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Manufacturing supported loose-
nanofiltration polymeric membranes with
eco-friendly solvents on an R2R System
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In this study, loose nanofiltrationmembranesmade of polysulfone dissolved in co-solvents PolarClean
and gamma-Valerolactone were prepared via slot die coating (SDC) on a roll-to-roll (R2R) system by
directly coating them onto a support layer or free standing. A solution flow rate of 20mL/min, substrate
speed of 17.1mm/s, and coating gap of 0.1mm resulted in the formation of membranes without
structural defects. Pre-wetting the support layer with dope solutionminimized shrinkage of membrane
layer thickness and improved interfacial adhesion. Membrane samples produced using SDC exhibited
properties and performance consistent with bench-scale doctor blade extruded samples; pre-wetted
and uncompressed samples (SDC-3) exhibited the highest rejection of bovine serum albumin
(99.20%± 1.31%) and along with adequate mean permeability during filtration (70.5 ± 8.33 LMH/bar).
This study shows that combining sustainable materials development with SDC provides a holistic
approach to membrane separations to bridge materials discovery and membrane formation.

In comparison to traditional separation technologies, membranes have
becomeanadvantageousoptiondue togenerally fewermanufacturing costs,
lower energy requirements, and operating flexibility while still offering high
permeability and selectivity1–3. With an abundant range of commercially
available polymers, solvents, and additive materials, polymeric membranes
can be tailored for specific properties and applications. A myriad of
industrial separations, including water treatment, bio-separations, gas
separations, and electrodialysis, can be performed using polymeric
membranes4. New materials and chemistries are the focus of much aca-
demic research to address difficult separations, control fouling and develop
multi-functional membranes. In particular, there has been significant
research in developing polymeric membranes imbued with the intrinsic
properties and advantages of both traditional ultrafiltration (UF) and
nanofiltration (NF) membranes to achieve high solute rejection and per-
meability. LooseNFmembranes (LNF) fall in between these twomembrane
classifications and are capable of removing organic macromolecules with a
significantly higher permeability than tight NF membranes and a higher
selectivity than other UF membranes5,6. As such, there is a strong demand
for developingmanufacturing processes to produce thesemembranes at the
commercial scale. However, aligning the manufacturing processes with the
two modern principles of scalability and eco-manufacturing poses a major
hurdle in optimizing commercial-scale polymeric membrane fabrication.

Currently, MF, UF, LNF, and tight NF polymeric membranes are
commonly produced using phase inversionmethods7. Nonsolvent-induced
phase separation (NIPS) is considered the dominant phase separation
technique, in which a dope solution is cast onto a solid substrate and
immersed in a nonsolvent coagulation bath, most commonly water7,8. Sol-
vent from thefilm exchangeswith the nonsolvent, causing thefilm to forma
solid, polymer-rich membrane matrix with polymer-poor phase areas that
become the pores; the end-product is an asymmetric membrane with a
dense selective layer and a porous sublayer for mechanical stability9–12.

Bench-scale polymeric membrane fabrication via NIPS has been
extensively studied and is generally conducted using doctor blade extru-
sion (DBE), spin coating, anddip coating13. In particular,DBE is oneof the
most common methods to develop bench-scale membranes but is not
considered ideal for integration into an R2R system to produce mem-
branes with consistent functionality13,14. Alternatively, slot die coating
(SDC) is a method commonly used for thin film manufacturing that
overcomes this drawback of DBE. In SDC, a slot die deposits a fluid onto a
moving substrate to form the film15,16. SDC offers greater flexibility in film
thickness and can be integrated into a roll-to-roll (R2R) system for con-
tinuous casting7. SDC is among the most widely used manufacturing
processes for thin film across many applications, however, there are
limited studies of R2R manufacturing of membranes with SDC for clean
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water applications5,11,12. A general illustration of the coating process for
SDC as compared to DBE is found in Fig. 1.

As reported in several studies on polymeric membrane scale-up using
SDC, a careful balance of parameters (e.g., substrate speed, solution flow
rate) is crucial in forming uniform membranes14,17; the range of adequate
casting parameters for uniformmembrane formation can be visualized as a
casting or coating window14,18, where the difference between casting and
coating is whether the dried film is removed from or remains on the sub-
strate, respectively. The coating parameters are dependent on the substrate
and dope solution properties, including the contact angles, surface tension,
and viscosity since they can affect the substrate speed and flow
behavior16,18,19. Thus, a thorough analysis of the dope solution is thefirst step
in developing a SDC method for polymeric membrane fabrication.

A common feature of polymeric membranes is the inclusion of a
support layer acting as a substrate for the porous and selective layers. Dif-
ferent materials, including woven and nonwoven polyethylene ter-
ephthalate (PET) and polyester films, have been studied as a support layer
for polymeric membranes20. While the main advantage of a support layer is
increased mechanical integrity, the support layer may also result in differ-
ences in themembranemorphology and filtration characteristics. Lohokare
et al.20 reported that casting a polyacrylonitrile UFmembrane on Hollytex®
nonwoven polyester fabric generally resulted in higher water flux, protein
rejection, membrane forming capacity, and resistance to compaction than
membranes cast onto a woven fabric layer. Oh et al.21 found that the non-
woven support layer influenced the internal structure of the membrane;
namely, a PET support layer resisted solvent/nonsolvent exchange and
contributed to the formation of sponge-like pore structures associated with
slower mixing/de-mixing. Of the available types of support layer materials,
nonwoven PET fabrics are of notable interest due to their high permeability
and tensile strength, which aid the filtration performance and enhance the
membrane durability.Moreover, the highmelting point of PET enables it to
serve as a durable support layer for high temperature filtration applications,
including NF filtration at temperatures up to 65 °C22. Hollytex® 3265
nonwoven PET fabric was selected as the support for this study as others
have found enhanced water permeability due to increased pore
formation20,23. Notable properties of Hollytex® 3265 include a reported air
permeability of 20 cfm, cross-directional tensile strength of 11.4 kg/m2

(21 lbs/yd2), machine-direction tensile strength of 11.6 kg/cm (65 lbs/in),
and water holding capacity of 28.26 wt %20.

During the membrane fabrication process, the dope solution is gen-
erally cast directly onto the support layer material prior to immersion in a

nonsolvent bath. However, translating a direct coating method onto a SDC
setup has yet to be demonstrated, which introduces the additional challenge
of a substrate being placed over the traditional glass platen. Furthermore,
analyses of the dope solution mixing kinetics in the presence of a support
layer, the membrane-support layer interface, and the relationship between
the support layer and membrane properties in scale-up studies remain
largely unstudied.

Separately, eco-manufacturing has become a crucial manufacturing
principle due to concerns about climate change impacts and environmental
degradation associated with industrial manufacturing. The current indus-
trialmanufacturing sector contributes to 15%of global energy consumption
and 35−40% of global material consumption, resulting in a push for
identifying opportunities to reduce the energy, material, and fossil fuel
footprints of manufacturing processes24. In particular, two methods of eco-
manufacturing that drive industrial sustainability are the reduction of waste
and the incorporation of eco-friendly materials, both of which can be
implemented in polymeric membrane manufacturing24.

