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Conventional polymeric membrane manufacturing faces significant limitations, including reliance 
on harsh chemicals, limited geometrical shapes (primarily flat sheets and hollow fibers), low 
resolution, and slow production speeds. This study introduces an innovative approach for 3D printing 
complex-shaped membranes with tailored properties, utilizing polymerization-induced phase 
separation (PIPS) and masked stereolithography (MSLA). The influence of processing parameters, 
including resin volume, irradiation duration, and temperature, on membrane characteristics—such 
as pore size, porosity, thickness, surface morphology, water permeability, and rejection rate— is 
systematically investigated. The findings indicate that this method can fabricate membranes with 
a wide range of pore sizes and porosities. The membrane architecture comprises interconnected 
nodules, the dimensions of which are contingent upon the processing conditions. Furthermore, the 
study demonstrates that PIPS facilitates the phase inversion of thermosets and the incorporation of 
environmentally friendly biobased solvents, thereby broadening the scope of membrane fabrication 
with novel polymers.
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Membrane science and technology has made tremendous progress to fulfil separation and purification 
requirements in different fields including desalination, wastewater treatment, dairy industry etc. Sustainable 
progress of membrane science and technology, however, is strongly associated with the availability of better 
membrane fabrication techniques, which are green and capable of producing complex shapes. It is well-
acknowledged that the fabrication of complex-shaped membranes can enhance the membrane efficiency by 
improving the mass or heat transport across the membrane1,2, fouling mitigation3–5, cell adhesion6–8 and 
lower or higher membrane wettability of the membranes9,10. However, state-of-the-art membrane fabrication 
techniques lack the versatility of fabricating membranes with shapes more complex than flat sheets or hollow 
fibers11,12. Conventionally, polymeric membranes are mainly prepared by using phase inversion methods such as 
non-solvent induced phase separation (NIPS), thermally induced phase separation (TIPS), evaporation induced 
phase separation (EIPS) or vapor induced phase separation (VIPS). These techniques employ the de-solvation 
of polymers by either thermal or non-solvent means to induce precipitation of the polymer13,14, which generates 
a porous membrane15. These methods lack the capability of making complex shapes and they also require harsh 
chemicals to dissolve the polymer, thus, the processes are not aligned with a green and sustainable transition16.

Additive manufacturing or its more conventional name 3D printing is a highly precise fabrication method for 
producing complex structures17. Therefore, 3D printing is considered as a potential new method for creating new 
membranes with complex topology and shape. Currently, the most accurate commercial 3D-printing method 
is vat polymerization through stereolithography (SLA) or masked stereolithography (MSLA) for production of 
structures with microscopic pores. However, this method is limited by its current resolution (i.e., the smallest 
possible 3D printable detail), which on most commercially available printers typically does not allow to produce 
a pore size typically below 50 microns18. This resolution does not fulfill the requirements for most membrane 
applications such as ultrafiltration (0.01 μm to 0.1 μm) or microfiltration (0.1 μm to 10 μm)19. Resin printing by 
two-photon polymerization (TPP) has successfully created geometries down to 9 nm, which is sufficient for both 
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microfiltration and ultrafiltration20–22. TPP is constrained by processing speed due to the laser’s small spot size, 
making large-scale membrane fabrication challenging. Ignoring the typical buildplate size of 1 mm² to 10 mm² 
commonly cited in literature, fabricating a 1 m² membrane with a thickness of 250 μm would take approximately 
1.5 months2,23,22. However, new and advanced equipment, such as beam splitters, are emerging in the market 
that may enhance fabrication efficiency and reduce processing time24.

One rarely explored phase inversion method in membrane fabrication is PIPS. The PIPS process follows 
the theory of polymers changing solubility due to a change in their molecular weight as explained by Flury-
Huggins25,26. Due to the decreased solubility with increasing molecular weight, the polymer precipitates out of 
solution as a nucleate. These nucleates either grow, agglomerate, or coalesce while simultaneously solidifying 
due to continuous increase in molecular weight until completely solidifying into a solid-porous structure27. 
Therefore, by rapidly increasing the polymer molecular weight, the polymer can be forced out of solution and a 
porous membrane is produced. The resulting pore sizes can reach the nanometer range28. Like the conventional 
phase inversion techniques, the properties of the membrane can be modified by the processing variables 
including synthesis temperature, solvent concentration and polymer concentration29,30. Therefore, this method is 
potentially suitable to customize membrane parameters such as porosity and pore size. PIPS can be initiated with 
UV radiation through radical polymerization. This makes PIPS usable for lithography-based 3D printing unlike 
other phase inversion methods. Therefore, combining PIPS with the commercially available and commonly used 
MSLA technique, it is potentially possible to generate nano sized pores while also retaining the ability to create 
membrane shapes more complex than hollow fiber or flat sheet. This combination also potentially increases 
the processing speed significantly compared to TPP. Since in PIPS the polymer starts more soluble, less harsh 
chemicals can potentially be used for this type of membrane manufacturing, since the polymers used for PIPS 
are easier to dissolve312,34.

