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Abstract

Pressure-driven membrane processes such as microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis are essential in water treatment, food, pharmaceutical, and wastewater applications. Poly(ethylene
terephthalate) (PET) offers high mechanical strength, chemical resistance, and thermal stability, making
it a promising alternative to conventional polymers used in membrane preparation. However, its poor
solubility in environmentally benign solvents limits its application in wet phase inversion technology. This
study proposes a reactive modification of PET via glycolysis with 1,5—-pentanediol to enhance solubility
in less toxic solvents. The two-step process — PET depolymerisation and subsequent polycondensation
— yields poly(pentamethylene terephthalate), characterised by 'H NMR, gel permeation chromatography
(GPC) and contact angle measurements. The modification reduces crystallinity, improves chain flexibility,
and significantly increases solubility in solvents such as THF, Cyrene®, and DMF at 40°C. Membranes
prepared from Cyrene® solutions via wet phase inversion exhibit a porous, finger-like morphology confirmed
by SEM. The hydrophilicity of the modified PET surface increased markedly (contact angle reduction from
110° to 65°). Combining chemical modification with a bio-based solvent provides a practical, sustainable
pathway for producing PET-based membranes. The results demonstrate strong potential for developing
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environmentally friendly, durable membrane materials for advanced separation processes.
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1. INTRODUCTION

Pressure-driven membrane techniques, such as microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO), are among the most critical separation pro-
cesses used in water and wastewater treatment, as well as
the food, biotechnology and pharmaceutical industries (Aziz
et al., 2024; Foorginezhad, 2025; Garcia-Avila et al., 2025).
These technologies rely on selective, semi-permeable barriers
that separate components based on particle size and physico-
chemical interactions under applied pressure gradients.

The global membrane filtration market is experiencing rapid
growth, with a projected compound annual growth rate
(CAGR) of approximately 6-8% between 2023 and 2030
(Meticulous Research, 2023). Key factors driving this growth
include increasing water scarcity, rising industrial and mu-
nicipal wastewater generation, and tightening environmental
regulations, as well as the demand for high-quality processed
food and beverages (Meticulous Research, 2023). In addition,
the shift towards sustainable and decentralized water treat-
ment solutions has positioned membrane technologies as core
components of modern purification systems.

(©MOM
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Pressure-driven membrane processes are characterised by high
separation efficiency, modularity, and relatively low energy
consumption compared to traditional separation methods such
as distillation or adsorption (Francis et al., 2022). The mod-
ular design of membrane systems allows flexible integration
into various industrial processes, ranging from large-scale de-
salination plants to compact bioreactor units. Polymeric and
ceramic membranes are primarily used in pressure-driven mem-
brane processes. Polymers such as poly(ethersulfone) (PES),
poly(vinylidene fluoride) (PVDF), poly(acrylonitrile) (PAN),
cellulose acetate (CA), and polyimide (PI) are widely employed
due to their ease of fabrication, moderate cost, and versatility.
Nonetheless, despite continuous progress, polymer membranes
face several long-standing challenges. These include chemical
degradation, thermal instability, and, most notably, fouling —
the progressive deposition of colloids, organics, and biological
matter on the membrane surface or within its pores (Aziz et al.,
2024; Foorginezhad, 2025; Garcia-Avila et al, 2025; Goh and
Ismail, 2018). Fouling not only decreases flux and selectivity
but also increases operational costs and energy consumption.

Consequently, recent research has focused on extending mem-
brane lifespan and improving fouling resistance through chem-
ical modification, surface functionalisation, or composite for-

(© 2026. The Author(s). This is an open-access article distributed under the terms of the Creative Commons
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distribution, and reproduction in any medium, provided the original author and source are credited.

1 of 12


https://orcid.org/0000-0003-0560-3540
https://orcid.org/0000-0003-2911-0812
https://orcid.org/0000-0001-5405-8433
https://orcid.org/0000-0002-7292-7409
https://orcid.org/0000-0001-8391-9650
https://orcid.org/0000-0002-3544-7246
mailto:paulina.rajewska@itee.lukasiewicz.gov.pl
mailto:paulina.rajewska2@dokt.pw.edu.pl
https://creativecommons.org/licenses/by/4.0/

P. Rajewska et al.

mation. The overarching goal has been to develop membranes
that are simultaneously highly permeable, selectively efficient,
and resistant to fouling and chemical attack — all while main-
taining manufacturability and environmental compatibility.

