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Introduction

Polysulfone membranes are widely used in various filtration
applications, due to their excellent thermal stability, mechanical
strength, and chemical resistance. These properties make them
particularly suitable for processes such as microfiltration, ultra-
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Microfiltration is widely used in water filtration to remove large particles, suspended solids, and bacteria.
This study examines polysulfone membranes fabricated via nonsolvent-induced phase separation (NIPS)
using Bisphenol A (pBPA) and Bisphenol F (pBPF) at 20 and 40 kDa molecular weights. The relationship
between water permeance and the viscosity of polymer solutions used for membrane fabrication is
explored through solution rheology and permeability tests. Thermal properties, analyzed by thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC), confirmed high stability for both
polymers, with degradation temperatures above 450 °C and glass transition temperatures between
160-190 °C; pBPF undergoes a two-step degradation process. The Young's modulus increases with
molecular weight and polymer casting solution concentration, as indicated by stress—strain curves, with
similar trends in strength across membranes cast at similar concentrations. Deionized (DI) water per-
meance decreases logarithmically with membrane thickness, polymer concentration in the membrane
solution, and viscosity. Across all polymers at equivalent casting concentrations, comparable DI water per-
meance is observed. Organic solvent permeation studies (ethanol, 1-butanol, ethylene glycol, and 1,4-
butanediol) revealed viscosity was the dominant factor controlling transport. The sharp decrease in the
distance between Hansen's solubility parameters (R,) from water (~44) to organic solvents (16—23) pre-
dicted the onset of substantial swelling, though the narrow range among organic solvents produced
minimal variation in swelling. These findings provided insights into the various ways processing conditions
can influence the properties and potential utility of polysulfone membranes for microfiltration processes.

treatment®” and protein separation.® Polysulfones offer versati-
lity in membrane design, with their performance being influ-
enced by factors such as molecular weight,” polymer loading of
the membrane solution,'>'! processing conditions, such as
solution composition,'>'* and operating conditions, such as
pressure."'* In particular, the ability to control these para-

filtration, and pervaporation."” Their high glass transition

temperature (~165-190 °C)* enables operation at elevated temp-
eratures, while their resistance to acids and bases allows for
their use in harsh chemical environments, such as wastewater
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meters allows for tailoring membrane properties to meet the
demands of filtration processes.>*°

The field of membrane science has witnessed extensive
development in recent years, with researchers exploring diverse
strategies to enhance separation performance. Significant
advances have been made in removing pollutants from water,
including the development of photocatalytic sponges,” acti-
vated clay and bauxite-laden membranes,”® metal-organic
frameworks,”” bio-based electrospun polyamide membranes,*?
branched polyaramides,” and hypercrosslinked polymers.”>
Beyond water treatment applications, innovative approaches to
controlling porous structures have emerged, including the use
of poly(ionic liquids) and polyacrylic acid for gradient porous
membranes,”® and emulsion-templated macroporous poly-
esters.”” These developments demonstrate the breadth of
current membrane research and the ongoing push toward more
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efficient, sustainable, and application-specific separation
technologies. Within the polysulfone membrane space specifi-
cally, researchers have explored numerous modification strat-
egies to enhance performance. Studies have investigated various
morphologies including hollow fibers®® and electrospun
nanofibers®>®>° as well as the incorporation of functional addi-
tives such as chitin nanowhiskers for composite reinforce-
ment,*! polyetherimide blends for improved microfiltration,*?
polyaniline blends for enhanced pore structure and hydrophili-
city,*> and poly(2-ethylaniline) blends for specialized appli-
cations such as redox flow batteries.** While these approaches
have successfully demonstrated performance improvements,
they typically introduce additional complexity through proces-
sing modifications or secondary component additions.

Despite extensive research on polysulfone membranes, a criti-
cal gap remains in the systematic investigation of how fundamen-
tal variations in monomer composition® influence membrane
performance across different molecular weights. Most studies
focus on processing parameters, post-synthetic functionalization,
or additive incorporation rather than examining the intrinsic
effects of polymer backbone chemistry. The subtle structural
differences between commonly used bisphenol monomers
remain largely unexplored in terms of their systematic influence
on membrane properties and performance. This study addresses
this gap by characterizing polysulfones synthesized with
Bisphenol A (pBPA) and Bisphenol F (pBPF) at molecular weights
of 20 kDa & 40 kDa, alongside a commercially available 40 kDa
pBPA (Udel). The work uniquely spans the entire membrane
development pipeline from polymer synthesis and solution rheol-
ogy to membrane fabrication via nonsolvent-induced phase sep-
aration (NIPS), mechanical characterization, morphological ana-
lysis, and multi-solvent transport studies. By systematically corre-
lating polymer composition and molecular weight with mem-
brane morphology, permeability, and separation performance
across water and a series of organic solvents (ethanol, 1-butanol,
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ethylene glycol, and 1,4-butanediol), this work provides critical
insights into the fundamental design principles that dictate
membrane performance. The findings establish baseline struc-
ture-property relationships for unmodified polysulfone mem-
branes, providing a foundation for rational membrane design
that can subsequently be enhanced through targeted modifi-
cations when needed for specific applications.

