support layer can
repel the negatively charged TMC, hindering its interaction with PIP.
Consequently, this can lead to the formation of less crosslinking PA
[34,35]. The surface charge of the three support membranes is presented
in Fig. 2b. The Upcycled PVC membrane showed more negative surface
charge than the other two membranes in a neutral pH range (5.5 - 8).
The negative surface charge of Upcycled PVC and RG PVC membranes
needs more investigation as due to their chemical structure, there is no
possible dissociation or ionization that results in a negative surface
charge. The more negative surface charge of the Upcycled PVC mem-
brane compared to the RG PVC membrane may be attributed to the
presence of additives, although it is not expected that common additives
such as adipate, phthalate, and calcium carbonate in PVC pipe
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/ 7 7 7 7 /
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contribute to the enhanced surface charge since they are neutral by
nature. However, the exact role of various PVC pipe additives in zeta
potential remains unclear, and further investigation is required to un-
derstand their effect on zeta potential. Furthermore, surface roughness
measurements of these membranes revealed that they exhibit similar
surface average roughness (RG PVC (105 nm), Upcycled PVC (104 nm),
and PES (107 nm) (Table S3). The MWCO and the average pore radius of
membranes are shown in Fig. 3a and Table S2. The MWCO and the
calculated pore size of all three membranes were in the range as reported
for UF membranes in the literature [36,37]. All three membranes
showed similar MWCO (top surface pore size). However, the Upcycled
PVC and RG PVC membranes showed different pore morphology (Fig. 4
b and c). The SEM of RG PVC membrane showed a more porous sponge-
like morphology compared to PES membrane with small pores
throughout the cross-section. The SEM of the Upcycled PVC membrane
showed a finger-like morphology with large pore size, lengths and vol-
umes. In general, the pore size and pore morphology of a phase inverted
membrane is a function of solvent/nonsolvent exchange rate [38]. The
solvent-nonsolvent exchange rate in a phase inversion process is mainly
influenced by the viscosity of the casting solution and the presence of
additives. The viscosity of the dope solution impacts the exchange rate
between solvent and nonsolvent during the demixing process and hence,
influences the morphology of the resulting membrane. A higher vis-
cosity of the dope solution hinders/slows down the exchange (diffusion)
rate between solvent and nonsolvent, which results in delayed demixing
leading to the formation of a dense and relatively thick top layer, less
porous substructure and sponge-like morphology (less number of mac-
rovoids in the porous sublayer) which further impact the membrane
performance such as lower water flux [39,40]. On the contrary, lower
viscosity of the casting solution accelerates the demixing of solvent and
nonsolvent leading to the formation of a thin skin layer at the top and a
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Fig. 5. Ternary phase diagrams for (a) PVC Pipe and (b) RG PVC at 23 °C in a solvent mixture of DMF: THF (3:2 V:V) and water as the non-solvent.
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finger-like morphology characterized by larger pore sizes, lengths, and
volume [39,41]. The viscosity of the 22 wt% casting solutions of PVC
pipe and RG PVC is presented in Fig. 3b. The results show that under
identical casting solution preparation conditions, the viscosity of the RG
PVC casting solution was higher than that of the PVC pipe casting so-
lution. The reason for the lower viscosity of PVC pipe casting solution
might be due to the presence of additives in PVC pipe, which were added
to the PVC pipe during its manufacturing [27].

Generally, these additives disrupt the entanglements and in-
teractions within the three-dimensional network of polymer chains,
causing the PVC chains to loosen. This results in an increased amount of
free space within the polymer matrix, allowing the chains to move more
freely and thereby increasing their mobility. Consequently, this leads to
a lower viscosity of the PVC material [42].

Since the PES membrane is a commercial membrane, there is no
information about its fabrication condition.

The MWCO of all three membranes showed similar values in the
range of 1500 to 1847.97 Da based on the more than 90 % rejection of
PEG with 1500 MW. This trend suggests that all three membranes
possessed a pore size (radius) of around 1.1 nm (Table S2). The rationale
for this behavior could be attributed to the presence of hydrophobic
additives, which may promote a reduction in pore size. This reduction
compensates for the anticipated increase in pore size in the Upcycled
PVC membrane with lower viscosity, as depicted in Fig. 3b.