Over that past decade, substantial progress has been made
in designing polymer-based membranes that incorporate in-
organic nanomaterials, resulting in mixed-matrix membranes
(MMMs) that combine the ease of processing and mechan-
ical flexibility of polymers with the functional advantages
of nanofillers (Yang et al., 2020). Nanomaterials, such as
titanium dioxide (TiO,), silicon dioxide (SiO2), graphene
oxide (GO), and metal-organic frameworks (MOFs), have
been incorporated to enhance membrane hydrophilicity, an-
tifouling behaviour, and permeability. For example, a recent
review (Arundhathi et al., 2024) summarises how embed-
ding nanofillers improves hydrophilicity and fouling resistance
across diverse separation applications. Similarly, in MOF-
based MMMs used for gas separation, interfacial defects, filler
agglomeration, and poor filler-polymer compatibility have
been identified as key factors limiting performance (Yu et
al., 2024). The in situ generation of Zr-based nanoparticles
within a polymer matrix facilities a more uniform nanoparticle
dispersion, greater hydrophilicity, and improved antifouling
properties, outperforming simple blending approaches (Zhang
et al., 2021). Despite substantial advances, issues such as
nanoparticle agglomeration, non-selective voids, and long-
term stability persist. Addressing these challenges — through
improved filler functionalization, in situ growth, enhanced
interfaces, and real-world testing — remains essential for the
practical progress of MMM (Yang et al., 2020).

Surface modification represents another widely studied route
to enhance performance. Plasma treatment, UV grafting,
polydopamine, and zwitterionic polymers are among the es-
tablished techniques for limiting fouling (Goh and Ismail,
2018). However, many such modifications are applied post-
fabrication and tend to be unstable under harsh operating
conditions or over long periods.

The wet phase inversion method remains the most widely used
route for producing asymmetric polymer membranes because
the solvent—polymer—nonsolvent interplay controls demixing
and, consequently, the skin layer and substructure formed
during solidification (Bohr et al., 2023). Solvent properties —
especially affinity to polymer and nonsolvent, viscosity, and
mass transfer rates — determine demixing type and, ultimately,
pore morphology (Hu et al., 2024; Sahu et al., 2024). While
polar aprotic solvents such as NMP, DMF and DMAc have
historically been preferred, recent work has focused on sol-
vent engineering and substitution with greener alternatives
(e.g., Cyrene™, y-valerolactone, PolarClean) that can repro-
duce desirable phase-inversion kinetics with lower toxicity and
environmental impact (Keirouz et al., 2024; Naziri Mehra-
bani et al., 2022). Laboratory advances, including co-solvent
formulations, additive-assisted phase inversion, and scalable
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techniques, demonstrate that the interplay between chemistry
and process is crucial for producing reproducible, high-quality
membranes (Ma et al., 2024).

Grylewicz et al. (2021) demonstrated that solvent choice is
a critical determinant of membrane structure, with affinity,
viscosity, and exchange rates shaping demixing and resulting
microstructure. Moreover, the environmental impact of con-
ventional solvents used in membrane fabrication has become
a growing concern. The phase inversion technique — though
versatile and widely applied — typically relies on polar aprotic
solvents, all of which are linked to significant toxicity and are
now regulated under the EU’'s REACH framework. This regula-
tory push and environmental focus drive ongoing research into
greener, safer solvents, including ionic liquids and DESs with
adjustable properties and lower volatility. Parallel efforts aim to
develop new polymer—solvent systems that operate efficiently
in benign media, thereby reducing both ecological burden and
health risks while maintaining key performance parameters.

Within this context, poly(ethylene terephthalate) (PET) —
one of the most abundantly produced thermoplastics — has
attracted increasing attention as a potential membrane ma-
terial. Traditionally associated with textiles and beverage
packaging, PET combines mechanical strength, stability, and
chemical resistance, making it a promising choice for filtration
environments (Pulido et al., 2019).

PET's environmental advantages also stand out. As one of the
most widely recycled plastics globally, it offers a widespread
and low-cost feedstock. Turning PET waste into membranes
supports circular economy goals and sustainable materi-
als management, promising both cost and resource savings
(Pulido et al., 2019).

Although the exploration of PET for membrane fabrication
is still in the early stages, research in this field is expanding
rapidly. A recent review (Kirshanov et al., 2022) explicitly
covers preparation techniques, including ion-track technology,
electrospinning, and non-solvent-induced phase separation
(NIPS), applied to PET and copolyesters. The authors em-
phasise PET's mechanical strength, chemical stability, and
recyclability, yet highlight that minimal solubility in standard
solvents restricts NIPS application unless special systems or
pretreatment are used. Chemical modification of PET to im-
prove solubility and functionality represents a promising path-
way towards sustainable membrane fabrication. Approaches
include copolymerisation, aminolysis, hydrolysis, and glycoly-
sis (Arthanareeswaran et al., 2010). Among these, glycolysis —
where PET reacts with diols — is particularly attractive thanks
to its commercial maturity.

Controlling glycolysis conditions enables partial depolymeri-
sation and the introduction of functional groups, reducing
crystallinity and improving compatibility with polar solvents.
This opens the door for PET to participate in benign-phase
inversion — potentially under much milder, greener conditions
than previously possible.

https://journals.pan.pl/cpe
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Despite these advantages, relatively few studies have applied
glycolysis in this way. Most research focuses on full monomer
recovery or blending with other polymers, rather than
using modified PET directly. This gap signals a valuable
opportunity for innovation.

