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S.1 Introduction

Literature on annealing: Membranes may leach solvent trapped within membrane pores during
filtration, leading to solvent release into effluents. To address this, after fabrication, polymeric
membranes undergo thermal annealing process, which allows any trapped solvent to be released
due to changes in membrane structure and ion conductivity [1]. Annealing improves film
morphology and enhances interchain interaction of polymeric chains leading to more compact
membranes, especially in polymer blends, conjugated polymers, and ion-conducting polymers
[2]. PSf-ZNO nanohybrid blended membranes fabricated by NIPS have been investigated [3]. It is
observed that the polymer packing density, mechanical strength, and surface hydrophilicity were
affected by changes in structure and membrane performance due to differences in thermal
annealing duration [4]. Di Vona et al. studied the annealing effects on SPEEK membranes used
for proton exchange in fuel cell at temperatures between 120 and 160°C. Thermal annealing
promoted cross-linking through SO, bridges between polymer chains which significantly
reduced water uptake, minimized swelling, and enhanced mechanical properties [5]. In a study
by Jung et al., thermal annealing of polyamide membranes in hot water enhanced mechanical
strength and salt rejection while reducing pore size, which decreased water flux [6]. Before
annealing, membranes may have trapped solvent in their pores. However, after annealing, pore
size reduction and increased salt rejection simultaneously likely decreases amount of trapped
NMP solvent onto the annealing solution, while also increasing selectivity of filtered solutions
which decrease the toxicity of filtered permeates. Thus, annealing proves essential for tailored
membrane performance in specific applications while simultaneously reducing toxicity of
solutions filtered through them. Polymers lead to differential performance under thermal
treatment, which necessitates an investigation of annealing effects on performance, structure, and
toxicity of filtered solutions [7].



A Safe-by-Design (SbD) approach was adopted to assess potential toxicity at all stages of NF
membrane development. Potential origins of toxicity in membrane fabrication and usage were
identified, particularly related to solvents such as NMP, which could leach from membranes into
permeates. Toxicity was assessed using the model nematode, Caenorhabditis elegans, chosen for its
high reproductive capacity, short generation time, and fully sequenced and annotated genome
[8]. Caenorhabditis elegans are essential to meet the National Institutes of Health's (NIH) has goals
for refining, reducing, and replacing vertebrate animal testing in toxicology. Toxicity ranking
screens have shown high predictive potential for rats and mice, and various modes of toxic action
conservation have been identified between mammals and C. elegans [9]. Additionally, C. elegans
shares 60-80% of protein-coding genes that are homologous to humans [10] underscoring its
significance as a model organism for toxicity testing in SbD product development.

S.2 Materials

For Polymer synthesis and membrane fabrication Polyether ether ketone (PEEK) (Polysciences
Inc., Warrington, PA, USA), Sulfuric acid (H2S0s) for PEEK sulfonation (VWR international,
Solon, OH, USA), and Dimethyl sulfoxide-d6 for NMR spectroscopy (Millipore Sigma,
Burlington, MA) were utilized. Membrane synthesis and performance studies required usage of
polysulfone (PSf) with molecular weights (mw) of 35,000 as base polymer (Sigma Aldrich, St.
Louis, MI, USA). Additionally, N-Methyl-2-pyrrolidone (NMP) was selected as the solvent (VWR
International, Solon, OH, USA). Organic dyes selected were Methylene Blue, Congo Red, Crystal
Violet and Acid Orange-2, and salts including CaCl: and Na:SOs (Sigma Aldrich, St. Louis, MI,
USA).

For toxicity assays, Moderately Hard Reconstituted Water (MHRW), a standard EPA toxicity
medium, was prepared using the following concentrations: 0.00114 M NaHCO3, 0.000348 M
CaS0O4-2H20, 0.000497 M MgSO4-7H20, and 0.000054 M KC1 [[11] (U.S. EPA, 2002). pH was then
adjusted through titration with sulfuric acid or sodium hydroxide. All toxicity studies were
conducted in MHRW.