The cloud point experiment was conducted to analyze the phase
behavior of the ternary system of the polymer (PVC pipe and PVC RG)
solvent and nonsolvent as a way to identify the effect of additives in PVC
pipe regarding the solvent-nonsolvent interaction and consequently
affecting the pore morphology (see supporting information S4). Fig. 5
shows the cloud point curves of PVC pipe and RG PVC within the DMF:
THF/Water system. An observation from the graph is that the PVC pipe
system (with the binodal curve positioned closer to the polymer—solvent
axis) requires less amount of water (nonsolvent) to induce cloud point
and phase separation compared to RG system (with the binodal curve
situated nearer to the polymer-water axis). This distinction implies that
the PVC pipe possessed lesser thermodynamic stability, which exhibited
rapid demixing behavior (as explained based on the viscosity properties
of the casting solution), resulting in a finger-like morphology (Fig. 4c).
Conversely, RG PVC system possessed more thermodynamic stability
imposing delayed demixing characteristics that consequently formed a
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sponge-like morphology (Fig. 4b) [43-45]. Since the only difference
between the PVC pipe and RG PVC system was the presence of additives
such as adipate and phthalate in PVC pipe, it can be inferred that these
variations are attributed to the influence of additives in PVC pipe. It can
be postulated that adipate and phthalate reduce polymer solubility by
interacting with the solvent, thereby decreasing the amount of water
required to precipitate the polymer [46,47].

3.2. Performance of the Upcycled PVC membrane (support layer)

The performance of the Upcycled PVC membranes was examined
with reference to two control membranes, including RG PV membrane
and commercial PES membrane. The water permeability results showed
that the Upcycled PVC membrane had the highest pure water perme-
ability, followed by the RG PVC membrane and then the PES membrane
(Fig. 6). Generally, pore size, pore morphology and surface chemistry (i.
e., surface hydrophilicity) determine the permeability of a membrane.
Since all three membranes possessed almost a similar hydrophilicity and
pore size (Figs. 2a and 3a), then the permeability behavior can be
explained based on the morphology of these membranes. The distinctive
finger-like morphology of the Upcycled PVC membranes is associated
with reduced mass transfer resistance—essentially indicating a lesser
hindrance to the flow of water molecules through the membrane. As a
result of this favorable morphology, these membranes exhibited signif-
icantly higher permeability when compared to the other membranes.
Likewise, the morphology of the RG PVC membrane exhibited lower
mass transfer resistance in comparison to the sponge-like morphology of
the PES membrane.

3.3. Characteristics of TFC membranes with Upcycled PVC support layer

Having covered the properties of the Upcycled PVC membrane in the
preceding section, the subsequent discussion pertains to its utilization as
the support layer for TFC membranes. The Polyamide layer (PA) forms
atop the support layer through interfacial polymerization (IP). This oc-
curs as piperazine molecules from the aqueous phase interact with TMC
in the organic phase (n-hexane) at the interface. This interaction is
initiated when the TMC organic phase is introduced onto the support,
already bearing the absorbed aqueous phase containing piperazine
monomers. Consequently, an amidation reaction ensues, giving rise to
the polyamide layer [48]. The unreacted COCl groups from TMC un-
dergo hydrolysis in water, resulting in the formation of carboxylic
(—COOH) groups and generating HCI as a by-product [49,50].

The PA comprises both crosslinked and linear components. The
crosslinking degree quantifies the proportion of crosslinked segments
(amide bonds) relative to the linear segments (carboxylic groups) pre-
sent in the polyamide layer on the support surface. A higher crosslinking
degree signifies an increased presence of amide bonds and a reduced
concentration of carboxylic groups within the polyamide layer [51,52].
This parameter holds significance due to its influence on PA layer void
formation, membrane hydrophilicity, surface charge, pure water
permeability, and salt rejection. A lower crosslinking degree corre-
sponds to a higher number of voids inside the PA layer and an elevated
carboxylic group content, which in turn leads to heightened hydrophi-
licity, more negative surface charge, increased permeability, and
diminished salt rejection [53].