In parallel, research explores the combination of glycolysis-
derived PET fragments with other polymers to enhance pro-
cessability and tailor membrane properties (Moncada and
Dadmun, 2023; Ragaert et al., 2017). These blends can
combine circularity with desirable separation properties. In
contrast, mechanical recycling methods, such as extrusion or
stretching into films, lack control over the pore structure and
tend to deliver lower performance (Al-Sabagh et al., 2016).

Blending PET or rPET with other polymers has improved
processability and surface properties, as seen in PET-PVDF
and PET-PES blends. However, these still often require toxic
solvents. Surface modification techniques have shown promise
for wettability and fouling reduction (Shakayeva et al., 2024).

Therefore, combining chemical recycling — especially glycolysis
— with advanced membrane-forming techniques, like electro-
spinning or phase inversion, presents a promising strategy for
high-performance, eco-conscious membranes (Hassan et al.,
2025; Moncada and Dadmun, 2023).

Electrospinning approaches upcycle PET waste into nanofi-
brous membranes for applications such as oil-water separation,
often outperforming conventional polymers. Yet, most tech-
niques use aggressive and toxic solvents. A key limitation for
PET membrane technology remains the lack of benign solvent
systems compatible with phase inversion. Overcoming this is
critical to PET's mainstream use.

Using PET as a raw material for producing filtration mem-
branes represents an innovative approach, which could signifi-
cantly impact the availability of more efficient and eco-friendly
membrane materials. One of the main challenges associated
with the use of PET for filtration membranes is its limited
solubility in standard solvents, which poses a barrier to the
production of membranes by the wet phase inversion method.
PET dissolves only in a few powerful and toxic solvents, such
as the mixture of trifluoroacetic acid and dichloromethane
(TFA/DCM) or chloroform (Karim et al., 2022; Schliiter et al.,
2024). These substances are hazardous to both health and the
environment, significantly hindering the industrial use of PET
in this technology. Therefore, chemical modification of PET
to improve its solubility and the search for alternative, less
toxic solvents are crucial for developing this technology. Such
modifications may include introducing functional groups that
change the chemical nature of PET, reducing its crystallinity,
and enhancing its solubility in more environmentally friendly
solvents (Arthanareeswaran et al., 2010). This solution could
pave the way for the production of PET membranes using the
wet phase inversion method, which is one of the most com-
monly used methods for forming porous membrane structures.

https://journals.pan.pl/cpe
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In light of the challenges associated with PET processability
and solvent limitations, this work proposes a new chemi-
cal route for developing sustainable PET-based membranes.
Through reactive glycolysis with 1,5—-pentanediol followed
by polycondensation, poly(pentamethylene terephthalate) is
obtained, exhibiting markedly improved solubility and process-
ability. Notably, the modified polymer can be fully dissolved in
the bio-based solvent Cyrene® at mild temperatures, offering
a non-toxic alternative to conventional solvent systems. Build-
ing upon this advancement, the study demonstrates the fabri-
cation of porous membranes by wet phase inversion, thereby
overcoming the key limitation of pristine PET. The integration
of chemical recycling, green solvent use, and membrane forma-
tion within a single framework provides a unified and environ-
mentally responsible approach to PET valorisation. This strat-
egy lays the groundwork for future developments in sustainable
polymeric membranes for advanced separation applications.

2. EXPERIMENTAL

2.1. Method of PET modification with
1.5-pentanediol

PET modification is based on the glycolysis process, carried
out in two main stages: PET depolymerisation, which involves
the breaking of ester bonds in the presence of selected diols,
and polycondensation, which allows for the reconstruction
of the polymer structure with new functional substituents
(Karayannidis et al., 2006; Moncada and Dadmun, 2023).
The process was carried out at 180-250°C, using 96 g of
PET (NeoPET 80; NeoGroup) and 52 g of 1,5—pentanediol
(synthesis grade, Merck Poland) as the modifier. The reaction
was carried out in the presence of an inert gas to prevent
degradation of the substrates and final products and the forma-
tion of reaction by-products. Zinc(ll) acetylacetonate (0.24 g)
(purity > 96%; TCl Japan) was used as the catalyst in the re-
action, and ethylene glycol was azeotropically distilled during
the process in the presence of xylene (reagent grade, Merck
Germany). Polycondensation was carried out under reduced
pressure (0.05 mbar) at 180°C, which additionally allowed
for the removal of low-molecular-weight fractions and ensured
proper control over the structure of the resulting polymer.