S.3 SPEEK synthesis and Membrane preparation
S§.3.1  Synthesis of Sulfonated PEEK (SPEEK)

SPEEK sulfonation techniques were previously researched, and procedure adapted from our
previous work [12,13]. PEEK sulfonation for SPEEK production involves dissolution and
sulfonation in concentrated sulfuric acid. PEEK (50 g) was dissolved in sulfuric acid at 60°C to
form a dark brown viscous solution. The solution was kept under constant agitation for 8 hours
to allow sulfonation to occur. The degree of sulfonation (DS) is highly dependent on time and
temperature of sulfonation reaction. The reaction was terminated in ice-cold water bath where
phase inversion of the viscous solution to a solid occurred. The precipitant was filtered and
washed repeatedly with DI water until a neutral pH was achieved. The resulting polymer was
dried overnight in a vacuum oven at 80°C for membrane fabrication. The schematic of synthesis



procedure is shown in fig. S1. PEEK sulfonation increases its hydrophilicity and improves its
solubility in solvents.[12,14,15] The solubility of SPEEK depends on its DS as reported in several
studies. 30% DS allows it to dissolve in DMF, DMSO, and NMP when heated, while at 40-70%
DS, itis soluble in these solvents at room temperature. DS greater than 70% allows for dissolution
in methanol and at DS of 100% it is soluble in hot water [12,16,17]. Therefore, DS parameters are
essential to utilize PEEK for membrane fabrication.
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Figure S1. Schematic diagram of the process used to synthesize SPEEK.
S.3.2 Preparation of dope solution

Blended PSf and SPEEK were utilized for fabrication of integrally skinned asymmetric
membranes using NIPS casting. Dope solution polymer concentration varied at 17, 19, 21, 23%
wt.%, while SPEEK concentration was maintained at 5%. Five weight percent SPEEK along with
varying weight percentages of PSf were dissolved in NMP solvent at room temperature and
stirred continuously to ensure homogenized dissolution. Afterwards, PSf was added to the
solution and stirred to synthesize a PSf-SPEEK homogenized blend. Solutions were sonicated for
an hour at room temperature and degasified for 2 hours to remove air bubbles prior to membrane
fabrication.

S5.3.3 Preparation of PSf/SPEEK membranes fabrication

The membranes were fabricated using the NIPS method. The dope solution was cast onto a glass
plate using a doctor blade (Micrometer Adjustable Film Applicator — 250 mm, MTI Corp,
Richmond, CA, USA) at a coating gap of 0.2 mm. After approximately 10 s of evaporation time,
the cast film was immersed into a non-solvent bath (DI water) to induce phase separation. The
immersion time was allowed for the formation of asymmetry in the membrane structure.
Following phase separation, membranes were removed from the bath, rinsed with DI water to
remove residual solvents, and stored in a water bath for at least 24 h at room temperature prior
to testing. To fabricate the membranes under SbD approach, post-treatment annealing was
performed using two different strategies: oven annealing and water annealing. For water
annealing, membranes were immersed in deionized water at 80°C for 45 minutes. For oven
annealing, membrane (PSN-19) was heated at 120°C for 1 minute. The annealing temperature was



maintained below the glass transition temperature of the polymers to prevent structural
degradation.

Membranes with 17% and 19% PSf were labeled as PN-17 and PN-19, respectively. Following
SPEEK addition, membranes were designated as PSN-17, PSN-19, PSN-21, and PSN-23. The oven-
annealed and water-annealed membranes were labeled as PSN-190 and PSN-19W, respectively.

S.4 Characterization, Toxicology Assessment, and Experimental Performance
S.4.1 Hydrogen Nuclear Magnetic Resonance (H-NMR) Analysis

H-NMR spectroscopy was performed with Bruker NMR (Billerica, MA, USA) at a frequency of
400 MHz to determine the degree of sulfonation (DS) in SPEEK. Prior to testing, SPEEK was
dissolved in deuterated dimethyl sulfoxide (DMSO-d) to investigate the proton chemical shifts
in the polymer backbone. The peaks corresponding to sulfonic acid groups were identified, and
the DS was calculated by integrating these peaks (in Bruker Topspin software) relative to the
aromatic protons, given by equation S1 [12,18,19].
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S.4.2 Differential Scanning Calorimetry (DSC)

DSC was performed using ThermoFisher Scientific DSC (Hillsboro, OR, USA) to investigate the
glass transition temperature (Tg) of the synthesized SPEEK. The sample was dried prior to
analysis, and heating at ramp rate of 10°C/min supplied up to 230°C.