One of the main drawbacks of NIPS and other phase inversion
methods is the frequent use of hazardous and fossil fuel-derived solvents in
preparing the dope solution. Traditionally used solvents, including N-
methyl-2-pyrrolidone (NMP), dimethylformamide (DMF) and dimethy-
lacetamide (DMAc), pose hazards to human health (e.g., toxic, irritant, and
carcinogenic properties) and the environment (e.g., flammable, toxic to
aquatic life), elevating the risk of NIPS7,25. Moreover, the petroleum-derived
nature of these solvents increases the carbon footprint of themanufacturing
process. Due to recent regulations on solvent use, there is now an emphasis
on using eco-friendly solvents in polymeric membrane fabrication; along
with mitigating safety hazards associated with the manufacturing process,
the inclusion of eco-friendly solvents removes the costly and energy-
intensive step of removing toxic solvents from the fabrication wastewater.

Recent advances in eco-friendly solvent development have resulted in
the emergence of “green” dipolar aprotic candidates, including Cyrene,
MeSesamol, and dimethyl isosorbide26–29. Two notable eco-friendly solvents
that meet these characteristics and are commercially available are methyl 5-
(dimethylamino)-2-methyl-5-oxopentanoate (Rhodiasolv® PolarClean)
and gamma-valerolactone (GVL). PolarClean is the chemical valorization
product of methylglutarodinitrile (MDN), which itself is a solvent and a by-
product of nylon 6,6 fabrication30–32. The high miscibility and solubility of
PolarClean in water make it a suitable alternative for traditional solvents,
along with being reported as a non-toxic and biodegradable solvent31,33,34.
Moreover, the mass production of Nylon-6,6 and, subsequently, MDN

Fig. 1 | Schematic visualization of the doctor blade
extrusion and slot die coating methods for poly-
meric membrane preparation.
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translates to large-scale availability andproductionof PolarClean35.GVL is a
cyclic ester derived from lignocellulosic biomass processing; it is another
alternative solvent for NIPS due to its water solubility, non-toxicity, and
biodegradability7,36. As such, GVL has been used in a multitude of appli-
cations (e.g., lignin depolymerization, electrochemistry, solid phase peptide
synthesis) as a reaction solvent37–39. The individual use of PolarClean and
GVL as solvents for polymeric membranes has been investigated, though
studies on using the two solvents in combination have touted more favor-
able results11,14,25,30,33,34. Polysulfone (PSf) membranes prepared using a 3:1
ratio of PolarClean-GVL have reported similar water permeability and
bovine serum albumin (BSA) rejection compared to PSf membranes pre-
paredusing the traditional solventsDMAcandNMP25.Additionally, theuse
of both solvents results in the formation of PSf membranes that are more
durable than counterparts prepared using solely PolarClean or GVL25.

Although recent studies have investigated methods for including
support layers and eco-friendly solvents in bench-scale polymeric mem-
branes, the next step of scale-up and direct coating onto a support layer
using SDC on a R2R system, remains largely unstudied. Dong et al.14

reported successful fabrication of PSf-PolarClean-GVL UF flat sheet
membranes using a SDC setup on a R2R system, in which the membranes
exhibited similar surface roughness, flux, and selectivity to membranes
prepared using the DBE method. Beyond these findings, analyses of the
relationship between the dope solution properties, coating parameters, and
film defect formation would further clarify the application of SDC for
polymeric membrane fabrication. Additionally, the incorporation of a
support layer would introduce a porous substrate to study these mechan-
isms, which have previously only been studied on a glass substrate14.

The goal of this study is to demonstrate the formation of loose-NF flat
sheetmembranes via slot die coating integrated into a R2R system, whether
cast or coated onto a support layer and how the dope solution properties
influence the and fabrication and membrane formation processes. Prop-
erties of an eco-friendly PSf-PolarClean-GVL dope solution were evaluated
to determine the casting window for the SDC. PSf was selected as the
polymer due to its prominent use in NF and UF polymeric membranes,
strong thermal and chemical resistance properties, and low environmental
impact40,41. Membranes manufactured via SDC were compared with
membrane samples fabricated viaDBE to demonstrate the translation of the
membrane properties and filtration capabilities during scale-up. For both
fabrication methods, membranes were coated onto the support layer using
different configurations to investigate the interface properties and changes
in membrane performance.

Results
Properties of the Dope Solution
Thedynamic viscosity of thePSf-PolarClean-GVLdope solution,whichwas
first reported in Lu et al.42, is shown in Fig. 2. At the onset, the viscosity was

approximately 4.85 Pa•s before decreasing and stabilizing at approximately
3.39 Pa•s once the shear rate reached 30 s−1. The shear-thinning behavior
observed in this initial range suggested the occurrence of polymer chain
disentanglement,whichwas complete once the shear rate reached30 s−1 43,44.
Moreover, this shear-thinning behavior is consistent with conventional
polymer solutions45,46. The dope solution was considered suitable for DBE
since dynamic viscosity was generally uniform at higher shear rates, which
would result in a cast/coated film with relatively uniform thickness and
properties. Using SDC as a membrane fabrication method was also deter-
mined to be feasible since the dynamic viscosity was within range of the
reported operating limits of SDC(1mPa•s≤ν≤ several kPa•s)14,47. Since the
same dope solution was used to prepare all membrane samples, viscosity
was set as a constant parameter.

Viscosity is a crucial parameter that influences film formation when
SDC is used; namely, the flow behavior and formation of defects on the film
can be dependent on the magnitude of viscous forces18. The capillary
number, simply defined as the ratio of viscous forces to surface tension
forces being acted upon a fluid, was calculated at each shear rate interval to
characterize the dope solution viscosity and is also shown in Fig. 216. Across
all shear rates, the capillary number was significantly larger than 0.1, clas-
sifying the dope solution as a high-viscosity solution and indicating that
viscous forces would be the dominant force experienced during substrate
motion, particularly at high shear rates48. Moreover, as a high-viscosity
solution with some shear-thinning behavior exhibited, relatively low pro-
cessing speeds would be required to produce a uniform membrane sheet16.

The mean surface tension for the dope solution was measured to be
31.5 ± 1.3mN/m. Similar to viscosity, the surface tension of the sample was
within the reported operating limits for this application (25mN/
m ≤ γ ≤ 500mN/m)18. The surface tension measurement was also used to
calculate the penetration length of the solution through porousmedia using
Eq. 2. The calculated penetration length was 0.15mm. Given that the
thickness of the support layer is 0.12mm, this observation suggests com-
plete penetration of the solution through the support layer. Thus, an initial
wetting treatment for the support layer was deemed necessary to minimize
solution penetration. Wetting of the support layer using a solvent has been
studied, though the presence of additional solvent during the fabrication
process may dilute the dope solution and alter the membrane properties49;
thus, the dope solution was selected as the wetting agent in this study. The
various configurations of the membrane and support layer visualized in
Table 1 were explored to minimize the penetration of the dope solution
through the support layer.

The contact angle value indicates relatively favorable wettability of a
solution on the substrate surface50. In SDC, the wettability of the slot coater
material can determine themagnitude of capillary flow of the fluid through
the device. A higher contact angle for the slot die versus the substrate is
preferred to aid favorable flow through the slot coater and reduced viscous

Fig. 2 | Dynamic viscosity and capillary number of
the PSf-PolarClean-GVL dope solution from a shear
rate of 0−90 s−1. Viscosity data was first reported in
Lu et al.42.
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forces. The mean contact angles for the dope solution on the various sub-
strates studied are shown in Table 2. The mean contact angle on glass was
20.7° ± 1.7°, indicating favorable wettability. Twometallic plates, aluminum
and stainless steel, were selected as candidates for the slot coater material.
Mean contact angle measurements for the aluminum and stainless-steel
surfaces were relatively similar at 28.8° ± 1.9° and 31.5° ± 1.8°, respectively.
Since stainless steel exhibited the highest mean contact angle, a stainless-
steel slot die coater was selected to be used in the SDC system.

