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A B S T R A C T   

This work demonstrates an improved route to develop low-cost and robust isoporous polyvinylidene fluoride 
(PVDF) nanomembranes for industrial separation and purifications processes. The 4-step process excels at 
making uniform 100 nm and 20 nm pore membranes that exhibit high flux in both dead-end and cross-flow 
filtration. Our tests demonstrate that 90–100% rejection rates could be achieved in these membranes for per
fluorooctanoic acid, sulfamethoxazole, bovine serum albumin, and SARS-COV-2 in high-concentration aqueous 
solutions. The membranes are nominally 50 μm thick and retain structural integrity, exhibiting high tensile 
strengths of 8.56 MPa and 8.31 MPa, respectively, due to improved routes to β crystalline formations of the 
PVDF. Our useful fabrication procedure is compatible with developed technologies that can quickly expand the 
opportunities of isoporous PVDF for processing of advanced materials and devices.   

1. Introduction 

Technological innovations continue to advance manufacturing 
techniques for membranes used in separation and purification processes 
[1,2], personal protective equipment [3], and medical devices [4]. For 
these applications, membranes should ideally be durable, highly 
permeable, resistant to fouling, and economical to manufacture. For 
specialized processes that require ultra- or nanomembranes, commer
cially available membranes are typically manufactured via track-etching 
[5], electrospinning [6], and phase inversion [7]. In track-etching, a 
polymer film is irradiated with charged ions, creating latent tracks on 
the film which are subsequently transformed into hollow channels by 
chemical etching [8]. This method can produce isoporous membranes 
but precise control of the ion bombardment process is needed to prevent 
overlapping tracks on the film [9]. In electrospinning, charged polymer 
solutions or melts are ejected out of a spinneret through the application 
of high-voltage electric field, producing fine fiber filaments that can be 
spun on a surface in specific patterns [10,11]. In phase inversion, the 
solvent in a liquid polymer solution is removed, leaving behind a so
lidified porous membrane [12]. The characteristic pore structure of the 
membrane is controlled by the solvent properties and solidification 
conditions, with recent techniques capable of producing pore structures 

in the 1–100 nm range [9]. 
Surface patterning via lithography has been demonstrated as an 

efficient technique for manufacturing low-cost yet durable membranes 
[13]. However, conventional techniques such as photolithography 
require a clean room to prevent the deposition of air-borne impurities on 
the polymer as it sets on the substrate surface [14]. Furthermore, highly 
sophisticated instrumentation (e.g., mask aligner, e-beam) may be 
required to etch patterns on the master mask, which limits its large scale 
use. Alternatively, membrane manufacture via soft lithography com
prises sequential steps (Fig. 1): (i) fabrication of the master mask, (ii) 
fabrication of the soft elastomeric mold using the master mask, and (iii) 
fabrication of the membrane structures using the mold. In this study, we 
developed a novel and simple hybrid technique based on room tem
perature nanosphere lithography and soft lithography to fabricate thin 
film membranes with highly uniform nanopore structures (100 nm and 
20 nm pore). Lei et al. [15] have previously demonstrated that poly
styrene nanoparticles (PSN) can be assembled as a tightly packed 
monolayer on a water-air interface using dip-drop method. In the pre
sent work, a closely-packed monolayer of polystyrene nanosphere par
ticles was overlain on an SU-8 substrate and etched with oxygen plasma 
to create the master mask. Soft lithography was used to manufacture 
polyvinylidene fluoride (PVDF) nanomembranes via stamping using a 
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polydimethylsiloxane (PDMS) mold. The mechanical properties and 
performance characteristics of the product membranes were also eval
uated and compared with literature for similar membranes manufac
tured from other techniques. Membrane performance was evaluated via 
filtration of high concentration aqueous solutions of perfluorooctanoic 
acid (PFOA), sulfamethoxazole (SMX), bovine serum albumin (BSA), 
and heat-inactivated SARS-CoV-2. 