5.4.3 Cloud point determination

For the polymer/solvent/non-solvent, cloud points were experimentally measured using titration
with water as non-solvent. Six dope solutions of PSF and six PSF/SPEEK blends, with the same
ratio used in membrane fabrication, were prepared at polymer concentrations of 15%, 17%, 19%,
21%, 23%, and 25%. At room temperature, 5 ml DI water was incrementally added using a
micropipette until turbidity stabilized after 24 hours of stirring. If turbidity remained, the
polymer volume fraction was considered as the cloud point. The amount of non-solvent required
to induce polymer precipitation provides an estimate of the thermodynamic stability [20,21].

S.4.4 Dope solution viscosity
Dope solution viscosity was analyzed using a digital rheometer (AG-G2, TAinstrument, DE,
USA) at a steady shear flow rate ranging from 0 to 90 s . Experiments were performed at room

temperature and solutions were completely homogenized prior to measurements.

S.4.5 Fourier Transform Infrared Spectroscopy (FTIR)



The surfaces of the membranes were analyzed using FTIR measurements to investigate the
surface chemical functionality of the synthesized membranes. Spectra were recorded using
a NEXUS 470/670/870, 110 W, 5 V/12 V ESD (Thermo Nicolet, Madison, WI, USA) over the range
of 4000 to 500 cm™. This allowed for the identification of specific peaks corresponding to PSf and
SPEEK’s chemical structure that is essential for understanding the surface chemistry of the
membrane. Membranes were air-dried prior to analysis.

S.4.6 Scanning Electron Microscopy (SEM)

SEM imaging was performed using FEI Quanta 250 scanning electron microscopy (SEM,
ThermoFisher Scientific, Hillsboro, OR, USA) to examine the surface and cross-sectional
morphology of the membranes. The samples were dried prior to imaging and sputter-coated with
platinum. For cross sectional analysis, high-resolution images are captured after cryo-snapping
in liquid nitrogen. The images were taken in a high vacuum (10 mbar) in secondary electron
mode.

S.4.7 X-ray Photoelectron Spectroscopy (XPS)

XPS spectroscopic measurements were taken to analyze the surface elemental composition of the
membrane, with a focus on carbon, oxygen, and sulfur using a Thermo Scientific K-Alpha XPS
(Waltham, MA, USA). Moreover, depth-profile measurements were carried out to determine any
elemental composition differences between surface and inside the membranes, and to investigate
the SO+* functionalization on the surface and inside the membrane structure. The membranes
were scanned over a range of 0-1400eV.

S.4.8 Hydrophilicity

The relative hydrophilicity and hydrophobicity of the membranes were evaluated via water
contact angle measurements obtained using a drop shape analyzer Kruss DSA100 (Matthews,
NC, USA) in a sessile drop mode. At least three independent membrane samples were air-dried
before measurements. The membranes were cut into specific dimensions, a 5 ul deionized water
droplet was deposited on the surface, and measurements were taken within 10 s.

S.4.9 Porosity

The mean porosity of the membranes was determined using a gas pycnometer by Anton Parr
Ultrapyc (Graz, Austria). Multiple membrane coupons with radius of 1.27 cm were inserted into
pycnometer with set helium gas pressure of 4 psi. This measured the volume of gas displaced by
the sample based on changing the pressure of the gas. The porosity was calculated by comparing
the known density of the membrane and density measured through a pycnometer, using
equation S2. Each measurement was performed 10 times by pycnometer and values were
reported with deviation from the instrument.
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where Ipycnometer represents the density of the coupons determined by the gas pycnometer and
I'geometry represents the density of the coupons based on the weight and dimensions.

5.4.10 Mechanical properties

The mechanical strength of membranes was tested using Instron Universal Testing System
(Norwood, MA, USA). Samples were prepared by cutting them into a standardized dog-bone
shape, which helps to concentrate stress in the central region and reduce edge effects during
testing. Each membrane sample was subjected to tensile stress until failure to determine the
ultimate tensile strength (in MPa). Three specimens per membrane type were tested, and the
average value was reported.

