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Blended cotton/polyester textiles, despite their popularity, present recycling challenges at the end of their 
lifecycle, contributing to environmental pollution. To address the urgent need for recycling, this study proposes 
a method to upcycle these textiles by separating polyester and cellulose with a natural deep eutectic solvent 
(NADES), creating value-added polyester membranes. Optimization of membrane fabrication involved varying 
dope concentrations, coagulation baths (ethanol, water), temperatures, and the effects of the pore-forming 
additive polyethylene glycol (PEG). The key finding is the significant role of ethanol and PEG synergy, which 
enables the production of tight ultrafiltration membranes from just 15% waste PET. The optimized membrane 
achieved a molecular weight cut-off of 2 kDa and a pure water flux of 23 L⋅m−2⋅h−1, surpassing typical 
commercial membranes. This advancement demonstrates a sustainable approach to reusing textile waste, with 
significant environmental benefits.

1. Introduction

The generation of waste is a result of the growing population, eco-
nomic growth, and the prevalent mindset of ‘use, consume, discard’ that 
characterizes our time (Chopra et al., 2023). Globally, biodegradable 
and non-biodegradable waste is projected to reach 3.40 billion metric 
tonnes by 2050, and consumer goods, such as clothing, account for a 
significant proportion of that waste; over 150 MT of clothing will end 
up in landfills if current consumption trends persist (Kaza et al., 2050). 
As indicated by available research, in 2015, the global fashion industry 
witnessed the disposal of 92 million tons of textiles, with a mere 15% 
being subjected to recycling efforts. Projections suggest a looming surge 
in textile waste, with an anticipated global rise to 148 million tons by 
the year 2030 (Stanescu, 2021). Driven by 1% yearly population growth 
and a 1–2% increase in per-capita consumption, the global demand for 
fiber is projected to surge by 2–3% annually, reaching nearly 142 mil-
lion tons by 2030 (Gschwandtner, 2022). As a result of this pressing 
need, concerns about the environment pose enormous challenges for 
the textile industry (Desore and Narula, 2018; Hummel et al., 2016).

Blended textiles are a prominent part of the textile market, where 
most blends are made from cotton and polyester in different ratios 
(Akhtar et al., 2020). Blended textiles are difficult to recycle due to the 
different characteristics of the blended fibers, and when these textiles 
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reach the end of their lifecycle, they primarily find their way into land-
fills for natural decomposition or into incinerators, causing considerable 
environmental pollution and waste of natural resources (Haslinger et 
al., 2019; Kahoush and Kadi, 2022). The constrained accessibility of 
carbon-derived resources coupled with the imperative for the utilization 
of waste has spurred the adoption of a novel strategy for economic ad-
vancement. In order to fulfill and meet the requirements of the circular 
economy, specifically the ‘closing the loop’ concept, the development 
of a sustainable method for the proper management of textile waste is 
crucial (Tomić and Schneider, 2018).

The concept of converting waste into precursor materials for mem-
brane production presents an eco-friendly and economically advanta-
geous approach, minimizing waste disposal and harnessing fossil-based 
polymers for membrane fabrication (Goh et al., 2021). The membrane 
sector is experiencing remarkable expansion, driven by a surging de-
mand for membranes and membrane-based processes, which can mainly 
be ascribed to their versatility and adaptability across a broad range 
of applications in multiple industrial domains (Madaeni and Taheri, 
2011). Primarily, membrane technology boasts a multitude of advan-
tages, including minimal energy demands, easy scalability, seamless 
integration with other separation methodologies, and the absence of 
the need for supplementary chemicals in the filtration process (Spruck 
et al., 2015). As a result, a notable increase in the consumption of 
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resources is allocated to membrane production. Moreover, the poten-
tial substitution of these resources with materials derived from waste 
sources could significantly contribute to transitioning the membrane 
industry from a linear economic model to a more circular and sus-
tainable one (Goh et al., 2021). Therefore, it is worth considering the 
re-evaluation of waste materials as resources for membrane production 
as a compelling strategy for promoting sustainability in this sector.

Polymeric ultrafiltration membranes are widely preferred in indus-
try for the purpose of water treatment and purification of wastewater 
(Kusumocahyo et al., 2020). In this context, PET can be considered a 
favorable substitute for conventional polymeric materials, thanks to its 
recyclability and mechanical and chemical properties, which can open 
new windows for future research and the development of ultrafiltration 
membranes from PET. Table 1 demonstrates the proposed approach of 
the current paper in comparison with previous studies in which recy-
cled PET from plastic bottles has been used as the main polymer for the 
fabrication of ultrafiltration membranes.

Upon examining the results presented in Table 1 alongside the out-
comes of the current study, significant differences are evident, par-
ticularly regarding the fabrication of membranes possessing narrower 
cut-offs and competitive pure water permeability. While previous re-
search predominantly focuses on the utilization of waste PET bottles as 
the polymer source for membrane fabrication due to their homogeneous 
polymer composition, our research, to the best of our knowledge, dis-
tinguishes itself by presenting the first study on membrane fabrication 
utilizing PET separated from waste polyester-cotton blended textiles as 
the primary polymer. Moreover, our study addresses a more complex 
challenge by utilizing PET extracted from these blended textiles. This 
process necessitates the development of novel separation techniques to 
effectively isolate the PET from cotton fibers, a critical step not only 
for achieving the desired membrane properties but also for enhancing 
the environmental sustainability of our approach. Building on the foun-
dation laid out in our previously reported process (Ismat, 2023), we 
demonstrated the selective separation of cotton and polyester compo-
nents from waste polyester cotton blended textiles with a natural deep 
eutectic solvent (NADES). The suggested process ensured the efficient 
separation of undegraded PET.

In exploring the potential of recycled PET materials for membrane 
development, as detailed in Table 1, it is pertinent to consider innova-
tive approaches demonstrated in related fields. A notable example is the 
study by Karami et al. (2023), which utilized an inventive combination 
of sulfonated kraft lignin (SKL) and terephthaloyl chloride (TPC) to fab-
ricate polyester nanofiltration thin film nanocomposite membranes on 
the surface of commercial ultrafiltration PES membranes. This method 
not only enhanced the membranes’ antifouling capabilities and per-
meability but also maintained effective solute rejection rates. Such 
approaches illustrate the feasibility of using advanced synthetic strate-
gies to improve membrane performance, offering valuable insights that 
could guide the development of even nanofiltration membranes from 
PET waste (Hardian et al., 2024). Despite the innovative techniques 
summarized in Table 1 regarding the use of PET bottle waste for mem-
brane fabrication, research in this area remains notably scarce. This gap 
represents an opportunity for sustainable development, especially con-
sidering the environmental impact of PET waste.

The primary objective of this study was to investigate the poten-
tial of using reclaimed polyester (PET) from recycled cotton/polyester 
blends as a source with zero-carbon footprint credentials for the produc-
tion of ultrafiltration membranes through the NIPS technique. The use 
of recycled raw materials in membrane fabrication presents an oppor-
tunity to improve sustainability within the water and wastewater treat-
ment market. In the present study, the effects of PET concentration, the 
addition of PEG as an additive to the dope solution, casting thickness, 
the type of non-solvent in the coagulation bath, and coagulation bath 
temperature (CBT) on membrane formation were investigated to en-
hance the understanding of manufacturing PET-based UF membranes. 
The mentioned fabrication parameters were optimized, and their ef-

fects on membrane morphology, hydrophilicity, thickness, pure water 
permeability, and rejection properties were sequentially analyzed.

2. Materials and methods

2.1. Materials

Separated waste textile PET (SwtPET), derived from blended tex-
tile waste, was processed according to our previously reported method 
(Bolourieh, 2023; Ismat, 2023) and served as the primary polymer 
for membrane fabrication. The casting solution was prepared using 
dichloromethane (DCM) (CAS: 75-09-2, 98% purity) and trifluoroacetic 
acid (TFA) (CAS: 76-05-1, 98% purity). Ultra-pure deionized water (DI, 
15 MΩ) was sourced from an Elga CENTRA-R 60/120 system (Veolia 
Water, Bucks, UK) and employed in all experiments. Flat sheet mem-
branes were fabricated on a polypropylene/polyethylene non-woven 
fabric support (Novatexx 2484, 60 L.m−2.s−1 air permeability) procured 
from Freudenberg Filtration Technologies, Germany, and employed as 
a support layer to fortify the membrane with essential mechanical 
strength.

The membrane’s retention capabilities were assessed by measuring 
its ability to reject various substances, including polyethylene glycol 
(PEG) of different sizes (35, 12, 8, and 1.5 kDa from Merck KGaA, 
Germany, and 4 kDa from Fluka AG, Switzerland), along with ethy-
lene glycol (VWR, USA), glycerol (Merck & Co., Germany), L-arabinose 
(Danisco, Finland), sucrose (Sigma-Aldrich, USA), and raffinose (Sigma-
Aldrich, USA). In addition, polyethylene glycol (CAS: 25322-68-3, 
Merck), with a molar mass of 1 kDa, was also used as an additive in 
the membrane manufacturing process. For the antifouling test, bovine 
serum albumin (BSA, 67 kDa) from FLUKA was utilized as a model pro-
tein.

2.2. Cotton-polyester separation by natural deep eutectic solvent

To prepare the natural deep eutectic solvent (NADES), choline chlo-
ride was mixed with lactic acid at a molar ratio of 1:10. The mixture 
underwent vigorous agitation at 85 ◦C for two hours, forming a clear 
liquid. It was then cooled gradually at room temperature in an air-
tight container, free from moisture and solid particles. Following the 
methodology outlined in our earlier publication (Bolourieh, 2023; Is-
mat, 2023), PET was separated from blended textile materials. The 
textiles, consisting of about 65–67% polyester and 35–37% cotton, un-
derwent treatment with the NADES at a temperature of 110 ◦C for six 
hours. As a Post-treatment, the cotton-containing solution was filtered 
off, leaving the PET, which was then washed with deionized water. The 
resultant SwtPET contained less than 0.5 wt.% cotton.