Materials

Bisphenol F (BPF) was purchased from TCI and used without
further purification. All other chemicals, including dichlorodi-
phenyl sulfone (DCDPS), potassium carbonate (K,COj3),
Bisphenol A (BPA), dimethylacetamide (DMAc), toluene,
N-methyl-2-pyrrolidone (NMP), hydrochloric acid (HCI), tetra-
hydrofuran (THF), Celite® diatomaceous earth (DE), chloro-
form (CHCl;), methanol (MeOH), ethanol (EtOH), 1-butanol
(BtOH), ethylene glycol (EG), and 1,4-butanediol (BDO), and
were purchased from Sigma Aldrich and used as received.

Experimental
Synthesis

The synthesis of 20 kDa and 40 kDa phenol-terminated BPA
polysulfone (pBPA) and phenol-terminated BPF polysulfone
(pBPF) followed the methodology outlined by Weyhrich,
depicted in Fig. 1.%° For this process, 19 wt% solids of DCDPS
and either BPA or BPF were dissolved in a 40: 60 (v: v) mixture
of DMAc and toluene. The ratio of DCDPS to BPA or BPF was
calculated using Carother’s equation,

e M ke W
M, 1-2pr+1/r
Mechanical Stir Rod

Reflux Condenser

Ll 7 TTTR

Fig. 1 Polycondensation reaction to produce polysulfones. Polysulfone reaction setup utilizes N, flow, a mechanical stir rod, an oil bath set to
160 °C for 4 h and 180 °C overnight, a 3-neck round bottom flask, a Dean—Stark trap, and a reflux condenser.
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where ¥, is the number-average degree of polymerization, M,
is the targeted number-average molecular weight, M, is the
monomer molar mass, r is the stoichiometric ratio of mono-
mers, and p is the conversion.’” In step-growth polymeriz-
ations, assuming full reaction of the limiting reagent (p = 1),
the equation simplifies to:

(2)

Based on this relationship, a monomer ratio of 1/r equiva-
lents of BPA or BPF to 1 equivalent of DCDPS was used. The
r-value was set to 0.98 for 20 kDa polymers, while it is
assumed to be 1 for 40 kDa polymers. Additionally, 1.2 eq. of
K,CO;3; was introduced as a base catalyst. The experimental
setup, illustrated in Fig. 1, involved stirring the solution under
nitrogen (N,) at 160 °C for 4 h, followed by overnight incu-
bation at 180 °C. At 180 °C, toluene was removed via a Dean—
Stark trap.

After the reaction, the mixture was quenched by dropwise
addition of 2 M HCI in THF to the polymer solution until the
solution color changed from dark amber to light yellow. The
quenched mixture was filtered through a DE plug. The filtered
solution was then precipitated in MeOH. The polymer was
then filtered, redissolved in CHCl;, and reprecipitated in
MeOH to ensure removal of any impurities. The purified
product was then dried overnight at 110 °C. The final product,
40 kDa pBPA was characterized by '"H NMR spectroscopy
(500 MHz, CDCl;) 6 7.89-7.79 (m, 183H), 7.29-7.19 (m, 176H),
7.18-7.10 (m, 2H), 7.06-6.94 (m, 178H), 7.00-6.88 (m, 185H),
6.82 (d, J = 8.9 Hz, 2H), 1.69 (s, 250H).

Synthesis of 20 kDa pBPA. To synthesize 20 g of 20 kDa
PBPA, 12.98 g (45 mmol) DCDPS and 10.55 g (46 mmol) BPA
were dissolved in 71 mL (0.768 mol) DMAc and 38 mL
(0.362 mol) toluene. Then, 7.66 g (55 mmol) K,CO; was added
and stirred with a mechanical stir rod. The reaction was
heated, under N,, in an oil bath at 160 °C for 4 h. The N, flow
was then decreased while the temperature was increased to
180 °C, allowing the reaction to continue for an additional
16 h. The final product, 20 kDa pBPA, was characterized by 'H
NMR spectroscopy (500 MHz, CDCl;) 6 7.86-7.80 (m, 57H),
7.28-7.19 (m, 64H), 7.14-7.04 (m, 2H), 7.04-6.95 (m, 56H),
6.95-6.82 (m, 60H), 6.76 (d, J = 8.4 Hz, 2H), 1.68 (d, J = 7.1 Hz,
185H).