The tunability and printability of these membranes open new avenues for the fabrication of innovative 
membrane types with diverse applications. Therefore, we have shown the fabrication and testing of membranes 
through PIPS by using sustainable bio-based solvents and a thermosetting polymer. Furthermore, we have 
demonstrated the proof-of-concept of combining PIPS with MSLA for making 3D printed membranes with 
macrostructures. The effect of solution compositions and processing variables (operating temperature and UV 
radiation time) on properties of the produced membranes has also been investigated.

Materials and methods
Simulation of the Flory-Huggins and Cahn-Hillard model effect on PIPS
To explore the factors of resin concentration, temperature and irradiation time and their effects on membrane 
properties a simulation of the Flory-Huggins and Cahn-Hillard model of simple phase inversion was performed. 
The simulation was based on the driving force described by a simplified Flory-Huggins for a binary system.

	 f (c) = W c2(1 − c)2� (1)
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Where, f(c) is a simplified expression for the double-well free energy density correlation, in this equation W 
is an expression for the thermodynamic barrier height and c is the concentration of compound 1 (resin) in 
compound 2 (porogen), going from 0 to 1. F(c) is an expression for total free energy here and κ is an expression 
for interfacial energy.

The total kinetics of the phase separation and coarsening of the polymer mix is described by the following 
Cahn-Hillard Eq. 
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Here M is a mobility coefficient describing the molecular mobility.
The simulations are performed using a Python script from Soares et al.35 with varying polymer concentration, 

time before solidification and molecular mobility. The parameters M, c, W and dt was set to be 1, 0.5, 2 and 1000 
as a standard if nothing else is stated and all parameters are in arbitrary unit. These simulations will be compared 
to the experimental data of the membrane fabrication as described below.

Membrane material
Anycubic clear resin thermosetting monomer blend was chosen as thermosetting resin for MSLA purposes due 
to its cheap and easy commercial availability. The Anycubic clear resin blend is composed of 50% Resin epoxy 
(CAS: 61788-97-4) as the main monomer, 45% Tri(propylene glycol) diacrylate (CAS: 42978-66-5) as crosslinker 
and 5%. 1-Hydroxycyclohexyl phenyl ketone (CAS: 947-19-3) as the photo initiator. Decan-1-ol was chosen as a 
bio-based solvent and acetone was used as a washing agent. These were chosen in order to promote a sustainable 
membrane preparation method by greatly reducing the amount of petroleum-based materials36.
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Flatsheet membrane synthesis—PIPS
Following the principle of PIPS, the resin was dissolved in the solvent using a magnetic stirrer for 30 min at 400 
RPM. The solution was then placed on a UV-screen of a Creality LD-002 H resin printer and polymerization was 
initiated via irradiation from the UV-LCD screen with an intensity of 8000uW/cm2. The membrane was then 
readily formed, and the resin turned opaque white in color, indicating microporosity37. After polymerization, 
the decan-1-ol and residue resin blend were removed by placing the membrane in acetone for 48 h. This induces 
residue removal inside the pores through solvent extraction into the acetone solution. Thereafter, the acetone 
was further removed by placing the membrane in a container filled with demineralized water for 24 h. Different 
flat sheet membranes were fabricated by changing the resin to solvent ratio, irradiation time and temperature. 
The effect of resin amount was tested by making different resin concentrations based on volume fractions of resin 
to decan-1-ol (30%, 33.3%, 37.5%, 40%, 42.9%, 46.2% and 50%). The irradiation time and temperature were kept 
at 90s and 22 °C, respectively for these experiments. The membrane fabrication at different UV irradiation times 
was investigated at 10s, 20s, 45s, 90s and 180s to study the effect of irradiation time at the set resin volumetric 
amount and temperature of 42.9% and 22 °C, respectively. Finally, the effect of temperature was tested at five 
different temperatures, i.e., 22  °C (room temperature), 30  °C, 40  °C, 50  °C and 60  °C since the temperature 
influences both the solubility of the polymer and the phase inversion. The resin concentration and irradiation 
time were kept at 42.9% and 90s respectively.

