Open Access Article. Published on 26 August 2021. Downloaded on 12/4/2025 8:24:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

Facile fabrication of micro-/nanostructured,
superhydrophobic membranes with adjustable
porosity by 3D printingt

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2021, 9,
21379

Fadoua Mayoussi, 2 Egan H. Doeven, ¢ Andrea Kick, 2 Andreas Goralczyk, © 2
Yi Thomann, ©°° Patrick Risch, 2 Rosanne M. Guijt, © ¢ Frederik Kotz, & 2°
Dorothea Helmer & *3*¢ and Bastian E. Rapp & 2>

Porous membranes with special wetting properties have attracted great interest due to their various
functions and wide applications, including water filtration, selective oil/water separation and oil
skimming. Special wetting properties such as superhydrophobicity can be achieved by controlling the
surface chemistry as well as the surface topography of a substrate. Three-dimensional (3D) printing is
a promising method for the fast and easy generation of various structures. The most common method
for 3D printing of superhydrophobic materials is a two-step fabrication process: 3D printing of user-
defined topographies, such as surface structures or bulk porosity, followed by a chemical post-
processing with low-surface energy chemicals such as fluorinated silanes. Another common method is
using a hydrophobic polymer ink to print intricate surface structures. However, the resolution of most
common printers is not sufficient to produce nano-/microstructured textures, moreover, the resulting
delicate surface micro- or nanostructures are very prone to abrasion. Herein, we report a simple
approach for 3D printing of superhydrophobic micro-/nanoporous membranes in a single step,
combining the required topography and chemistry. The bulk porosity of this material, which we term
“Fluoropor”, makes it insensitive to abrasion. To achieve this, a photocurable fluorinated resin is mixed
with a porogen mixture and 3D printed using a stereolithography (SLA) printing process. This way,
micro-/nanoporous membranes with superhydrophobic properties with static contact angles of 164° are
fabricated. The pore size of the membranes can be adjusted from 30 nm to 300 nm by only changing
the porogen ratio in the mixture. We show the applicability of the printed membranes for oil/water
separation and the formation of Salvinia layers which are of great interest for drag reduction in maritime
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Introduction

Porous membranes with special wetting properties, such as
superhydrophobicity have lately attracted considerable atten-
tion. These surfaces are described by a static water contact angle
greater than 150°, a roll-off angle smaller than 10° and are
widely used for anti-fouling coatings," anti-icing surfaces? or oil/
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water separation.®* Manufacturing of such membranes requires
structuring of surfaces on a nano- to microscale. The micro-/
nanostructure or roughness promotes the formation of
residual air pockets (Salvinia layer, i.e. Cassie wetting state), that
cause the decrease in the roll-off angle, and adhesive force.>”
Unfortunately, this delicate surface structuring makes most
superhydrophobic surfaces very sensitive to abrasion and
renders them impractical for real-life applications. The most
common process for producing such structures is a top-down
approach, where defined micro-/nano-scale surface topogra-
phies are coated with a low-surface energy chemical such as
fluorinated silanes.'*** In practice, often porous supports,
typically mesh substrates are coated by hydrophobic mate-
rials."** Common problems associated with this method are
the poor adhesion between the mesh and the built-up hydro-
phobic layer leading to delamination and abrasion, and the
clogging of the mesh pores during the post chemical modifi-
cation of the surface. Another fabrication strategy is bottom-up
structuring of a material with low surface energy using
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processes such as, e.g., chemical vapor deposition, sol-gel
methods and layer-by-layer deposition.”>™® The most common
class of materials used are fluorinated polymers due to their
unique chemical and physical properties such as low polariz-
ability, low adhesion as well as high chemical resilience, e.g.,
against corrosive liquids. Moreover, fluorine-rich polymers
possess low surface energies, which endow their surfaces with
excellent water and oil repellency.>*>*