Synthesis of 40 kDa pBPF. To synthesize 20 g of 40 kDa
PBPF, 13.86 g (48 mmol) DCDPS and 9.66 g (48 mmol) BPF
were dissolved in 71 mL (0.767 mol) DMAc and 38 mL
(0.363 mol) toluene. Then, 8.00 g (58 mmol) K,CO; was added,
stirred with a mechanical stir rod, and heated under N, in an
oil bath at 160 °C for 4 h. Then, the N, flow was decreased and
temperature was increased to 180 °C, allowing the reaction to
continue for an additional 16 h. The final product, 40 kDa
pBPF, was characterized by "H NMR spectroscopy (500 MHz,
CDCl,) § 7.84 (d, J = 8.8 Hz, 250H), 7.35 (d, J = 8.3 Hz, 2H),
7.20 (d, J = 8.0 Hz, 253H), 7.02-6.92 (m, 488H), 6.86-6.71 (m,
2H), 3.98 (s, 122H).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of 20 kDa pBPF. To synthesize 20 g of 20 kDa
PBPF, 13.78 g (48 mmol) DCDPS and 9.81 g (49 mmol) BPF were
dissolved in 72 mL (0.770 mol) DMAc and 39 mL (0.364 mol)
toluene. Then, 8.13 g (59 mmol) K,CO; was added, stirred with a
mechanical stir rod, and heated under N, in an oil bath to 160 °C
for 4 h. Then, the N, flow was decreased and temperature was
increased to 180 °C, allowing the reaction to continue for an
additional 16 h. The final product, 20 kDa pBPF, was character-
ized by "H NMR spectroscopy (500 MHz, CDCl;) § 7.84 (dd, J =
33.9, 0.0 Hz, 77H), 7.20 (d, J = 8.4 Hz, 75H), 7.04 (d, J = 8.6 Hz,
2H), 7.01-6.93 (m, 148H), 6.85-6.75 (m, 2H), 3.98 (s, 36H).

Membrane fabrication

Membrane solutions ranging from 10 to 30 wt% polymer in
NMP were prepared by thorough mixing using a BenchMixer
V2, Vortex Mixer. These solutions were cast onto a glass plate
at a thickness of 150 pm, using a doctor blade for precision.
For 40 kDa pBPA, additional membranes were cast at thick-
nesses of 75, 100, 125, and 150 pm. The cast samples under-
went nonsolvent-induced phase separation (NIPS) by immer-
sion in a water bath 5 s after casting.’®*° After phase separ-
ation, the membranes were moved to a new water bath, which
was refreshed every 24 h for 3 days. These membranes were
kept submerged in water until the testing phase. They were
dried prior to further analysis. In cases where alternative sol-
vents (i.e., BDO or BtOH) were used for permeance tests, the
membranes were soaked in the respective solvent until testing.

Methods

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy data was collected using a Bruker 500, with
samples dissolved in CDCl;. "H NMR spectroscopy analysis
was performed at a frequency of 500.15 MHz, using 8 scans
and a 5 s relaxation delay.*” The number-average molecular
weight (M,) was determined by calculating the ratio of inte-
gration of the end group peaks to the backbone peaks,

n— (Hb + HC) (3)

(He + Hf)

Here, H,, and H. represent the integration of end group
peaks, while H, and H; represent the integration of the back-
bone peaks. The M, was then calculated based on the mole-
cular weight of the end group (227.28 g mol™ for pBPA and
198.22 g mol™" for pBPF) and the molecular weight of the
repeat unit (442.53 g mol~" for pBPA and 414.47 g mol™" for
PBPF),

M, = (227.28gmol ') + (n x 442.53gmol ') forpBPA  (4)
M, = (198.22gmol ') + (n x 414.47 gmol ') for pBPF  (5)

Size exclusion chromatography (SEC)

For each sample of pBPA and pBPF, 2 mg of polymer was dis-
solved in 1 mL anhydrous THF. The solutions were passed
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through a Waters SEC system at 1 mL, min~". The analysis pro-
vided the M,, weight-average molecular weight (M,), and
z-average molecular weight (M,)."! These values are calculated
using the following equations

wy — 25

=5 (©)

where M; is the molecular weight of a single chain and x; is the
number of polymers at that specific molecular weight.
Additionally, dispersity (P) is calculated as

b=

9)

SIS

Solution rheology

Membrane solutions ranging from 1 to 30 wt% solids in NMP
were tested using a Discovery Hybrid Rheometer 3 (DHR 3).
The rheometer was equipped with a Peltier plate, a 20.0 mm
2.0° cone, and a 50 pm truncation gap height. Flow sweep tests
were conducted at 25 °C with shear rates ranging from 1 to 100
s~ 1. The specific viscosity (17,) was calculated using
(nmeasured _ ’7NMP)

Nsp = (10)

Tmp

where nymvp represents the viscosity of NMP (1.65 mPa s), and
Nmeasured 1S the viscosity of the solution extrapolated to a shear
rate of 0 s7.*?

Thermogravimetric analysis (TGA)

TGA was conducted using a TGA 5500 from TA instruments.
For each polymer, a 15 mg sample was heated at a rate of
10 °C min~" from room temperature to 700 °C.** Ty 54, Was
calculated as the temperature at which 5% of the polymer
mass was lost. Additionally, derivative thermogravimetric
peaks were analyzed and tabulated for further evaluation.