Membrane formation using SDC
Determining the operating limits of materials in the slot die coating process
is crucial, as it enables the fabrication of membranes with the desired
thickness without any defects by tuning the coating parameters within the
identified stable coating region18. Through the well-established correlation
between flow rate and substrate speed in this system18, a partial coating
window for the PSf-PolarClean-GVL dope solution cast on a glass plate was
determined. For these experiments, the flow rate was set within the range of
3.5 – 90ml/min and the substrate speed ranged from 5.4 to 40.2mm/s and
the coating gap was set as 0.1mm. Supplementary Fig. 1a illustrates a
membrane sample formed at the upper boundary and Supplementary Fig.
1b illustrates the process at the lower boundary of the parameter ranges, as
well as the resultingdefect formations. Limitationsof the coatingparameters
was derived by the acoustic noise in the coating system at higher coating
parameter. As one parameter was altered and the other remained constant,
either air entrainment or dripping phenomena were observed, to construct
theupperand lower boundaries of thepartial coatingwindow for processing
the PSf-PolarClean-GVL dope solution on a glass plate, as shown in Fig. 3a.
Visual representation of coating instability leading to air entrainment and
dripping phenomena is captured in Fig. 3b, c. Uniform membranes with a
desired thickness reside within the partial coating window. Near the inter-
section of the upper and lower boundaries, fluid flow instability caused by
the casting parameters led to membranes with defects, which are (b) shown
in Supplementary Fig. 1a, b.

A series of experiments were carried out to fabricate the defect-free
membranes through optimal coating parameters based on the partial
casting window. Despite avoiding coating-related defects, samples initially
exhibited surface wrinkling as shown in Supplementary Fig. 2. Similar
phenomenonwas observed by Blanco et al.51 and proposed potential causes
for this observation. The surface layer becomes progressively harder as the
coagulationprocess proceeds and themembrane’s surface layer hardensdue
to the solvent extraction into the non-solvent bath. Concurrently, the
underlying substrate remains in a fluid state until the entire membrane
solidifies. This differential setting process results in the development of
compressive strain in the surface layer, causing random deflections or
wrinkles51. To mitigate wrinkling, casting the membrane on a hard, rigid
substrate is beneficial. The rigid substrate supports the aqueous part of the
dope solution to withstand the compressive stress encountered during the
solidification of the surface layer in theNIPS process. However, for a thicker
film, the bulkoffluidpart of thedope solutionbeneath the surface layer lacks
the mechanical strength to resist the imposed stresses, resulting in the
generation of wrinkles. This observation led to implementing a set of
experiments to tune the casting parameters to eliminate the wrinkle for-
mation during NIPS process as well as producing the membranes with
desired thickness ranged between 100 µmand 200 µm.As reported inDong
et al.7, manipulating the coating thickness alters the phase inversion process
and the resulting membrane morphology. Membranes cast with greater
thickness have exhibited macrovoids and finger-like pore structures,
whereas decreasing the thickness led to the formation of denser, sponge-like
pore structures akin to those found in this study52–55. Thus, using a low
casting thickness between 150 and 300 μm results in the formation of
membranes with a compact pore structure, reduced shrinkage after casting,
and efficient filtration performance25,53,56. Additionally, Lu et al.42 investi-
gated how the doctor blade casting conditions affected the membrane
thickness for PSf-PolarClean-GVL membranes, particularly the effect of
altering the evaporation time step between casting and film immersion in

the nonsolvent bath. Setting an evaporation time of around 30 s resulted in
the thickening of the selective skin layer, which improved BSA rejection
without a significant decline in permeability. This principle was applied in
this study by setting an evaporation time of 20 s.

In the slot die coatingprocess, there are threedistinct coating regions (I,
II, and III). The region depends on the fluid properties, die geometry, and
flow parameters57,58. As the capillary number increases in slot die coating
process, the capillary force becomes negligible, while viscous, surface ten-
sion, and inertial force become dominant in creating the stable coating bead
[15]. Experimental results from slot die coating processes, usingNewtonian
or approximatelyNewtonian solutionswhere the viscous force is dominant,
showed that the minimum wet thickness with a vacuum pressure of 0, t0,
rangedbetween0.5hd and0.7hd ,wherehd refers to thedownstreamcoating
gap57. The system presented in this study had no vacuum pressure applied
and the measured values were similar: the wet thickness at the lower
boundary of the coating window was about 0.05mm at the downstream
coating gap of 0.1 mm. This observation suggests that the viscous force is
dominant, thus the coating gap was increased from 0.1mm to 0.2 mm to
meet the target thickness. According to the experimental results by Chang
et al.59 andChang et al.60, the coating gaphas anegligible effecton the coating
window in the regionwhere viscous force is dominant. Therefore, thepartial
coating window found in Fig. 3a was used to determine coating parameters
to create uniform membranes.

To this end, a series of preliminary experiments were performed to
measure the ratio of wet-to-dry thickness of the membranes fabricated at
various casting parameterswithin the stable coating region. Thewet anddry
film thickness in these experiments were measured and the wet-to-dry film
ratiowas determined to be 57.7 ± 9.5%. Based on the partial coatingwindow
shown in Fig. 3a and wet-to-dry film ratio, the substrate speed was held
constant at 17.1 mm/s and flow rate was varied to analyze the resulting
membranes. The substrate speed was chosen in such a way that the system
minimized any acoustic noise involved during the fabrication process and
ensured theproductionofmembranes in themost scaledmanner.At a given
substrate speedof 17.1 mm/s,when theflowratewas lower than20mL/min,
the wet thickness was lower than 0.11mm and ribbing was often observed
during the NIPS process. The presence of this defect could be due to the
nonuniformity of the fluid coating on the glass platen with viscous forces
overcoming the capillary pressure during the casting process. As a result of
this observation, the flow rate needed to be increased. When the flow rate
was increased to 25mL/min, the wet thickness was approximately 0.23mm
and despite the uniformwet surface, wrinkle formationwas observedon the
surfaceof themembraneduringNIPSprocess.These observations indicated
the need to lower the wet thickness to less than 0.23mm, since thicker films
aremore prone towrinkle formationduring theNIPS process. Additionally,
a reduction in the flow rate is needed to produce uniform films. Hence, a
flow rate of 20mL/min and substrate speed of 17.1 mm/s were selected as a
set of casting parameters that would not result in defects. To ensure that the
process reached a steady state, multiple glass plates were continuously fed
into the system. The cast membranes were then submerged into a DI water
bath to undergo the NIPS process coagulation. As a result, uniform mem-
branes with mean wet film thickness of 0.156mm and mean dried film
thickness of 0.09mm were successfully fabricated, as shown in Supple-
mentary Fig. 3.