Due to its versatility and ease in generating complex shapes
with geometrical features, three-dimensional printing (3D
printing) has emerged as a promising technology to prepare
porous structures.”*** However, due to the limitations in reso-
lution and adjustability of pore size, the fabrication of micro/
nanostructured membranes via 3D printing remains chal-
lenging. In 3D printing processes, top-down approaches are
commonly employed, where the patterned geometry is printed
and the resultant surface structure is then chemically modified
with low surface energy compounds. Fused deposition model-
ling (FDM),* selective laser sintering (SLS)** and direct inkjet
writing (DIW)* are the most common methods for preparing
superhydrophobic porous membranes. Recently, Lv et al. re-
ported the fabrication of superhydrophobic porous membranes
for oil/water separation by 3D printing an ordered mesh struc-
ture using an ink of polydimethylsiloxane (PDMS) and hydro-
phobic silica particles with pore sizes in the sub-millimeter
range.”” Yuan et al. reported the fabrication of polysulfone
membranes via SLS and their application for oil/water separa-
tion. The printed porous membranes were subsequently coated
with candle soot to achieve superhydrophobicity.>® They also
reported the fabrication of a micro-/nanostructural surface by
designing a unique 3D multiscale zeolitic imidazolate frame-
work (ZIF-L) on a 3D printed membrane for a superhydrophobic
and underwater superoleophobic surface.** However, these re-
ported methods enable only the formation of large pores in the
micrometer range, lacking the required combined micro-/
nanostructure and still requiring additional surface modifica-
tions to achieve superhydrophobicity. Besides, the pore size
plays an important role in membrane applications in various
fields from separation, adsorption to tissue engi-
neering.'#*'*3%3% Thus, a method for adjusting the porous
structure is of high interest. Polymerization induced phase
separation (PIPS) has emerged as a promising method to
address these limitations as it offers the possibility to create
materials with inherent, self-organized porous structure with
adjustable porosity.****** As of late, it has been effectively
applied in the fabrication of micro/-nanoporous materials, such
as glass and polymers, using SLA.****

In this paper, we report the SLA 3D printing of thin super-
hydrophobic membranes (100-400 pm) with adjustable porosity
in the submicron range with 30 nm to 300 nm pores. The
process combines both, required topography and surface
chemistry for achieving superhydrophobicity in a single step.
For achieving this, a photocurable fluorinated resin is mixed
with a non-solvent to create a micro-/nanostructure throughout
the bulk by phase separation during polymerization. The resin
is then printed into a special “staircase” design, which with help
of the layer-by-layer nature of the SLA printing process, enables
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exposing the micro-/nanostructure of the membranes by
peeling off thin layers from the bulk. Superhydrophobic
membranes with a static water contact angle of 164° are thus
obtained with no need of further surface modifications. The
printed membranes were successfully applied as oil/water
separators, oil absorbers/skimmers and for the detection and
potential regeneration of Salvinia layers.

Experimental

Materials

Fluorolink MD700 (a perfluoropolyether (PFPE)-methacrylate)
was purchased from Acota (United Kingdom), 1H,1,2H,2H-per-
fluorooctanol (13FOOI) was purchased from Apollo Scientific
(United Kingdom). Diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO) and Sudan 3 were purchased from Sigma-Aldrich
(Germany). Cyclohexanol, cyclohexane and chloroform were
purchased from Merck (Germany). Acetone and 2-propanol
were purchased from Carl Roth (Germany). Tinuvin 384-2 was
kindly provided by BASF (Germany).

Preparation of the porous Fluoropor membranes

Synthesis of the polymer mixture Fluorolink MD700 (50 wt%)
was mixed with a porogen mixture consisting of a non-solvent
(cyclohexanol) and an emulsifying agent (13FOOI). The poro-
gen mixture is used to create the micro-/nano porous network in
the polymerized parts.'® The amount of the non-solvent and the
emulsifying agent vary in dependence of the desired pore size of
the membrane. The monomer-porogen mixture was then
blended with 0.5 wt% of the photoinitiator TPO. In the case of
the polymer mixture used for the 3D printing of the staircase
design, the absorber Tinuvin 384-2 0.6 wt% was added. The
mixture was sonicated for 15 min using an ultrasonic bath to
dissolve the initiator.