The crosslinking degree of PA depends on several factors, including
the support layer physicochemical properties, the composition of the IP
reaction mixture, the concentration of the reactants (such as the amine
and acyl chloride), the reaction time and temperature, solvents type, and
the presence of any additives or modifiers [11]. In this study, the same
interfacial polymerization composition, duration, and temperature were
consistently utilized across all membranes. Therefore, the influential
factors contributing to variations in the characteristics of the PA layer
were likely associated with the properties of the support layer, including
aspects such as pore size/morphology, surface charge, and
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Fig. 7. (a) Areal carboxylic group density of TFC membranes with PES, Upcycled PVC and RG PVC support layer measured at pH = 7 and pH = 10.5 by performing
silver binding and elution experiment, (b and c¢) PIP diffusion into the n-hexane solution within 30 s and in the presence of different concentrations of (b) adipate and
(c) phthalate. The experiment was carried out at 23 °C with constant piperazine concentration (1 wt%) and varying adipate and phthalate concentration (0.5, 1,1.5

and 2 wt%) in the aqueous phase.

hydrophilicity. Varied pore sizes and morphologies among the support
membranes result in distinct surface areas for polymerization. Conse-
quently, the number of active sites available for interaction between
piperazine (aqueous phase) and TMC (organic phase) differs, along with
the penetration rates of the aqueous phase within the support layer.
These factors contribute to the diversity in the crosslinking degrees.
Support membranes featuring smaller pore sizes and a sponge-like
morphology offer a larger surface area at the polymerization interface
in comparison to their counterparts with larger pore sizes and a finger-
like morphology. This expanded surface area facilitates the presence of a
greater number of active sites, enabling piperazine (aqueous phase) to
effectively interact with TMC (organic phase) and consequently leading
to higher crosslinking degrees [54]. Furthermore, the combination of
smaller pore sizes and a sponge-like morphology imposes challenges on
the penetration of the piperazine aqueous phase within the support
layer. As a result, the reaction between piperazine and TMC predomi-
nantly transpires at the support surface. This scenario translates to an
increased concentration of piperazine molecules available on the sur-
face, bolstering the interaction with TMC and fostering the formation of
a more extensively crosslinked polyamide layer [48,55]. Conversely,
larger pore sizes and the finger-like morphology characteristic of sup-
port membranes facilitate the penetration of the piperazine aqueous
phase into the support layer. Consequently, a reduced number of
piperazine molecules are accessible on the support surface to engage
with TMC. This outcome culminates in the creation of a thinner and less
crosslinked polyamide layer on the support surface [48]. With an
elevated concentration of piperazine at the support surface, the impetus
for piperazine to permeate through the initially established polyamide
layer/film intensifies. This heightened driving force results in an
augmented presence of piperazine molecules within the reaction
zone—situated atop the initially formed polyamide film—primed to

)
&

Water Contact Angle (Degree

PES TFC

Upcycled PVC RG PVC TFC
membrane TFC membrane membrane

engage with TMC. Consequently, this dynamic drives polymerization,
leading to the creation of an additional polyamide layer atop the initial
thin polyamide film. This layered effect contributes to an overall in-
crease in both the thickness and cross-linking degree of the polyamide
layer [56,57].

The silver elution method was employed to measure the unreacted
carboxylic groups of PA to determine PA degree of crosslinking [58,59].
The areal carboxylic group density of the three TFC membranes at pH =
7 and pH = 10.5 is shown in Fig. 7a. The carboxylic group density at pH
= 7 represents the carboxyl (-COOH) groups on the PA surface, while
the carboxylic group density at pH = 10.5 represents the carboxyl
(-COOH) groups buried within the PA network [59]. Among the three
TFC membranes, the PA layer formed on the top of the Upcycled PVC
support layer had a higher carboxylic group density (lowest crosslinking
degree) at both pHs, followed by RG PVC TFC and then PES TFC (highest
crosslinking degree). The reason for this trend (as explained before) is
attributed to the pore size and morphology of the support membranes.

In addition, another justification of the lower crosslinked degree of
PA of the Upcycled PVC membranes might be due to the presence of
adipate and phthalate (Fig. 1d). Adipate and phthalate compounds
encompass ester groups (—COO), facilitating hydrogen bonding with the
aqueous phase’s (-NH) groups of piperazine and (-OH) groups of water
molecules. This interaction introduces a counteracting force on the
aqueous phase, thereby retarding its diffusion rate out of the support
pores. Consequently, the availability of the aqueous phase reac-
tant—piperazine molecules—diminishes, impeding their interaction
with TMC (organic phase). This outcome yields a less crosslinked
polyamide layer, indicative of a higher proportion of unreacted TMC
(organic phase) [11,22,53,57]. To confirm this behavior, the interaction
between pure adipate/phthalate and PIP was investigated experimen-
tally (Fig. 7 b and c). As shown in Fig. 7 b and c, the concentration of
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Fig. 8. (a) The water contact angle of TFC membranes with PES, Upcycled PVC and RG PVC support membranes measured at 20 different points on 3 different
samples of the membranes and (b) Zeta Potential (Surface Charge) of TFC membranes with PES, Upcycled PVC and RG PVC support membranes.
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Fig. 9. The top surface and cross-sectional SEM images of (a and d) Upcycled PVC TFC, (b and e) RG PVC TFC and (c and f) PES TFC membranes fabricated on top of