2. Experimental 

Materials and chemicals. Silicon wafer P-type with 100-mm 
diameter was obtained from University Wafer (MA, USA). The poly
styrene nanoparticles (PSN, 200–300 nm diameter, as 10% w/v in DI 
water) was purchased from Spherotech (IL, USA). SU-8 3050 was pur
chased from MicroChem (MA, USA). Polyethylene oxide (PEO, 100 kDA) 
was purchased from Alfa Aesar (PA, USA). Polyvinylidene fluoride 
(PVDF, 530 kDa), polydimethylsiloxane (Sylgard-184), per
fluorooctyltrichlorosilane (FOTS), N-methyl-2-pyrrolidone (NMP), ethyl 
alcohol (≥99.5%), sulfuric acid (H2SO4, 96%), hydrogen peroxide 
(H2O2, 30%), toluene (99.8%), chromium etchant standard (CR-20), 
methanol (99.8%), perfluorooctanoic acid and sulfamethoxazole stan
dards, and bovine serum albumin were purchased from Sigma-Aldrich 
and were used as received. Ultrapure water was prepared using an 
onsite water purification system (Barnstead Easypure II). Heat- 
inactivated SARS-CoV-2 samples were provided by the Next Genera
tion Sequencing Laboratory at the University of Massachusetts Lowell. 

Step 1: Preparation of SU-8 coated Si wafer. The Si wafer was 
cleaned chemically with a piranha solution (3:1 v/v mixture of 18 M 
H2SO4 and 42.4 M H2O2) and then washed with ultrapure water. The 
cleaned wafer was heated at 180 ◦C overnight for complete dehydration 
and then gradually cooled to room temperature. A 50-μm-thick layer of 
SU-8 was coated on the wafer using a spin coater (3000 rpm for 80 s). 
The wafer was then exposed to UV light at an intensity of 10 mW/cm2 

for 20 min, then baked at 90 ◦C for 1 h on a hotplate and cooled to room 
temperature. 

Step 2: Preparation of closely-packed polystyrene nanosphere 
monolayer. The preparation of the closely-packed PSN monolayer was 
carried out at room temperature following a previous procedure18 with 
modifications. To briefly describe, 800 mL of DI water was placed in a 
clean beaker and then ultrasonicated for 15 min to remove dissolved 
gases. The SU-8-coated Si wafer was then lowered horizontally into the 

beaker, then a thin polypropylene (PP) ring (diameter of 100 mm) was 
floated on the water surface to serve as a confinement area for the PSN. 
The PSN stock was mixed with ethanol at 2:1 vol ratio, and then added 
dropwise at 2 μL volume increments onto the water surface using an 
angled glass slide and a micropipette until the polypropylene ring was 
fully covered with PSN (Fig. 2). 4 mg of water-soluble polyethylene 
oxide (PEO) powder was then gradually sprinkled on the water surface 
to induce a PSN close-packed monolayer. After 2 h, the PSN layer was 
transferred to the surface of the SU-8-coated Si substrate by slowly 
draining the water at a flow rate of 5 mL/min using a peristaltic pump. 

Fig. 1. The soft lithography process for membrane manufacture consists of 
sequential steps which include fabrication of the master mask, which is used to 
manufacture the elastomeric mold, which in turn is used to cast the poly
mer membrane. 

Fig. 2. Preparation of closely-packed PSN monolayer on Su-8-coated Si wafer 
via drop-wise addition of PSN in a polypropylene ring confined area using an 
angled glass slide. 

Fig. 3. Steps in the fabrication of master mask.  
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Step 3: Fabrication of the master mask. The procedure for fabri
cating the master mask using PSN is shown in Fig. 3. The size of the PSN 
was controlled via reactive-ion etching (RIE) with oxygen plasma at aa 
RF power of 80W and a gas flow of 83 sccm. The size of the PSN was 
reduced from 300 nm to 100 nm and 20 nm (corresponding to the target 
pore sizes of the final nanomembrane) by varying the etching time. After 
reducing the PSN particle size, 5 nm layer of gold Au) was sputter-coated 
onto the surface using a vacuum sputter coater (Denton Vacuum Desk 
IV). The PSN was dissolved in toluene solution at 40 ◦C to partially open 
the SU-8 surface for RIE using the nanohole-patterned Au film as an 
etching mask. Next, the Au residue was removed from the SU-8 surface 
by wet etching with a commercially available gold etchant (TFA type) at 
an etch rate of 500 aA/min. Finally, the surface was silanized through 
low-pressure vapor deposition of FOTS under a gentle stream of nitrogen 
for 30 min. At each step in the fabrication process, a scanning electron 
microscope (JEOL JSM 6390) was used to observe the surface 
morphology of the mask. 