3D printing of the membranes for the 3D printing process,
an Asiga Pico 2 SLA printer (Asiga, Australia) with a building
platform of 39.7 x 63.6 mm” and a light intensity of 88 W m >
as well as a Phrozen shuffle 4K SLA printer (Phrozen Tech Co.
Ltd, Taiwan) with a build platform of 67.6 x 120 mm® and
a light intensity of 3 W m™ were used. The single layer of the
printed Fluoropor membrane stacks was 100 pm. To avoid the
delamination of the layers during the print process, the z-
compensation was set to 150 um. Whereas for the staircase
designs printed in the Asiga Pico 2, the single layer thickness
was 200 pm and the z-compensation was set at 0 pm to allow an
easy peeling off the layers. A burn-in layer of 300 um was
required to avoid the delamination of the print from the
platform.

The prints were placed in 2-propanol overnight and dried at
room temperature for 8-16 h to wash away and remove the
porogen and residual resin. The required drying time depends
on the thickness of the prints. The prints were dried afterwards
at 100 °C for 30 min under vacuum with a pressure of 50 mbar to
ensure a complete removal of any solvent and porogen residue.
Single and multiple layers could be easily peeled off the stair-
case design using a laboratory tweezer exposing the patterned

This journal is © The Royal Society of Chemistry 2021
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structure responsible for the superhydrophobicity of the
membranes (see Fig. 1).

Characterizations
Scanning electron microscopy (SEM) measurements

The top surface and cross-section of the membranes were firstly
sputtered with a 10-20 nm gold layer under an argon atmo-
sphere and then visualized by SEM (Quanta 250 FEG, Thermo
Fisher scientific, Germany) and high-resolution focused ion
beam SEM of type Scios 2 DualBeam (Thermo Fisher Scientific).

Analysis of pore size distribution

The pore size distribution was measured via image analysis of
cross-sectional SEM images using Image]. Prior to the SEM
measurements, the printed membrane stacks were embedded
into PDMS to fix them and avoid deformation. Subsequently,
thin even cross-sectional layers (1 pm) were cut using a cryo
ultramicrotome (Leica microsystems).

SEM images of the cut layer's surface were taken, and the
pore size distribution was determined by using the threshold
function followed by the analysis of the Feret diameters of the
pores.

Contact angle (CA) measurements

The contact angles of the surfaces were measured with an OCA
15Pro (Data Physics, Germany). Static contact angles were
measured using 5 pL water droplets at room temperature
following the sessile droplet method. Three contact angles were
measured at three different positions on the membrane surface
and were used for calculating the average values.

Measurement of the layer thickness

The thicknesses of the disc membrane stacks and peeled-off
membrane layers were determined using a length gauge of
type MT 60M (Heidenhain, Germany).

Oil/water separation

For the separation of water and oil mixtures, a lab customized
device consisting of a funnel and a metal filter with large pores
was used. The membrane was placed on top of the metal filter
and the whole setup was fixed with a clip. The membranes were

superhydrophobic

peeling off a layer >
surface

-

superhydrophobic
surface

Fig.1 Schematic of the peeling off process that enables exposing the
nano\-microstructure of the membrane on both top and bottom
surface.
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first pre-wetted with cyclohexane. Mixtures of cyclohexane or
chloroform and water (1 : 1, v/v) were prepared by stirring for
5 min. These mixtures were slowly poured onto the membranes
and the separation was achieved by pulling vacuum. In order to
distinguish the liquids, water was dyed blue using a food
colorant. The separation efficiency (n) was calculated according
to the following equation:

n= "5 % 100 (1)

my,

here 7 is the separation efficiency and m, and m,, refer to the
mass of the water after and before separation, respectively.

Mechanical stability of the thin superhydrophobic
membranes

The stability of the superhydrophobic properties was examined
by measuring the water contact angles of the membranes after
mechanical damage tests, such as stretching and two-point
bending tests.