2.2. Studies on the physicochemical properties of
modified PET

After preparation, the modified PET was subjected to physic-
ochemical studies, including structural analysis using Nuclear
Magnetic Resonance Spectroscopy *H NMR. Samples (15 mg
of polymer) were dissolved in 1 mL of solvent: deuterated
chloroform (CDCl3). 'H spectra were recorded on a Varian
VXR 400 MHz spectrometer using tetramethylsilane as an
internal standard at 20°C.
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The molecular weights (Mn — number average molecular
weight, Mw — weight average molecular weight, Mz — av-
erage molecular weight and Dindex) of the modified PET
were determined by Gel Permeation Chromatography (GPC)
using a Malvern Viscotek GPCMax TDA 305 chromatograph,
equipped with Jordi Labs DVD Mixed Bed column with 30 cm
length and an internal diameter of 7.8 mm. The measuring
instrument had four detectors: refractometric, light dispersion,
viscometric, and UV-PDA (UV-Photodiode Array) detector.
The measurements were conducted at 30 °C with an eluent
(DCM) flow rate of 1 mL/min. Polystyrene standard was used
as a molecular weight reference. 3 mg of the examined poly-
mer was dissolved in 1.5 mL of a solution containing 99.5%
(v/v) DCM and 0.5% (v/v) CHCls. The prepared sample was
vortexed for 24 hours and then filtered through a 0.20 pm
syringe filter into a 1.5 mL glass vial.

Structural studies of modified poly(ethylene terephthalate)
were performed using the Fourier Transform Infrared Spec-
troscopy (FT-IR) (BIORADFTS-165 spectrometer). The se-
lected wavenumber range was 4000-400 cm~—!, and the reso-
lution was set at 2 cm™?! using 16 sample scans.

Furthermore, solubility studies of the resulting modified PET
were conducted in selected solvents, such as tetrahydrofuran
(THF), Cyrene®, dimethylformamide (DMF), butanol, ace-
tone, and ethyl acetate, at temperatures of 40°C and 60°C.
The tests were conducted in a climatic chamber at a stirring
speed of 300 rpm.

2.3. Membrane preparation and characterisation

Membranes were prepared from the homogeneous solutions us-
ing the wet phase inversion process (Fig. 1). Solutions contain-
ing 15% of the polymer in the solvent were prepared by heating
the mixture at 40 °C or 60 °C (Tab. 1) and a speed of 300 rpm.

Polymer
+
solvent Casting -
l, solution &

Stirring

Membrane
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Then, the homogenous solutions were cast onto a glass plate
and immediately immersed in a coagulation bath (deionised
water). After the inversion process, membranes were washed
with fresh deionised water and stored in a climatic chamber.

The morphology of the produced porous materials was anal-
ysed using a Helios 5 PFIB CXe scanning electron microscope
(Thermo Fisher Scientific, Inc.) equipped with an Elstar high-
resolution field emission SEM column and a Phoenix ion
column with inductively coupled Xe+ plasma, as well as a set
of Elstar detectors for electron imaging, including an Everhart-
Thornley (ETD) secondary electron detector. A working dis-
tance of about 4.0 mm and an electron beam acceleration
voltage of 5 kV were applied. Before the measurements, all
samples were attached to the SEM specimen mounts with
an electron conductive Cu tape and sputtered with a 10 nm
thick Au layer using a CCU-010 high-vacuum sputtering unit
(Safematic GmbH).

Surface porosity analysis was carried out on images obtained
using a scanning electron microscope (SEM, Helios PFIB,
Thermo Fisher Scientific) at a magnification of 10000x, an
accelerating voltage of 5 kV, and a beam current of 0.10 nA.
Digital image processing (ImageJ, Software) was performed
on the obtained micrographs to determine the fraction of the
pore area relative to the total analysed surface area.

SEM images were imported in RGB format and converted to
grayscale. To enhance the contrast between the pores and the
solid material, linear normalisation of the intensity histogram
was applied (rescaling within the 2-98 percentile range).

Binary segmentation was performed using Otsu’s automatic
thresholding method, which allowed for the separation of
bright areas corresponding to the solid phase from dark ar-
eas representing pores. Pixels with intensity values below the
threshold were classified as pores. Subsequently, morpholog-

Steel plate

= |

Membrane

Coagulation bath

|

Organic solvent

Phase
inversion

Non-solvent (water)

Pores

Figure 1. Scheme of the production of porous materials by the wet phase inversion process.
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ical operations were applied to improve the continuity of
the pore boundaries, including the removal of small objects
(< 80 pixels), filling of small holes (< 150 pixels), and mor-
phological closing with a structural element of radius 2 pixels.