S.4.11 Toxicity assays

An N2 strain of nematodes from the Caenorhabditis Genetic Center (CGC, Minneapolis, MN, USA),
which has been widely utilized in laboratory studies [22], was utilized. Unless otherwise
specified, all nematodes were fed Escherichia coli OP50, a slow-growing, non-pathogenic strain
that cannot synthesize uracil and is not able to form a biofilm, making it suitable for nematode
feeding [23,24]. OP50 was cultured prior to each exposure, and dead bacteria were confirmed as
a viable food source for the nematodes [24,25].

S5.4.12 C. elegans maintenance, age-synchronization, and acclimation

Established protocols were followed for all procedures [11,26-28]. Nematodes were transferred
weekly onto separate K-agar plates containing a lawn of E. coli OP50 for 72 h. Age synchronization
was achieved using a NaCIO/NaOH solution to isolate eggs [24]. Nematodes were then
acclimated to a low ionic strength MHRW.

S.4.13 Filtration of solutions at varying pHs through PSf/SPEEK membrane for toxicity assays

MHRW solutions adjusted to pH levels of 3, 5, 7, and 9 were used, as C. elegans is highly resistant
to pH stress and thrives in a range from 3.13 to 11.33 [29]. Membranes were cut to an area of 14.6
cm? and placed in a 50 mL Amicon Stirred Cell. Deionized water was filtered through membranes
at 60 psi for purging. Next, 30 mL of the titrated MHRW solution was filtered through the cell,
with the permeates being refiltered five times. New membranes were utilized for each pH
solution, and the same procedure was followed for both unannealed and annealed membranes.



S.4.14 C. elegans mortality assays

Following nematode hatching (~48 h), L3-stage nematodes were acclimated to MHRW and
subsequently exposed to varying solution concentrations. A 24-well plate format was utilized,
including a control with MHRW and a reference toxicant (Cadmium at 21 mg/L from Cadmium
chloride) known to induce 50% lethality. Treatments consisted of both unfiltered and filtered (five
times) permeate solutions. Approximately 240 nematodes were exposed for 24 hours, followed
by lethality assessment through counting.

5.4.15 C. elegans reproduction assays

Following nematode hatching (~24 hours), L1-stage nematodes were acclimated to MHRW and
then exposed to various solution concentrations with E. coli OP50 as food supply. A MHRW
control and two treatments are utilized. Treatments included both unfiltered and filtered (five
times) permeate solutions. Following ~48 hours, nematodes were individually transferred onto
plates with E. coli OP50 and are then incubated for 48 hours. Afterwards, plates were stained with
Rose Bengal and heated to 50°C. Plates were then counted.

S.4.16 Statistical analysis

All toxicity data were carefully checked for outliers using Grubb’s/Extreme Standard Deviant
(ESD) test. Shapiro-Wilks Normality Test was run on to test for normal distribution. For the
normally distributed data, the Kruskal-Wallis tests followed by post-hoc Dunn’s test were
conducted to test whether treatment including annealing, pH, and filtration had an effect and for
pairwise comparison within each treatment with their respective controls.

S.4.17 Membrane performance

A stirred dead-end filtration cell by Millipore® (Burlington, MA, USA) capable of operating at a
maximum pressure allowance of 5.17 bar (75 psi) was used for measuring water permeability,
and rejection performance of the membranes with different type of solutes. Pressurized nitrogen
gas was used to provide the pressure required for water permeation, and the permeation time for
a fixed volume of 5 mL was recorded to calculate the water flux. Prior to testing, membrane
samples (effective area: 14.6 cm?) were pre-compacted with DI water at a pressure of 4.14 bar (60
psi) to stabilize flux and minimize compaction effects.

Filtration experiments were performed using aqueous solutions of organic dyes with different
molecular weights, charges, and hydrated radii including Congo Red (CR), Methylene Blue (MB),
Crystal Violet (CV), and Acid Orange 2 (AO2). Each dye was prepared at a stock concentration
of 10 ppm and stored in dark containers for further use. For binary dye mixture, the MB and AO2
solutions were mixed at 50:50 ratio. This information would help to understand how the
membranes perform in filtering specific solutes, especially in water treatment applications.
Filtration experiments were conducted at a constant pressure of 4.14 bar (60 psi). Dye rejection



and flux were measured. Salt rejection experiments were performed at 1 g/L. CaCl2and Na,SO,
solution each. The Cary 60 UV-Vis spectrophotometer (Agilent, Santa Clara, CA) and a
conductivity meter (SG23- FK2, Mettler Toledo, Columbus, OH) were used to analyze dye and
salt concentrations, respectively. Permeate was collected in 5 mL intervals for subsequent analysis
of rejections. The chemical structure and properties of the dyes are given in Table S1. Water
permeance (Aw) and rejection (R%) of organic dyes and salt were calculated using equation S3
and 5S4 respectively.