Differential scanning calorimetry (DSC)

DSC was performed using a TA Instrument Q2000 calorimeter
to determine the glass transition temperatures (T,) of each
polymer. For each polymer, 5 mg of sample was crimped into
an aluminum pan and heated under nitrogen at a rate of 10 °C
min~ to 250 °C, cooled to —80 °C, then heated back to 250 °C
at 10 °C min™"."* The T, of each polymer was calculated using
the midpoint method during the second heating ramp.**

Tensile testing

Stress—strain curves were collected using an E3000 Instron at a
displacement rate of 5 mm min~". Dogbone-shaped specimens
were prepared following ASTM D-1708 standards using an
appropriate die.”” Stress (¢) was calculated using

RSC Appl. Polym.
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F
o(stress) = X“MPa (11)
where F, is the measured load and 4 is the cross-sectional area
of the sample, determined as the product of its thickness and
width. The strain (¢) was calculated using
. AL
e(strain) = —% (12)
Lo
where AL is the measured displacement, and L, is the initial
gauge length of the sample. Mechanical properties such as
Young’s modulus (calculated from the initial slope of the
stress-strain curve), maximum stress, strain at break, and
toughness (determined by integrating the area under the
stress—strain curve) were analyzed.

Scanning electron microscopy (SEM)

Dried membranes were prepared for analysis by cold fracturing
with liquid nitrogen. After fracturing, the membranes were
coated with a 6 pm layer of gold using a Luxor Gold sputter
coater. The coated membranes were imaged using a Phenom
XL SEM at an operating voltage of 15 kv with a vacuum
pressure of 0.10 Pa. The acquired images were then processed
using Image] software to measure the average pore size in the
cross-section of each membrane.

Dead end cell pure water permeance

Dead-end cell tests were conducted using a Sterlitech HP4750
with DI water as the permeation medium."" A pressure of 5 bar
was applied using compressed N,. The permeate was collected
into a beaker, and its mass was measured over time using a
balance that transmitted measurements to a computer. Flux
(/) was calculated from the initial slope of the volume versus
time (dV(¢)/dt) plots divided by the cross-sectional area of the
membrane (4,,) using the following equation,

_ 1 [adv(y)
I = Uae
Permeance (Qy) and permeability (Py) were calculated
from these flux values using the following relationship:

(13)

P .
J= TM x driving force = Qn X AP (14)
where 1 is the membrane thickness measured with a Miimoto
micrometer, and AP is the difference in pressure, which is the
driving force.*® Additionally, pure EtOH, BtOH, EG, and BDO
were tested in similar experimental conditions.

Swelling degree

Three 15 mg membrane samples cast from 15 wt% polymer solu-
tions were dried under vacuum at 60 °C. The dried membranes
were weighed then submerged in vials containing either water,
EtOH, BtOH, EG, and BDO and mass measurements were recorded
after 4 days. The swelling degree (SD) was calculated using

Wy — W1

SD[%] = (15)

1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where w; is the dry membrane mass (in mg), and w, is the
saturated membrane mass after 4 days (in mg).*’

Results & discussions
Polymer characterization

Carother’s equation was used to calculate monomer mass
necessary to achieve targeted molecular weights of 20 and
40 kDa for both pBPA and pBPE.’” The analysis of "H NMR

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
4 (ppm)
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spectra for pBPA (Fig. 2a and S4) indicates that the 20 kDa
batch has an M, of 14.4 kDa, while the 40 kDa Udel
P-1700 has an M, of 42.6 kDa. Similarly, the "H NMR spectral
analysis for pBPF (Fig. 2b and S5) shows that the 20 kDa batch
has an M, of 16.1 kDa and the 40 kDa batch has an M, of
43.7 kDa. SEC molecular weights, as shown in Fig. 3, are deter-
mined relative to polystyrene standards. The elution times are
similar for the 20 kDa polymers, pBPA (25.1 kDa M,) and
pBPF (28.3 kDa M,), and 40 kDa polymers, pBPA (58.5 kDa

T

1.5 1.0 05 00 -0.5 -1

Fig. 2 (a) *H NMR spectroscopy for 40 kDa pBPA confirms a molecular weight of 42.6 kDa. (b) *H NMR spectroscopy for 40 kDa pBPF confirms a

molecular weight of 43.7 kDa.

——40 kDa pBPA

—— 20 kDa pBPA S— — — S—

—40 kDa pBPF M, M, M,, M,

—— 20 kDa pBPF Polymer (NMR) (SEC) (SEC) (SEC) D

kDa kDa kDa kDa
40 kDa pBPA 42.6 58.5 96.6 139  1.65
20 kDa pBPA 14.4 25.1 42.2 61.7 1.68
40 kDa pBPF 437 65.6 106 156 1.66
20 kDa pBPF 16.1 28.3 51.8 83.8 1.83
1 10 100 1000
MW (kDa)

Fig. 3
A summary of molecular weights from SEC and *H NMR spectroscopy.