Based on the resulting binary mask, the number of pixels
corresponding to pores (N,,) and the total number of pixels in
the analysed image (/V;) were determined. Given the horizontal
field width (HFW = 41.4 pum) and the image resolution
(1078 pixels), the linear pixel size was calculated as:

 HFW

s N,

(1)
and the area of a single pixel as:
Apx = s° (2)
The total image area was then determined as:
Acot = Ny - Apx (3)
and the total pore area as:
Apore = Np - Apx (4)

Surface porosity (Ps) was defined as the ratio of the total pore
area to the total analyzed area, expressed as a percentage:

p, = feore 1009 (5)
AtOt

The contact angles of polymer surfaces were measured using
the sessile drop method (goniometer) (Fig. 2). A special
measurement setup was used, consisting of a microscope,
a camera, and a computer with an installed digital image
acquisition and processing system. The wettability of the
polymer surfaces was determined using a goniometer.

1\

h

T 77T

Figure 2. A drop of liquid on a solid surface in the presence of air.

The value of the contact angle was calculated by the formula
(Sulek and Wasilewski, 2006):

2hr
tana = m (6)
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where: r — droplet radius, h — droplet height. The measure-
ment result was the average value from five independent
measurement series.

The water uptake of the membranes was evaluated gravimet-
rically using a standard swelling test based on the following
protocol: Membrane samples were dried to constant weight
at 60°C. The dry mass was recorded as W . Dried mem-
brane samples were completely immersed in distilled water
at room temperature for 24 hours to allow for equilibrium
swelling. After the immersion period, samples were removed
and gently blotted with filter paper to eliminate excess sur-
face water without damaging the membrane. The mass of
the swollen (hydrated) membrane was immediately measured
and recorded as W,. The water uptake (swelling degree) was
calculated using the Eq. (7) (Ndlwana et al., 2020).

WW - Wd
d

Water uptake (%) = -100% (7)

3. RESULTS

Modification of PET with pentanediol leads to the formation
of poly(pentamethylene terephthalate) (Fig. 3). The reaction
of PET with 1,5-pentanediol is not stoichiometric. This means
that some repeating units containing fragments derived from
ethylene glycol remain in the structure (both at the ends of
the PET chain and in the middle). By introducing longer diol
chains into PET, the stiffness of the polymer and the degree
of its crystallinity are reduced, while its flexibility is improved
(Karayannidis et al., 2006; Moncada and Dadmun, 2023).

The use of Gel Permeation Chromatography (GPC) in the
analysis of the synthesised poly(pentamethylene terephtha-
late) allowed the determination of parameters related to
molecular weight, such as average molecular weights and
polydispersity index.

The Mn (16 150 [Da]) value reflects the average molecular
weight, calculated as the ratio of the total mass of the particles
to their number, indicating the presence of smaller particles
in the mixture. A higher Mw (33 792 [Da]) value suggests
the presence of heavier particles, which have a greater impact
on the weight average. A high Mz (53 095 [Da]) value con-
firms the presence of particles with a very high molar mass.
Additionally, a polydispersity index (D) of approximately 2.5
indicates a moderately broad molecular weight distribution.
This broad molecular weight distribution may be due to the
synthetic process, favouring the formation of both low- and
high-molecular-weight fractions. Large particles can positively
affect the material's mechanical properties, but increased
polydispersity can reduce suitability for further processing.
Similar values and relationships have also been described in
the literature (Lu et al., 2017), including for biodegradable
copolyesters based on 1.5-pentanediol, where the P index
was also in the range of 2-2.5, confirming that this is a
characteristic feature of this type of material.
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xylene, cat.

0]
How
0 OMOH + HOo~ T—OH
O

Figure 3. Synthesis reaction of poly(pentanediol terephthalate); x =5; y = 4.

FT-IR analyses were performed to confirm the modification
of the PET chain. The FT-IR spectrum (Fig. 4) for PET
modification with 1,5—-pentanediol shows characteristic
absorption bands that can be assigned to specific functional
groups in the sample:

e Around 2850-2950 cm™!: Peaks in this region suggest
C-H stretching from the —CH,— groups;

e Around 1460-1470 cm~! and 1375 cm™!: These peaks
indicate bending vibrations of -CH,— and —CH3;

e Around 1050-1150 cm~!: Strong absorption in this region
can be attributed to C-O stretching, characteristic of
alcohols;

e Below 1000 cm™1!: Peaks in this region are often caused by
different bending modes and vibrations of the fingerprint
region.

0,6 2.

Absorbance (-)
o
(4]

R VLA

3100

2100 1600 1100

Wavenumber (cm™)

2600 600

Figure 4. FT-IR spectra: PET modification with 1,5—pentanediol.

Taking this into account, key peaks confirming the structure
include:

e (1.) C—H stretching around 2850-3000 cm~1;
e (2.) C-O stretching around 1050-1150 cm~!.

6 of 12

C-H stretching and bending vibrations around 2850-
3000 cm~! and 14601470 cm~* confirm the alkane structure.
Strong absorption around 1050-1150 cm™?! confirms the pres-
ence of C-O bonds.