Based on the calculation from Washburn equation indicating the
complete penetration of membrane through porous support layer, pre-
coating processeswere implemented to prevent the complete penetration of
the dope solution and formation of a membrane thinner than designed.
Dope solution penetration has been reportedly observedwhen casted onto a
Hollytex 3265 support layer, which may be attributed to the attraction of
polar groups found in the solvent and PET film surface. Namely, the amide
group found in PolarClean, as well as the ester groups in PolarClean, GVL,
and thePETfilm, contribute to the polarity of the dope solution and support
layer and promote attraction between the two layers23. As such, further
characterization of SDC-2 was not conducted to focus on samples with a
pre-coating step. For the pre-coating process, the support layers were
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Table 1 | Fabrication process steps and filtration experiment configurations for eachmembrane sample prepared using doctor
blade extrusion (DBE) and slot die coating (SDC) (all samples were prepared using a dope solution concentration of 17wt%
polymer, 83 wt% solvent, and at room temperature (21.1 °C ± 1.9 °C))

Doctor Blade Extrusion (DBE)

Sample ID Fabrication Process Filtration Configuration

DBE-1 Solution coated onto glass plate with 0.2 mm coating gap, 200 cm/min casting speed Filter paper placed underneath membrane

DBE-2 Solution coated onto glass plate with 0.2 mm coating gap, 200 cm/min casting speed Support layer placed underneath membrane

DBE-3 Solution coated onto support layer sheet with 0.2mm coating gap, 200 cm/min coating speed Support layer connected to membrane

DBE-4 Solution coated onto support layer sheet with 0.05 mm coating gap; solution coated on top of previously
coated film with 0.2 mm coating gap, 200 cm/min casting speed

Support layer connected to membrane

Slot Die Coating (SDC)

Sample ID Fabrication Process Filtration Configuration

SDC-1 Solution coated onto glass platen with 0.2mm coating gap, 3.5−90mL/min flow rate, 5.4−40.2 mm/s sub-
strate speed

Filter paper placed underneath membrane

SDC-2 Solution coated onto support layer sheet with 0.2 mm coating gap, 3.5−90mL/min flow rate, 5.4−40.2 mm/s
substrate speed

Support layer connected to membrane
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pre-spray-coated with PSf-PolarClean-GVL at 5.52 bar (80 psi) and either
left uncompressed (SDC-3) or compressed (SDC-4). The support layer was
compressedwith rollingpins, resulting in a 0.01mmdecrease in thickness of
the support layer. Continuous processing of three glass plates, two with
support layers taped flat on all four sides on the glass plate, ensured that the
systemachieved a steady state.Accounting the calculatedpenetration length
(0.15mm) and adopting the same casting parameters (dope flow rate of
20mL/min and substrate speed of 17.1 mm/s), PSf-PolarClean-GVL was
cast onto the pre-conditioned support layers. The cast membrane was then

submerged in DI water bath to undergo phase inversion. Uncompressed
and compressed coated support layers of uniform membranes with thick-
nesses of 0.15mm were obtained. Surface images of the three SDC mem-
brane samples fabricated on the support layer are shown in Supplementary
Fig. 3.

Membrane Morphology
Scanning electron microscopy (SEM) images of the membrane structures
were obtained to characterize the effects of the different fabricationmethods
and the membrane-support layer configurations found in Table 1. SEM
images of the DBEmembrane surfaces and cross-sections are found in Fig.
4; surface and cross-section SEM images of membranes produced using
SDCare found in Fig. 5. For reference, SEM images of the bare support layer
are found in Supplementary Fig. 4. The presence of “sponge-like” pore
structures was consistent across all membrane samples due to the use of
PolarClean and GVL as solvents. In this case, the higher viscosity of this
solventmixture relative to other traditional solvents resulted in a slower rate
of mixing and de-mixing during NIPS and the subsequent formation of a
distinct pore structure, which is consistent with related studies involving

Table 1 (continued) | Fabrication process steps and filtration experiment configurations for each membrane sample prepared
usingdoctorbladeextrusion (DBE) andslot diecoating (SDC) (all sampleswerepreparedusingadopesolutionconcentrationof

17wt% polymer, 83 wt% solvent, and at room temperature (21.1 °C ± 1.9 °C))

Doctor Blade Extrusion (DBE)

Sample ID Fabrication Process Filtration Configuration

SDC-3 Support layer sheet spray-coated onto support layer sheet for 3 min at 5.52 psi; solution coated onto support
layer sheet with 0.2 mm coating gap, 3.5−90mL/min flow rate, 5.4−40.2 mm/s substrate speed

Support layer connected to membrane

SDC-4 Support layer sheet compressed using rolling pin; support layer sheet spray-coated onto support layer sheet
for 3min at 5.52 psi; solution coated onto support layer sheet with 0.2 mm coating gap, 3.5−90mL/min flow

rate, 5.4−40.2 mm/s substrate speed

Support layer connected to membrane

Table2 |ContactAngleMeasurementsofPSf-PolarClean-GVL
Dope Solutions on Glass, Aluminum, and Stainless-Steel
Surfaces

Substrate Contact angle (°)

Glass 20.7 ± 1.7

Aluminum 28.8 ± 1.9

Stainless Steel 31.5 ± 1.8
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PolarClean andGVL11,14,25,42. In each cross-section image, a thin skin layer is
found at the top of the membrane, which influences the selectivity of the
membranes due to the presence of smaller pores in this region compared to
the lower cross-sectional regions.

Below the skin layer, distinct observationswere found at themembrane-
support layer interface. SEM images of the cross-sections at this interface are
found in Supplementary Figs. 5 and 6 for DBE and SDC membranes,
respectively. Notably, SDC membranes samples that were coated onto a
support layer (SDC-3 and SDC-4) exhibited spherical-shaped cavities near
themembrane-support layer interface. The frequent observation of cavities at
this interface indicates the occurrence of microbubbles at the interface of the
substrate and PSf-PolarClean-GVL solution during the SDC process.
Therefore, under the set coating parameters (flow rate of 20mL/min, sub-
strate velocity of 17.1mm/s, and coating gap of 0.2mm), the required pres-
sure drop across the coating bead for the formation of a stable bead could not
be consistently sustained. This phenomenon is attributed to a disturbance in
the equilibrium with the externally imposed pressure gradient. This imbal-
ance is primarily due to the interplay of four forces in slot die coating: viscous
forces, surface tension forces, inertia forces and gravity. Concurrently, a
limitation in the movement of the dynamic contact line beyond a critical
speed perpendicular to its own direction leads to the emergence of sawtooth
structures, as shown in Supplementary Fig. 7. The cavities led to air being
trapped in the gaps where the solution did not meet the substrate16,18,61. Even
though membranes with a uniform surface layer were obtained, the trapped
air microbubbles within the solid-liquid interface created the spherical
microbubbleswithin themembranematrix.Thisphenomenonaccounted for
the spherical shape of the cavities and the repeated occurrence across the
interface, as illustrated in Supplementary Fig. 7. Although experimental
studies have proven that the coating gap has negligible effect in viscous force
dominant region in the slotdie coatingprocess, it is believed that changing the
coating gap may have some impact on the formation of the microcavities
observed in the produced membranes59.

SEM images of the membrane surfaces indicate the presence of pores
scattered across each sheet of generally consistent size. Based on ImageJ
analysis of surface images, mean pore sizes of each membrane were
approximated and are listed in Table 3. For both fabricationmethods,mean
pore sizeswerewithin the reported low range ofUF and slightly higher than
the reportedmaximum pore sizes of tight NFmembranes62,63. Additionally,
the mean pore sizes were consistent with the reported mean pore size of
similar polymeric membranes prepared using PolarClean30. Despite the use
of different fabrication methods and the addition of the support layer, the
main factors that influenced the pore development andmean pore size were
constant between all samples. Namely, the dope solution composition, dope
solution viscosity, and evaporation time immediately following the casting/
coating step were identical, all of which dictate the exchange rate of solvent
and nonsolvent and the pore formation during NIPS64,65. Thus, the changes
in themembranemorphologywere largely found at themembrane-support
layer interface, indicating that the difference in casting/coating substrate

resulted in localized morphological effects. The similarities in mean surface
pore size also suggest that the membrane permeability and solute rejection
would be similar between each type during filtration.