3D printed membrane PIPS-MSLA
Three disk-shaped membranes with a 5 cm diameter and 1 mm, 2 mm and 3 mm thickness were fabricated (cf. 
Figure 1). The CAD files were sliced in Shitubox with a 100 μm layer height and a UV exposure time of 8s per 
layer. The MSLA apparatus was Creality ld-002 H. The resin volume was kept at 42.9% and the synthesis was 
performed at room temperature. The disks were subsequently tested for permeability as explained in Sect. 2.4. 
Furthermore, a CAD-file of a 2.3 mm thick 65 mm x 50 mm square membrane with macro topology consisting 
of rows of triangular prisms with a 200 μm half-width and a 200 μm height was generated. This membrane was 
prepared with the same settings as the disks.

Fig. 1.  Schematic of 3D printing membrane by the PIPS-MSLA process.
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Membrane characterization
The membrane morphologies were observed through a Zeiss evo 60 scanning electron microscope (SEM). 
The membrane samples were coated with a thin gold layer by plasma sputtering. The membrane thickness was 
measured with a Mitutoyo 543-391B micrometer. Porosity was measured by completely wetting the membranes 
with demineralized water and subsequent evaporation by drying the wetted membrane at 100 °C for 48 h. The 
mass difference before and after evaporation corresponded to the total mass of water in the pores, which can be 
converted to total void volume. Porosity was then calculated by the following equation:

	
Φ = Vvoid

VT otal
= dmevap · ρ water

dmevap · ρ water + (dmtot − dmevap) · ρ poly
� (4)

where Φ is the porosity, Vvoid is pore volume, Vtotal is the membrane volume, dmevap is the mass loss from 
evaporation, mtot is the total sample mass, ρwater is water density set to 1.00 g/ml and ρpoly is the polymer density 
found to be 1.23 g/ml.

Pore size was analyzed by capillary porometry with complete wetting of the membranes in propan-1-ol. 
Pressure of nitrogen gas was slowly increased by increments of 0.1 bar/min. Bubbles appeared at the largest 
pore size ( DL). The mean pore size ( Dmean) was found as the mean of increased gasflow. Pore size was then 
calculated from the pressure using the Youngs-Laplace equation (Eq. 5).

	
Dpore = γ ∗ cos (θ )

P
� (5)

Where Dpore, γ , θ and P is the pore diameter at the given pressure, the surface tension of the wetting agent 
(propan-1-ol: 0.022 N/m), the contact angle (propan-1-ol: 10.1°) and the gas pressure, respectively.

The water permeability was tested by a dead-end setup under three different pressures of 1, 1.5 and 2 bar. The 
exposed membrane area was 28.3 mm2.

The rejection of the membranes was tested using three different compounds with different sizes. These 
compounds were Nano-clay (Sigma), magnetite (Sigma), and bovine-hemoglobin (Sigma) with 600, 100 − 50 
and 5 nm size, respectively. All particles were dispersed in water at concentrations of 0.5 g/L. To generate a 
stable suspension for magnetite, 10 ppm tween-80 (Sigma) was added. The hydrodynamic size of the particle’s 
agglomerates was determined with SLS apparatus Malvern ZS Nanosizer. The permeate concentration was 
measured by UV-VIS spectroscopy with a Varian Cary 50 BIO UV-Visible Spectrophotometer.

Results and discussion
Simulation of the Flory-Huggins and Cahn-Hillard model effect on PIPS
The kinetics of the liquid-liquid state can be explained by a combination of expression for mixing energy from 
Flory-Huggins and system dynamics expression from Cahn-Hillard25. A Flory-Huggins and Cahn-Hillard 
model of simple phase inversion with varying polymer concentration, time before solidification and molecular 
mobility in length directions x and y in arbitrary units is illustrated in Fig. 2.

The phase inversion in PIPS is induced by polymerization, which decreases the miscibility of the system and 
gradually solidifies. In the early stages of phase inversion, the two phases (polymer-rich and polymer-poor) will 
both be liquid before the polymer-rich domains (sometimes also the polymer-poor) solidify completely and 
“freeze” the structure38,39. Due to the gradual coalescence of the individual phases, it is usually in the mobile 
liquid-liquid state where the membrane structure is determined. However, as polymerization usually happens 
over time, growth can likely also happen in the liquid-solid phase post phase inversion, which contributes to 
morphological change. The effects of changing the resin concentration, radiation time and temperature are 
described in the following sections through experimental analysis.