Step 4: Fabrication of isoporous nanomembrane by soft lithog
raphy. The soft mold was made from polydimethylsiloxane (PDMS) 
purchased as a two-component package comprising a base and curing 
agent. Uncured PDMS was prepared by mixing its base and curing agent 
at 10:1 mass ratio. The mixture was vigorously stirred to ensure uniform 
distribution of the curing agent and then degassed under vacuum to 
release air bubbles. The PDMS solution was then poured onto the master 
and cured at 150 ◦C on a hot plate. 

The procedure for fabricating the nanomembranes using the PDMS 
mold is shown in Fig. 4. The dope solution was prepared by dissolving 
polyvinylidene fluoride (PVDF) in N-Methyl-2-pyrrolidone (NMP) so
lution (18% w/w) and stirring continuously for 6 h at 85 ◦C, followed by 
sonication for 1 h. The stirring processes was restarted for another 24 h 
to ensure a homogenous solution, after which the stirring was stopped, 
and the dope solution was kept at 50 ◦C for another 24 h to release gas 
bubbles. The degassed dope solution was coated on the PDMS mold at 
room temperature using a spin coater (WS-400A-6NPP/LITE). The speed 

and spin duration of the spin coater were varied until the cast dope 
settled homogeneously into the channels of the mold and no residuals 
(dried excess dope) formed on the mold surface. A total of 7 repeated 
short cycles for the spin coating was performed to allow the dope to 
spread and set more evenly into the channels in the pattern. The 
resulting thin film was immediately dried at 85 ◦C for 24 h and then 
stamped onto a glass slide pre-coated with washable glue. The glass slide 
was dried at 105 ◦C for 24 h and cooled to room temperature in a 
desiccator before immersing overnight in ultrapure water. Finally, the 
membrane was stripped and air-dried at room temperature. Fourier 
transform infrared spectroscopy-attenuated total reflectance (FTIR- 
ATR) was employed to examine the crystalline structures of the product 
membrane. 

Evaluation of Membrane Properties and Performance Charac
teristics. The nanocomposite membranes were analyzed under a scan
ning electron microscope (JSM JEOL 6390) to observe their surface 
morphology and pore characteristics. Tensile strength was measured at 
room temperature with a universal testing machine (Instron 5944) using 
a 2 cm × 4 cm membrane sample clamped at both ends and pulled at 
constant elongation speed of 0.1 mm/s. Hydrophobicity was measured 
via contact angle test using a high speed camera to capture the image of 
a 5 μL water drop on the membrane surface. Water flux was evaluated 
via bench-top dead-end and cross-flow filtration. Dead-end filtration 
was carried out using PVDF nanomembranes cut to size to fit in a 1-cm 
[2] filter holder with an opening of 10 mm2. Cross-flow filtration was 
carried out using PVDF membranes cut to fit in a 16-cm [2] acrylic 
tangential flow filter holder with an effective flow area of 10 cm2. 
Filtration tests were performed over 1 h at room temperature in dupli
cate runs, using a new membrane for each test run. In each filtration test, 
the feed solution was pumped through the filter using a peristaltic pump 
and permeate was collected over time. The permeate flux was calculated 
using the equation: Jw = Vp/AT, where Jw is the permeate flux, Vp is the 
volume of collected permeate, A is the membrane area, and T is the 
duration of sample collection. Rejection rates for PFOA and SMX were 

Fig. 4. Steps in fabricating PVDF nanomembrane using soft lithography.  

Fig. 5. SEM of polystyrene nanospheres (PSN) packing structure on a Su-8-coated silicon wafer. (a) dispersed PSN 2D array when PEO was not added (b) closely- 
packed PSN 2D array when PEO was added during PSN monolayer formation. 
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evaluated via cross-flow filtration carried out using aqueous solutions of 
100 μg/L perfluorooctanoic acid (PFOA) and sulfamethoxazole (SMX) as 
feed. These filtration tests were performed in duplicate runs at room 
temperature in the dark, using a new membrane for each test run, and 
with each run lasting 36 h. The permeate was collected over time (every 
hour for the first 6 h, and every 3 h for the next 30 h) for chemicals 
analysis. The retentate was recycled back into the feed reservoir. PFOA 
and SMX concentrations were analyzed in a high-performance liquid 
chromatograph (Agilent 1260 Infinity II, DAD). Chromatographic sep
aration was achieved with a C18 column (2.1 mm × 50 mm, 1.9 μm; 
Hypersil, Thermo Scientific) using isocratic flow (0.7 mL/min) of mobile 
phases consisting of 20 mM ammonium acetate and methanol (95:5, 
v/v). Limits of detection and quantification were taken at S/N = 3 and 
S/N = 10, respectively. Rejection rates for bovine serum albumin (BSA) 
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
were evaluated via dead-end filtration with membranes cut to fit a 13 
mm filter holder with an opening of 78.5 mm2, and using spiked 
aqueous solutions of BSA (1 g/L) and heat-inactivated SARS-CoV-2 (100 
gene copies/mL) as feed. The tests were performed in duplicate 3-hr 
runs, using a new membrane for each test run. The BSA in the 
permeate was analyzed using a UV–Vis spectrophotometer (HACH 
DR6000) at a wavelength of 278 nm.[16] For the SARS-CoV-2, 80 μL of 
viral RNA was isolated from the permeate using QIAamp Viral RNA kit 
(Qiagen) following manufacturer instructions. Viral load was quantified 
via RT-qPCR and targeting the N1 gene.[17]. 