Detection of the Salvinia layer

To demonstrate the detection of the Salvinia layer, thin Fluo-
ropor 15 membranes (directly printed and peeled off the stair-
case design) were glued on a glass slide and submerged partially
in a water bath to visualize the Salvinia layer. The volume of the
retained air layer (i.e., the Salvinia layer) was also quantified by
comparing the volume of the directly printed membrane that
does not expose the micro-/nanostructure (“closed surface”
without Salvinia layer) and the peeled membrane off the stair-
case design, which exposes the micro-/nanostructure (“open
surface” with the Salvinia layer). Four samples with four
different sizes from both membranes were prepared for these
experiments. The density of the membranes was measured
according to Archimedes principle using an analytical balance
(QUINTIX 124-1S) in combination with a density determination
set YDKO03 (SARTORIUS AG, Germany). The Salvinia layer
volume was calculated using the following equation:

mo(dry) — my(under water)  m,

Veavinia = _ Mo 9
salvinia Py pe ( )

where, Viawinia 1S the volume of the air layer, m, is the mass of
the open membrane, p, is the density of water at the given
temperature and p,. is the density of the closed membrane. The
dependence of the membrane surface area on the volume of the
Salvinia air layer was plotted.

Results and discussion

Fabrication of directly printed membranes for oil/water
separation

For direct 3D printing of micro-/nanostructured membranes,
two different mixtures for generating Fluoropor fluorinated
polymer foams were formulated. With these resin mixtures,
a micro-/nanostructure can be achieved throughout the printed
material, due to a phase-separation of the resin during the
printing process. This way, a much smaller pore size of the
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membranes can be achieved compared to the feature resolution
commonly achieved by SLA. By introducing different amounts
of non-solvent and stabilizing the monomer/non-solvent
mixture by an emulsifying agent, two stable printing resins
mixtures were generated, termed Fluoropor 15 and Fluoropor
25 (see Table 1).

Using these resins, an SLA printing process was used to
produce custom-shaped membranes. Using the Asiga Pico 2,
membranes disc of 35 mm diameter, consisting of several
printed layers with an overall thickness of 500 pm were printed.
These “membrane stacks” possess different pore volumes, as
indicated by the different optical appearance of the
membranes, ranging from translucent in case of Fluoropor 15
to white and non-transparent in case of Fluoropor 25 (Fig. 2). A
higher content of non-solvent generates a larger overall pore
volume that causes the material's appearance to turn from
translucent to white and non-transparent. Due to the removal of
porogens and material de-swelling, the production process was
accompanied by a linear shrinkage of 20% and 14% in the x—y
direction, 32% and 26% in the z direction for Fluoropor 15 and
Fluoropor 25, respectively. The wetting properties of the
membranes were investigated by contact angle measurements.
Fluoropor 15 and Fluoropor 25 show a static contact angle of
123 £+ 2 °and 126 + 4°, respectively (see ESI Fig. S17).

To investigate the structure of the membranes, SEM
measurements of the cross-section as well as the top and
bottom surface were taken. SEM images of the top- and bottom
surfaces of both membranes are shown in Fig. 3. As can be seen,
the micro-/nanostructure is not visible on the surfaces but

Table 1 The required amounts of the reactants for the preparation of
the resin mixtures

Fluoropor 15 Fluoropor 25

resin mix resin mix
Monomer MD700 (wt%) 50 50
Emulsifying agent (wt%) 35 25
Non-solvent (wt%) 15 25
Initiator” (mg ml ™) 7 7
Absorber” (mg ml™?) 3.3 3.3

¢ Concentration in Fluoropor mix.

Fig. 2 3D printed disc shaped membrane stacks with a total thickness
of 500 um after printing and after porogen removal. (A) 3D printed
Fluoropor 15 membrane stack; (left) directly after printing and (right)
shrunken dried membrane stack after porogen removal. (B) 3D printed
Fluoropor 25 membrane stack; (left) directly after printing and (right)
shrunken dried membrane stack after porogen removal.