Resin concentration
Different membranes were fabricated at various resin volumetric amounts and the permeability, thickness, 
porosity, the mean pore size (Dmean) and the largest pore size (DL) of the prepared membranes are shown in 
Fig.  3. The water permeability decreases from 1235 ± 45 to 65 ± 4 LMH/bar with increasing resin to solvent 
ratio of 30–50%, respectively (Fig. 3). This decrease in permeability corresponds with the trends of decreasing 
pore size, decreasing porosity and increasing membrane thickness as shown in Fig. 3(b-d), respectively. Dmean 
decreases from 667 nm to 108 nm with increasing resin concentration from 30 to 50% as illustrated in Fig. 3(a). 
Similarly, the DL decreases from 2889 nm to 408 nm (Fig. 3(b)). Therefore, DL and Dmean reduces with higher 
concentrations of resin. As can be seen in Fig.  3(c), the porosity likewise decreases from 0.81 to 0.60 with 
increasing amount of resin. The decrease in pore size and porosity suggests densification of the membrane 
with increased amount of resin. This densification corresponds to other phase inversion methods where a low 
concentration of polymer leads to more polymer poor zones which will subsequently lead to a bigger pore size 
and higher porosity40–42.

The membrane thickness increases from 0.223 ± 7 to 0.310 ± 6  mm by increasing the resin concentration 
from 30 to 50% (Fig. 3(d)). This change in thickness is likely due to the increased polymerization induced by the 
increased concentration of resin. This results in more quantity of polymer being generated due to high growth 
occurring at the interphase of the membrane i.e., a thicker membrane.
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The effects of the resin concentration on the top and bottom surface morphologies of the membrane can be 
seen in Fig. 3a. Though very similar in structure, it is observed the topside of the membranes become more porous 
with bigger gaps between the polymer with decreasing resin concentration, thus illustrating the densification 
effect reflected by the increased porosity and increased permeability with lower resin concentrations. This is 
reflected in Fig. 2, where decreasing the polymer concentration will lead to less polymer rich zones and therefore 
bigger gaps between the polymer. Furthermore, decreasing the resin concentration might lead to longer time 
before solidification, which will further lead to more time for coalescence and therefore even bigger gaps 
between the polymer zones.

It can further be noticed that the densification effect is less pronounced at the screen side of the membrane 
leading to some asymmetry between the top and screen side of the membrane. This asymmetry between the 
screen side and the top side seems to increase with higher resin concentrations. This asymmetry could therefore 
be caused by post-solidification growth by migration of monomers and post polymerization growth at the 
membrane surface, which would be more pronounced with more available monomers as it is the case with 
higher resin concentrations.

Radiation time
Different membranes were prepared by varying the UV-irradiation time and the permeability, thickness, 
porosity, and DL and Dmean of the prepared membranes are shown in Fig. 4. The permeability of the membranes 
decreases from 471 ± 32 to 225 ± 6 LMH/bar when irradiation time is increased from 10 s to 180 s. This decrease 
in permeability corresponds with the increase in membrane thickness and decreased porosity and pore size, thus, 
the membrane becomes denser with increasing irradiation time. The densification of the membranes caused by 

Fig. 2.  Two-component Flory-Huggins and Cahn-Hilliard simulation to illustrate the polymerization 
phenomena by changing time, mobility and concentration.
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the increased amount of irradiation time is likely due to the increased amount of polymerization, similarly, to 
increasing the amount of resin. This suggests two effects; (i) growth of pre-existing nodules, which would result 
in densification and pore narrowing; (ii) generation of additional layers of polymer, narrowing the pores of the 
membrane and increasing the membrane thickness.

It can be seen in Fig. 4, that the effect of further irradiation has less effect on thickness, porosity and pore size 
with increasing irradiation. This is likely a result of the membrane becoming thicker and thereby shielding the 
resin-membrane interphase from the UV irradiation.

The effect of UV-radiation time on the membrane morphology can be seen in Fig. 4a. The nodules do not 
change much in structure or in size on the screen-side. A slight difference is observed on the membrane topside, 
where larger nodules are observed with increasing irradiation time. This increase in nodule size on the top 
side of the membrane is likely because of growth caused by coalescence and densification of the polymer. This 
suggests that the main reason for a decrease in permeability, pore size and porosity is the densification at the 
topside of the membrane caused by the dissipating UV intensity leading to a slower polymerization at the topside 
of the membrane and as can be observed in Fig. 2, this will lead to a more coalesced structure.