Membrane porosity
To determine the membrane void volume fraction, total porosity was
measured using gas pycnometry, which are listed in Table 4. All membrane
samples fabricated using DBE and all samples fabricated using SDC
exhibited a mean total porosity greater than 50.0%. Additionally, total
porosity was generally consistent between the two fabrication methods
when analogous configurations were used. DBE-1/DBE-2 and SDC-1, both
ofwhichwere preparedwithout a support layer, hadmean total porosities of
67.7 ± 9.1% and 79.1 ± 2.7%, respectively; DBE-4 and SDC-4, which were
prepared on a pre-wetted support layer, had respectivemean total porosities
of 50.4 ± 2.8% and 54.8 ± 1.4% and DBE-3 and SDC-3 exhibited similar
mean total porosities.

Total porosity measurements were validated by similar values from
traditional gravimetic analysis. DBE-1/DBE-2 and SDC-1 exhibited the
highest mean total porosities of 84.4 ± 11.2% and 84.3 ± 5.4%, respectively,
whereas themean total porosities ofmembrane sampleswith a support layer
were significantly lower. Moreover, mean total porosities of the support
layer and eachmembrane were generally similar between the twomethods.
The largest discrepancy between the two methods was the mean total
porosity of the support layer, which was measured to be 68.8 ± 3.0% using
gas pycnometry and 31.0 ± 5.1% using the gravimetric method. This sig-
nificant difference is likely due to the lower sensitivity of the latter method;
namely, Silwick was unable to penetrate void spaces to the same extent as
helium gas, which resulted in a lower total porositymeasurement. Thus, the
total porosity of the support layer aligns closer to the value obtained via gas
pycnometry.

Overall, the results indicate that the support layer configuration played
a dominant role in influencing membrane total porosity rather than the
fabrication method. For both DBE and SDC, membranes with a support
layer had a larger dry volume (Vd) than the pristinemembrane, as shown in
SupplementaryTable 1,which is inversely proportional to total porosity and
contributed to the lower total porosity values66. Additionally, the support
layer minimized lateral shrinkage of the membrane structure following the
casting process; this reduction in lateral shrinkage resulted in a decrease in
total porosity and has been reported in related studies33,49. Furthermore, the
absorbencyof thepolyester fabric played a role in affecting the total porosity,
as the difference in wetted and dry sample weight was approximately 1.5%
greater for membranes with a support layer than the pristine samples,
indicating insignificant change in the amount of Silwick absorbed by the
samples with a support layer.

Interfacial adhesion
The adhesion between themembrane and the support layer, whether doctor
blade extruded or slot die coated, was evaluated following the ASTM

Fig. 3 | Partial coating window and visual repre-
sentation of coating defects. a Partial coating
window of the Psf-PolarClean-GVL dope solution
on a glass plate and visual representation of b air
entrainment and c dripping phenomena, high-
lighted with white rectangles, during single layer slot
die coating process. The entire images in (b, c) are 2
mm wide.
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D3359 standard and the results are summarized inFig. 6a−e.Acomparative
analysis of the adhesion force revealed that samplesDBE-4 (Fig. 6b), SDC-3
(Fig. 6d), and SDC-4 (Fig. 6e), which correspond to the membranes cast on
pre-conditioned support layers, exhibited stronger adhesion force com-
pared to samples in Fig. 6a, c, where the membrane was coated onto the

support layer without any pre-coating process. This analysis suggests that
the pre-coating process plays a crucial role in enhancing the adhesive
property. The improved adhesion observed in samples that were coated
onto pre-conditioned support layers can be attributed to the pre-coating
process, which facilitates better interfacial interactions between the

Fig. 4 | SEM images of DBE membrane samples. a DBE-1/DBE-2 surface, b DBE-1/DBE-2 cross-section, c DBE-3 surface, d DBE-3 cross-section, e DBE-4 surface, and
f DBE-4 cross-section.

Fig. 5 | SEM images of SDC membrane samples. a SDC-1 surface, b SDC-1 cross-section, c SDC-3 surface, d SDC-3 cross-section, e SDC-4 surface, and f SDC-4 cross-
section.

https://doi.org/10.1038/s41545-024-00319-4 Article

npj Clean Water |            (2024) 7:24 8



membrane and the support layer9. In addition, the samples in Fig. 6d−f,
which were slot die coated, exhibited enhanced adhesive force compared to
the samples in Fig. 6a−c, whichwere doctor blade extruded. This difference
is suspected to be due to different ambient conditions. DBE samples were
created at a higher relative humidity andhigher room temperature (RH52%
and 25 °C), while SDC samples were created at the RH of 40% and room
temperature of 24 °C, as the adhesive properties can be affected by the

surrounding conditions67 This enhanced adhesion is critical for the overall
performance and durability of the membrane filters in practical
applications.

Membrane filtration
Permeability and BSA rejection of the membrane samples using the dead-
end filtration configuration are shown in Fig. 7a, b, respectively; mean and
standard deviation values of the permeability and rejection data are com-
piled in Supplementary Tables 2 and 3, respectively. Overall trends in the
membrane filtration characteristics were generally consistent across all
samples regardless of fabrication method and support layer configuration.
As seen in Fig. 7, the first 10 scatter points comprise the pre-compaction
phase, whereas the final 10 scatter points were collected during BSA filtra-
tion. All membranes filtered DI water feed at permeabilities greater than
110 LMH/bar at the conclusion of the pre-compaction phase. During this
phase, permeability generally decreased and approached a stabilization
point as volumetric throughput increased, therefore indicating the occur-
rence of sufficientmembrane compaction68. Themagnitude of permeability
decline in the pre-compaction phase largely depended on the support layer
configuration; DBE-3, DBE-4, SDC-3, and SDC-4, all of which included a
support layer, exhibited a final pre-compaction permeability hat was 50.6%,
51.0%, 55.8%, and 51.8% of their initial interval, respectively.

Similarly, permeability and rejection trends were relatively consistent
between each sample during the BSA filtration phase. A significant decline
in permeability was observed immediately due to the fouling of BSA
molecules on the membrane surface. At the conclusion of filtration, DBE
samples exhibited the lowest permeability with DBE-1, DBE-2, DBE-3, and
DBE-4 ending at 38.9 ± 5.09 LMH/bar, 32.4 ± 2.53 LMH/bar,
33.1 ± 4.19 LMH/bar, and 32.0 ± 2.92 LMH/bar, respectively. As shown in
Supplementary Fig. 8a, BSA rejection largely remained stable or declined as
a function of permeability. The inclusion of the support layer in with the
DBEmembrane layer did not result in significant differences in membrane
permeability, regardless of configuration. DBE-3 and DBE-4 exhibited
similar mean BSA rejection values at 90.6% ± 3.86% and 92.9% ± 3.68%,

a) DBE-3 b) DBE-4

c) SDC-2 d) SDC-3 e) SDC-4

Fig. 6 | Adhesion test results for different samples. a DBE-3 with classification of 0B, b DBE-4 with classification of 0B, c SDC-2 with classification of 1B, d SDC-3 with
classification of 3B, and e SDC-4 with classification of 2B.

Table 4 | Mean total porosity of the support layer and PSf-
PolarClean-GVL membranes fabricated using DBE and SDC
from Gas Pycnometry

Sample Mean Total Porosity (%)

Hollytex® 3265 Nonwoven Fabric 68.8 ± 3.0

DBE-1/DBE-2 67.7 ± 9.1

DBE-3 53.0 ± 2.4

DBE-4 50.4 ± 2.8

SDC-1 79.1 ± 2.7

SDC-3 57.4 ± 2.7

SDC-4 54.8 ± 1.4

Table 3 | Mean pore diameter of each membrane sample

Membrane Mean Pore Diameter (nm)

DBE-1/DBE-2 28.4 ± 6.3

DBE-3 43.2 ± 9.1

DBE-4 40.1 ± 7.7

SDC-1 40.5 ± 10.5

SDC-3 34.6 ± 10.5

SDC-4 41.1 ± 9.45
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respectively, also indicating no significant differences in solute rejection.
Thus, the additional steps of pre-wetting and compressing the support layer
prior to coating the dope solution did not hinder the membrane perfor-
mance while counteracting the dope solution penetration into the sup-
port layer.