Upcycled PVC, RG PVC and PES support membranes, respectively.

piperazine diffusion into n-hexane (organic phase) decreased with an
increase in the amount of adipate and phthalate. This confirms the
interaction between adipate/phthalate and the aqueous phase, possibly
via hydrogen bonding, which retarded (slowed down) the diffusion rate
of piperazine out of the support pores.

The water contact angle of TFC membranes with the Upcycled PVC
support layer was in range with TFC membranes fabricated using the
commercial PES support layer (Fig. 8a). The TFC membranes showed
hydrophilic properties due to the N-C=0 groups (crosslinked section of
PA layer) and ~COOH groups (uncrosslinked section of PA), which make
a hydrogen bonding with water molecules [60,61]. As all the TFC
membranes possess a polyamide layer with N-C=0 groups and nearly
identical areal carboxylic group densities on the membrane surface at
pH = 7 (Fig. 7a) their water contact angles are consequently similar.
This result showed that the use of an Upcycled PVC membrane as the
support layer of a TFC membrane did not affect the hydrophilicity of a
PA layer compared to using a commercial PES support layer.

The three TFC membranes showed a similar surface charge (Fig. 8b),
with a slightly more negative surface charge for TFC with an Upcycled
PVC support layer at all pHs followed by RG PVC TFC and then PES TFC.
The ZP trend can be explained based on the areal carboxylic group
density (Fig. 7a) where the presence of more ~-COOH groups on the
membrane surface resulted in a more negative surface charge of the
membrane (Fig. 8b) [51,62]. The relatively more negative surface
charge of the Upcycled PVC TFC membrane can be justified based on the
higher amount of carboxylic groups on the surface of its PA layer, as
confirmed by the silver elution analysis at pH 7 (Fig. 7a).

Fig. 9 shows the top surface and cross-section SEM images of Upcy-
cled PVC, RG PVC, and PES TFC membranes. The TFC membrane with
an Upcycled PVC support layer showed globular-like nodular
morphology, RG PVC TFC membrane had a spread out (leaf-like)

6.2 ntn

morphology, while PES TFC membrane had a ridge and valley structure.
The reasons for these different morphologies of the TFC membranes can
be related to the different physicochemical properties of the support
layers [63,64]. In the case of Upcycled PVC, larger pore sizes and the
finger-like morphology of the support membrane promoted the ingress
of PIP into the support layer. As a result, there was a diminished number
of PIP molecules available on the support surface for interaction with
TMC [26]. The reduced PIP concentration on the support layer’s surface
fostered the creation of dispersed globules or nodules. These nodules
were spaced apart, preventing their amalgamation, and resulting in the
generation of smaller polyamide tufts.

Moreover, the lower PIP concentration on the support surface,
combined with the slower diffusion rate of PIP into TMC, limits the
growth of the tufts, ultimately leading to the formation of a thinner
polyamide layer having an average thickness of 221.32 nm (as depicted
in Fig. 9d) [65,66]. In addition, the morphology can likely be attributed
to the presence of adipate and phthalates, which facilitated hydrogen
bonding with PIP and water molecules. The consequence of this inter-
action was a diminished number of PIP molecules available to interact
with TMC. This circumstance facilitated the formation of dispersed
globules or nodules, with these nodules exhibiting spacing that pre-
vented their fusion. Consequently, this led to the formation of smaller
polyamide tufts (Fig. 9a). The TFC with RG PVC support layer with the
absence of additives, smaller pore size and sponge-like morphology,
showed closely packed globules/nodules that joined together, leading to
the formation of spread out (leaf-like) polyamide layer on the support
surface (Fig. 9b). The elevated concentration of PIP on the support
surface, coupled with its rapid diffusion into TMC, culminated in a
relatively thicker polyamide layer having an average thickness of
290.21 nm (Fig. 9e). For the PES TFC, the absence of additives, smaller
pore size, and a more densely packed, sponge-like morphology in the
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Fig. 10. AFM images of (a) PES TFC, (b) RG PVC TFC and (c) Upcycled PVC TFC. Surface roughness parameters of membranes obtained from analyzing three

randomly chosen 20 pm x 20 pm AFM images.
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concentration of the three salts was 2000 ppm.