© 2026 The Author(s). Published by the Royal Society of Chemistry

(Left) SEC shows that replacing BPA with BPF does not change the elution time for polymers with similar targeted molecular weights. (Right)
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M,) and pBPF (65.6 kDa M,). P values range between 1.5 and 2
for all polymers.

Rheological properties

The rheological behavior of the polymers in solution in Fig. 4
illustrate how molecular weight and chemical structure influ-
ence chain entanglement and flow resistance. As expected,
higher molecular weight polymers exhibit higher viscosities,
consistent with longer chain lengths enhancing intermolecular
entanglement. The viscosity of polymer solutions used to fabri-
cate separation membranes typically fall into two concen-
tration-dependent regimes: semi-dilute unentangled and semi-
dilute entangled. At lower concentrations, polymer chains
move relatively independently, leading to a weak dependence
of viscosity on concentration. This semi-dilute unentangled
regime is characterized by a lower power law exponent, typi-
cally around 1.3 for neutral polymers.*® As concentration
increases, chains begin to transiently entangle which restricts
motion, marking the transition to the semi-dilute entangled
regime. Here, viscosity increases much more rapidly with con-
centration, with power law exponents around 3.9.*® The tran-
sition between these two slopes defines the entanglement con-
centration (C.).*® Notably, both 20 kDa polymers exhibit this
transition near 100 mg mL™", while the 40 kDa polymers tran-
sition below 65 mg mL™", reflecting the earlier onset of chain
entanglement which is common in higher molecular weight
polymers. These longer chains more readily entangle, even at
dilute concentrations, hindering segmental motion and
thereby increasing resistance to flow, ie., viscosity.*®
Additionally, pBPF required lower concentrations to reach the
entanglement threshold compared to pBPA at similar mole-
cular weights. This behavior may stem from the absence of
methyl groups in BPF, which allows the polymer chains to
adopt more contorted conformations, promoting increased
self-entanglement.®® Additionally, all scaling factors listed in
Fig. 4 follow similar trends: scaling factors in the semi-dilute
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unentangled regime are between 1.3 and 1.8, while scaling
factors in the semi-dilute entangled regime are between 3.5
and 4.7 In the semi-dilute unentangled regime, higher mole-
cular weight polymers displayed larger scaling factors, whereas
in the semi-dilute unentangled regime, lower molecular
weight polymers show the larger scaling factors. This trend
reflects the fact that higher molecular weight polymers
approach the entanglement threshold at lower concentrations,
causing viscosity to increase more drastically in the semi-
dilute unentangled regime, whereas lower molecular weight
polymers require higher concentrations to reach this point,
delaying the onset of the steeper viscosity increase. These
rheological observations provide valuable insights into the vis-
cosity and flow behavior of the polymers, highlighting solution
properties at different concentrations and molecular weights
that are essential for membrane formation.

Thermal properties

Thermal characterization of all polymers was performed using
TGA and DSC to evaluate their stability and thermal tran-
sitions. In Fig. Sla, the TGA results revealed that both pBPA
polymers exhibit a single degradation step around 500-530 °C,
whereas both pBPF polymers exhibit two degradation steps,
occurring around 460 °C and 520-540 °C. The onset of
decomposition (Tq4, s¢) for all samples occurred well above
400 °C, with 40 kDa pBPA beginning to degrade near 500 °C.
These results indicate robust thermal stability for all polymers,
well beyond typical membrane operating temperatures. In
Fig. Sic, DSC measurements showed that the glass transition
temperatures (T,) increased with M, for both series. Notably,
PBPA exhibited consistently higher T, values than pBPF of
similar M,, reflecting the increased rigidity imparted by the
methyl substituents on the bisphenol bridge, which restricts
chain mobility. Together, these findings confirm the high
thermal resilience of both polymer systems and demonstrate
the subtle structural differences significantly influence chain

Semi-Dilute

10° ® 40 kDa pBPA t’*’ Polymer m C/renL Scaling Factor
10° ® 20 kDa pBPA f/ 7 & Unentangled  Entangled
2 ® 40 kDa pBPF &
2 10* (] 40 kDa
Q ® 20 kDa pBPF ¢ 61.6 1.60 4.19
8 408 SR . ‘k/.* oy pBPA
> 7
o, % ¢ 2kba 127 1.23 4.67
£ 10 & & /.v pBPA
& 10 P 40.cDa 23.5 177 3.51
Z s PR — pBPF ' ' ‘
10° zZ¥ 20 kDa
] | | BPF 115 1.31 4.04
[ L S e E N ——— p
0.01 0.1 1

Polymer Concentration (g/mL)

Fig. 4

(Left) Solution rheology shows the increase in specific viscosity with concentration and molecular weight for each polymer in NMP. (Right)

Entanglement concentration (C.) and scaling factors for the semi-dilute unentangled regine and the semi-dilute entangled regime for pBPA and
PBPF in NMP. *The asterisk denotes that differences in the data are statistically significant at 95% confidence.
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dynamics and thermal transitions. All thermal data are sum-
marized in Table S1.