v
W T AXAtXAP

(S3)
R = (1—2—’:)><100% (S4)

Where V (L) is the volume of the permeated water, A (m?) is the effective membrane area, At is
the permeation time (hr), AP (bar) is the pressure difference across the membrane, and Cp and Cf
are the concentration of permeate and feed solutions, respectively.

Table S1. Key Properties of dyes (Congo Red, Methylene Blue, Crystal Violet, and Acid Orange 2) relevant to
membrane filtration performance.

Dye Chemical Molecular Molecula Charge Chemical Imax  Ref.
Structures weight r size structure  (nm)
(g/mol)

Methylen | | 319.9 24 nm x Cationi Thiazine 663 [30,31]
e blue - a 0.8 nm c dye
(MB) [ IN,I )
Congo 696.7 25 nm x Anionic Azodye 496 [30]
Red (CR) SO0 0.9 nm
Crystal 408.0 1.15nm x Cationi Triphenyl 590 [30,31]
violet 1y 0.83nm ¢ metane
(CV) S dye

(]

\\1/
Acid S 350.3 1.15 nm x Anionic Azodye 480 [32]
orange 2 A /A 0.86 nm

(A02) s




S.5 Results and Discussion
S.5.1 Dope Solution Behavior: Cloud Point and Viscosity

Phase separation processes including NIPS are challenging to monitor and analyze solely through
experimental methods due to the speed of the procedure, dynamic variables, and intricate
interdependencies. The process can partially be explained by assessing thermodynamics of the
system through cloud point determination and kinetics through viscosity measurements.

The cloud points were determined to obtain a ternary phase diagram of
polymer/solvent/nonsolvent systems. This was used to explore the thermodynamic behavior of
the dope solution, determining the compositional path for membrane precipitation. The
precipitation points of PSf and PSf-SPEEK solutions using water as a non-solvent is shown in fig
S2.In a true ternary system, the cloud points coincide with the binodal curve, which represents
the set of compositions where different phases coexist in thermodynamic equilibrium and it
delineate regions of completely stable (single-phase) and meta- or unstable (phase-separated
regions) [33]. SPEEK addition to the PSf matrix (PSf-SPEEK) in the casting solutions shifts the
cloud point curve (shown in green), indicating that less water is required to induce precipitation.
This suggests that the solutions become thermodynamically less stable with the inclusion of
SPEEK. Cloud point determination reveals that this decreased stability arises from changes in the
balance between enthalpic (interaction-based) and entropic (mixing-based) contributions to the
free energy of the system [34,35]. A thermodynamically less stable polymer solution, such as those
containing SPEEK, undergoes faster demixing when immersed in a nonsolvent due to enhanced
thermodynamic immiscibility. This rapid phase separation can significantly alter the membrane
characteristics which may affect its structure and performance.
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Figure S2. Cloud point measurements obtained by titration method, shown in ternary diagram of polymer
(PSf and PSf-SPEEK), NMP (solvent) and water (non-solvent) system, with blue and green line showing the
precipitation path.

Dope solution viscosity is a key parameter that impacts dissolution kinetics (during phase
inversion) and resulting membrane structure and performance. Generally, polymer concentration
increases solution viscosity due to increased polymer chain entanglement [36]. Fig S3 illustrates a
similar trend, where PN solutions exhibit a viscosity increase from 0.39 Pa.s for PN-17 to 0.72 Pa.s
for PN-19. Similarly, the PSN solutions, exhibit a similar trend which increase viscosity from 0.44
Pa.s (PSN-17) to 2.17 Pa.s (PSN-23) as polymer concentration increases. SPEEK-based membranes
(PSN-17 and PSN-19) demonstrate slightly higher viscosities compared to their PSf counterparts
(PN-17 and PN-19). This supports the observation that in addition to polymer dope concentration,
molecular interactions can also contribute to increased viscosity. Kinetic aspects of the NIPS
process are partially explained through viscosity. Increased viscosity of the dope solution causes
the solvent and non-solvent exchange rate to decrease, leading to delayed demixing. On the other
hand, lower viscosity correlates with rapid de-mixing during membrane fabrication [37]. Rapid
demixing results in finger-like structures, while slower demixing produces sponge-like structures
with thick skin layer [38,39].
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Figure S3. Viscosity of dope solutions prepared at different concentrations using PSf and PSf-SPEEK,
measured at different shear rates in steady-shear flow, ranging from 0 to 90s.