The efficiency of the glycolysis reaction of poly(ethylene
terephthalate) and 1,5-pentanediol was monitored by
examining the structure of the obtained material using 'H
NMR (Fig. 5).

Deuterated chloroform (CDCl3) was used as the solvent to
record the spectrum and chemical shift values (§) are given
in ppm relative to an internal standard (CHCl3 signal at
7.26 ppm). The following characteristic signals were recorded
in Table 1.

Similar chemical shift ranges have been described in the
literature for PET glycolysis products using aliphatic diols,
including 1,4-butanediol and 1,6-hexanediol, where shifts of
the methyl and hydroxyalkyl groups were observed in the range
of 1.2-2.2 ppm, and signals of the ester -CH,—O— groups
in the range of 3.9-4.4 ppm were observed (Moncada and
Dadmun, 2023; Chemicalbook).

Analysis of the 'H NMR spectrum confirmed the glycolysis
reaction of PET. An aromatic signal at 8.08 ppm suggests the
retention of the terephthalic backbone, characteristic of PET.
At the same time, the appearance of numerous signals in the
aliphatic range (1.2-2.0 ppm and 3.6-4.4 ppm) indicates the
adequate substitution of ethylene residues by 1,5—pentanediol
fragments. The presence of characteristic signals for all key
pieces of the polymer structure suggests high product purity
and the effectiveness of the modification process. Compared
to the 'H NMR spectrum of commercial PET (Tanaka et
al., 2016), which contains only signals from aromatic protons
(approximately 8.1 ppm) and —CH,—O—- groups in the range of
4.6-4.8 ppm, the analysed product exhibits additional signals
from the diol, confirming the occurrence of structural modifi-
cation. The obtained material can be classified as a glycolysed
oligomer with a mixed ester-alcohol structure, representing
a potential raw material for membrane production.
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Figure 5. 'H NMR spectrum of the synthesised poly(pentamethylene terephthalate).

Table 1. *HNMR Spectrum analysis.
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Peak No. [ppm] Signal type Chemical group Signal interpretation
—CH aromatic . . .
1 8.07 singlet (terephthalate ring Aromat!c protons. of PET (parajsubst|tuted rlng),
confirming retention of PET unit after glycolysis.
of PET)
—CH,—O- (ester —OCH,— protons of PET as well as fragments from
2. 4.10-4.43 multiplet groups in PET and 1,5—pentanediol, confirming alcohol exchange in the
diol fragments) polymer structure.
. . —CHy— protons adjacent to —OH or ester, indicating
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minor impurities)

aliphatic chain segments, multiplet from coupling.
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Table 2 presents the effect of PET modification with
pentanediol on the solubility of the material in selected
solvents at temperatures of 40°C and 60°C. The tested
poly(pentamethylene terephthalate), obtained by glycolysis
of PET with 1,5—-pentanediol, exhibited varying solubility
depending on the solvent used (Table 2). The material was
completely dissolved in tetrahydrofuran (THF), Cyrene®, and
dimethylformamide (DMF) at temperatures as low as 40°C.
This behaviour suggests good chemical compatibility of these
solvents with the material, resulting from their appropriate
polarity and ability to weaken interchain interactions
effectively. This facilitates the mobility of the polymer
segments and leads to complete dissolution.

Table 2. Solubility of (poly(pentanediol terephthalate)) (samples
P2-P7, P91 and pure PET) in selected solvents at 40°C

and 60°C.

Sample Solvent 40°C 60°C
P2. THF Soluble Soluble
P3. Butanol Insoluble Insoluble
pa. Acetone Partially Partially

soluble soluble
P5. Cyrene® Soluble Soluble
P6. DMF Soluble Soluble
Partially Partially
HE ST A soluble soluble
PI1. DMSO Insoluble Insoluble

PET THF, butanol,®
acetone, Cyrene®, Insoluble Insoluble

(pure)

DMF, ethyl acetate

Partial solubility in acetone and ethyl acetate indicates weaker
interactions between these solvents and the polymer structure.
This may be related to the limited ability of these solvents to
interact with the aromatic and stiffer terephthalate segments
present in the poly(pentamethylene terephthalate) structure.
The aliphatic chains introduced by 1,5—-pentanediol provide
the material with greater flexibility, but not all solvents can
effectively disrupt residual interchain interactions. It is also
worth noting that commercial (pure) PET did not dissolve in
any of the solvents tested. This phenomenon can be explained
by the high degree of crystallinity and the compact structure
of PET, which effectively limits the penetration of solvent
molecules and prevents the disruption of the ordered network
of interchain interactions. The temperature increase to 60°C
was insufficient to disrupt these strong interactions, confirming
the high resistance of PET to dissolution processes under
standard laboratory conditions (Di Lorenzo, 2024; Karim et
al., 2022; Schliiter et al., 2024).
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SEM analysis of a cross-sectional membrane produced by
phase inversion in a water bath using poly(pentamethylene
terephthalate) dissolved in Cyrene® confirms the presence of
a porous structure characteristic of membranes obtained by
this technique (Figs. 6 and 7).