3. Results and discussion 

Closely-packed PSN monolayer at the water-air interface. 
Colloidal PSN float on the water-air interface and may aggregate due to 
van der Waals forces [18]. Slow dropwise addition of the PSN minimizes 
this aggregation and allows the PSN to self-assemble into a monolayer 
[19] of particles as the PSN cover the confinement area of the poly
propylene ring. Nonetheless, without the addition of polyethylene oxide 
(PEO), these free-standing PSN are neither well-ordered nor closely 
packed (Fig. 5a). Competing repulsive and attractive forces between 
PSN give rise to this phenomenon. The surface charges of the PSN induce 
charged dipoles at the water-air interface, resulting in repulsive forces 
that cause a separation distance between particles, thus preventing 
closed packed self-assembly [15]. This separation distance decreases 
with increasing area fraction of PSN within the confinement area up to a 
certain fraction value at which the separation distance remains despite 
the addition of more PSN [18]. The presence of PSN at the interface can 
also induce attractive capillary forces, classified as a floating force 
(caused by particle weight) and an immersion force (due to capillary 
action) [15]. For large particles, surface tension generates greater cur
vature at the water-air interface to counter the weight of the particles 
[20]. The greater curvature provides more area for particle interactions, 
allowing them to form clusters even as they counter the horizontal pull 

of surface tension [21]. However, if the particle is too small, the surface 
tension may not be able to generate enough attractive capillary force to 
draw in nearby PSN particles [22]. The addition of PEO greatly reduces 
surface tension at the interface, turning PSN movement to the lowest 
energy configuration [22]. This induces closer interparticle distance 
between PSN by increasing the attractive force between particles [18] 
and reducing the Brownian motion of individual particles or small PSN 
clusters [22]. The resulting closely-packed PSN monolayer is robust and 
maintains its structure without tearing even during subsequent transfer 
to a substrate. Fig. 5b shows the closely-packed PSN overlain on the 
SU-8-coated substrate, with a particle concentration of 1.21 × 109 

spheres/cm [2]. 
Effect of RIE etching on the master mask structure. Reactive ion 

etching (RIE) creates anisotropic etch profiles, thus it can be performed 
faster with greater precision than either physical ion bombardment or 
spontaneous chemical etching [23]. Here, RIE etching with oxygen 

Fig. 6. Reactive-ion etching (RIE) process for polystyrene nanospheres (PSN) size control. (a) Reduction in diameter of PSN by RIE as function of etching time. (b) 
SEM of PSN layer etched for 120 s. (c) SEM of PSN layer etched for 150 s. 

Fig. 7. Master mask fabricated by nanosphere lithographic technique: 100 nm 
(left) and 20 nm (right). 

Fig. 8. Contact angles of the water droplet on the master mask surface for a 
100-nm mask before (a) and after (b) silanization, and 20-nm mask before (c) 
and after (d) silanization with FOTS. 
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plasma was used twice during mask fabrication, first to reduce the 
particle size of the PSN and thereby control the physical pitch of the final 
master mask, and second to etch the SU-8 surface after PSN is lifted 
along with the gold layer via wet etching with toluene. Fig. 6a shows the 
reduction of PSN diameter with increasing etching time at 80W of RF 
plasma power. 100 nm PSN (Figs. 6b) and 20 nm PSN (Fig. 6c) were 
obtained after 120 s and 150 s, respectively. The physical pitch of master 
mask pattern is determined from the starting PSN size, therefore it will 
be possible to obtain even smaller-pore nanomembranes with higher 
pore density and pore volume by using smaller-sized nanoparticles. 
Fig. 7 shows the SEM images of the master masks, indicating successful 
etching of highly structured uniform pores onto the SU-8 substrate for 
both 100 nm and 20 nm patterns. 