Temperature
The permeability, thickness, porosity, DL and Dmean of the membranes prepared at different temperatures are 
shown in Fig. 5. Compared to other parameters, the synthesis temperature influences the membrane permeability, 
porosity and pore size parabolically. The permeability of the membranes increases from 270 ± 2 to 357 ± 10 LMH/
bar with increase in the synthesis temperature from 22 °C to 30 °C and subsequently a decrease to 27 ± 4 LMH/bar 
at 60 °C. The same trend is observed for DL and Dmean (Fig. 5(a-b)) with an initial increase of Dmean from 228 nm 
to 248 nm (from 22 °C to 30 °C). From 30 to 60 °C, Dmean decreases drastically to 120 nm. The porosity increases 
from 0.66 to 0.68 from 22 °C to 30 °C and then subsequently decreases to 0.62 by increasing the temperature to 
60 °C (Fig. 5(c)). As illustrated in Fig. 5(d), the thickness only increases with increasing temperature, which is 
due to the polymerization process being catalyzed by heat, thus creating a thicker membrane.

Fig. 3.  Effect of resin to solvent ratio on (a) membrane permeability, (b) mean (Dmean) and largest (DL) pore 
diameter and (c) porosity and thickness. SEM images are included in (a), where S is screen side and T is top 
side.

 

Scientific Reports |        (2025) 15:18776 6| https://doi.org/10.1038/s41598-025-03527-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The topology of the membrane (Fig. 5a) becomes more open and porous, and the nodules becomes slightly 
enlarged by increasing the temperature from 22 °C to 30 °C. The observed effect suggests that heating from 22 
to 30 °C promotes growth of the nucleate through Ostwald ripening and coalescence. This could be explained 
by the increased molecular mobility caused by temperature increase, which would in turn lead to a more 
porous structure as seen in Fig. 2. This explains the larger pore size, porosity and permeability even though 
the membrane gets thicker. A further increase of synthesis temperature from 30 °C to 60 °C causes a denser 
membrane. It is also observed that the nodules almost disappear, leaving a denser morphology. Similar effects are 
observed in literature43. The densification caused by increased temperature could be explained by the increased 
polymerization rate, which would lead to less time before solidification which is illustrated in Fig. 2.

Rejection properties
The membranes were tested for their rejection using nanoclay, magnetite and hemoglobin (Table 1). It is found 
that the hydrodynamic diameter for nanoclay is 494 ± 102 nm and the rejection of these particles is > 99.9%, 
which is expected due to the average pore size of the membrane being lower (228 nm). Two hydrodynamic 
diameters are found in the solution of magnetite particles suspended in 10 ppm tween-80, these are 145 ± 23 nm 
and 8.7 ± 1.8  nm, respectively. DLS analysis of a 10ppm tween solution without magnetite showed that the 
8.7 ± 1.8  nm corresponds to a solution with pure surfactant suggesting tween-80 micelles. Therefore, only 
the 145 ± 23 nm corresponds to magnetite agglomerates. The rejection of magnetite is > 99.9%, even though 
the magnetite suspended agglomerates had a smaller diameter than the 228 nm pore size. This is likely due 
to agglomeration at the membrane surface, as magnetite particles agglomerate and sediment easily (hence 
the necessity of tween-80 as surfactant). The hemoglobin suspension was found to contain particles with a 
hydrodynamic diameter of 531 ± 78 nm, which is much larger than the diameter of a single hemoglobin protein 
of 5 nm. However, contrary to its large agglomeration size, permeation through the membrane is observed. It 
is found that the membrane rejects 35.1 ± 1.1% of the initial concentration. This indicates that the agglomerates 
of hemoglobin break and pass through the membrane. This was confirmed as two hydrodynamic particle sizes 
were found in the permeate (92 ± 10  nm and 5 ± 1  nm, respectively) with majority of particles with sizes of 

Fig. 4.  Effect of UV-irradiation time on (a) membrane permeability, (b) mean (Dmean) and largest (DL) pore 
diameter and (c) porosity and thickness. SEM images are included in (a), where S is screen side and T is top 
side.
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5.4 nm corresponding to hemoglobin’s actual size emphasizing de-agglomeration effect. The rejection tests prove 
the complexity of size exclusion but together with the pore sizes analysis suggests the membranes to be in the 
ultrafiltration and microfiltration range.