S5.5.2 Membrane Characterizations

The FTIR spectra were used to confirm the surface functional groups of fabricated membranes.
Fig S4 shows spectra of fabricated membranes blended with SPEEK. The PSf and SPEEK share
some of the same functional groups in the polymeric structure. In addition to the distinctive
bands of the PSf membrane, additional peaks (pointed by dotted lines) were observed at 1649
cm! and 1052 cm™ in the spectrum of the PSf-SPEEK membrane. The peak at 1052 cm!
corresponds to the presence of SOs* groups, and 1649 cm™ represents the C=O group. The
appearance of new band confirms the presence of SPEEK in addition to PSf in membrane matrix.

XPS surface analyses of the pristine PSf membrane (PN-19), the PSf-SPEEK membrane (PSN-19),
and the annealed PSF-SPEEK membrane (PSN-190) are shown in Fig S5. The spectra show
changes in the elemental composition and chemical environment upon blending and annealing.
The elemental composition of Cls, O2s, S2p of PN-19, PSN-19 and PSN-190 are shown in table
52. In PN-19, the high atomic percentage of carbon (83.61%) is consistent with the PSf polymer
backbone, while the presence of oxygen (14.02%) and sulfur (2.37%) correspond to ether and
sulfonyl groups, respectively. Upon blending with SPEEK in PSN-19, a shift in the Cls peak to
285.02 eV, with a decrease in carbon content (81.55%) and an increase in oxygen (15.62%), shows
the incorporation of SOsH from SPEEK. The annealing process (PSN-190) induced shifts in the
binding energies and elemental percentages, with a slight reduction in carbon (80.77%) and
increase in oxygen (16.18%), possibly due to cross-linking, or reorganization of the sulfonated
domains, which may have enhanced the interaction between PSf and SPEEK during



annealing.[40] These changes show the chemical modifications are induced by incorporation of
SPEEK and the thermal effects of annealing on the membrane's surface chemistry.
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Figure S4. FTIR spectra showing the functional peaks comparison of fabricated membranes PN-19, PSN-19, and PSN-

23.

Table S2. Elemental composition of Cls, O2s, S2p of PN-19, PSN-19, PSN-190 and PSN-19 (etched at 300s) using
XPS.

PN-19 PSN-19 PSN-190
Name  Peak Atomic Peak Atomic Peak Atomic
BE % BE % BE %

Cls  284.76 83.61 285.02 81.55 284.83 80.77
O2s  531.97 14.02 532.28 15.62 532.15 16.18
S2p 167.96 2.37 168.21 2.82 167.97 3.05
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Figure S5. XPS characterization of membrane chemistry. XPS spectra of a) PN-19 b) PSN-19, and c) PSN-190.

Morphologies of both surfaces and cross-sections of PSN-17 (lowest viscosity) and PSN-23
(highest) are shown in fig S6. PSN-17 membranes depict a porous surface. The viscosity of
solution was lower and SPEEK addition enhanced the membrane porosity by rapid solvent-
nonsolvent diffusion. Consequently, larger pores are formed resulting in a more permeable
structure. PSN-23, shown in fig S6 (b), the surface became denser with fewer visible pores, and
no pores were visible at lower magnifications. This dense structure is due to the increased
viscosity of the casting solution at higher dope solution concentrations which caused greater
polymeric chain entanglement and slower demixing of solvent-nonsolvent.



Figure S6. SEM cross-sectional and surface images of a) PSN-17 and b) PSN-23 membranes.

5.5.3 Total Nitrogen (TN) concentrations after filtration

Table S3. TN (mg/L) prior to and following filtration of MHRW at pH 7 through PSN-19 and PSN19W.