SEM images revealed a porous membrane surface, which is
typical for membranes formed by the phase inversion method
(Fig. 6a). The presence of pores in the resulting membrane
structure can be attributed to the dynamic exchange between
the solvent (Cyrene®) and the antisolvent (water) during the
coagulation process. Cyrene® is a highly polar solvent with
good miscibility with water and is also characterised by a high
ability to rapidly penetrate the coagulation phase (Milescu
et al., 2019). Rapid mass transfer leads to the immediate
displacement of solvent from the polymer solution and the
simultaneous inflow of water into the system. Such rapid
phase separation favours the formation of an unstable two-
phase system, in which local concentration differences lead to
separation into a polymer-rich continuous phase and a solvent
phase, which forms closed or open pores (Hu et al., 2024).

Figure 7 shows a cross-sectional photograph of the membrane
obtained by the phase inversion method. It is visible that
the membrane has a porous, multilayer structure resulting
from the rapid exchange of the solvent (Cyrene®) with water.
Large, irregular macropores extending through the membrane
indicate intensive mixing of the solvent and non-solvent during
coagulation. The pores have a distinctly conical, tunnel-like
shape, characteristic of membranes with a so-called finger-like
structure (Ali et al., 2023; Bohr et al., 2023).

The pore size appears to be quite variable, which may be due
to rapid coagulation resulting from the very good miscibility
with water of the solvent used, i.e. Cyrene, which in this case
behaves as NMP or DMF (Milescu et al., 2019). SEM micro-
scopic analysis combined with digital image processing deter-
mined the surface porosity of the poly(pentamethylene tereph-
thalate) filtration membrane to be 39.55%. The range of sur-
face pore diameters, spanning from approximately 60 to 390
nm (Fig. 6a), clearly places the tested membrane in the group
of micro- and mesoporous materials, confirming its potential
use in microfiltration or low-pressure ultrafiltration processes.

SEM images obtained at 10000x magnification (Fig. 6a)
revealed a well-developed, differentiated surface topography
with numerous open pores of irregular shapes. The use of
Otsu segmentation and morphological image refinement en-
abled precise differentiation of porous regions and the polymer
phase (Fig. 6b), making the obtained result representative
of the actual microstructure of the membrane surface. The
literature describes membranes obtained from recycled PET
that also exhibit a porous structure after using the phase in-
version method. Membranes prepared from waste PET bottles
exhibit an asymmetric structure with a macroporous cross-
section and a smooth active layer on the surface (Pulido et
al., 2019). However, the porosity and morphology of these
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Figure 6. SEM image of the membrane surface produced by the wet phase inversion method from 1,5-pentanediol-modified PET (a);
Successive stages of SEM image processing for surface porosity evaluation: (1) original image, (2) contrast normalisation, (3)
Otsu segmentation, (4) final pore mask after morphological corrections (b)

Figure 7. SEM images of cross-sections of a membrane (x500)
produced by wet phase inversion from
1,5—pentanediol-modified PET.

membranes can vary depending on the introduced modifiers
and process conditions. Studies by (Pulido et al., 2019) show
that membranes from PET recyclates struggle to achieve
a highly porous structure without adding porophores or inten-
sive mixing while preparing a homogeneous membrane-forming
solution, even after modification with plasticisers. Modifica-
tion of PET with 1,5—-pentanediol leads to a reduction in
the polymer’s crystallinity, thus increasing the mobility of
its chain segments. More flexible chains promote dynamic
reorganisation during the membrane formation process. Com-
bined with using a highly polar solvent, such as Cyrene®,

https://journals.pan.pl/cpe

which effectively dissolves the modified material and mixes
intensively with water during coagulation, conditions that
favour the formation of a porous morphology are achieved.
The tunnel structure observed in SEM images (Fig. 7) results
from rapid phase separation initiated by intense mass transfer
between Cyrene® and water. Increased chain flexibility may
also support this morphology, facilitating material reorgan-
isation during coagulation. This results in membranes with
more uniform and controlled porosity, which is crucial for their
filtration and mechanical properties.