Silanization with perfluorooctyltrichlorosilane (FOTS) improves the 
hydrophobicity of the mask surface, as indicated by goniometric mea
surements of the water droplet on the SU-8 surface before and after 
silanization (Fig. 8) [24]. Untreated SU-8 is highly hydrophobic but 
treatment with oxygen plasma increases its wettability [25] which can 
be problematic in subsequent polymer demolding steps. A silicon surface 
silanized with FOTS has lower surface energy at the interface [26] and 
can prevent the polymer from sticking to the mask during demolding. 

Effect of spinning technique on nanomembrane fabrication. The 
dope solution was deposited on the center of the PDMS mold, then the 
mold was spun repeatedly over several brief spin cycles, with each cycle 
consisting of a ramp up period, a hold phase, and a deceleration period 
(Fig. 9a). These repeated spin cycles provide sufficient time for the dope 
solution to spread and settle into the mold channels more evenly 

compared to casting the solution in a single but long spin cycle. When 
fabricating PVDF thin films through spin coating, the spin speed and 
duration influence the rate at which the solvent evaporates from the 
film, which in turn affects how PVDF molecules settle and pack (i.e., 
coalesce [27]) into the mold channels. During this coalescence process, 
small PVDF molecules coalesce as the solvent evaporates, lowering the 
surface free energy needed to form a single entity (nucleus) [27,28]. This 
PVDF nucleus grows as it continues to draw in smaller PVDF molecules, 
leading to a continuous film with shorter separation distance between 
molecules [29], and thus a denser membrane with higher tensile 
strength [27]. Investigations on the spin cycles for the 100 nm pore 
membrane with an area of 16 cm2 and 50 μm thick consisted of a ramp 
up to 4000 rpm in 20 s, followed by a 45 s hold, and the 20 s deceleration 
to stop. For the 20 nm pore membrane, the final cycle consisted of a 
ramp up to 8000 rpm in 30 s, then a 65 s hold, and deceleration to stop in 
10 s. A total of seven repeated spin cycles was performed to successfully 
fabricate each isoporous nanomembrane. SEM images indicate a smooth 
surface, uniform and clean pores (no residual layers), and no tearing in 
the membranes (Fig. 9b and c). 

PVDF is a thermoplastic polymer that has five crystalline forms (α, β, 
γ, δ and ε), with the predominance of the β form associated with higher 
PVDF crystallinity [30], polarity [31], mechanical strength [32], and 
increased antifouling performance [33]. Uniform PVDF films of various 
thickness have been successfully fabricated via spin coating, where the 
β-form in the films increased in content due to the simultaneous electric 
field poling [34] and stretching effect caused by the centrifugal force 
from the rotation [30]. In the present study, FTIR-ATR measurements 

Fig. 9. Effect of spin process on PVDF membrane fabrication by soft lithography. (a) A single spin coating cycle plotted as a function of speed and time. (b) SEM 
image of PVDF membrane with 100 nm pores. (c) SEM image of PVDF membrane with 20- nm pores. SEM images of other sections of the larger membrane (see SI 
Figs. 1 and 2) show similar uniform pores. 

Fig. 10. Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) measurements for PVDF nanomembranes spun at 7 repeated cycles.  
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(Fig. 10) indicate the predominance of the β-form (calculated relative 
abundance ratio of 0.51 and 0.52 for the 100-nm and 20-nm mem
branes, respectively) in the PVDF nanomembranes spun for 7 cycles, 
although β and α forms co-existed. Fewer cycles resulted in excessive 
PVDF residue and uneven membrane surface, while more cycles resulted 
in very thin membranes that tore during the demolding process. 