PES support layer compared to the RG PVC support layer resulted in the
highest concentration of piperazine on the support surface and the
fastest diffusion rate of piperazine into TMC (organic phase). This fast
diffusion led to the formation of densely packed globules/nodules that
clustered together, forming a dense ridge and valley structure (Fig. 9c).
Additionally, the significantly faster rate of piperazine diffusion into
TMC for the PES support layer, compared to the RG PVC support layer,
resulted in a much faster growth rate of the polyamide layer on the PES
support. This, in turn, led to the formation of a thicker and more
crosslinked polyamide layer on the PES support membrane, having an
average thickness of 350.15 nm when compared to the RG PVC support
membrane (Fig. 9f).

Fig. 10 depicts the surface roughness of the three TFC membranes.
Notably, the TFC membranes with Upcycled and RG PVC support
exhibited higher surface roughness compared to those with a PES sup-
port layer. This heightened roughness finds its explanation in the PA
morphology, which was previously discussed. Specifically, the PA layer
of PVC membranes displayed an increased presence of surface nodules,
indicative of a greater number of discontinuities and irregularities when
contrasted with the TFC PA on the PES support layer [67].

3.4. Performance of TFC membranes with Upcycled PVC support layer

The pure water permeability of the TFC membranes is illustrated in
Fig. 11a. Among the membranes, those with Upcycled PVC support
demonstrated the highest permeability, followed by RG PVC and TFC

with the PES support layer. The permeability of TFC membranes is
significantly influenced by two key factors: the thickness and cross-
linking degree of the PA layer [11,68]. The heightened water perme-
ability in TFC membranes with Upcycled PVC support can be attributed
to their lower crosslinking degree (Fig. 7a), the dispersed spacing of
globular/nodular-like surface morphology with smaller polyamide tufts
(Fig. 9a), and a thinner polyamide layer (Fig. 9d), when compared to RG
PVC and PES TFC membranes. Surface roughness also played a crucial
role in determining the water permeability differences among the three
TFC membranes. Upcycled PVC TFC and RG PVC TFC membranes
exhibited the highest surface roughness, followed by RG PVC TFC and
then PES TFC. The increased surface roughness in Upcycled PVC TFC
membranes enlarged the effective membrane area and heightened the
friction force between the membrane surface and water molecules. This,
in turn, slowed down the flow of water molecules over the membrane
surface and facilitated water molecule adhesion to the membrane.
Consequently, the permeability of Upcycled PVC TFC membranes
improved compared to RG PVC TFC and PES TFC membranes [69,70].

Fig. 11b illustrates the rejection of three salts—sodium chloride
(NaCl), calcium chloride (CaCly), and magnesium sulfate (MgSO4)—Dby
the TFC membranes. Overall, all three membranes showed semi-similar
and acceptable salt rejection as the NF membrane. The highest rejection
rates for all three salts were observed in TFC membranes with a PES
support layer, followed by TFC with RG PVC and Upcycled PVC support
layers. Salt rejection in TFC membranes is influenced by size exclusion
and surface charge mechanisms [43,71]. As all three membranes
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exhibited nearly equivalent surface charges (Fig. 8b), the determining
factor in salt rejection was primarily the physical properties of the PA
layer. The observed results can be rationalized by considering the PA
thickness and crosslinking degree in the TFC membranes. TFC mem-
branes with Upcycled PVC support possessed a thinner polyamide layer,
as elaborated earlier in section 3.3 (Fig. 9d), along with a lower cross-
linking degree (Fig. 7a) and higher permeability (Fig. 11a). These factors
collectively led to reduced salt rejection in comparison to RG PVC and
PES TFC membranes.