2.3. Separated waste textile polyester (SwtPET) membrane fabrication

PET-based membranes, and membranes modified with PEG, were 
fabricated using the wet phase inversion technique, following the de-
tailed procedure described by Mulder (1996). In the preparation of 
the polyester membrane casting solution, the separated waste textile 
polyester (SwtPET) was meticulously dissolved in a combination of 
TFA and DCM at a volumetric ratio of 1:2. Subsequently, the solu-
tion was stirred at room temperature at 200 rpm for 30 minutes to 
ensure the complete dissolution of the components. The 1:2 TFA/DCM 
solvent blend was chosen to create more porous membranes than pure 
TFA by ensuring PET dissolution. DCM alone does not dissolve PET, 
but the 1:2 mixture of TFA and DCM yielded a homogeneous solu-
tion (see Table 2), enhancing the porosity. This mixture enabled PET 
dissolution and uniform dispersion, which is crucial for achieving the 
desired porous membrane structure. Furthermore, in a study conducted 
by Cadore et al. (2019), it was demonstrated that the addition of DCM 
as a cosolvent alongside TFA results in the formation of a less stable 
PET polymer solution system. This, in turn, leads to a reduction in the 
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Table 1

Comparative analysis: UF membrane fabrication using recycled PET from plastic bottles vs. PET from blended cotton/polyester waste textiles, employing mainly nonsolvent induced phase separation (NIPS) and thermally 
induced phase separation (TIPS) as the fabrication techniques.

Material Source Solvent Non-Solvent Method Remarks Ref.

PET
&
PEG as additives 
(0.2 &1 kDa)

waste plastic bottles TFA
&
DCM

Ethanol/water &mixing NIPS Ethanol permeance test was performed.
The narrowest MWCO reported 40 kDa when PEG was dissolved in 
DMF while the membrane showed MWCO of 210 kDa when PEG was 
dissolved in water.

Pulido et al. (2019)

PET
& water bamboo 
husk particles as 
filler

waste plastic bottles phenol
&
tetrachloroethane

24 h air Solvent 
evaporation

The cationic dye adsorption was the main objective of the research. Lin et al. (2015)

PET
&
10% PVP & PEG as 
additives

waste plastic bottles m-cresol DI water NIPS The fabricated PET membrane without additive was too fragile to be 
tested.
Incorporation of 30% PEG 600 into the PET polymer matrix resulted 
to the highest pure water permeability (PWP) of 43.54 LMHb and 
MWCO= 750 kDa, while narrowest MWCO of 500 kDa for PEG 200 as 
additive with PWP 2.25 LMHb.

Rajesh and Murthy (2014)

PET
&
PEG was used as 
additive

waste plastic bottles phenol water-ethanol,
water-n-propanol, and
water-n-butanol mixtures

NIPS The best-performing membrane had a MWCO of 66 kDa and PWP of 
1–2 LMHb when the non-solvent bath was water-ethanol, and the 
presence of PEG improved the flux to 5 LMHb while the cut-off 
remained constant.

Kusumocahyo et al. (2020)

PET
&
PEG 400 as additive

waste plastic bottles phenol water-ethanol NIPS Best cut-off reported for PEG 400 (7.7–11.1 wt.%) modified 
membranes as
66 kDa (91–94%) with PWP of ∼11–12 LMHb.

Kusumocahyo et al. (2021)

PET
&
PVP as additive

waste plastic bottles phenol water- propanol NIPS
&
TIPS-NIPS

The PET membrane prepared with only NIPS and without PVP had 
PWP of 97 LMHb and humic acid rejection of ∼22%.
The 5% PVP reduced the PWP to 48 LMHb, while the rejection of HA 
improved to 66%.
The combination of TIPS and NIPS in presence of PVP yielded a 
membrane with PWP of ∼29 LMHb and ∼76% HA rejection.

Arahman et al. (2017)

PET
&
PVP and PEG as 
additive

waste plastic bottles phenol,
m-cresol,
and DMSO

water-ethanol,
water-n-propanol,
and water-n-butanol mixtures

NIPS PEG and phenol were chosen as the additives and solvent during the 
preliminary test.
Among all non-solvents, the best PEG-modified PET membrane in 
terms of both PEG 20 kDa rejection and PWP assigned to 
water-n-propanol bath, demonstrating 65% rejection and 11.6 LMHb 
PWP.

Kusumadewi and 
Kusumocahyo (2019)

PET
&
PEG as additive

waste plastic bottles TFA water,
ethanol,
and ethylene glycol

NIPS No data provided regarding the cut-off value or rejection of fabricated 
membranes.
Among all non-solvents, the fabricated membrane in water revealed 
the highest PWP (∼400 LMH), reported to have potential application 
as a membrane bioreactor.

Pongmuksuwan and 
Kitisatorn (2023)

PET
&
PEG as additive

waste plastic bottles TFA
&
DCM

water & ethanol mixture NIPS The surface of UF PET membranes modified with graphene oxide
The best GO-modified PET membranes in terms of both BSA rejection 
and PWP assigned to 0.5 GO-PET composite membrane,
demonstrating 97% rejection and 6.6 LMHb PWP.

Hut et al. (2024)

PET
&
PEG as additive

Blended 
cotton/polyester
&
textile waste

DCM
&
TFA

water/ethanol mixture NIPS Narrowest MWCO of 1350 Da with PWF = 5.2 LMH at 2 bar.
The pure water flux and pore size optimized using PEG as an additive 
and ethanol as coagulation bath resulted in a membrane with 
MWCO 2 kDa and PWF of ∼23 LMH at 2 bar

Current study

LMHb denotes the permeate flux per unit area per hour per unit pressure (L/m2/h/bar).
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Table 2

Hansen solubility parameters (𝛿) for selected PET, PEG, and solvents along 
with R𝑎 and RED for selected pairs of polymers and solvents, calculated from 
Equations (4) and (5).

𝛿D 
(MPa1∕2)

𝛿P 
(MPa1∕2)

𝛿H 
(MPa1∕2)

R0

PET 18.20 6.40 6.60 8.00

PEG 17.00 10.00 5.00 8.00

Water 15.50 16.00 42.30

Ethanol 15.80 8.80 19.40

Trifluoroacetic acid (TFA) 18.30 7.00 13.00

Dichloromethane (DCM) 18.20 6.30 6.10

TFA/DCM (1:2 ratio) 18.23 6.53 8.40

Water&ethanol (1:1 ratio) 15.65 12.40 30.85

R𝑎
(MPa1∕2)

RED

PET/water 37.36 4.67

PET/ethanol 13.88 1.73

PET/(water & ethanol) 25.50 3.19

PET/TFA 6.43 0.80

PET/DCM 0.51 0.06

PET/(TFA & DCM 1:2 ratio) 1.81 0.23

PEG/water 37.90 4.74

PEG/ethanol 14.65 1.83

PEG (water & ethanol) 26.10 3.26

PEG/TFA 8.93 1.12

PEG/DCM 4.55 0.57

PEG/(TFA & DCM) 5.45 0.68

Table 3

The composition of the dope solution and the casting process conditions for the preparation of ultrafiltration membranes from polyester 
(PET) recovered from cotton/polyester waste textiles.

Membrane PET (%) Thickness
(μm)

CBT 
(◦C)

Anti-solvent CA 
(Stdv.)

PWF 
at 2 bar

MWCO 
(Da)

M15-4PEG-10 ◦C water 15% +4% PEG 200 10 H2O 82.5± 1.1 3.2 ∼ 30000

M18-4PEG-10 ◦C water 18% +4% PEG 200 10 H2O - 0.4 ∼ 35000

M18-4PEG-20 ◦C ethanol 18% +4% PEG 200 20 EtOH 83.0 ± 2.1 5.2 ∼ 1350

M15-4PEG-20 ◦C ethanol 15% +4% PEG 200 20 EtOH 67.4±0.9 22.9 ∼ 2000

M15-20 ◦C water 15% 200 20 H2O - 21.5 PEG 35000 = 76%

M15-0 ◦C water 15% 200 0 H2O - 14.1 ∼ 12000

M20-10 ◦C water-150 μm 20% 150 10 H2O - 11.8 PEG 35000 = 68.2%

M20-10 ◦C water 20% 200 10 H2O 64.1 ±0.1 5.8 ∼ 17000

M20-20 ◦C ethanol 20% 200 20 EtOH 72.2 ± 2.6 3 ∼ 6000

M20-20 ◦C water 20% 200 20 H2O - 12.9 PEG 35000 = 83.8%

M20-200μm ethanol & water 20% 200 20 EtOH + H2O 67.0 ± 2 2.5 ∼ 2500

M20-250μm ethanol & water 20% 250 20 EtOH + H2O 65.6 ± 3 4.8 ∼ 30000

M15-200μm ethanol & water 15% 200 20 EtOH + H2O 71.0 ± 1.2 12.2 PEG 35000 = 51.54%

M15-250μm ethanol & water 15% 250 20 EtOH + H2O 62.4 ± 1 33.3 PEG 35000 = 60.6%

amount of nonsolvent (i.e., water) required to reach the cloud point 
(Cadore et al., 2019).

The membranes were fabricated using a 2101 automatic film ap-
plicator L (BYK, Gardner, USA). A thin SwtPET film was cast with a 
homemade casting knife at a speed of 50 mm/s onto a non-woven fab-
ric support secured to a glass plate under ambient conditions and was 
immediately immersed in a non-solvent coagulation bath containing 
water, ethanol, or a water/ethanol mixture (1:1 ratio) at different co-
agulation bath temperatures. The composition of the dope solution and 
the casting process conditions are detailed in Table 3. After 60 min-
utes, the formed membranes were immersed in a fresh coagulation bath 
overnight to ensure the complete removal of any residual solvent from 
within the membranes. Subsequently, the membranes were stored in 
DI water until further use. For the PEG-modified membranes, the addi-
tive was initially dissolved in a solvent. Once complete dissolution had 
occurred, the requisite amount of PET was introduced into the dope so-
lution. A schematic illustration of the casting process is shown in Fig. 1.