At higher ramp up and hold spin speeds, the PVDF nanomembranes 
were found to be fragile and susceptible to tearing (Fig. 11a). For a hold 
spin speed of 9000 rpm, the calculated β fraction [30] from the FTIR 
measurements was 0.44, indicating non-predominance of the β crystal
line form. Similar phenomenon was observed by Cardoso et al. [30] who 
noted that the crystallinity of spun PVDF films decreased with increased 
spin speed due to limitations in the formation of the β-form, which 
depended on the viscosity of the PVDF solution. Low rotational speeds in 
spin coating have been shown to cause slower evaporation of the solvent 
and thus longer late stage crystallization and larger crystalline domains 
in the final solid film structure [29]. This work also observed thicker and 
uneven membrane surfaces at lower spin speeds (Fig. 11b). 

Mechanical Properties and Performance Characteristics of PVDF 
Nanomembranes. PVDF nanomembranes with tensile strengths of 
2.4–4.95 MPa have been successfully used in gas separation [35], 
pharmaceutical purification [36], and desalination [37]. The effects of 
surface properties such as roughness, wettability, and surface charges on 
the membrane’s permeability, rejection rate, and antifouling ability are 
also well documented [38]. Contaminants accumulate on uneven 
membrane surface, promoting clogging that increases fouling and 

reduces flux [39]. The membrane’s wettability and surface charges in
fluence attractive or repulsive surface interactions with contaminants, 
which can lead to fouling and clogged pores [40]. Current methods for 
improving the mechanical and surface properties of PVDF membranes 
include physical (manufacturing) and chemical approaches (surface 
modifications and use of additives) [41,42]. 

This study focused on process design to improve membrane prop
erties, where our hybrid nano and soft lithography techniques resulted 
in the product membranes’ even surface and high permeability. The 
tensile strength, wettability, and water flux (for cross and dead-end 
filtration) of the fabricated PVDF nanomembranes are summarized in 
Table 1, along with similar literature data for comparable membranes 
manufactured via electrospinning and phase inversion. The 100 nm and 
20 nm nanomembranes fabricated by hybrid lithography have 
comparatively higher tensile strength despite their relatively lower 
thickness which we relate with the formation of the β phase. Both are 
hydrophobic, with water contact angles of 99.1 ± 1.6◦ and 100.8 ± 0.9◦, 
respectively. The contact angle and water flux for the 100 nm membrane 
are comparable to the PVDF membrane fabricated via phase inversion 
and with similar nominal pore size. Of note is the high uniformity of the 
pore size of membranes fabricated via hybrid lithography (SI Figs. 1 and 
2), which has significantly low variability compared to other mem
branes manufactured via other techniques. 

Fig. 12 shows the flux and rejection rates for aqueous solutions (100 
μg/L) of perfluorooctanoic acid (PFOA) and sulfamethoxazole (SMX) via 
cross-flow filtration conducted in the dark. Both 100-nm and 20-nm 

Fig. 11. Effect of other spin patterns on PVDF membranes: (a) membrane tearing due to higher spin speeds and (b) uneven membrane surface at slower spin 
speeds. (right). 

Table 1 
Characteristics of PVDF membranes fabricated using different techniques.  

Fabrication 
Technique 

Tensile Strength 
(MPa) 

Contact Angle Water Flux (L/m2h)/Filtration Set up Configuration/Thickness 
(μm) 

Average pore size from SEM 
(nm) 

Ref 

Electrospinning 4.95 ± 1.36b 127.80 ±
1.78◦c 

-a Hollow fiber/160.5 ± 51.2 881.81 ± 156.80 [43] 

2.32 b 121.3◦c 142.9/Dead-end filtration at 0.1 MPa Flat sheet/-a 1.56 [44] 
Phase Inversion 1.62b -a 1026.7/Dead-end filtration at 0.1 

MPa 
Flat sheet/212.00 ± 8.34 367 [45] 

1.5b 81.5◦c 600.0/Cross flow filtration at 0.05 
MPa 

Flat sheet/-a 10.0–40.0 [46] 

Hybrid lithography 8.56 ± 0.25b 99.10 ± 1.56◦ 2076.3 ± 1.2/Dead-end filtration at 
0.1 MPa 
2654.9 ± 4.0/Cross flow filtration at 
0.1 MPa 

Flat sheet/50.00 ± 5.21 100.46 ± 2.22 This 
study 

8.31 ± 0.02b 100.80 ±
0.99◦

1676.2 ± 1.3/Dead-end filtration at 
0.1 MPa 
2603.4 ± 2.1/Cross flow filtration at 
0.1 MPa 