Variability observed in membrane permeability during the
pre-compaction phase was likely due to differences in thickness
between the different samples. However, the similarity in performance
between DBE and SDC samples during the BSA filtration phase
correlates with the similarities in membrane morphology. In
particular, themean pore sizes of each sample surface were found to be
within the same range, which was attributed to the dope solution
composition, viscosity, and the evaporation time being constant
during fabrication. Differences in the pore structure were localized to
the membrane-support layer interface, where the pore structure
mainly provides mechanical strength and stability for an asymmetric
membrane; in contrast, the top layer provides the solute rejection
through size exclusion and/or charge69. Due to the mean pore size,
high rejection, and reported properties of BSA molecules, both size
exclusion and electrostatic repulsion influence the transfer mechan-
ism. At aqueous BSA solution concentrations of 500 ppm and lower,
BSAmolecules tend to form aggregates and a bimodal distribution has
been found in BSA molecule size with the second peak corresponding
to protein aggregates of size 140−220 nm70,71. Thus, the sieving of BSA
aggregates accounted for a major element of the rejection process. The
rejection of the remaining BSA molecules was largely attributed to

electrostatic repulsion since both PSf and BSA molecules exhibit a
negative surface charge, resulting in a Donnan exclusion mechanism
being present71.

Overall, SDC samples exhibited higher permeability during the BSA
filtration phase as compared to DBE, as the final permeabilities of SDC-1,
SDC-3 and SDC-4 were 52.1 ± 5.33 LMH/bar, 51.5 ± 14.3 LMH/bar, and
75.9 ± 7.22 LMH/bar, respectively. Despite the compression of the support
layer, SDC-4 exhibited the highest mean permeability during both
pre-compaction and BSA-filtration phases, though BSA rejection was
relatively similar to the other SDC samples; thus, the compression of the
support layermay not have resulted in significant pore size reduction of the
substrate. SDC-1 and SDC-3 exhibited the highest mean BSA rejection
values of 99.0% ± 1.70% and 99.2% ± 1.31%, respectively. As such, the
filtration results indicated that the use of SDC to produce the membranes
and inclusion of a support layer did not result in a significant difference in
filtration characteristics in comparison to DBE samples. Additionally, the
observed presence of microbubbles at the membrane-support layer inter-
face in SDC-3 and SDC-4 did not compromise the BSA rejection, likely due
to the absenceofdefect formation in the selective layer at the top.Therefore,
results support the ability of SDC in providing accurate scaled results of
bench-scale developed membranes, and it helps narrow the gap between
academic materials development and scaled fabrication.

SA, the sodium form of alginic acid, was selected as a secondary filtrate
to model polysaccharide and other NOM filtration. Average permeability
and rejection of SA as functions of volumetric throughput are found in
Fig. 7c, d, respectively. Scatter point and standard deviation values for SA

Pre-Compaction BSA Filtration
a) b)

)d)c
Pre-Compaction SA Filtration

Fig. 7 | Dead-end filtration results. a BSA permeability, b BSA rejection, c SA permeability, and d SA rejection.
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permeability and rejection are found in Supplementary Table 4 and Sup-
plementary Table 5, respectively. Similarly, the first 10 scatter points com-
prise the pre-compaction phase with DI water filtration, whereas the final
10 scatter points were from the SA filtration phase.

SA fouling was observed due to the sharp decline in permeability
between the pre-compaction and SA filtration phases, validating other
reports of its fouling tendency72,73. Across all samples, permeability and SA
rejection plateaued as volumetric throughput increased, particularly
between 60 and 70 L/m2. This trend is consistent with other studies on SA
filtration that observedfluxandrejection stabilizationdue to theprogression
of pore blocking74,75. Additionally, polysaccharides exhibit strong gelation
properties in water that can exacerbate fouling layer formation during fil-
tration, which also contributed to the observed progression in fouling and
SA rejection76. In contrast to BSA filtration, Supplementary Fig. 8b indicates
a clear correlation between SA rejection and permeability across all samples.

Since the interactions between alginate molecules are weak, the for-
mation of alginate aggregates akin to BSA aggregation was likely less
common; thus, the pore blocking process and observed trends in perme-
ability and filtration were delayed in comparison to BSA filtration74. The
absence of SA aggregates and smaller particle size of SA also explain the
reduction in sieving, as smaller molecules were more prone to passing
through the membrane75. Electrostatic repulsion remained a contributing
factor in SA rejection due to its negative charge77.

Correspondingly,mean SA rejectionwas significantly lower compared
to BSA rejection. Figure 8 summarizes the mean filtration parameters of
BSA and SA filtration. Although DBE membranes outperformed SDC
membraneswith respect to permeability, the latter group largely rejected SA
more effectively. SDC-3 and SDC-4 exhibited the highest mean SA rejec-
tions of 52.0 ± 3.8% and 55.9 ± 6.1%, respectively. Moreover, both samples
exhibited the highest SA rejection at the onset of the SA filtration phasewith
SDC-3 at 35.1 ± 6.5% and SDC-4 at 41.9 ± 14.8%. Themeanpermeability of
SDC-3 and SDC-4 during SA filtration were nearly identical to the mean
permeability values during BSA filtration, which may be attributed to the
enhanced fouling layer formation of SA particles. The three membrane
samples with a pre-wetted support layer exhibited increased mean SA
rejection, as the presence of an additional dope solution layer increased the
film thickness. Thus, the application of SDC and inclusion of the pre-wetted
and compressed support layer improved membrane selectivity for SA fil-
tration, indicating the possibility of improved NOM separation from
feedwater.

Membrane Performance Comparison
To gauge the performance characteristics of SDC-3 and SDC-4, the
supported membrane samples that exhibited both high permeability and
solute rejection, were compared to other loose-NF, NF, and UF
membranes. Table 5 provides a comparison to other reported polymeric
NFmembranes prepared using PolarClean, as well as commercial UF and
NF membranes. While noting that different materials and methods were
used to prepare themembranes in each study, the purewater permeability
(permeability measured during the final interval of the pre-compaction
phase) and solute rejection values for SDC-3 and SDC-4were found to be
in a comparable range to their counterparts, validating the use of SDCas a
technique to fabricate polymeric loose-NF membranes.