The results show that for all three TFC membranes, the rejection of
MgS0O4 was the highest, followed by CaCly and then NaCl. The salt
rejection performance of the TFC membranes is controlled by two
fundamental mechanisms, which are size exclusion and Donnan exclu-
sion [51,72]. Among cations, Mg>" has the highest hydrated ionic
radius, followed by Ca?* and then Na®’ hence, based on size, the
rejection follows the order of Mg?t > Ca?" > Na' [73-77]. Among
anions, SO~ has a higher hydrated ionic radius compared to Cl" hence,
the rejection follows the order of SO;~ > Cl™ [74,76-79]. The surface of
all three TFC membranes is negatively charged (Fig. 8b) and based on
Donnan exclusion, sulfate ions SO3~ having a more negative charge than
chloride ions (Cl') experience a much greater electrostatic repulsion and
were rejected more compared to Cl” ions; therefore MgSO4 had a higher
rejection than CaCly and NaCl [51,80]. The performance of the Upcycled
PVC TFC membrane was benchmarked and compared with other
membranes reported in the literature (Table S4). The results indicate
similar or superior performance of the Upcycled PVC TFC membranes.

3.5. Stability and pressure resistance of TFC membranes with Upcycled
PVC support layer

The stability and pressure resistance of the Upcycled PVC TFC and
RG PVC TFC membranes were studied by measuring their water
permeability for 14 consecutive days and salt (MgSO4) rejection for 8
consecutive days at a pressure of 100 psi. The results are shown in
Fig. 12 a and b. The results show that the water permeability and salt
rejection remain constant over the course of 14 and 8 days, respectively,
demonstrating acceptable pressure resistance and stability. In addition,
mechanical testing of the support membranes (Upcycled PVC and RG
PVC) was performed to check their pressure resistance or maximum
bearable stress. The results are presented in Fig. 12c. According to the
results (Fig. 12¢), both Upcycled PVC and RG PVC show excellent
bearable stress levels of around 17 and 23 MPa, respectively.

4. Conclusions

In this study, we explored the upcycling of waste PVC pipe to create a
support layer for Thin-Film Composite (TFC) membranes and compared
the performance of these upcycled TFC membranes with conventional
TFC membranes. The TFC membranes were synthesized through inter-
facial polymerization on three distinct support layers: upcycled waste
PVC pipe, research-grade (RG) PVC, and commercially available poly-
ethersulfone (PES) membranes and a comprehensive analysis of the
physicochemical properties and performance of these three TFC mem-
branes were conducted. It was found that while the three TFC mem-
branes showed almost similar hydrophilicity and surface charge, their
PA morphology, surface roughness, and performance in terms of pure
water permeability and salt rejection differed which was attributed to
the different support layer physicochemical properties (pore size,
morphology, and the presence of additives) on which the TFC mem-
branes were fabricated. Upcycled PVC support layer due to its larger
pore size, finger-like morphology and the presence of additives resulted
in the formation of thinner, less crosslinked, relatively defective, and
smaller dispersed nodular-like polyamide structure with relatively
higher surface roughness leading to higher pure water permeability and
comparable/slightly lower salt rejection compared to RG PVC TFC and
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PES TFC. In summary, this study demonstrated that upcycling waste
PVC pipe to create a support layer for TFC membranes yielded TFC
membranes with comparable or even superior performance to TFC
membranes fabricated on commercially available PES support layers.
This innovative approach addresses two of the most pressing global
challenges: plastic pollution and water purification/treatment,
simultaneously.
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S1. Number-Average Molecular Weight (M) (g/mol), Weight Average Molecular Weight (M)

(g/mol), and PDI of the PVC Pipe and RG PVC measured Using GPC.

Table S1. Number-Average Molecular Weight (Mn) (g/mol), Weight Average Molecular Weight

(Mw) (g/mol), and PDI of the PVC Pipe and RG PVC measured Using GPC

Polymer \Y% Mw PDI
PVC Pipe 67,019 147,570 2.2
RG PVC 90,664 175,451 1.9

S2. Permeability and Salt Rejections of the Support and TFC Membranes.

The permeability was measured for 1 h by recording the mass of permeate collected after every 10

minutes. The permeability was calculated using the following formulas [1-3]:

] :AgAt (1)

-1
Per = AP (2)

Where J is the pure water flux (L/m?h), Q is the volume of permeate collected (L), At is the
permeation or sampling time (h), A is the effective membrane area (m?), Per is the pure water

permeability (L/m?*.h.bar) and AP is the transmembrane pressure (bar).