Membrane characterization

Mechanical properties. Fig. 5 presents the stress—strain
curves for the porous membranes prepared from polymers with
varying molecular weights and casting solution concentrations.
From these curves, the Young’s modulus, maximum stress at
break, strain at break, and toughness were calculated (Fig. 6).
Because these polymers were fabricated by NIPS, the polymer
concentration in the casting solution strongly affects the result-
ing pore structure and porosity, which governs mechanical per-
formance. Higher polymer loadings generally yield denser mem-
branes with reduced porosity, leading to higher stiffness and
strength compared to membranes cast from more dilute solu-
tions. As shown in Fig. 6a, Young’s modulus remained consist-
ent for all polymers up to 25 wt% polymer loading, after which
commercial pBPA outperformed all other polymers. At 30 wt%
PBPF showed a lower Young’s modulus than pBPA. Higher
molecular weight polymers consistently displayed greater
modulus values. Stress-strain behavior (Fig. 6b and c) revealed
that pBPA sustained longer plastic deformation at higher stres-
ses before failure compared to pBPF. Increasing molecular
weight significantly extended both stress and strain prior to
failure. Toughness (Fig. 6d) followed these same trends: pBPA
outperformed pBPF, and higher molecular weight polymers
achieved greater toughness. Overall, mechanical properties

View Article Online

Paper

improved with higher polymer casting concentration and mole-
cular weight, consistent with reduced membrane porosity and
enhanced chain entanglement. Notably, a given polymer at both
molecular weights showed consistent slopes across all property
trends, indicating mechanical response is governed by both
polymer composition and molecular weight.

Pore morphology characterization

Because these membranes were fabricated via NIPS, the
polymer concentration in the casting solution strongly influ-
ences the resulting pore structure. The cross-sectional mor-
phology of membranes tested in the dead end cell under a
pressure of 1 bar and membranes untested with no pressure
applied were observed using SEM. Fig. 7 shows SEM images of
the membrane cross-sections, revealing a range of pore mor-
phologies which depend on polymer loading. During NIPS,
higher polymer loadings increase solution viscosity and slow
the solvent-nonsolvent exchange, promoting a more thermo-
dynamically stable uniform phase separation with dense,
sponge-like morphologies. In contrast, lower polymer concen-
trations accelerate phase separation, leading to the formation
of finger-like pores due to rapid nonsolvent influx.”* For
example, at 30 wt% for all polymers, a more sponge-like mor-
phology dominated, whereas membranes cast from lower con-
centrations exhibited finger-like morphologies. Intermediate
polymer loadings produced a mixture of sponge-like and
finger-like-regions.

40 kDa 20 kDa
15
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S10l )
< 2 ; G
5y 3
Q $§ _ a
= 54 =
(7] 4 n
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0 10 20 30 40 50 40 50
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Fig. 5 Stress—strain curves for (a) 40 kDa pBPA, (b) 20 kDa pBPA, (c) 40 kDa pBPF, and (d) 20 kDa pBPF show an increase in mechanical properties
with increased polymer loading and increased molecular weight. *These tests were completed on porous membranes, where the cross-sectional

area may not be constant due to the porosity of the membrane.
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Fig. 7 Cross-section SEM images of each membrane tested that show the various membrane morphologies created. Red borders indicate mostly
sponge-like pore morphologies, green borders indicate mostly finger-like pore morphologies and orange borders indicate mixed pore
morphologies.

In Fig. 8, the measurements of pore sizes show no clear However, for the 40 kDa polymers a significant decrease in
trends overall, with most pore diameters falling within a pore sizes is observed at 30 wt% polymer loading, a trend not
1-5 pm range, which is within the microfiltration range. seen in the 20 kDa polymers. Under applied pressure in the
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dead-end cell, many membranes exhibited thickness compac-
tion, most notably in the 20 kDa polymers. Pressurization also
produced significantly larger pore sizes, especially in the
40 kDa pBPF membranes, where larger pores were observed
alongside the smaller sponge-like morphology. These findings
confirm that both polymer concentration and molecular
weight govern phase separation behavior and resulting pore
morphology, crucially influencing both the membrane’s
mechanical and transport properties.

Membrane performance

To support potential membrane separations applications, this
study implements a protocol for fabricating polysulfone mem-
branes with variable polymer loading (10-20 wt%) and wet
membrane thicknesses (75-150 pm). Deionized water (DI) per-
meance data in literature and illustrated in Fig. 9, has played a
crucial role in determining that NMP is the optimal solvent for
membrane fabrication, as it consistently provided high water
flux across polymer loadings even at low operating pressures.