2.4. Characterization of the separated waste textile polyester (SwtPET) 
membrane

2.4.1. Contact angle measurement

To assess the membrane surface’s hydrophobic/hydrophilic prop-
erties, contact angle measurement based on sessile drop method was 
conducted using a KSV CAM101 instrument (KSV Instruments 54 Ltd., 
Finland) coupled with a CCD camera (DMK 21F04, The Imaging Source 
Europe GmbH, Bremen, Germany). Five distinct surface positions were 
assessed for water drop contact angles, and the resulting average value 
was documented. The process of curve fitting was executed using the 
CAM 2008 program to compute the contact angles (CAs) based on the 
acquired images.

2.4.2. Surface charge measurement

The surface charge of the membrane represents one of the most in-
fluential factors in aqueous filtration processes, and it is closely linked 
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Fig. 1. Schematic of membrane preparation using the phase-inversion technique with deep-eutectic solvent recovered polyester (PET) from blended cotton/polyester 
waste textiles.

to the concept of zeta potential. Hence, the zeta potential of the mem-
branes was determined using the SurPASS Electrokinetic Analyzer (An-
ton Paar, Graz, Austria) equipped with an adjustable gap cell and em-
ploying a background electrolyte solution of 1 mM KCl. The pH of 
the solution was initially adjusted to 8 using a diluted KOH solution, 
followed by an automatic titration from 8 to 3 employing a 0.05 M 
HCl solution throughout the analysis. The ultimate zeta potential value 
was automatically determined by the SurPASS software, employing the 
Helmholtz-Smoluchowski equation (Equation (1)) for calculation.

𝜁 = 𝑑𝑙
𝑑𝑝

× 𝜂

𝜀 × 𝜀0
× 𝐿
𝐴

(1)

where L represents the length of the streaming channel, A corresponds 
to the cross-section area of the streaming channel, 𝜂 stands for the liquid 
viscosity (viscosity of pure water at room temperature, approximately 
20 ◦C), 𝜀 represents the dielectric constant of the electrolyte (in this 
case, water at the same temperature), 𝜀0 denotes the vacuum permit-
tivity, and dl/dp represents the slope of the streaming current versus 
pressure.

2.4.3. Fourier transform infrared spectroscopy

To characterize the SwtPET-fabricated membranes and PEG-modified 
ones, Fourier transform infrared (FTIR) spectra were obtained using a 
PerkinElmer Frontier spectrometer equipped with an attenuated total 
reflection (ATR) module featuring a diamond crystal. The FTIR spec-
trum was measured with a 4 cm−1 resolution within the wavenumber 
range of 4000–400 cm−1. Each spectrum was recorded in absorbance 
mode, averaging 4 scans with a 1 cm−1 data interval. ATR correction, 
baseline correction, and normalization were applied to the combined 
spectra.

2.5. Analyzing the distribution of the pore sizes of the fabricated 
membranes

The assessment of a membrane’s sieving capabilities for solutes is 
not only dependent on its molecular weight cut-off but also crucially 
tied to its pore-size distribution. To analyze the membrane’s pores com-
prehensively, the relationship between the rejection of polyethylene 
glycol (PEG) (denoted as R) and the corresponding Stokes hydrody-
namic diameter (dp) serves as a key expression in determining the 
membrane’s pore-size distribution. By neglecting factors like steric and 
hydrodynamic interactions between the solute and membrane pores, 
the expression of pore-size distribution can be conveyed through the 
probability density function outlined in Equation (2).

𝑑𝑅(𝑑𝑝)
𝑑𝑑𝑃

= 1
𝑑𝑝𝑙𝑛𝛿𝑝

√
2𝜋

× 𝑒𝑥𝑝
(
−

(𝑙𝑛(𝑑𝑃 − 𝑙𝑛𝜇𝑝)2

2(𝑙𝑛𝛿𝑝)2

)
(2)

where 𝜇𝑝 represents the average effective pore size, established when 
the solute rejection reaches 50% (R = 50%). Additionally, 𝛿𝑝 indicates 
the geometric standard deviation, calculated as the quotient of d𝑝 at 
R = 84.13% relative to that at R = 50%. Furthermore, Equation (3)
allows the conversion of the molecular weight of PEG into the Stokes 
hydrodynamic diameter (d𝑝, nm).

𝑑𝑃 = 33.46 × 10−12 ×MW0.557 (3)

2.6. Hansen solubility parameters

The dissolution tendencies of polymers in various solvents can be 
predicted using a scientific approach called the Hansen solubility pa-
rameters. These parameters, namely 𝛿D, 𝛿P, and 𝛿H, signify the disper-
sion, polar, and hydrogen-bonding aspects of the solubility parameter, 
respectively. By assessing these components, one can estimate how well 
a polymer might dissolve in a particular solvent. The closer the 𝛿 val-
ues are, the greater the expected solubility, with the pertinent 𝛿 values 
outlined in Table 2. The degree of similarity can be more accurately 
assessed through the measurement of distance and relative energy dif-
ference (RED), as computed using equations (4) and (5).

𝑅𝑎 =
√(

4(𝛿𝐷1 − 𝛿𝐷2)2 + (𝛿𝑃1 − 𝛿𝑃2)2 + (𝛿𝐻1 − 𝛿𝐻2)2
)

(4)

RED =
𝑅𝑎

𝑅0
(5)

where R𝑎 signifies the separation between two entities within the 
Hansen space, while R0 denotes the interaction radius.

2.7. Filtration performance evaluation

The performance of the prepared membranes was assessed via 
a dead-end filtration system, employing an Amicon solvent-resistant 
stirred cell (Millipore, Burlington, MA, USA; Cat No.: XFUF07611), fea-
turing a 76 mm internal diameter and a 60 mm mixer. The filtration 
system provided an effective filtration area of 38 cm2. Initially, the 
fabricated membranes were subjected to compaction at 5 bar for 30 
minutes, after which the pure water flux was measured at 2 bar and at 
25 ± 1 ◦C. The pure flux (J𝑤 in L.m−2.h−1) over the measured time in-
tervals was determined by collecting the permeate in a beaker placed 
on a Precisa XB 2200C electronic scale (Precisa, Dietikon, Switzerland), 
connected to a computer, and then calculated using Equation (6):

𝐽𝑤 =
(
𝑄

𝐴 × 𝑡

)
(6)

where A, t and Q are the effective area of filtration (m2), sampling time 
(h) and volumetric flow rate of the permeate (L), respectively.
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Fig. 2. A comparison between PET bottle, SwtPET, and membrane fabricated with 15% SwtPET without additives.

In the rejection experiment, various PEGs with molar masses of 35, 
12, 8, 4, and 1.5 kDa, along with neutral sugars (arabinose, sucrose, 
and raffinose) and alcohols (ethylene glycol and glycerol), were filtered 
as mixtures, each at a concentration of 50 ppm. The concentrations 
of each compound were assessed using size-exclusion chromatography 
(SEC). The SEC was conducted utilizing a 300×7.8 mm PolySep-GFC-
P 3000 column (Phenomenex), connected to an Agilent Technologies 
1260 Infinity HPLC system equipped with a refractive index detector, 
and DI water served as the eluent in the setup. The rejection of PEGs 
was evaluated according to Equation (7), where 𝐶𝑝, 𝐶𝑓 and 𝐶𝑟 are 
the concentrations of the different PEGs in the permeate, the initial 
feed (i.e., 𝑡 = 0) and the retentate (at the end of the filtration process), 
respectively.

𝑅(%) =
(
1 −

2 × 𝑐𝑝
𝑐𝑓 + 𝑐𝑟

)
× 100 (7)

2.8. Membranes’ antifouling evaluation

To determine the fouling resistance of the fabricated UF membranes, 
ultrafiltration experiments were performed using a BSA solution (1.0 
g/L bovine serum albumin in phosphate buffer solution, pH about 7.2) 
as a model foulant solution (Kanagaraj et al., 2015; Mehrparvar and 
Rahimpour, 2015). First, 20 minutes of static adsorption without pres-
sure was conducted, followed by 2 hours of BSA filtration. The mem-
branes’ fouling resistance, indicated by the flux recovery ratio (FRR), 
and their antifouling capabilities, reflected by the pure water flux reduc-
tion (PWF𝑅), were evaluated by measuring the pure water flux before 
and after BSA filtration, using Equation (8) and Equation (9):

FRR(%) =
(
𝐽𝑊𝑎

𝐽𝑊𝑏

)
× 100 (8)

PWF𝑅(%) =
(
𝐽𝑊𝑎

− 𝐽𝑊𝑏
𝐽𝑊𝑏

)
× 100 (9)

where 𝐽𝑊𝑏 (L.m−2.h−1) and 𝐽𝑊𝑏 (L.m−2.h−1) represent the steady-state 
pure water flux at 2 bar and 25 ± 1 ◦C before and after the filtration of 
the BSA solution, respectively.

3. Results and discussion

3.1. Characterization of the membranes

3.1.1. Fourier Transform Infrared Spectroscopy

The FTIR spectra depicted in Fig. 2 showcase the analysis of the PET 
membrane without any additives (designated as M15-20 ◦C in Table 3), 
which is compared with those of PET bottles and SwtPET textiles. Re-
markably, both the membrane and PET bottles exhibit highly similar IR 
spectra, suggesting an absence of variance in the chemical composition. 
This similarity validates the successful retrieval of PET from blended 
textile waste, affirming that the membrane obtained from used SwtPET 
textiles mirrors the chemical structure of PET bottles. The main char-
acteristic ATR-FTIR peaks of recycled PET, along with their assigned 
vibrational modes, are represented in Fig. 2 and are consistent with 
previous studies (Kusumocahyo et al., 2021; Pereira et al., 2017; Rusu 
et al., 2008).