The salt rejection of the TFC membranes was measured by passing 2000 ppm aqueous solutions
of three salts sodium chloride (NaCl), calcium chloride (CaClz) and magnesium sulfate (MgSOa)
through the membrane in the cross-flow cell at 100 psi one at a time followed by washing the cell
and membrane with DI water before passing the next salt through the membrane. The permeate
for each salt was collected and the conductivity of feed (Cr) and permeate (Cp) salt solutions was

measured. The salt rejection was calculated using [4]:



% Rejection = CFC;CP x 100 3)

F

83. Molecular Weight Cutoff (MWCO) Measurements of the Support Membranes.

The smallest molecular weight of a solute (here polyethylene glycol (PEG)) that the membrane
can retain by 90 % is known as the molecular weight cutoff (MWCO) of the membrane [5]. The
molecular weight cutoff (MWCO) of the support membranes was measured using polyethylene
glycol (PEG) with molecular weights 400, 600, 1000, 1500 and 2000 Da. For each molecular
weight 1000 ppm solution of aqueous PEG was prepared. The support membrane was placed in a
dead-end cell and the solutions were filtered (passed) through the membrane one molecular weight
at a time in ascending order from lowest molecular weight (400 Da) to highest molecular weight
(2000 Da) at a pressure of 60 psi. The filtration system was thoroughly cleaned with DI water
between filtrations of different molecular weight PEG solutions. For each PEG molecular weight
solution, the filtration test was run for 30 minutes before collecting the permeate to make sure that
the system had reached steady state. The concentrations of feed and permeate solutions were
determined using total organic carbon (TOC) analyzer [6]. The PEG retention percentage was

calculated using [7]:

% Retention = 1 — (C:—P 4)
0

Where Cp and C, are the concentrations of PEG in the permeate and feed, respectively. The
molecular weight cutoff (MWCO) of the membrane, indicating the smallest molecular weight of
a solute (in this case, polyethylene glycol or PEG) retained by the membrane at 90% efficiency,
was determined by plotting % retention against PEG molecular weights [5]. Subsequently, the
average pore radius of the membrane was calculated using the following formula based on the

MWCO of the membranes [8]:



ry = 0.06127(MW)03931 (5)

Table S2. Molecular weight cutoff (MWCO) and average pore radius of PES, Upcycled PVC,

and RG PVC support membranes.

Support Membrane MWCO (Da) Average Pore Radius (nm)
PES 1500 1.09
Upcycled PVC 1847.97 1.18
RG PVC 1671.04 1.13

84. Determination of the Cloud Point Curve.

The ternary phase diagrams for PVC pipe and RG PVC casting solutions were constructed using
the cloud point data obtained experimentally by the titration method. For both PVC pipe and RG
PVC, six casting solutions with different concentrations (18,19,20,21,22 and 23 wt.%) were
prepared by dissolving the appropriate amount of PVC pipe and RG PVC in DMF and THF in
volume ratios of 3:2 and stirring the solutions at 400 rpm at 23 °C for 19 h followed by degassing
for 4 h. Titration was performed by adding distilled water drop wise to each casting solution while
stirring. When the first sign of turbidity appeared, the addition of distilled water was stopped, and
the cloudy solution was stirred for an additional 30 min to see whether the turbid solution became
clear. If the suspension remained turbid, the composition was recorded as the cloud point, but if
the solution became clear, more water was added, and the process repeated. The composition at
the cloud point was determined from the mass of the polymer, solvent (DMF:THF) and nonsolvent

(water) present in the solution [9, 10].



S35. Silver Binding and Elution Method to Determine the Areal Carboxyl Group Density of the

TEC Membranes.