Permeance (kg/m?hbar)

5 10
Polymer Concentration (wt.%)

15 20 25 30 35

The systematic variation of thickness of 40 kDa pBPA
membranes in Fig. S3 demonstrates that DI water permeance
decreases as thickness increases. A thickness of 150 pm was
selected for its practicality (i.e., ease of handling) and ade-
quate DI water permeance. Additionally, a 15 wt% polymer
casting solution concentration was identified as optimal for
testing across all polymers, as membranes prepared from
10 wt% solutions were generally too fragile to handle. The
trend observed in Fig. 10 for 20 kDa pBPA, 40 kDa pBPF, and
20 kDa pBPF indicates that DI water permeance decreases as
the polymer concentration in the casting solution increases.
Interestingly, water permeance results collapse onto a single
correlation with polymer loading; however, for 40 kDa pBPF,
higher solution viscosity was observed without a corres-
ponding decrease in permeance. Additionally, 20 kDa pBPA
shows a higher permeance at 30 wt% than both 40 kDa pBPA
and pBPF. At 15 wt% polymer loading, permeance remains
relatively consistent across all polymers, making it the only
loading considered for pure solvent permeance testing.

Fabrication
Solvent
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and References
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Fig. 9 Literature values and 40 kDa pBPA membranes measured in this work for DI water permeance through polysulfone membranes fabricated
with various solvents such as dimethyl formamide (DMF), N-methyl-2-pyrrolidone (NMP), polyethylene glycol (PEG), dimethyl acetamide (DMAc),

tetrahydrofuran (THF), and tested at various operating pressures.
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Organic solvent permeance and uptake

Solvent permeance and uptake data reveal key structure-prop-
erty relationships between molecular weight, polymer compo-
sition, and solvent interactions. As summarized in Fig. 11,
these effects were evaluated across a series of solvents with
varying viscosity and density to isolate the kinetic and thermo-
dynamic factors governing transport. All membranes were pre-
pared at 15 wt% polymer loading, selected for high water per-
meance and stable morphology, and tested with EtOH, BtOH,
EG, and BDO to assess solvent-dependent swelling and per-
meance behavior. Water serves as a reference for comparing
permeance and swelling across the solvent series.

Across the solvent series, permeance exhibited a clear
inverse correlation with viscosity (Fig. 11a and b). Solvents
with a lower viscosity, such as EtOH (1.2 mPa s),”' showed the
highest permeance, while more viscous solvents such as BDO
(73.8 mPa s)°? displayed significantly reduced flux. This behav-
ior reflects the increasing resistance to molecular diffusion
through the membrane pores as solvent viscosity becomes
more pronounced. Notably, water permeance through pBPF
membranes was lower than EtOH and BtOH despite water’s
lower viscosity. The influence of molecular weight and
polymer composition on transport depended strongly on the
solvent. For water, permeance increased with molecular
weight, where 20 kDa polymers showed lower permeance than
40 kDa polymers, with minimal differences between pBPA and
PBPF. In contrast, organic solvents displayed the inverse
phenomenon: 20 kDa membranes generally outperforming
40 kDa membranes. EtOH and EG permeance showed strong
polymer composition dependence, with pBPF consistently
showing significantly (p = 0.05) higher permeance than pBPA
across both molecular weights, but minimal molecular weight
effects within each polymer type. BtOH and BDO, conversely,
exhibited both molecular weight and polymer composition
dependencies, where 20 kDa membranes showed higher per-
meance than 40 kDa membranes, and pBPF outperformed
pBPA. These results show that kinetic contributions of

RSC Appl. Polym.

polymer free volume become increasingly dominant as solvent
viscosity rises and that polymer chemistry modulates this be-
havior through differences in segmental mobility and solvent
affinity. Fig. S6 compares solvent permeance to additional
solvent properties, where no trends are observed.

To interpret solvent-membrane interactions, Hansen’s solu-
bility parameters (HSP) were calculated for both polymers using
group contribution methods from Stefanis et al.>* and Enekvist
et al.>® The distance between solvent and polymer parameters
(R.) provides insight into thermodynamic affinity, where lower
R, value corresponds to stronger compatibility, and typically,
greater swelling.”® As shown in Fig. 11: solvent permeance com-
pared to solvent (a) viscosity>***”% and (b and c) swelling
degree compared to the distance between solvent and polymer
Hansen’s solubility parameters® at a transmembrane pressure
drop of 5 bar for water, EtOH, BtOH, EG, and BDO through
membranes cast from 15 wt% polymer solutions.

Table 1, water exhibits the largest R, values (~43-45), indi-
cating poor thermodynamic compatibility with both polymer
compositions, while the organic solvents show progressively
smaller R, values (BtOH ~16, EtOH ~18, BDO ~20, EG ~23),
suggesting increasingly favorable interactions. Consistent with
these predictions, swelling increased substantially from water
(~50-160%) to organic solvents, reaching ~255-410% for EG,
~334-361% for BDO, ~218-365% for BtOH, and ~165-330%
for EtOH (Fig. 11c). However, the swelling order did not pre-
cisely follow the R, sequence, as shown in Fig. 11b. For
example, EG induced the highest swelling despite its slightly
larger R, values, suggesting the limitations of using HSPs
alone to predict complex polymer-solvent interactions.
Moreover, R, values of the organic solvents might be too
similar to yield significant changes to swelling behavior but do
show that they are different enough to exhibit high swelling
compared to water. Notably, the degree of swelling did not cor-
relate directly with solvent permeance for 15 wt% membranes
(Fig. S6d), reinforcing the concept that the thermodynamic
affinity and kinetic transport resistances are decoupled in
these porous systems.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polymer Hansen's solubility parameters®® at a transmembrane pressure drop of 5 bar for water, EtOH, BtOH, EG, and BDO through membranes cast

from 15 wt% polymer solutions.