The FTIR spectra of the modified membranes (see Fig. 3) display dis-
tinct changes, highlighting the presence and influence of PEG. A shoul-
der peak at 1471 cm−1, associated with the bending vibrations of the 
–CH2– groups in the PEG molecular structure, confirms its inclusion. 
Additionally, notable increases in peak intensity at 973 cm−1 and 845 
cm−1 further signify the interaction and incorporation of PEG within the 
membrane structure. The increased intensity in these regions suggests 
significant alterations within the modified membranes, likely stemming 
from the interaction of PEG with the existing PET polymer matrix. These 
spectral changes point towards potential physical interactions, chemi-
cal bonding, or modifications in the molecular environment induced by 
the incorporation of PEG into the membrane structure.

The reduction in the previously mentioned peaks associated with 
the presence of PEG within the SwtPET membrane, which was fabri-
cated in an ethanol bath, could be explained according to the Hansen 
solubility parameters (𝛿D, 𝛿P, and 𝛿H), which are outlined in Table 2. 
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Fig. 3. Effects of additive and non-solvent coagulation bath type on the SwtPET structure.

Compared to water, the reduced intensity of PEG-related peaks in an 
ethanol coagulation bath may arise from the similarity of their Hansen 
solubility parameters between ethanol and the PEG integrated within 
the membrane matrix, indicating a lower RED for PEG with ethanol 
versus PEG with water. This similarity in solubility parameters might 
facilitate a more substantial release of PEG from the membrane matrix 
into the ethanol bath during coagulation. The closer solubility match 
likely facilitates PEG extraction or diffusion, influencing the detectable 
PEG-related peak intensities in the FTIR spectra of the membranes.

3.1.2. The effect of fabrication parameters on contact angle

According to (Ooi et al., 2012), a soft precipitation bath facili-
tates the generation of symmetric structures, thereby increasing surface 
roughness and leading to an enhancement in membrane hydropho-
bicity. Relative to water, ethanol exhibits diminished coagulation ef-
ficiency stemming from its lower kinetic coefficient and increased ther-
modynamic stability (Sukitpaneenit and Chung, 2021; Toh et al., 2020). 
As a result, a substantial quantity of ethanol is necessary to disturb 
the polymer/solvent/non-solvent equilibrium and trigger precipitation. 
This delay in liquid-liquid phase separation permits polymer crystal-
lization nucleation to prevail, influencing the precipitation dynamics. 
Conversely, when water is used, liquid-liquid demixing triggers an in-
stantaneous precipitation rate, resulting in the formation of macrovoids 
characterized by a finger-like structure. As shown in Table 3, in the ab-
sence of an additive, the contact angle increased from 64.1◦ (M20-10 ◦C 
water) to 72.2◦ (M20-20 ◦C ethanol) when using a soft coagulant (i.e., 
ethanol) compared to water as the coagulant.

The observed contact angle could be explained by the influence of 
the aforementioned surface roughness. Specifically, this finding aligns 
with Wenzel’s theory, which suggests that hydrophobicity (i.e., contact 
angle) is enhanced as surface roughness increases on an intrinsically 
hydrophobic surface (Johnson and Hilal, 2015). In addition, reducing 
the pore size of a hydrophobic membrane typically enhances its hy-
drophobicity, as the reduced pore dimensions hinder water penetration 
through capillary action, resulting in increased contact angles. In other 
words, a lower contact angle and larger pore size could potentially en-

hance the membrane’s wettability rate. Table 3 distinctly illustrates that 
an increase in surface pore size—indicated by lower rejection or higher 
cut-off values—results in a significant decrease in the apparent contact 
angle for unmodified membranes cast in water, ethanol, or a combi-
nation thereof (Ahmad and Ramli, 2013; Imdad and Dohare, 2023). 
For instance, when coagulating the membrane in a water and ethanol 
mixture, the apparent contact angle decreases from 67◦ to 65.6◦, or 
from 71◦ to 62◦, as the casting solution’s thickness changes from 200 
μm to 250 μm, for membranes fabricated with 20% and 15% poly-
mer concentrations, respectively. Similarly, in a study by Ahmad and 
Ramli (2013), a lower contact angle combined with an increased pore 
size was observed when the polymer concentration of PVDF increased 
from 15% to 20%, or the thickness increased from 200 to 400 μm for 
membranes coagulated in water/ethanol (1:1) ratio. In their research 
on the fabrication of PVDF membranes, Jiang and colleagues observed 
a notable increase in hydrophobicity upon the addition of ethanol to 
the coagulation process. They attributed this enhancement to the grad-
ual deceleration of the phase transition, which not only constrained 
the pore size and porosity of the PVDF membranes but also diminished 
the interface energy (Jiang et al., 2022). Their findings align with the 
hydrophobicity enhancement observed in this study, which presents a 
sequential increase as follows: M20-10 ◦C-water (64.1◦) < M20-20 ◦C-
water & ethanol (67◦) < M20-20 ◦C-ethanol (72.2◦).

The hydrophilicity of the fabricated membranes was enhanced by 
the addition of PEG as an additive to a 15% dope solution. This en-
hancement was observed through a reduction in the contact angle by 
18.3%, from 82.5◦ to 67.4◦, when ethanol was used as the coagu-
lation bath compared to water. The PEG molecule possesses an –OH 
group and exhibits a greater affinity towards ethanol, as indicated by 
the lower RED (see Table 2 & Fig. 3) compared to that of pure water. 
This increased affinity can potentially enhance the surface coverage of 
the membrane with PEG. However, contrary to expectations, this cov-
erage might be diminished as the polymer concentration reaches 18% 
in the PEG-modified membrane coagulated in ethanol, resulting in a 
contact angle of approximately 83◦. This change may be attributed to 
the enhanced viscosity of the polymer, which hinders the diffusion of 
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Fig. 4. Effects of additive, polymer concentration, and coagulation bath type on 
the zeta potential of the fabricated membranes.

PEG towards the non-solvent, thereby retaining more PEG within the 
polymer matrix. In concurrence with the findings of the present study, 
Pulido et al. (2019) observed that in the absence of PEG as an additive, 
an increase in both porosity and pore size within PET bottle membranes 
led to a notable decrease in the contact angle compared to that of denser 
membranes. Furthermore, their research elucidated that integrating 4% 
PEG (1 kDa) into a 10% PET bottle-based membrane, followed by coag-
ulation in an ethanol bath, effectively reduced the contact angle to 68◦

(Pulido et al., 2019). This measurement is consistent with the 67.4◦

contact angle measured in the M15-4PEG-20 ◦C-ethanol membrane.
Similarly, incorporating PEG (with a molecular weight of 4000 

g/mol) into membranes made from recycled PET bottles significantly 
enhanced the hydrophilicity of the membranes by reducing the con-
tact angle (CA) from 65.5◦ to 56.5◦ (Kusumocahyo et al., 2020). In the 
present study, unmodified 20% SwtPET membranes cast at 10 ◦C exhib-
ited a contact angle of 64.1◦, which falls within the range observed for 
unmodified recycled PET bottles in previous studies (65.5◦ (Kusumoc-
ahyo et al., 2020), 67◦ (Ali et al., 2022, 2023), and 64.1 (Kiani et al., 
2021)).

3.1.3. Surface charge evaluation

Fig. 4 illustrates the zeta potential of the PET membranes and reveals 
that both unmodified PET and PET modified with 4% PEG maintain a 
negative surface charge throughout the pH range from 3.5 to 8. This 
consistent negativity can be ascribed to the intrinsic characteristics of 
polyethylene terephthalate (PET) and polyethylene glycol (PEG). The 
carboxyl groups (–COOH) present in PET are likely to deprotonate when 
exposed to water by increasing the pH, further amplifying the mate-
rial’s negative surface charge (Behary et al., 2012). With successive 
increases in the pH, the zeta potential experiences greater negativity 
owing to a rise in the number of carboxylates present on the surface of 
PET. Concurrently, PEG, known for its hydrophilic nature, inherently 
acquires negative charges in aqueous environments. This is primarily 
due to the ionization of ether oxygen atoms within PEG, which leads 
to the electrostatic attraction of hydrogen ions from water, resulting in 
a negatively charged oxygen atom. In acidic environments, where the 
thermodynamic favorability of water dissociating into hydroxyl ions de-
creases, PET and PEG-modified membranes exhibit reduced negative 
surface charges, with isoelectric points between pH 3 and 4 (Pascoe et 
al., 2022).

A positive correlation is noted between the membrane’s pure wa-
ter flux (PWF) at 2 bar and the absolute value of its zeta potential. 
The correlation is demonstrated through the ascending order of PWF 
values, starting with M18-4PEG-20 ◦C-ethanol (5.2 LMH), followed by 

Fig. 5. Effect of the ethanol composition in the coagulation bath on the pure 
water flux of the fabricated membranes at 200 μm thickness and at 20 ◦C co-
agulation bath temperature (CBT).

M20-10 ◦C-water (5.8 LMH) then M15-20 ◦C-water (21.5 LMH), and 
finally peaking with M15-4PEG-20 ◦C-ethanol (22.9 LMH). The con-
tact angle of a membrane could be linked to its surface charge, such 
that membranes with higher negative surface charge usually tend to 
be more hydrophilic, showing lower contact angles (Elhamarnah et al., 
2024; Mänttäri et al., 2006). This correlation is due to the increased 
surface energy associated with the negative charge, which enhances 
water molecule attraction and spreads on the membrane surface more 
effectively (Ghiasi et al., 2019). The 18% SwtPET modified membrane 
showed the lowest hydrophilicity (i.e., the highest contact angle of 83◦), 
which is in line with the lowest absolute value of its zeta potential. The 
enhanced absolute negative surface charge of the 15% SwtPET modi-
fied membrane can be ascribed to two potential factors. The integration 
of –OH groups on the membrane’s surface, facilitated by the decreased 
viscosity of the polymer solution compared to that of 18% SwtPET, en-
hances surface coverage. Additionally, the process of fabricating this 
membrane in a soft coagulation bath (ethanol bath) leads to increased 
surface roughness, further intensifying the membrane’s negative surface 
charge due to the enhancement of the accessible surface area (Ghiasi et 
al., 2019) compared to that of unmodified membranes.