3D printed membranes
The 3D printed disks with different sizes, along with their pure water permeability, can be seen in Fig. 6. The 
printing time of the discs where 120s, 240s and 360s for the 1 mm, 2 mm and 3 mm discs respectively of which 
80s, 160s and 240s is the respective UV curing times. The permeability was 155 ± 6, 92 ± 1 and 42 ± 1 LMH/
bar for thicknesses of 1 mm, 2 mm and 3 mm, respectively. These results prove the possibility of using PIPS 
integrated with MSLA. There is a dramatic decrease in permeability of 471 ± 32 LMH/bar to 155 ± 6LMH/bar 
from the flat sheet membrane with 10s irradiation time to the 1 mm thick 3D printed disk. Despite that the 
disks were exposed to a lower irradiation time, which from the previous data results in higher permeability, the 
thickness of the membranes causes a higher influence on the permeability.

The main motivation of applying 3D printing for membrane fabrication is to fabricate complex structures 
and surface patterns. Therefore, to confirm the useability of the method for fabrication of porous 3D-printing of 
complex shapes, a CAD-file of a 2.3 mm thick, 65 mm x 50 mm square membrane was prepared. The purpose 
was to fabricate a macro topology consisting of rows of triangular prisms with a 200 μm half-width and 200 μm 
height through MSLA with 42.9% resin concentration.

The fabricated membranes with surface topology are shown in Fig. 7 with a triangular pattern. The membrane 
itself took a total of 276s to make, compared to the membrane disc of similar thickness of 2 mm, the membrane 
area of the prism membrane is 1.65 times the area of the disc. This highlights that MSLA is only limited in 
processing speed by the thickness of the membrane and a 1 mm thick membrane will take 120s regardless of the 
total membrane area.

Fig. 5.  Effect of temperature on (a) membrane permeability, (b) mean (Dmean) and largest (DL) pore diameter 
and (c) porosity and thickness. SEM images are included in (a), where S is screen side and T is top side.
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The SEM analysis of the membrane made through PIPS-MSLA printing with complex topology reveals that 
the porous structure of this membrane resembles with those prepared by using solely PIPS. The membranes were 
too fragile to use a capillary flow porometer for determining the exact pore size. This demonstrates that the PIPS- 
MSLA method can make complex topological membranes, which can greatly benefit the membrane processes 
for instance in reducing concentration polarization, acting as a spacer, inducing nucleation in membrane assisted 
crystallization processes, etc.

Fig. 6.  Permeability of PIPS- MSLA 3D printed disks with different thicknesses.

 

Table 1.  Particle size, hydrodynamic diameters and rejection of the particles.
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Conclusion
Porous hydrophilic flat sheet membranes were demonstrated to be synthesized through the PIPS method using 
commercially available resin and subsequently integrated with MSLA 3D printing. It was demonstrated that 
it is possible to use sustainable solvents and washing agents as decan-1-ol and acetone for the manufacturing 
and thereby exclude petroleum-based chemicals. Membrane parameters were modified by changing resin 
concentration and compared to a Flory Huggins and Cahn Hillard simulation of a phase inversion system. It 
was found that UV-irradiation time and temperature resulting in membranes ranging from MF down to UF 
process in a process that was in agreement with the phase inversion simulation. The membranes had pore size, 
porosity and permeability ranging from < 108 nm to 666 nm, 0.60 to 0.81 and 27 ± 4 to 1235 ± 45 LMH/bar, 
respectively, demonstrating the versatility of the process. The membrane structure was found to be composed of 
an interconnected network of nodules without any macro voids, which will change into a more spinodal structure 
with an increase in temperature or resin concentration. The membranes also demonstrated very good rejection 
towards different compounds with different particle sizes; thus, a rejection of > 99.9, > 99.9 and 35.1 ± 1.1 of the 
nano clay, magnetite and hemoglobin particles, respectively was observed.

Furthermore, it was shown that PIPS was a feasible method for fabricating membranes through 3D printing 
by MSLA. However, the number of layers decreases the permeability of the final 3D printed membrane due to 
increased thickness and composition change in the resin during the manufacturing. This must be optimized and 
controlled during fabrication. In perspective, the use of MSLA-3D can benefit membrane processes in terms of 
increased permeability, minimizing fouling, etc. Furthermore, PIPS enables the use of various new polymers, 
including thermoplastics, for membrane synthesis. These polymers are typically incompatible with conventional 
phase inversion techniques.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.
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