Table 1 Calculated Hansen's solubility parameters for pBPA and pBPF show parameters for pBPF are slightly higher than pBPA

Hansen’s solubility parameters

Distance between solute to solvent parameters (R,)**

5t 5p 5h 5d
Polymer Method MPa'/? MPa'? MPa'? MPa'’? Water EtOH BtOH EG BDO
pBPA Stefanis et al.>* 26.8 6.92 3.95 25.6 43.7 18.7 15.4 25.0 20.8
Enekvist et al.” 23.5 7.68 1.28 22.1 41.5 18.0 16.4 23.4 19.3
pBPF Stefanis et al.>* 28.8 8.78 5.23 26.9 44.8 19.3 16.2 26.1 21.4
Enekvist et al.>® 25.9 9.80 3.54 23.7 41.6 17.8 16.6 23.6 18.9

Overall, solvent uptake and permeance trends indicate that
solvent transport through these porous membranes is gov-
erned by a complex interplay of thermodynamic compatibility
and kinetic resistance. HSP analysis provides qualitative
insight into swelling behavior, where lower R, values (~16-23)
significantly swelled the membranes compared to water (44).
Permeance behavior is governed by viscosity as the dominant
kinetic barrier, with higher viscosity solvents like BDO
showing dramatically reduced transport despite favorable
thermodynamic compatibility and substantial swelling.
However, solvents such as EtOH and BtOH exhibit enhanced
permeance through pBPF membranes, where favorable
polymer-solvent interactions overcame viscosity limitations.
The distinct behavior of organic solvents through pBPF vs.

© 2026 The Author(s). Published by the Royal Society of Chemistry

PBPA, compared to water’s tendency to flow through higher
molecular weight polymer membranes, highlights how subtle
variations in polymer architecture influence free volume and
solvent accessibility. These observations suggest that solvent
transport in these systems is primarily kinetically driven, dic-
tated by solvent viscosity and polymer microstructure.

Conclusions

This study presents a comprehensive analysis of the synthesis,
characterization, and membrane performance of two polysul-
fones. A series of BPA and BPF membranes with molecular
weights of 20 kDa or 40 kDa were fabricated and evaluated for
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mechanical, thermal, and rheological properties, pore mor-
phology, and water, BDO, and BtOH permeance. Polymer syn-
thesis successfully targeted the desired molecular weights, as
confirmed by '"H NMR spectroscopy and SEC. Mechanical
testing revealed that both higher molecular weight and
increased polymer concentration in casting solutions
enhanced membrane mechanical properties, with pBPA
showing a much steeper increase than pBPF. Thermal analysis
confirmed that all polymers possessed excellent thermal stabi-
lity, with decomposition temperatures above 400 °C and glass
transition temperatures that increased with molecular weight
and were consistently higher for pBPA than pBPF. These find-
ings indicate robust stability well above membrane operating
conditions. Rheological characterization further demonstrated
that solution viscosity increased with both polymer concen-
tration and molecular weight, with entanglement occurring at
lower concentrations for the higher molecular weight poly-
mers. These rheological trends directly influenced membrane
morphology, with higher polymer loadings yielding denser,
sponge-like structures, moderate loadings producing mixed
morphologies, and lower loadings leading to finger-like pores.

Water permeance testing highlighted the strong influence
of polymer concentration in the casting solutions and the
resulting membrane thickness on transport phenomena.
Higher casting solution concentrations led to reduced per-
meance. Among the polymers, 20 kDa pBPA demonstrated
superior water permeance across the range of casting solution
concentrations. Based on membrane robustness and perform-
ance, a casting solution concentration of 15 wt% was identi-
fied as optimal for additional solvent permeance testing.
Solvent uptake and permeance studies revealed the inter-
twined influence of thermodynamic and kinetic factors on
transport. Across the series of solvents with varying viscosity,
permeance decreased with increasing viscosity. The decline in
R, from water (~43-45) to organic solvents (16-23) predicted
the onset of significant swelling, but the narrow 16-23 range
was too small to drive measurable differences in membrane
swelling among the different organic solvents. This work
explored the structure-property relationships for two different
polysulfones fabricated into membranes, providing insight
into their design and optimization for microfiltration separ-
ations. These results emphasize the critical interplay of
polymer chemistry, molecular weight, and processing con-
ditions in tailoring membrane performance to specific appli-
cations. Future studies could explore membrane longevity,
antifouling properties, as well as functional modifications to
expand the utility of these polymers further.
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