3.2. Evaluation of the filtration performances of the membranes

3.2.1. The effect of coagulation bath composition

The formation of membranes involves an intricate multiscale pro-
cedure that is regulated by disparities in thermodynamic potentials, as 
well as the kinetics of phase formation, coupled with the rates of heat 
and mass transfer (Tang et al., 2021). The effect of the coagulation bath 
composition on the pure water flux of the membranes fabricated with 
15% and 20% SwtPET at 20 ◦C is illustrated in Fig. 5.

As indicated by Deshmukh and Li (1998), the inclusion of ethanol in 
a water bath has been found to slow down the diffusion of nonsolvent 
into the developing structure, resulting in a decreased rate of precipita-
tion. Moreover, the introduction of a solvent into the coagulation bath 
also impacts the membrane’s morphology, causing a reduction in the 
solubility parameter of both the solvent and nonsolvent due to delayed 
demixing, which is influenced by strong interactions between the sol-
vent and nonsolvent (Deshmukh and Li, 1998). As per Mulder et al. 
(1985), the location of the binodal curve has an impact on the nature of 
phase separation. The slow process of liquid-liquid demixing, induced 
by the addition of ethanol to the coagulation medium, shifts the binodal 
curve further from the solvent-polymer axis (i.e., enlarged miscibility 
gap or narrow demixing gap) (Liu et al., 2021; Mulder et al., 1985). A 
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narrower demixing gap can prolong the demixing process, resulting in 
the formation of a more compact membrane structure. In simpler terms, 
a greater amount of coagulant (i.e., nonsolvent) is required to access the 
unstable region where phase separation occurs. Consequently, more co-
agulant needs to permeate the polymer solution, leading to a reduction 
in the tendency for immediate demixing.

The phase separation behavior in the coagulation bath, enhanced by 
ethanol, can also be explained by the solubility parameter difference 
between the polymer and the solvent/non-solvent mixture. The greater 
this difference, the less compatible the polymer is with the mixture, eas-
ing phase separation, and leading to faster demixing (Lai et al., 1996; 
Yong, 2005). As per Reuvers (1987), the interplay between the solvent 
and nonsolvent stands as a crucial determinant for the resulting mem-
brane structure. Chun et al. (2000) and Wang et al. (1998) observed 
that membranes exhibited reduced porosity and denser skin layer as 
the solubility parameters Δ𝛿𝑆−𝑁𝑆 and Δ𝛿𝑃−𝑁𝑆 decreased (i.e., strong 
interactions between the polymer and nonsolvent) (Wang et al., 1998). 
Herein, in general, with successive increases in ethanol concentration 
in the coagulation bath as depicted in Fig. 5, the phase separation pro-
cess exhibited a delayed demixing phenomenon (i.e., tighter membrane) 
compared to both pure water and the 1:1 ratio mixture, in the order of 
100% water < 50:50 water/ethanol < 100% ethanol. This difference 
in demixing behaviors is intricately linked to the coagulation efficacy 
of the respective coagulants. As outlined in Table 2, ethanol, with a 
lower 𝑅𝑎 (14.65 MPa1∕2) and RED (1.83) compared to water (𝑅𝑎: 37.90 
MPa1∕2 and RED: 4.74), demonstrates a comparatively inferior coagu-
lation capacity when juxtaposed with water (H2O) in the context of the 
non-solvent-PET system. The lower RED value signifies a diminished ca-
pacity for coagulation in the case of ethanol, contributing to the delayed 
demixing during the phase separation process.

3.2.2. The effect of the PEG additive and polymer concentration

As can be seen from Table 3, in the presence of PEG as an additive, 
increasing the polymer concentration from 15% to 18% decreased the 
PWF at 2 bar by approximately 77.3% and 87.5% for the membranes 
fabricated in ethanol and water at 10 and 20 ◦C, respectively. This re-
duction in flux can be attributed to the prominent role of enhanced 
viscosity, subsequently leading to delayed demixing upon immersion of 
the polymer film in the coagulation bath. It is commonly accepted that 
elevating the initial concentration of polymer has the effect of augment-
ing the concentration gradient at the interface between the polymer 
and non-solvent during the immersion process. This heightened con-
centration differential serves to decelerate the inward diffusion of the 
non-solvent and consequently delays the demixing phenomenon. As a 
consequence, the resultant membranes exhibit denser skin layers and 
exhibit sub-layers with reduced porosity, leading to diminished fluxes 
(Ahmad and Ramli, 2013).

Furthermore, when comparing PEG-modified membranes at equiv-
alent polymer concentrations (15% and 18%), it was observed that in 
the presence of ethanol as the coagulation bath, the membranes exhib-
ited enhanced flux, more uniform pore size, and sharper cut-off (see 
Fig. 6). This improvement can be attributed to the heightened affinity 
between PEG and ethanol, indicated by a lower RED value (Table 2) 
and a higher CBT. This, in turn, facilitates the potential release of PEG 
from the membrane matrix into the coagulation bath, as evidenced by 
the FTIR spectrum (Fig. 3). Similarly, as illustrated in Fig. 5, an increase 
in SwtPET concentration from 15% to 20% led to a 40% and 79.5% re-
duction in PWF at 2 bar for membranes cast in 100% water and a 50:50 
water-ethanol coagulation bath at 200 μm casting thickness, respec-
tively. Further examination of Table 2 reveals that for membranes cast 
in a 50:50 ratio of water to ethanol coagulation bath at 20 ◦C, the de-
cline in PWF was more pronounced, reaching 85.6%, when the casting 
solution thickness was set at 250 μm.

Moreover, it is worth mentioning that an increase in polymer con-
centration directly leads to a decrease in the mobility of the polymer 
chains due to an increase in entanglement and viscosity. Such a de-

crease in chain mobility heightens the thermodynamic instability of the 
casting solution, facilitating demixing with lower amounts of nonsol-
vent. This condition favors a swifter transition to the solid-state for the 
membrane, causing an increase in its thickness. A thicker membrane, 
in turn, exhibits increased resistance, ultimately serving as a contribu-
tory factor towards the reduction of pure water flux, resulting from the 
increase of polymer concentration (Saljoughi et al., 2009).

3.2.3. The effect of coagulation bath temperature

The coagulation bath temperature (CBT) stands as a pivotal factor, 
distinct from others, influencing both the morphology and performance 
of the prepared membranes by regulating the rate of phase separa-
tion. Generally, the formation of microvoids occurs under conditions 
of rapid precipitation, and precipitation tends to occur faster at ele-
vated temperatures (Mohammadi and Saljoughi, 2009). In instances of 
slow demixing, nucleation initiates after a specific duration, leading to 
an increase in the polymer concentration in the top layer of the mem-
brane. Subsequently, nucleation commences in the underlying layer at 
short intervals, resulting in the gradual formation of new nucleuses in 
the vicinity of those in the former layer (Mulder, 1996). In essence, in 
slow demixing, the unrestricted growth of limited nucleuses (on the top 
layer) is hindered, leading to the creation of numerous small nucleuses 
distributed throughout the polymer film. As a result, contrary to in-
stantaneous demixing, the development of macrovoids is inhibited, and 
denser membranes are produced.

The trade-off relationship between CBT enhancement and mem-
brane pore structure can elucidate the inverse correlation observed 
between permeate flux and PEG rejection. Table 3 illustrates that when 
using water as the coagulation bath, increasing the CBT from 0 to 20 ◦C 
at a 15% SwtPET polymer concentration and from 10 to 20 ◦C at a 
20% SwtPET polymer concentration results in a respective enhance-
ment in the PWF by approximately 1.52 and 2.22 times. The elevation 
of the coagulation bath temperature, particularly at 20 ◦C, enhances 
the mutual diffusivities between the nonsolvent (water) and the solvent 
in the casting solution during the solidification process. This height-
ened diffusivity accelerates the growth of limited nuclei, which form 
quickly after immersing the casting solution into the distilled water 
bath. Consequently, this process leads to the rapid growth of a small 
number of large nuclei distributed throughout every part of the casting 
solution (Mohammadi and Saljoughi, 2009; Mulder, 1996). Moreover, 
as a widely acknowledged principle, it is commonly recognized that 
membrane-forming systems with lower thermodynamic stability tend 
to accelerate the precipitation rate in the coagulation bath, resulting 
in the formation of more porous membranes. Conversely, systems with 
higher thermodynamic stability exhibit the opposite effect (Saljoughi et 
al., 2010). As previously noted, lowering the CBT, especially to 0 ◦C, 
diminishes the mutual diffusivities between components during the so-
lidification of the casting solution. Consequently, the inhibition of the 
precipitation process is prolonged, leading to the formation of thin-
ner membranes and an increase in the polymer concentration in both 
the top layer and sublayer. Consequently, the membrane porosity is 
reduced, leading to a denser structure in both the top layer and the 
sublayer (Mohammadi and Saljoughi, 2009). Comparable findings were 
also documented in a study by Hussain et al., where an increase in 
coagulation bath temperature (CBT) from 0 to 25 ◦C led to the improve-
ment of pure water permeance of all poly(ethylene terephthalate) (PET) 
membranes crafted from upscaled PET bottles (0–22 wt.% polymer con-
centration) (Hussain et al., 2023).

The analysis of the membrane’s pore-size distribution, depicted in 
Fig. 6 (E, F, G and H), was performed using a log-normal probability 
density function (Equation (2)) in relation to the PEG rejection data 
(Equation (7)) presented in Fig. 6 (A, B, C and D).