21382 | J Mater. Chem. A, 2021, 9, 21379-21386

View Article Online

Paper

Fig. 3 SEM images of the top surface (i.e., the surface in contact with
the printer's transparent window) and bottom surface (i.e., the surface
in contact with the printer's build platform) of Fluoropor 15 and 25
membranes and the cross-sections. (A) Bottom surface of Fluoropor
15 membrane, (B) top surface of Fluoropor 15 membrane, (C) bottom
surface of Fluoropor 25 membrane, (D) top surface of Fluoropor 25
membrane. (E) Cross-section and close-up of the cross-section of
Fluoropor 15 membrane, showing the porosity of the material, (F)
cross-section and close-up of Fluoropor 25 membrane.

clearly visible in the cross-sections of the membranes (see
Fig. 3). In the given SLA setup, the printing process is carried
out in a constrained volume between a transparent window
(through which the DLP illuminates the build volume) and the
build platform. Therefore, the lack of porosity on the surface is
a result of the direct contact of the printing resin with the build
platform (bottom surface) and the transparent window (top
surface). The porosity within the bulk of the material is shown
in the cross-section in z-direction (see Fig. 3E and F). With an
increased amount of the non-solvent, the phase separation
occurs faster enabling the formation of thicker polymer
networks, and vice versa.

The porosity of both membranes was measured from the
cross-sectional SEM images via image analysis by using
a thresholding function and analysis of the pore's diameters
using Image ] (see ESI Fig. S21). The pore size distribution is
shown in Fig. 4. Fluoropor 15 membrane displays a median
pore size of 30 nm whereas Fluoropor 25 membrane displays
a median pore size of 300 nm.

Oil/water separation

To investigate, whether the printed membranes are suitable for
oil/water separation the membranes were first tested for their

Fluoropor 15 Fluoropor 25

Count

-
7//;'
% %%—ﬂ’ 7
800 1200 1600 2000 2400 2800 3200
Pore diameter (nm)

e
0 200 240 280 320 360 400

Pore diameter (nm)

Fig. 4 Plotted pore size distribution of the 3D printed Fluoropor
membranes from the cross-sectional SEM images. (A) Fluoropor 15, (B)
Fluoropor 25.

This journal is © The Royal Society of Chemistry 2021
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capacity to absorb organic solvents (see Fig. 5). Droplets of
chloroform and cyclohexane were readily absorbed by Fluo-
ropor 25 membrane, whereas a water droplet was repelled as
expected. To test the absorption capacity of both membranes,
droplets of different oils and a droplet of water were placed on
Fluoropor 15 and Fluoropor 25. Due to its larger pore fraction,
Fluoropor 25 absorbed both chloroform and cyclohexane
directly, whereas the Fluoropor 15 membrane only partially
absorbed the fluids. Thus, for all further separation experi-
ments, Fluoropor 25 membranes were chosen. Disc-shaped
membranes with a 45 mm diameter were 3D printed using
the Phrozen shuffle 4K and placed into a filter funnel. A mixture
of chloroform and water or cyclohexane and water (1 : 1, v/v)
was poured into the funnel (Fig. 5B). A low vacuum pressure
was applied to the setup to achieve the separation. The sepa-
ration efficiency of a chloroform-water mixture and a cyclo-
hexane-water mixture using Fluoropor 25 membrane was over
99 + 1% and 79 + 2%, respectively (see Fig. 5C). Thus, an effi-
cient separation of chloroform/water mixtures was achieved
using the Fluoropor 25 membrane. In addition, the printed
membrane can be easily cleaned with 2-propanol or acetone,
dried and reused. The membrane stability and efficiency was
tested up to 5 cycles with a small reduction of the efficiency
within the error of the measurement: separation efficiency for
chloroform of 99 + 1% in cycle 1 and 98 + 1% in cycle 5 and for
cyclohexane of 79 &+ 2% in cycle 1 and 74.5 £ 4% in cycle 5 was
measured (see Fig. 5D). The collected separated oils were tested
for residual water content using an anhydrous copper sulfate
color test. Both collected oils did not show any traces of water
within the detection limit of 0.01 vol% (see ESI Fig. S31).

The Fluoropor 25 membrane was also tested for its capacity
to absorb crude oil. The membrane was immersed in a vial
containing water with crude oil floating on the surface. The
membrane started absorbing the crude oil right after being
immersed in the vial and successfully absorbed all of it after 3 h
(see Fig. 5E). This indicates that Fluoropor 25 membrane can
potentially be used for oily wastewater treatments by absorbing
the oil spills on the water surface.