PSN-19 Unfiltered pH 7 Filtered 5x pH 7
Unannealed 0.1538 + 0.024 0.28155 + 0.0795
PSN-19

Annealed 0.0906 + 0.0316 0.1190 +0.0194

PSN-19W




S.5.4 Membrane performance analysis

The filtration performance of PSf-SPEEK membranes was evaluated using various dyes (MB, CR,
CV, AO2) in the water using a dead-end filtration cell. This finding would suggest that there are
multiple factors that influence the removal of solute from water. While pore size is generally
expected to control the rejection of organic solutes and the polymer framework density regulates
water permeability, the incorporation of functional groups those contributing to charge density
alters the separation dynamics. This modification enhances electrostatic interactions, disrupts
solute diffusion pathways, and can further affect the membrane's selectivity and overall
performance.

First, the MB was chosen as model dye to examine filtration properties, conducted in detail for
polysulfone membranes named PN-17 and PN-19, and PSf-SPEEK membranes named PSN-17,
PSN-19, PSN-21, PSN-23, as shown in fig S7 The PN-17 showed water flux of 67 LMH/bar, which
decreased drastically as the concentration of the dope solution increased to 19% in PSN-19.
Moreover, the PSf shows relatively hydrophobic as observed in contact angle measurement,
which decreased the water permeability. The PN-17 showed an average rejection performance of
56%. As the concentration of the polysulfone membranes increased to 19% in PSN-19, the rejection
did not improve much, although the permeability reduced to greater fraction. We incorporated
the SPEEK in PSf to functionalize the membranes with sulfonic acid groups. The incorporation of
SPEEK in PSN-17, PSN-19, PSN-21, and PSN-23 lead to increase in hydrophilicity and induced
the negative charge on the surface of membranes due to presence of sulfonic acid groups. After
being dope solution became more viscous with an increase in polymer concentration, the flux
reduced due to denser structure. PSN-19 and PSN-21 showed less permeability than PSN-17, but
the rejection was increased. With further increase in polymer concentration at PSN-23, the
permeability reduced further but removal of MB increased too.
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Figure S7. Average Permeability and rejection plot for MB dye with PN-17, PN-19, PSN-17, PSN-19, PSN-21, and PSN-
23.

The average permeabilities and rejection for CR, CV, AO2 for PSN-19 and PSN-23 are shown in
fig S8. Permeability and rejection Crystal Violet, a cationic dye, exhibited excellent rejection rates
above 90% for both membranes, consistent with the membrane's negatively charged surface,
which enhanced electrostatic interaction between the membrane and the dye molecules. This high
rejection can also be linked to the role of SPEEK in the membrane composition. SPEEK introduced
sulfonic acid groups, increasing the negative surface charge density and tightening the pore
structure, which favors the rejection of larger, positively charged molecules like CV. CR is an
anionic dye with relatively larger molecular weight showed average rejection above 75% in both
PSN-19 and PSN-23. In contrast, AO2, a smaller anionic dye, showed the lowest rejection rates —
18% for PSN-19 and 38% for PSN-23. The smaller molecular size of AO2 allowed it to permeate
more easily through the membrane's pores, and since both the dye and membrane are negatively
charged, electrostatic repulsion to assist in its rejection is not dominant. The presence of SPEEK
played a less significant role in rejecting AO2 due to the weak interaction between the anionic
dye and the negatively charged membrane surface. This shows that membrane performances are
subject to type of solute and has a broad application prospect. The relative performance
comparison is given in Table 54, and the relative comparison with other literature is presented in
table S5.
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Figure S8. Average Permeability (left) and rejection data (right) of PSN-19 and PSN-23 membranes with MB, CR, CV,
and AO2.

S.5.5. Mixed Dyes

The mixture of MB:AO2 was prepared at 50:50 ratio. Both are highly soluble in water and the UV-
vis spectrum of the binary dye solution showed two distinct adsorption peaks at 483 and 663 nm.
The intensity of the peaks was used to calculate %rejection of each of the dye. It is evident from
the intensities that the MB gave higher rejections than AO2 due to different interaction with
membrane surface.
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Figure S9. UV-Vis spectra of Mixed dyes (MB + AO2) plotted after every 5mL of filtration.
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