Fig. 6 (E) distinctly shows that membranes coagulated in an ethanol 
bath exhibit a more uniform pore size distribution, as indicated by the 
sharper and narrower peaks, compared to those coagulated in water. An 
increase in the polymer concentration from 15% to 18% in the ethanol 
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Fig. 6. Interplay effects of polyethylene glycol (PEG), coagulation bath temperature, coagulation bath type, casting thickness, and polymer concentration on the 
rejection of PEG with different molecular weights, along with a mixture of neutral sugars and alcohols, for molecular weight cut-off (MWCO) estimation (A, B, C 
and D), and the pore size distribution of the fabricated membranes (E, F, G and H).
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Fig. 7. Comparison between the best-fabricated membranes (M18-4PEG-20 ◦C-
Ethanol and M15-4PEG-20 ◦C-Ethanol) in this work and commercial regener-
ated cellulose (RC) and polyethersulfone-based (PES) membranes in terms of 
the MWCO and pure water flux. (𝑎 Our own measurements. Meiyi and Ande 
PES-based membrane (Guo et al., 2019) and Sartorius Hydrosart RC (Lee et al., 
2020).)

bath enhances this effect. This is consistent with the measured pure wa-
ter flux at 2 bar detailed in Table 3. It should also be noted that while 
the pores in the PEG-modified membranes coagulated in ethanol are 
smaller, the quantity and number of the pores are increased, as evi-
denced by their higher PWF than that of their water-coagulated bath 
counterparts. This could be attributed to the higher affinity of PEG for 
ethanol bath and the impact of ethanol as a softer coagulation bath, 
which may increase the surface roughness and, consequently, the effec-
tive filtration area and water flux. Another key observation from Fig. 6
(D and H) is that at the same CBT (20 ◦C), the addition of PEG notably 
refines the pore structure of membranes cast in an ethanol bath, achiev-
ing smaller pore sizes of approximately 1.28 nm for both the 15% and 
18% SwtPET concentrations, despite the higher polymer concentration 
in the M20-20 ◦C-Ethanol membrane, which lacks PEG.

The influence of ethanol in the coagulation bath is pivotal for the 
fabrication of membranes with a more uniform, finer, and more precise 
pore size distribution. This effect, stemming from delayed demixing, is 
notably evident in the absence of PEG, as illustrated in Fig. 6 (F) and 
(G). As an example, a membrane fabricated with 20% SwtPET in a pure 
ethanol bath at 20 ◦C (Fig. 6 (F)) had a mean pore diameter of ∼1.8 nm, 
markedly smaller than the ∼ 2.7 nm mean pore size of membranes cast 
in a water coagulation bath under similar conditions.

The membrane cast with optimal parameters (M18-4PEG-20 ◦C-
Ethanol and M15-4PEG-20 ◦C-Ethanol) yielded a highly promising 
membrane with a commendable balance between cut-off efficiency 
and permeability, as can be seen in Fig. 7. Comparative analysis with 
commercially available tight ultrafiltration membranes, specifically re-
generated cellulose (RC) and polyethersulfone-based (PES) membranes, 
highlights the SwtPET membrane’s notable performance in both molec-
ular weight cut-off (MWCO) and water permeability.

3.3. Membrane antifouling property

With its ellipsoidal shape measuring 4.16 nm by 4.16 nm by 
14.09 nm and a gyration diameter of 7.28 nm (Marchese et al., 2003), 
the BSA molecule is larger than the mean pore size (See Fig. 6) of tested 
membranes presented in Table 4, leading to nearly 100% retention in 
all instances. Antifouling test results for SwtPET UF membranes cast 
at 200 μm thickness, measured by flux recovery ratio (FRR) and pure 
water flux reduction (PWF𝑅) using 1 g/L BSA solution, are detailed 

Table 4

Antifouling performance of fabricated SwtPET UF membranes evaluated by 
flux recovery ratio (FRR) and pure water flux reduction PWF𝑅 using 1 g/L 
BSA solution. The selected SwtPET membranes for the antifouling test were 
cast at 200 μm thickness.

Membrane Initial PWF at 2 bar (𝐽𝑊𝑏 ) PWF𝑅 FRR (%)

M18-4PEG-20 ◦C ethanol 5.0 24.7 75.3
M15-4PEG-20 ◦C ethanol 22.2 26.3 73.7
M20-20 ◦C ethanol 3.3 42.7 57.3
M20-20 ◦C water 11.8 40.1 59.9
M15-0 ◦C water 13.5 33.3 66.7
M20-200μm ethanol & water 2.4 38.1 61.9
M15-200μm ethanol & water 16.9 25 75

in Table 4. FRR values are utilized to assess the fouling characteris-
tics of membranes, with higher FRRs suggesting enhanced permeation 
and fouling resistance. As can be seen from Table 4, the fouling ten-
dency was lower in PEG-modified SwtPET membranes cast using a pure 
ethanol coagulation bath, as shown by their higher FRR and reduced 
PWF𝑅. The incorporation of a hydrophilic PEG segment is likely to re-
duce the accumulation of foulants or prevent cake layer development 
on the surface. Membranes fabricated using pure ethanol or water as 
the coagulation bath exhibited a trend where lower fouling propensity 
correlated with increased initial pure water flux rates, with those cast 
in water showing more pronounced antifouling capabilities.

4. Conclusion

In order to promote sustainability and make membrane technology 
more appealing, it becomes imperative to source polymers for mem-
brane fabrication from zero-carbon-footprint origins, such as recycled 
textile waste. This research, therefore, aimed to investigate the possibil-
ity of making ultrafiltration membranes from recycled polyester derived 
from blended polyester-cotton textiles. We have successfully repurposed 
PET from blended textiles (SwtPET) through an innovative, natural 
deep eutectic solvent recycling process, yielding material that possesses 
the key characteristics typical of PET sourced from bottles. Thus, this 
is an achievement that not only underpins the proposed method but 
also sets a new benchmark for PET recycling within the textile sector. 
Adjustments in several variables, including the concentrations of the 
SwtPET polymer, co-solvent in the coagulation bath, and PEG additive, 
as well as the temperature of the coagulation bath, were made to assess 
their impact on the structure and efficacy of the membranes in terms of 
permeability and molecular weight cut-off. In the absence of the PEG 
additive, introducing ethanol into the coagulation bath resulted in a 
reduction in membrane pore size and permeate flux, in the order of 
water < water-ethanol (50:50) < ethanol, with pure ethanol showing 
the largest decrease. The most striking result to emerge from the data 
is that the incorporation of PEG as an additive notably improved the 
membrane’s permeability while preserving a uniform, narrow pore size 
distribution in membranes fabricated in an ethanol bath, compared to 
those in water.

Tuning the investigated parameters allowed us to regulate both 
the thermodynamic and kinetic aspects of the phase inversion process, 
thereby achieving membranes with promising permselectivity charac-
teristics, positioning them as competitive alternatives to existing com-
mercial ultrafiltration membranes. To develop a comprehensive under-
standing of PET membrane fabrication from blended textiles (SwtPET), 
future studies will be essential, particularly to elucidate the membrane’s 
surface morphology and topological features, including detailed assess-
ments of surface roughness. Taken together, this study has made sig-
nificant progress in paving a path toward employing membranes made 
from recycled PET from blended textiles in various membrane-based 
applications, especially those requiring membranes with high thermal 
and chemical stability. An important next step would be to conduct a 
quantitative sustainability analysis, such as a life cycle assessment, to 
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evaluate the environmental consequences of upcycling SwtPET materi-
als.

CRediT authorship contribution statement

Mohammadamin Esmaeili: Writing – review & editing, Writing 
– original draft, Methodology, Investigation, Funding acquisition, For-
mal analysis, Conceptualization. Ismat Ara: Writing – review & edit-
ing, Methodology, Investigation, Formal analysis, Conceptualization.
Vadim Ippolitov: Writing – review & editing, Methodology, Investi-
gation, Formal analysis. Tiina Rissanen: Writing – review & editing, 
Methodology, Funding acquisition. Ikenna Anugwom: Writing – re-
view & editing, Supervision, Resources, Project administration, Method-
ology, Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The EkspSaatio Foundation, the Finnish Cultural Foundation, and 
the Fortumin ja Nesteen Säätiö are appreciatively acknowledged for 
their financial support of our research.

References

Ahmad, A., Ramli, W., 2013. Hydrophobic PVDF membrane via two-stage soft coagulation 
bath system for membrane gas absorption of co2. Sep. Purif. Technol. 103, 230–240. 
https://doi .org /10 .1016 /j .seppur .2012 .10 .032.

Akhtar, K.S., Ahmad, S., Afzal, A., Anam, W., Ali, Z., Hussain, T., 2020. Influence and com-
parison of emerging techniques of yarn manufacturing on physical–mechanical prop-
erties of polyester-/cotton-blended yarns and their woven fabrics. J. Text. Inst. 111 
(4), 555–564. https://doi .org /10 .1080 /00405000 .2019 .1650545.

Ali, B.T.I., Widiastuti, N., Kusumawati, Y., Jaafar, J., 2022. Utilization of drinking water 
bottle waste as a sustainable and low-cost membrane material in water purification. 
In: 2nd International Conference on Sustainable Environmental Technology. Mater. 
Today Proc. 65, 3030–3036. https://doi .org /10 .1016 /j .matpr .2022 .03 .581.

Ali, B.T.I., Kusumawati, Y., Jaafar, J., Sulistiono, D.O., Widiastuti, N., 2023. Low-cost 
membrane from polyethylene terephthalate bottle waste for water purification and 
chromium removal: modification and application. RSC Adv. 13 (13), 8985–8995. 
https://doi .org /10 .1039 /d3ra00827d.

Arahman, N., Fahrina, A., Amalia, S., Sunarya, R., Mulyati, S., 2017. Effect of PVP on the 
characteristic of modified membranes made from waste pet bottles for humic acid 
removal. vol. F1000Research 6. https://doi .org /10 .12688 /f1000research .11501 .2.

Behary, N., Perwuelz, A., Campagne, C., Lecouturier, D., Dhulster, P., Mamede, A., 
2012. Adsorption of surfactin produced from bacillus subtilis using nonwoven PET 
(polyethylene terephthalate) fibrous membranes functionalized with chitosan. Col-
loids Surf. B, Biointerfaces 90, 137–143. https://doi .org /10 .1016 /j .colsurfb .2011 .10 .
009.

Bolourieh, N., 2023. Sustainable open and closed-loop cotton-polyester blended textile 
recycling using green solvent. Master’s thesis. LUT University. https://urn .fi /URN :
NBN :fi -fe2023060852861.