Fabrication of thin superhydrophobic membranes

Via the direct printing process, only membranes with thick-
nesses higher than 200 pm could be achieved. Due to the
shrinkage during drying, thinner membranes were not self-
supporting and lost their porosity during the drying process.
Thus, another approach was developed, to enable the formation
of thin membranes. The layer-by-layer nature of the SLA
printing process allows for peeling off individual layers from
a bulk printed block, thus generating thin individual
membranes. A special printing design was introduced, which
facilitates the pulling of individual layers by a slight offset
(staircase design) of the printed layers (Fig. 6A and B). By
printing Fluoropor 15 and Fluoropor 25 stacks using this
design, individual thin membranes of 100 pm and multiple
membrane layers of 400 pm thickness could be peeled from the
bulk of Fluoropor 15 and Fluoropor 25 block, respectively, after
the drying process (Fig. 6C and D). This process enables the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Liquid absorption by Fluoropor membranes. (A) Photograph of
water droplet and different oil droplets on Fluoropor 15 membrane
(left) and on Fluoropor 25 membrane (right). (B) The customized lab
set-up for the oil/water separation experiment, showing the metallic
filter funnel and supporting mesh. (C) The separation efficiency of the
Fluoropor 25 membrane for mixtures of water—chloroform and
water—cyclohexane. (D) Separation efficiency over 5 separation cycles
for water—chloroform and water—cyclohexane mixtures. The
membrane was washed after each cycle and reuse. The data show
small reduction of efficiency within the error of the measurement (E)
absorption of crude oil drop in water. The crude oil was totally
absorbed after 3 hours using Fluoropor 25 membrane.

Water _

Fig. 6 The 3D printed micro-/nanoporous Fluoropor stacks for
membrane preparation. (A) Printed block of Fluoropor 15, (B) printed
block of Fluoropor 25. (C) and (D) Peeled-off thin layers of a Fluoropor
15 membrane (C) and Fluoropor 25 membrane (D). A water droplet
(dyed blue) is fully repelled by the membrane, showing a static contact
angle of 161° for a Fluoropor 15 membrane and 164° for a Fluoropor 25
membrane.
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production of 20 membranes in 10 min by peeling individual
membranes from a 5 mm stack. Contact angle measurements of
the peeled membranes showed that the membranes have
superhydrophobic wetting properties with static contact angles
of 161 + 2° and 164 £ 7° for Fluoropor 15 and Fluoropor 25
membranes, respectively (see ESI Fig. S47). A water droplet is
thus fully repelled on the membranes (see Fig. 6C and D).

The superhydrophobic properties suggest an exposed
micro-/nanostructure on the peeled membrane's surface. To
analyze the bulk structure of the printed block, SEM images of
the cross section of several printed layers were taken (see Fig. 7A
and B), showing the desired micro-/nanostructure throughout
the bulk material. To investigate the peeled membrane top and
bottom structure, further SEM images were taken (Fig. 7C-F),
clearly showing the micro-/nanostructure of the material. A
slight increase in the polymer network features sizes are
observed for Fluoropor 25.

Mechanical stability of the thin superhydrophobic
membranes

The mechanical stability of the thin superhydrophobic
membranes was evaluated by applying mechanical stress
(stretching and bending tests). A stress—strain test was per-
formed to evaluate the maximal strain for both membranes
before breaking. For Fluoropor 15 membranes and for Fluropor
25 membranes the maximum strain is 22% and 32% respec-
tively (see ESI Fig. S51).

To assess the influence of mechanical stress on the perfor-
mance of the membranes, the static contact angle of water on
the membranes was measured after 50, 100, 150, 300 and 500
stretching and bending cycles. Both membranes retain their
superhydrophobic properties after 500 bending and stretching-
releasing cycles with a strain of 20% for Fluoropor 15 and 25%
for Fluoropor 25 membranes (see Fig. 8). This high stability is
a promising result for using such membranes under real-world
conditions.