Flat sheet/50.00 ± 7.34 20.21 ± 0.80 This 
study 

d via modified sessile drop test (see Methods section of this paper). 
a Data not reported or measured in the reference; 
b via ASTM D638; 
c via sessile drop test; 
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membranes exhibited steady high flux followed by gradual decline in 
flux after 15 h and 12 h, respectively, of continuous operation. Flux 
declined by only 0–4% after 24 h of continuous operation (no back
washing). Steady flux periods were accompanied by 100% rejection 
rates for PFOA and SMX. After 24 h, rejection rates for PFOA and SMX 
were 93% and 91%, respectively, with the 100 nm membrane. For the 
same period, rejection rates for PFOA and SMX were 95% and 94%, 
respectively with the 20 nm membrane. Flux drops were relatively 
higher for BSA and SARS-CoV-2 (Fig. 13) likely due to their larger 

molecular sizes. BSA has a nominal size of 8 nm though aggregation can 
increase particle size to 300 nm[47]; the estimated nominal size for 
SARS-CoV-2 is 120 nm[48]. After 3 h, rejection rates for BSA were 90% 
and 97%, respectively, for the 100 nm and 20 nm membranes. 100% 
rejection rates for SARS-CoV-2 were observed in both membranes. The 
highly ordered pore structures in isoporous membranes result in high 
permeability and rejection rates, making these membranes ideal for 
various specialized applications such as in water treatment [49], drug 
delivery [50], protein separation [51], biosensing [9], and in personal 

Fig. 12. Flux and rejection rates for 100 μg/L aqueous solutions of perfluorooctanoic acid (PFOA) and sulfamethoxazole (SMX) via cross-flow filtration with 100-nm 
and 20-nm PVDF membranes. 

Fig. 13. Flux and rejection rates for solutions of bovine serum albumin (BSA, 1 g/L) and heat-inactivated SARS-CoV-2 (100 gene copies/mL) via dead-end filtration 
with 100-nm and 20-nm PVDF membranes. 
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protective equipment [52]. 
Advantages of Hybrid Lithography Method. Lithography-based 

techniques offer simple, cost-efficient, and greener routes [13] for 
manufacturing membranes with high pattern resolution [53] but crea
tion of the master mask, though done only once, can increase 
manufacturing costs [54] when done via conventional lithography. The 
present work addresses this limitation by eliminating the use of expen
sive and complex instrumentation (e-beam lithography) and stringent 
laboratory environment controls (clean room), making it more 
economically-appealing with potential for expansion to large scale 
production. Our simple 4-step process excels at making uniform and 
periodic 100-nm and 20-nm pore membranes with a 50 μm nominal 
thickness that exhibit high strength due to improved β crystalline for
mations of the PVDF. Our useful fabrication procedure is compatible 
with developed technologies that can quickly expand the opportunities 
of isoporous PVDF for processing of advanced materials and devices. 
Once fabricated, the soft mold can be repeatedly used for fabricating 
membranes. Due to the high elasticity, flexibility, and hydrophobicity of 
the PDMS, it is easy to fabricate the mold using the SU-8 mask while 
maintaining the integrity of the pattern in the final mold. Silanizing the 
master mask induces its surface hydrophobicity, thus preventing the 
PDMS mold from sticking to the mask. So long as the mask and the mold 
are kept clean in between pattern transfers, the integrity of the pattern is 
preserved. We have successfully produced several membranes with the 
mold without significant defects detected. Furthermore, the key steps of 
the fabrication process can be readily modified to make them suitable 
for web-based roll-to-roll (R2R) manufacturing process. 

4. Conclusions 

In the present work we developed a simple and rapid procedure for 
fabricating isoporous thin film PVDF nanomembranes using hybrid 
nanolithography and soft lithography. Reactive plasma was used to etch 
the mask from a monolayer of nanosphere particles and to transfer the 
pattern on an elastomeric mold. The mold was then used to cast nano
membrane films with uniform 100 nm and 20 nm through pores. The 
membranes exhibited high tensile strength, permeability, hydropho
bicity, and rejection rates for PFOA, SMX, BSA, and SARS-CoV-2. The 
developed fabrication method does not require the use of high energy 
laser (for etching) nor a clean room (for mask fabrication), making the 
process low cost with potential for large scale industrial application. It 
may also be feasible to adapt these hybrid lithography techniques into 
roll-to-roll technology, where the pattern stamp on the R2R reel is 
manufactured using nanolithography (for the mask) and soft lithog
raphy (for the embedded stamp). 
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