Cadore, Í.R., Ambrosi, A., Cardozo, N.S.M., Tessaro, I.C., 2019. Phase separation behavior 
of poly(ethylene terephthalate)/(trifluoroacetic acid/dichloromethane)/water system 
for wet phase inversion membrane preparation. J. Appl. Polym. Sci. 136 (13), 47263. 
https://doi .org /10 .1002 /app .47263.

Chopra, S.S., Dong, L., Kaur, G., Len, C., Ki Lin, C.S., 2023. Sustainable process design 
for circular fashion: advances in sustainable chemistry for textile waste valorisation. 
Curr. Opin. Green Sustain. Chem. 39, 100747. https://doi .org /10 .1016 /j .cogsc .2022 .
100747.

Chun, K.-Y., Jang, S.-H., Kim, H.-S., Kim, Y.-W., Han, H.-S., Joe, Y.il., 2000. Effects of sol-
vent on the pore formation in asymmetric 6FDA–4, 4’ODA polyimide membrane: 
terms of thermodynamics, precipitation kinetics, and physical factors. J. Membr. 
Sci. 169 (2), 197–214. https://doi .org /10 .1016 /S0376 -7388(99 )00336 -1.

Deshmukh, S., Li, K., 1998. Effect of ethanol composition in water coagulation bath on 
morphology of pvdf hollow fibre membranes. J. Membr. Sci. 150 (1), 75–85. https://
doi .org /10 .1016 /S0376 -7388(98 )00196 -3.

Desore, A., Narula, S.A., 2018. An overview on corporate response towards sustainability 
issues in textile industry. Environ. Dev. Sustain. 20, 1439–1459. https://doi .org /10 .
1007 /s10668 -017 -9949 -1.

Elhamarnah, Y., Alkhouzaam, A., Qiblawey, H., Nasser, M., 2024. Enhancing the prop-
erties and performance of polysulfone ultrafiltration membranes using citric acid 
based deep eutectic solvent additives. J. Environ. Chem. Eng. 12 (2), 112110. https://
doi .org /10 .1016 /j .jece .2024 .112110.

Ghiasi, S., Behboudi, A., Mohammadi, T., Khanlari, S., 2019. Effect of surface charge and 
roughness on ultrafiltration membranes performance and polyelectrolyte nanofiltra-
tion layer assembly. Colloids Surf. A, Physicochem. Eng. Asp. 580, 123753. https://
doi .org /10 .1016 /j .colsurfa .2019 .123753.

Goh, P.S., Othman, M.H.D., Matsuura, T., 2021. Waste reutilization in polymeric mem-
brane fabrication: a new direction in membranes for separation. Membranes 11 (10). 
https://doi .org /10 .3390 /membranes11100782.

Gschwandtner, C., 2022. Outlook on global fiber demand and supply 2030. Growth 65, 
113.

Guo, S., Luo, J., Yang, Q., Qiang, X., Feng, S., Wan, Y., 2019. Decoloration of molasses 
by ultrafiltration and nanofiltration: unraveling the mechanisms of high sucrose re-
tention. Food Bioprocess Technol. 12, 39–53. https://doi .org /10 .1007 /s11947 -018 -
2189 -z.

Hardian, R., Ghaffar, A., Shi, C., Chen, E.Y.-X., Szekely, G., 2024. Chemically recy-
clable nanofiltration membranes fabricated from two circular polymer classes of the 
same monomer origin. J. Membr. Sci. Lett. 4 (1), 100067. https://doi .org /10 .1016 /j .
memlet .2024 .100067.

Haslinger, S., Hummel, M., Anghelescu-Hakala, A., Määttänen, M., Sixta, H., 2019. Up-
cycling of cotton polyester blended textile waste to new man-made cellulose fibers. 
Waste Manag. 97, 88–96. https://doi .org /10 .1016 /j .wasman .2019 .07 .040.

Hummel, M., Michud, A., Tanttu, M., Asaadi, S., Ma, Y., Hauru, L.K., Parviainen, A., King, 
A.W., Kilpeläinen, I., Sixta, H., 2016. Ionic liquids for the production of man-made 
cellulosic fibers: opportunities and challenges. In: Cellulose Chemistry and Properties: 
Fibers, Nanocelluloses and Advanced Materials, pp. 133–168.

Hussain, S., Wadgama, M.H., Khan, A.L., Yasin, M., Akhtar, F.H., 2023. Upcycling 
Poly(ethylene terephthalate) by fabricating membranes for desalination. ACS Sustain. 
Chem. Eng. 11 (2), 726–732. https://doi .org /10 .1021 /acssuschemeng .2c05964.

Hut, N.A., Goh, P.S., Ahmad, N.A., Kang, H.S., Wong, K.C., Syfina, N.A., Ismail, A.F., 
2024. Surface decoration of polyethylene terephthalate (PET) waste bottle-derived 
ultrafiltration membrane for enhanced lead ion removal and antifouling properties. 
J. Environ. Chem. Eng. 12 (1), 111766. https://doi .org /10 .1016 /j .jece .2023 .111766.

Imdad, S., Dohare, R.K., 2023. Preparation of ultrafiltration membrane from discarded 
polyethylene terephthalate bottles. Environ. Sci. Pollut. Res. 30 (15), 42728–42737. 
https://doi .org /10 .1007 /s11356 -022 -23068 -8.

Ismat, A., 2023. Recycling of waste blended textile with green solvent and close the loop. 
Master’s thesis. LUT University. https://urn .fi /URN :NBN :fi -fe2023052648397.

Jiang, Z., Yang, J., Zhang, Q., Yang, L., Li, Z., Wu, X., 2022. Influence of ethanol con-
tent and temperature in coagulation bath on the microstructure and performance 
of polyvinylidene fluoride ultrafiltration membranes. Ferroelectrics 595 (1), 73–87. 
https://doi .org /10 .1080 /00150193 .2022 .2079458.

Johnson, D., Hilal, N., 2015. Characterisation and quantification of membrane surface 
properties using atomic force microscopy: a comprehensive review. Desalination 356, 
149–164. https://doi .org /10 .1016 /j .desal .2014 .08 .019. state-of-the-Art Reviews in 
Desalination.

Kahoush, M., Kadi, N., 2022. Towards sustainable textile sector: fractionation and sep-
aration of cotton/polyester fibers from blended textile waste. Sustain. Mater. Tech-
nol. 34, e00513. https://doi .org /10 .1016 /j .susmat .2022 .e00513.

Kanagaraj, P., Nagendran, A., Rana, D., Matsuura, T., Neelakandan, S., Malarvizhi, K., 
2015. Effects of polyvinylpyrrolidone on the permeation and fouling-resistance prop-
erties of polyetherimide ultrafiltration membranes. Ind. Eng. Chem. Res. 54 (17), 
4832–4838. https://doi .org /10 .1021 /acs .iecr .5b00432.

Karami, P., Mizan, M.M.H., Ammann, C., Taghipour, A., Soares, J.B., Sadrzadeh, M., 
2023. Novel lignosulfonated polyester membranes with remarkable permeability and 
antifouling characteristics. J. Membr. Sci. 687, 122034. https://doi .org /10 .1016 /j .
memsci .2023 .122034.

Kaza, S., Yao, L., Bhada-Tata, P., Van Woerden, F., 2018. What a waste 2.0: a global 
snapshot of solid waste management to 2050. World Bank Publications.

Kiani, S., Mousavi, S.M., Bidaki, A., 2021. Preparation of polyethylene terephthalate/xan-
than nanofiltration membranes using recycled bottles for removal of diltiazem from 
aqueous solution. J. Clean. Prod. 314, 128082. https://doi .org /10 .1016 /j .jclepro .
2021 .128082.

Kusumadewi, S., Kusumocahyo, S., 2019. Development of ultrafiltration membrane from 
polyethylene terephthalate (PET) bottle waste. ICONIET Proc. 2, 53–58.

Kusumocahyo, S.P., Ambani, S.K., Kusumadewi, S., Sutanto, H., Widiputri, D.I., 
Kartawiria, I.S., 2020. Utilization of used polyethylene terephthalate (PET) bottles for 
the development of ultrafiltration membrane. J. Environ. Chem. Eng. 8 (6), 104381. 
https://doi .org /10 .1016 /j .jece .2020 .104381.

Kusumocahyo, S.P., Ambani, S.K., Marceline, S., 2021. Improved permeate flux and re-
jection of ultrafiltration membranes prepared from polyethylene terephthalate (PET) 
bottle waste. Sustain. Environ. Res. 31, 1–11. https://doi .org /10 .1186 /s42834 -021 -
00091 -x.