Silver elution method was used to measure the carboxylic group density of the polyamide layer.
This method consists of three steps: binding the silver ions to the ionized carboxyl groups, rinsing,
or removing excess unbound silver ions from the membrane surface and protonating the carboxyl
groups and eluting the bound silver ions. 10 mM silver nitrate stock solution was prepared by
dissolving it in 1 wt.% nitric acid solution. This stock solution was diluted to 40 and 1 uM using
DI water. The 40 pM solution was used for silver binding and 1 uM solution was used for rinsing
i.e., removing excess un-attached silver ions on the membrane surface. The pH of the solutions
was adjusted to 7 and 10.5 using 1 wt.% nitric acid solution and 0.1 M sodium hydroxide solution.
The stored TFC membranes were taken out of the DI water and a square piece with an area of 2.25
cm? (L: 1.5 cm x W: 1.5 cm) was cut from each membrane. Each TFC membrane was then
immersed in 10 mL of 40 uM silver nitrate solution for 10 minutes at pH 7 and 10.5. The membrane
was then taken out and immersed in a second 10 mL of 40 uM silver nitrate solution for 10 minutes
to bind silver ions one-to-one with the ionized carboxyl groups. Then the membrane was taken out
and immersed 4 times, each time for 7 minutes, in 10 mL of 1 uM silver nitrate solution at the
same pH used during the silver binding experiment to remove or rinse off excess un-attached silver
ions on the membrane surface. After each step, the TFC membranes were lightly touched against
kimwipes to reduce solution carryover. Finally, the TFC membranes were immersed in 5 mL of 1
wt.% solution of nitric acid for 30 minutes to protonate the carboxyl groups and elute the bound
silver ions. The membrane was then taken out of the nitric acid solution and the concentration of
the eluted silver ions in the solution was measured using ICP-OES [11, 12]. To convert the silver

ion concentration measured using ICP to areal carboxyl group density, it was assumed that silver



ions have one-to-one binding with the ionized carboxyl groups i.e., one silver ion binds to one
ionized carboxyl group; therefore, each eluted ion corresponds to one ionized carboxyl group.
Also, it was assumed that within the polyamide film, all carboxyl groups could be accessed by

silver ions. The concentration of ionized carboxyl groups is given by [12]:

Cagt Vagt Na

[R—CO07] = et — (6)

Where, [R — COO7] is the areal density of the ionized carboxylic groups i.e. number of ionized
carboxyl groups per unit area, A is the projected surface area of the polyamide film (surface area

of one side of the membrane sample, neglecting surface roughness), Cag+ is the concentration of
the eluted silver ions measured using ICP-OES, Vjg+is the elution volume, and Nj is the

avagadro’s constant/number (6.022 x 10% mol ™) [12].
86. Average Thickness of the Upcycled PVC, RG PVC and PES Support Layers.

The thickness of the supporting layer plays a crucial role in influencing the development of the PA
layer during the process of transporting PIP towards the TMC at the interface. Generally, a greater
thickness in the support layer creates a more extensive cavity for the aqueous phase to infiltrate
within the membrane pores. Consequently, this leads to an elongated pathway and increased
duration for the aqueous phase to diffuse towards the reaction zone during the IP process. As a
result of this delayed transport and extended pathway, the PA formed on the membrane surface
tends to be thinner and exhibits fewer crosslinks. In this regard, the thickness of the phase-inverted
membranes and the commercial PES membrane (control sample) was measured to evaluate their
impact on the IP process. The measurement of thickness was conducted at ten distinct points on a
single membrane sheet, and a minimum of three separate membrane sheets were subjected to

examination (Figure S1).
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Figure S1. The average thickness of PES, Upcycled PVC and RG PVC membranes was
measured at ten different points of a minimum of three membrane sheets. The measurement was

conducted on membranes after immersion in water for 24 h.

The thickness of the commercial PES support membrane with the nonwomen was around 193 +
0.79 pm, and the Upcycled PVC and RG PVC membranes showed a thickness of 184 + 6.98 and
190 £+ 5.23 um respectively, which were in the same range and, therefore their thickness should

not have had any effect on the formation of PA layer.



S7. Surface roughness of the support membranes.

Table S3. Surface roughness of Upcycled PVC, RG PVC and PES support membranes.

Type of Support Membrane | Average roughness (Ra) (nm) | Root Mean Square (RMS)
roughness (Rq) (nm)

Upcycled PVC 104 134

RG PVC 105 135

PES 107 124

88. Comparison of the commercial state-of-the-art TFC membranes to the TFC membranes

used in this study.

Table S4. Comparative analysis of the TFC membranes employed in this study with commercial

state-of-the-art TFC membranes, considering both pure water permeability and NaCl rejection.

Type of commercial | Pure Water | Salt rejection (NaCl) | Reference
NF membranes Permeability 2000 ppm (%)
(LMH/Bar)

NF3 ~12.5 ~15 [13]
Duracid ~0.5 ~70 [13]

NF 90 ~0.57 ~60 [14]

NF 270 ~0.52 ~48 [14]

PES TEC ~8 ~28 [15]

PES TFC ~12.7 ~61 This study
RG PVC TFC ~14.5 ~57 This study
Upcycled PVC TFC ~17.2 ~46 This study
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