Discussion
The fabrication scale-up of LNF PSf flat sheet membranes with the
eco-friendly solvents PolarClean and GVL was demonstrated using
SDC on an R2R system. The rheological properties of the dope solution
were determined to be within the reported operating limits of fluids
conventionally used in SDC and were used to guide the coating
parameter specifications. Membrane samples were produced at
different combinations of solution flow rate and substrate speed values,
which resulted in the formation of a partial coating window that
visualizes the coating boundaries where air entrainment and/or drip-
ping defects were observed. Based on the coating window and desired
thickness of the membrane, a solution flow rate of 20 mL/min and
substrate speed of 17.1 mm/s were selected as coating parameters to
produce uniform membranes using SDC at a coating gap of 0.1 mm. A
nonwoven polyester fabric support layer was incorporated as the
casting/coating substrate instead of a glass plate and a pre-wetting step
with dope solution was included to overcome the dope solution
penetration in the support layer pores, as indicated by the Washburn
equation; additionally, the pre-wetting step improved adhesion of the
membrane layer to the support layer. Of the different support layer
configurations that were developed and characterized, SDC-3 and
SDC-4 exhibited the highest mean permeabilities of 70.5 ± 8.33 LMH/
bar and 86.5 ± 9.51 LMH/bar, respectively, during BSA filtration;
SDC-3 exhibited the highest mean BSA rejection of 99.2% ± 1.31%,
showing that the compression of the support layer in SDC-4 did not
conclusively enhance BSA rejection. The enhanced rejection of SAwith
mean SA rejections above 50% observed in SDC-3 and SDC-4 validated

Fig. 8 | Average solute rejection and permeability of PSf-PolarClean-GVLmembranes using the dead-end filtration configuration at an operating pressure of 4.14 bar
and membrane cross-sectional area of 3.14 cm2. Error bars represent standard deviation from the mean values.
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this conclusion. Micro-cavities were observed at the membrane-
support layer interface in SDC-3 and SDC-4, which indicated the
occurrence of dripping during the deposition process; however,
the isolation of the dripping-induced microbubbles to the interface
resulted in no compromise inmembrane performance, which indicates
the microbubbles were not defects, just inconsequential irregularities.
Overall, SDC samples exhibited similar properties and filtration
characteristics to bench-scale DBE samples, including general pore
structure, total porosity, permeability, and solute rejection. Moreover,
the inclusion of the eco-friendly solvents resulted in membranes with
similar performance characteristics to traditional solvent-based
counterparts but with a significantly lower environmental impact
and need for wastewater treatment during fabrication. Thus, the results
indicate that SDC may be a promising method for translating the
production of more sustainable polymeric membranes for commercial
applications.

Methods
Materials
Polysulfone (PSf, average Mw 35,000 by LS, Mn 16,000 by MO, pellets)
was purchased from Sigma-Aldrich (St. Louis, MO). Rhodiasolv®
PolarClean was provided by Solvay. γ-valerolactone (GVL, Reagent-
Plus®, 99%) was purchased from Sigma-Aldrich (Fair Lawn, NJ). Bovine
serum albumin (BSA) was supplied from VWR Life Sciences (Radnor,
PA). Sodium alginate (SA) was purchased from Sigma-Aldrich
(Fair Lawn, NJ). Sodium sulfate anhydrous (Granular/Certified ACS)
(Na2SO4) was supplied from Fisher Scientific (Fair Lawn, NJ). Hollytex®
#3265 Nonwoven media (45” × 5 yd roll, Kavon Filter Products, Farm-
ingdale, NJ, USA) was purchased from Talas (Brookly, NY, USA). Grade
I deionized (DI) water at 25 °C with a resistivity of 18.2 mΩ was used to
prepare filtration feed solutions.

Dope solution study
For the dope solutions, polymer and solvent weight percentages were
maintained at 17% and 83%, respectively; the weight percentages were
selected basedon literature onUFmembrane fabrication11,14,25. A 3:1 ratio of
PolarClean toGVLwas used, as reported inDong et al.25. The dope solution
was mixed using a magnetic stirring plate at 80 °C and 200 rpm for 72 h.
Prior to casting, the dope solution was cooled to room temperature.

The dynamic viscosity of the dope solution was measured as first
reported inLuet al.42.A rheometer (AG-G2,TA instrument,DE)wasused to
measure the dynamic viscosity from shear rates of 0−90 s-1. The dope
solution surface tension was measured using a goniometer (Model 500
Advanced Goniometer/Tensiometer, ramé-hart instrument co., Succa-
sunna, NJ) at room temperature using pendant drop method following the
ASTMD7490standard78.A10mLsampleof thedope solutionwasfilled and
5 µL of the sample was then automatically dispensed and remained at the tip
of the needle tomake themeasurements. Tenmeasurements were taken and
averaged. To quantify the magnitude of viscous forces acted upon the dope
solution, the capillary number of the solution was calculated using Eq. 179:

Ca ¼ μV
σ

ð1Þ

whereμ is the dynamic viscosity,V is the characteristic velocityor shear rate,
and σ is the surface tension of the solution.

For membrane samples that included a support layer, the penetration
length (L) of the dope solution in porous media in a given time was cal-
culated through the Washburn equation, listed below as Eq. 280:

L ¼
ffiffiffiffiffiffiffiffi

γDt
4η

s

ð2Þ

Table 5 | Comparison of performance characteristics between NF membranes prepared using the eco-friendly solvents
polarclean and/or GVL and commercial membranes

Membrane Type Pressure (bar) Pure Water Permeability (LMH/bar) Feed Solution Rejection (%) Source

PSf-PolarClean -GVL (SDC-3) Flat sheet 4.14 369.0 100 ppm BSA, 100 ppm SA 99.2 (BSA) 52.0 (SA) This study

PSf-PolarClean-GVL (SDC-4) Flat sheet 4.14 312.3 100 ppm BSA, 100 ppm SA 93.0 (BSA) 55.9 (SA) This study

PVDF-PolarClean Hollow fiber 0.5 988 200 ppm polystyrene 99.9 96

Polyester-PolarClean (M1) Flat sheet 30 8.6 (methanol) Oleuropein 87 97

PVC-PolarClean (M7) Flat sheet 6.9 3.17 2 ppm Na2SO4 26 98

Amicon PM30 Flat sheet 1 135 150 ppm BSA 91 99

Dow NF 270 Flat sheet 6 16 2 ppm MgSO4 83 100

Fig. 9 | A simple schematic of a single-layer slot die on aR2R system. aOverall system, close-up of the single-layer slot die lip used for b direct coating on a glass platen, and
c coating on a support layer taped onto a glass platen.
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where γ is surface tension of the suspension, D is average pore diameter of
the porous media, t is time and η is dynamic viscosity. The result of this
equation would dictate if the wetting treatment for the support layer was
deemed necessary to minimize the membrane layer thinning.

Membrane fabrication
Fourmembrane and support layer configurations were fabricated using
DBE, which are listed and visualized in Table 1. To prepare DBE-1 and
DBE-2, the dope solution was cast onto a glass plate at a coating gap of
0.2 mm; during filtration experiments, DBE-1 was supported with a
piece of filter paper (Qualitative Filter Paper, Grade 314, VWR, Radnor,
PA, USA) and DBE-2 was supported using a piece of the support layer.
To prepare DBE-3, a sheet of support layer was taped onto the glass
plate and the dope solution was cast onto the support layer at a coating
gap of 0.2 mm. To prepare DBE-4, a sheet of support layer was taped
onto the glass plate and a preliminary layer of dope solutionwas cast at a
coating gap of 0.05 mm as a pre-wetting treatment; subsequently,
a second layer of dope solution was cast on top of the previous layer at a
coating gap of 0.2 mm.

For all castings, the dope solution was spread using a doctor blade
(Micrometer Adjustable FilmApplicator – 250mm,MTI Corp, Richmond,
CA, USA). The plate and cast solutions were then immersed in a water
nonsolvent bath to induceNIPS.An evaporation time of approximately 20 s
was set in between the casting/coating and immersion steps to allow solvent
at the top of thefilm to partially evaporate andproduce amore selective skin
layer42. Membranes were stored in DI water for at least 24 h before testing
and were air-dried prior to characterization.