https://doi.org/10.1016/j.seppur.2012.10.032
https://doi.org/10.1080/00405000.2019.1650545
https://doi.org/10.1016/j.matpr.2022.03.581
https://doi.org/10.1039/d3ra00827d
https://doi.org/10.12688/f1000research.11501.2
https://doi.org/10.1016/j.colsurfb.2011.10.009
https://doi.org/10.1016/j.colsurfb.2011.10.009
https://urn.fi/URN:NBN:fi-fe2023060852861
https://urn.fi/URN:NBN:fi-fe2023060852861
https://doi.org/10.1002/app.47263
https://doi.org/10.1016/j.cogsc.2022.100747
https://doi.org/10.1016/j.cogsc.2022.100747
https://doi.org/10.1016/S0376-7388(99)00336-1
https://doi.org/10.1016/S0376-7388(98)00196-3
https://doi.org/10.1016/S0376-7388(98)00196-3
https://doi.org/10.1007/s10668-017-9949-1
https://doi.org/10.1007/s10668-017-9949-1
https://doi.org/10.1016/j.jece.2024.112110
https://doi.org/10.1016/j.jece.2024.112110
https://doi.org/10.1016/j.colsurfa.2019.123753
https://doi.org/10.1016/j.colsurfa.2019.123753
https://doi.org/10.3390/membranes11100782
http://refhub.elsevier.com/S0009-2509(24)00667-5/bib01853C8DD6290855EE59CDADC4E81ED5s1
http://refhub.elsevier.com/S0009-2509(24)00667-5/bib01853C8DD6290855EE59CDADC4E81ED5s1
https://doi.org/10.1007/s11947-018-2189-z
https://doi.org/10.1007/s11947-018-2189-z
https://doi.org/10.1016/j.memlet.2024.100067
https://doi.org/10.1016/j.memlet.2024.100067
https://doi.org/10.1016/j.wasman.2019.07.040
http://refhub.elsevier.com/S0009-2509(24)00667-5/bibECDCB4A8CE790A1ADB986EBA7370675Bs1
http://refhub.elsevier.com/S0009-2509(24)00667-5/bibECDCB4A8CE790A1ADB986EBA7370675Bs1
http://refhub.elsevier.com/S0009-2509(24)00667-5/bibECDCB4A8CE790A1ADB986EBA7370675Bs1
http://refhub.elsevier.com/S0009-2509(24)00667-5/bibECDCB4A8CE790A1ADB986EBA7370675Bs1
https://doi.org/10.1021/acssuschemeng.2c05964
https://doi.org/10.1016/j.jece.2023.111766
https://doi.org/10.1007/s11356-022-23068-8
https://urn.fi/URN:NBN:fi-fe2023052648397
https://doi.org/10.1080/00150193.2022.2079458
https://doi.org/10.1016/j.desal.2014.08.019
https://doi.org/10.1016/j.susmat.2022.e00513
https://doi.org/10.1021/acs.iecr.5b00432
https://doi.org/10.1016/j.memsci.2023.122034
https://doi.org/10.1016/j.memsci.2023.122034
https://doi.org/10.1016/j.jclepro.2021.128082
https://doi.org/10.1016/j.jclepro.2021.128082
http://refhub.elsevier.com/S0009-2509(24)00667-5/bib92A2B5CB9C6906035C2864FA225E1940s1
http://refhub.elsevier.com/S0009-2509(24)00667-5/bib92A2B5CB9C6906035C2864FA225E1940s1
https://doi.org/10.1016/j.jece.2020.104381
https://doi.org/10.1186/s42834-021-00091-x
https://doi.org/10.1186/s42834-021-00091-x


Chemical Engineering Science 298 (2024) 120367

13

M. Esmaeili, I. Ara, V. Ippolitov et al.

Lai, J.-Y., Lin, F.-C., Wang, C.-C., Wang, D.-M., 1996. Effect of nonsolvent additives on 
the porosity and morphology of asymmetric tpx membranes. J. Membr. Sci. 118 (1), 
49–61. https://doi .org /10 .1016 /0376 -7388(96 )00084 -1.

Lee, J., Lee, J., Baek, Y., 2020. Ultrafiltration and diafiltration processes for concentration 
and formulation of antibody-based therapeutics. Membr. J. 30 (6), 373–384. https://
doi .org /10 .14579 /MEMBRANE _JOURNAL .2020 .30 .6 .373.

Lin, C.-H., Gung, C.-H., Wu, J.-Y., Suen, S.-Y., 2015. Cationic dye adsorption using porous 
composite membrane prepared from plastic and plant wastes. J. Taiwan Inst. Chem. 
Eng. 51, 119–126. https://doi .org /10 .1016 /j .jtice .2015 .01 .019.

Liu, Z., Xiang, J., Hu, X., Cheng, P., Zhang, L., Du, W., Wang, S., Tang, N., 2021. Effects of 
coagulation-bath conditions on polyphenylsulfone ultrafiltration membranes. Chin. J. 
Chem. Eng. 34, 332–340. https://doi .org /10 .1016 /j .cjche .2020 .11 .038.

Madaeni, S.S., Taheri, A.H., 2011. Effect of casting solution on morphology and perfor-
mance of PVDF microfiltration membranes. Chem. Eng. Technol. 34 (8), 1328–1334. 
https://doi .org /10 .1002 /ceat .201000177.

Mänttäri, M., Pihlajamäki, A., Nyström, M., 2006. Effect of pH on hydrophilicity and 
charge and their effect on the filtration efficiency of NF membranes at different pH. 
J. Membr. Sci. 280 (1), 311–320. https://doi .org /10 .1016 /j .memsci .2006 .01 .034.

Marchese, J., Ponce, M., Ochoa, N., Prádanos, P., Palacio, L., Hernández, A., 2003. Fouling 
behaviour of polyethersulfone uf membranes made with different pvp. J. Membr. 
Sci. 211 (1), 1–11. https://doi .org /10 .1016 /S0376 -7388(02 )00260 -0.

Mehrparvar, A., Rahimpour, A., 2015. Surface modification of novel polyether sulfone 
amide (pesa) ultrafiltration membranes by grafting hydrophilic monomers. J. Ind. 
Eng. Chem. 28, 359–368. https://doi .org /10 .1016 /j .jiec .2015 .03 .016.

Mohammadi, T., Saljoughi, E., 2009. Effect of production conditions on morphology and 
permeability of asymmetric cellulose acetate membranes. Desalination 243 (1), 1–7. 
https://doi .org /10 .1016 /j .desal .2008 .04 .010.

Mulder, M., 1996. Basic Principles of Membrane Technology. Springer Science & Business 
Media.

Mulder, M., Hendrikman, J.O., Wijmans, J., Smolders, C., 1985. A rationale for the 
preparation of asymmetric pervaporation membranes. J. Appl. Polym. Sci. 30 (7), 
2805–2820. https://doi .org /10 .1002 /app .1985 .070300708.

Ooi, B.S., Yatim, N.S.M., Ahmad, A.L., Lai, S.O., 2012. Preparation of polyvinylidene 
fluoride membrane via dual coagulation bath system and its wettability study. J. 
Appl. Polym. Sci. 124 (S1), E225–E232. https://doi .org /10 .1002 /app .36269.

Pascoe, M., Mandal, S., Williams, O., Maillard, J.-Y., 2022. Impact of material proper-
ties in determining quaternary ammonium compound adsorption and wipe product 
efficacy against biofilms. J. Hosp. Infect. 126, 37–43. https://doi .org /10 .1016 /j .jhin .
2022 .03 .013.

Pereira, A.P.d.S., Silva, M.H.P.d., Lima, É.P., Paula, A.d.S., Tommasini, F.J., 2017. Pro-
cessing and characterization of PET composites reinforced with geopolymer concrete 
waste. Mater. Res. 20, 411–420. https://doi .org /10 .1590 /1980 -5373 -MR -2017 -0734.

Pongmuksuwan, P., Kitisatorn, W., 2023. Recycled poly(ethylene terephthalate) for mem-
brane material in membrane bioreactor. Materials Today: Proceedings, vol. 77, 
pp. 1154–1159. In: Research, Invention and Innovation Congress (RI2C 2022), 2022.

Pulido, B.A., Habboub, O.S., Aristizabal, S.L., Szekely, G., Nunes, S.P., 2019. Recycled 
poly (ethylene terephthalate) for high temperature solvent resistant membranes. ACS 
Appl. Polym. Mater. 1 (9), 2379–2387. https://doi .org /10 .1021 /acsapm .9b00493.

Rajesh, S., Murthy, Z.V.P., 2014. Ultrafiltration membranes from waste polyethylene 
terephthalate and additives: synthesis and characterization. Quím. Nova 37, 653–657. 
https://doi .org /10 .5935 /0100 -4042 .2014009.

Reuvers, A., 1987. Membrane formation: diffusion induced demixing processes in ternary 
systems. Ph. D. Thesis. Twente University of Technology, The Netherlands.

Rusu, E., Drobota, M., Barboiu, V., 2008. Structural investigations of amines treated 
polyester thin films by FTIR-ATR spectroscopy. J. Optoelectron. Adv. Mater. 10 (2), 
377.

Saljoughi, E., Sadrzadeh, M., Mohammadi, T., 2009. Effect of preparation variables on 
morphology and pure water permeation flux through asymmetric cellulose acetate 
membranes. J. Membr. Sci. 326 (2), 627–634. https://doi .org /10 .1016 /j .memsci .
2008 .10 .044.

Saljoughi, E., Amirilargani, M., Mohammadi, T., 2010. Effect of PEG additive and co-
agulation bath temperature on the morphology, permeability and thermal/chem-
ical stability of asymmetric ca membranes. Desalination 262 (1), 72–78. https://
doi .org /10 .1016 /j .desal .2010 .05 .046.

Spruck, M., Stadlmayr, W., Koch, M., Mayr, L., Penner, S., Rupprich, M., 2015. Influ-
ence of the coagulation medium on the performance of poly (ether sulfone) flat-sheet 
membranes. J. Appl. Polym. Sci. 132 (11). https://doi .org /10 .1002 /app .41645.

Stanescu, M.D., 2021. State of the art of post-consumer textile waste upcycling to reach 
the zero waste milestone. Environ. Sci. Pollut. Res. 28 (12), 14253–14270. https://
doi .org /10 .1007 /s11356 -021 -12416 -9.

Sukitpaneenit, P., Chung, T.-S., 2021. Chapter 16 - molecular elucidation of morphology 
and mechanical properties of pvdf hollow fiber membranes from aspects of phase 
inversion, crystallization, and rheology. In: Chung, T.-S., Feng, Y. (Eds.), Hollow Fiber 
Membranes. Elsevier, pp. 333–360.

Tang, Y., Lin, Y., Ford, D.M., Qian, X., Cervellere, M.R., Millett, P.C., Wang, X., 2021. A 
review on models and simulations of membrane formation via phase inversion pro-
cesses. J. Membr. Sci. 640, 119810. https://doi .org /10 .1016 /j .memsci .2021 .119810.

Toh, M.J., Oh, P.C., Shaufi, M.I.S.M., 2020. Preparation of highly hydrophobic PVDF-HFP 
membrane with anti-wettability characteristic. IOP Conf. Ser., Mater. Sci. Eng. 778 
(1), 012176. https://doi .org /10 .1088 /1757 -899X /778 /1 /012176.
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