The contact angle is a valuable indicator of the hydrophobic-
ity or hydrophilicity of a surface; lower values correspond to
a greater affinity for water and indicate a more hydrophilic ma-
terial. Analysis of contact angles using the sessile drop method
showed that modification of PET with 1,5—pentanediol signif-
icantly affects its surface properties. Commercial PET (110°)
exhibits a distinct hydrophobic character resulting from its
ordered crystalline structure and rigid, aromatic chemical
skeleton (containing benzene rings). PET modified with 1,5—-
pentanediol becomes more hydrophilic, as reflected by a sig-
nificant reduction in the contact angle to 65°. This reduced
contact angle results from, among other things:
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e Disruption of the PET crystalline structure — The in-
troduction of 1,5—-pentanediol segments into PET dis-
rupts the regularity of the chain, inhibiting crystallisation
and increasing the amorphous phase. This less ordered
amorphous structure is characterised by weaker overall
intermolecular cohesion and, crucially, significantly better
accessibility of polar functional groups to water molecules,
which promotes water hydration by the polymer;

e Increased chain flexibility — segments derived from 1,5-
pentanediol, thanks to their longer aliphatic —(CH,)5-
chains, may contribute to an increase in the overall flexi-
bility of the polymer chain. Compared to stiffer structural
elements, such as aromatic rings in polyethylene terephtha-
late, or shorter aliphatic segments, longer pentamethylene
units allow for greater conformational freedom. For exam-
ple, polymers containing pentamethylene units, such as
poly(pentamethylene furoate) (PPeF), exhibit elastomeric
properties, characterised by a low elastic modulus (e.g.,
E = 9 MPa for PPeF) and very high elongation at break
(over 1000% for PPeF) (Guidotti et al., 2024).

Such increased mobility of polymer chain segments may fa-
cilitate dynamic reorganisation of its surface, including the
orientation of polar groups. Polymer molecules on the sur-
face can undergo conformational changes upon contact with
polar liquids, such as water, which promotes more effective
interactions. Similar effects were observed when PET was
modified with other diols: Sun et al. (2020) demonstrated that
PET modification with, among others, PEG increased the
hydrophilicity of the polymers, which translated into better
wettability of the resulting material.

The water uptake test was conducted for two types of
membranes: a membrane fabricated from PET modified
with 1,5—pentanediol and, for comparison, a commercial
poly(ethersulfone) microfiltration membrane (PES, MF,
TriSep Membrane Filters, Sterlitech). Three separate mem-
brane fragments from each type were tested to ensure repro-
ducibility of the results.

Analysis of the swelling degree of the membranes revealed
that both the commercial PES membrane and the membrane
prepared from poly(pentamethylene terephthalate) exhibited
a low degree of swelling, 1.51% and 1.77%, respectively. Such
a small dimensional change indicates that both materials are
characterised by a relatively stable polymer matrix, showing
limited capacity for water absorption and minimal volumetric
expansion in an aqueous environment (Geens et al., 2004).
The low swelling level is consistent with the moderate hy-
drophilicity of the membranes, as evidenced by the contact
angle values of approximately 65°, which suggest partial but
not complete wettability of the surface.

The limited swelling is a result of the combined effect of
the material’s chemical structure and the morphology formed
during the coagulation process. Although modification of
PET with 1,5-pentanediol introduces aliphatic segments that
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reduce crystallinity and increase chain flexibility, the over-
all polymer backbone still contains rigid terephthalate units,
which limit excessive water absorption. As a consequence,
water can easily penetrate and fill the membrane pores, but
does not significantly diffuse into the polymer phase, which
prevents considerable structural expansion. A similar trend
was observed for the commercial PES membrane, which also
exhibits moderate hydrophilicity and a porous morphology
typical of membranes obtained by phase inversion (Geens
et al., 2004; Olivares Moreno and Altintas, 2022). PES pos-
sesses aromatic structural fragments that impart mechanical
rigidity and dimensional stability in contact with water. The
comparable degree of swelling for both membranes thus re-
flects the dominance of structural and morphological factors
— particularly the presence of a continuous, compact polymer
framework with limited interaction sites for water molecules —
over purely chemical composition. The porous, asymmetric
morphology obtained via wet phase inversion further supports
this dimensional stability, ensuring that water interacts mainly
with the pore system rather than with the polymer bulk.

4. CONCLUSIONS

This paper presents an innovative approach to fabricating
filtration membranes based on poly(ethylene terephthalate)
(PET), a material known for its high strength and chemical
resistance. Although PET has potential for membrane
applications, its low solubility in safe solvents limits its
practical use in wet phase inversion. Chemical modification
of PET by glycolysis with 1,5—pentanediol was proposed
to address this issue. The process involved depolymerising
PET and repolycondensation, forming a modified copolymer
— poly(pentamethylene terephthalate). Modification of PET
with 1,5—pentanediol is an effective method for improving
its solubility in environmentally friendly solvents and
simultaneously enables the production of porous membranes
by wet phase inversion. The resulting material demonstrates
promising properties for membrane applications, and the use
of Cyrene® as a solvent further enhances the environmental
impact of this technology. In the context of filtration
applications, the obtained morphological parameters and hy-
drophysical properties indicate that the developed membrane
may be an attractive alternative to, for example, commercial
PES membranes, offering comparable dimensional stability.
The development of such technologies could significantly
impact the availability of more sustainable, efficient, and
chemically resistant membrane materials in the future.
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