The fabrication of the PSf-PolarClean-GVL membrane solution was
also carried out using a standard single cavity slot die, which was mounted
on a roll-to-roll (R2R) system. A schematic of single-layer R2R slot die
coating is presented inFig. 9. TheR2R systemconsisted of aPETcarrierfilm
wrapped around a feed roller, with amotorized take-up roller to regulate the
substrate speed (Uw). A multiunit syringe pump was utilized to control the
flow rate (Q) of the solution. To determine the coating gap (H), the offset
distance between the substrate surface and the base of the slot die was
measured using a dial indicator. The substrate speed was maintained at a
constant value ranging from 5.4 to 40.2mm/s throughout the process. The
flow rate of the solutionwas set between 3.5 and 90mL/min. The slot coater
assembly, comprised of two parallel plates separated by a slot shim, was
positioned above the substrate, ensuring the coating gap of 200 μm for a slot
widthof 200 μm(w). Samples fabricatedwithout support layerswere cast on
a 20.3 cm × 25.4 cmglass plate. Samples fabricatedwith a support layerwere
coated on a 17.8 cm × 22.9 cm pieces of support layer, whichwas placed flat
on a 20.3 cm × 25.4 cm glass platen and secured with tape on all four sides.
After casting the dope solution, the sample was immersed into the DI water
bath for approximately 1min. For samples that were coating on the support
layer, either with or without precoating stage, the coated sample was first
placed into the DI water bath. Then the tapes securing all four sides of the
support layer were carefully removed inside the water bath. The sample
remained inside the water bath for approximately 1min before removal.
Approximately 20 s of evaporation time existed at the substrate speed of
17.1mm/s.

In the precoating stage, an air spray system was used to deposit a layer
of the dope solution onto the surface of the support layer. The dope solution
was sprayed at 5.52 bar (80 psi) for 3min. The coating of the dope solution
was confirmed visually through a noticeable color change on the surface of
the support layer. This procedure was performed the fume hood, located
adjacent to the R2R system. Following the pre-spray coating, the coated
substrate was immediately integrated into the R2R systemwithout any wait
time. For the compression step, the support layer wasmanually compressed
using rolling pin. The rolling pin was rolled over the surface of the support
layer 20 times, which resulted in approximately 0.01mm decrease in
thickness of the support layer. The compressed support layer was imme-
diately subjected to the following coating procedure. The four configura-
tions are also listed and shown in Table 1.

Apartial coatingwindow for thePSf-PolarClean-GVLdope solution at
a coating gap of 0.1mm was established by identifying the stable coating
region by considering the material properties of dope solution and coating
parameters (e.g., substrate speed, solutionflowrate) using the samemethods
previously reported14,15. Continuous monitoring of the coating process was
achieved through a camera and microscope placed beneath a transparent
platen, which enabled the visualization of the dynamic wetting line during
the coating process. The recorded videowas subsequently analyzed to detect
unstable wetting lines, which led to defects such as air entrainment or
dripping. This analysis aided in identifying the substrate speed andflow rate
limits, with the onset of instability determined by varying the flow rate for a
given substrate speed.

Membrane characterization
The cross-sectional morphology of each membrane sample and the
membrane-support layer interface were analyzed using SEM.Mean surface
pore size was determined using ImageJ analysis of SEM images of the
membrane surfaces at amagnification of 50,000x. Prior to imaging, samples
were freeze-dried and fractured in liquidnitrogen.A2-nm layerof platinum
was applied onto the samplesusing a sputter-coater (LeicaACE600 sputter-
coater, LeicaMicrosystems,Wetzlar,Germany); for cross-section samples, a
layer of colloidal graphite alcohol basewas applied to the surfaces adjacent to
the cross-sectional area prior to sputter-coating. SEM imageswere obtained
using a Quanta FE/Environmental SEM.

Themean total porosity of eachmembranewas determined using a gas
pycnometer (Accupyc 1330,Micrometrics, Norcross, GA,USA). 3 coupons
with radius of 1.25 cmwere inserted into thepycnometer and the heliumgas
feed was set to a pressure of 20 psi.Membrane volumewasmeasured by the
pycnometer based on changing the pressure of the gas by displacement in a
constant volume81. Based on the sample volumes calculated by the pycn-
ometer and the sample dimensions, porosity was calculated using Eq. 366,81:

Total Porosity %ð Þ ¼ 1� Vpycnometer

Vgeometry
ð3Þ

where Vpycnometer represents the volume of the coupons determined by the
pycnometer and Vgeometery represents the volume of the coupons based on
the dimensions. Total porosity measurements from the pycnometer were
validated using the traditional gravimetricmethod. For eachmembrane, six
samples were dried, and the dry weight and volume were measured. Each
sample was immersed in Silwick silicon oil for 24 h and afterwards the wet
weight was measured. For this method, total porosity was calculated using
Eq. 466:

Total Porosity %ð Þ ¼ Ww �W0

Vdxρs
ð4Þ

where Ww represents the wet sample weight in g, W0 is the sample dry
weight in g,Vd is the dry sample volume in cm3, and is the density of Silwick,
0.93 g/mL.

Strong adhesion of the membrane layer on the porous support layer is
crucial to the mechanical integrity of the entire structure. To evaluate the
adhesion force of the membranes coated using different support layer
configurations, a crosscut adhesion test was performed in accordance with
the ASTM D3359 standard82. 2 cm × 2 cm coupons were cut from the
fabricated membranes and a scratcher with 10 saws was used to create grid
pattern of 100 small squares on the surface of each coupon. The scratched
surface was then gently cleaned with a soft brush to remove any remaining
contaminants. Scotch tape was applied to the scratched surface, ensuring
good contact and complete coverage, and then carefully removed. The
number of squares removed from the surface with the tape was counted to
determine the adhesion classification for each sample, which ranged from
0B (>65% removal) to 5B (0% removal).
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Membrane filtration
Short-term filtration experiments were conducted in a dead-end filtration
cell (Amicon Stirred Cell 50mL, UFSC05001, Millipore Sigma, Burlington,
MA) at a constant pressure of 4.137 bar (60 psi). Filtration procedures were
adapted from previous studies42,83–86. Membrane samples were pre-
compacted by filtering DI water for ten intervals. Following pre-compac-
tion, a 100-ppm BSA solution was filtered through the membrane samples
for an additional ten intervals. BSA concentration in the permeate samples
was measured using a UV/Vis spectrophotometer (UV-6300PC, VWR
International bvba/sprl, Leuven, Belgium) at a wavelength of 277 nm.

BSA was selected as the solute in the feed solution since it serves as a
model particle for UF and NF studies; the reported surface charge and
hydrodynamic size of a BSA particle provide context on the membrane
filtration mechanism and pore size87,88. BSA removal using nanofiltration
and ultrafiltration membranes has been well-studied in literature, which
provides a framework of comparison between the membranes in this study
and membranes from other publications that underwent similar filtration
conditions89–92. Calibration curves for BSA at different concentrations are
found in Supplementary Fig. 9a.

To further analyze the filtration performance of membranes with high
BSA permeability and rejection, a feed solution with a 100-ppm con-
centration of sodium alginate (SA) was filtered through the membrane
samples under the same operating conditions and experimental procedures.
SA, a natural polysaccharide, is extensively studied as a natural organic
matter (NOM) model foulant93–95. SA concentration in the permeate sam-
ples were analyzed using the UV-Vis spectrophotometer at a wavelength of
216 nm to calculate SA rejection. Calibration curves for SA at different
concentrations are found in Supplementary Fig. 9b.

Data availability
The authors confirm the data supporting the findings of the study are found
within the main article and the Supporting Information. Additional data
pertaining to the study may be requested from the authors.
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