Fig. 7 SEM images of the bulk cross-sections and the peeled Fluo-
ropor membranes' top and bottom surfaces. (A) Fluoropor 15 cross-
section and close-up, (B) Fluoropor 25 cross-section and close-up.
The membranes show bulk porosity as well as on the surface,
rendering them superhydrophobic. (C) Fluoropor 15 membrane top
surface, (D) Fluoropor 15 membrane bottom surface, (E) Fluoropor 25
membrane top surface, (F) Fluoropor 25 membrane bottom surface.
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Fig. 8 Mechanical stability tests of the peeled superhydrophobic
membranes under stretching and bending. (A) Static water contact
angles (WCA) of the membranes after 500 stretching—releasing cycles
show an unaffected membrane performance, with the membranes
retaining a water contact angle of >162°. (B) WCAs of the membranes
after 500 bending cycles show an unaffected membrane perfor-
mance, with the membranes retaining a water contact angle of >163°.

Detection of the Salvinia layer

Thin, superhydrophobic membranes can be exploited for
generating a stable air layer under water (Salvinia effect) under
static conditions. This air retention capability is technologically
interesting as the retained air layer reduces drag force and
prevents biofouling. To test the formation of a Salvinia layer on
the membranes, a peeled Fluoropor 15 membrane, which
exposes the micro/-nanostructure and a directly printed Fluo-
ropor 15 membrane, which doesn't expose the micro/-
nanostructure were glued on a glass slide. When the
membranes were immersed under water, an air film was trap-
ped in the micro-/nanostructure of the membrane forming
a Salvinia layer, which was recognized by the silvery reflective
layer on the peeled superhydrophobic membrane. In contrast,
no change was noticed on the directly printed hydrophobic
membrane when submerged under water (see Fig. 9A). The
volume of the different membranes was calculated by the
Archimedes principle (see Fig. 9B). The volume of the retained

(a]
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K3

V closed surface

o

5 2a0°

~ salvinia layer

Air volume (mm®)

v

2 4 [ 8 1

Fluoropor 15
closed surface

Fluoropor 15
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Vopen =V closed +V salvinia layer Surface area (cm?)

Fig. 9 Visualization and quantification of the Salvinia layer formation
on Fluoropor 15. (A) A directly printed Fluoropor 15 membrane and
a peeled-off Fluoropor 15 membrane were glued on a glass slide and
partially submerged under water; the submerged area of the peeled
membrane shows a silvery layer which indicated the trapped Salvinia
layer whereas the color of the non-submerged area did not change. (B)
The volume of the Salvinia layer was calculated by the Archimedes
principle — a schematic of both directly printed and peeled Fluoropor
15 membrane under water shows the difference in displayed water
volume by the Salvinia layer. (C) Change of the volume of Salvinia layer
in dependence of the membrane surface area. The data suggests an air
volume of ~6 mm? per 7 cm? of surface area, which corresponds to
a Salvinia layer of ~9 £ 1 pm thickness.
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air layer (Salvinia layer) varies in dependence of the surface area
of the membrane in a near linear increase. The larger the
surface area of the membrane is the higher the trapped air
volume (see Fig. 9C). The data suggests an air volume of ~6
mm?® per 7 cm? of surface area, which corresponds to a Salvinia
layer of ~9 £ 1 um thickness.

Conclusion

In summary, we have shown a convenient methodology to
produce porous membranes in a highly fluorinated polymer
with adjustable submicron porosity via 3D printing using
a commercially available SLA printer. The pore size can be
simply adjusted by varying the amount of the non-solvent in the
polymer mixture. The as-printed membranes manifest hydro-
phobic wetting properties with static contact angles in the range
of 126°. Due to their bulk porosity and hydrophobicity, the
printed membranes with an average pore size above 100 nm
achieved an excellent oil-water separation efficiency of over
99% for chloroform/water mixtures. Besides, thin super-
hydrophobic membranes with adjustable porosity were
successfully fabricated by peeling thin layers from a bulk print
with a special design that we developed to facilitate layer
separation. The peeled membranes showed superhydrophobic
wetting properties with a static contact angle in the range of
164°. While submerging the thin superhydrophobic
membranes in water, a Salvinia layer was formed trapping an air
film between the micro-/nanostructure of the membrane and
water. The presented membrane fabrication enables the facile
generation of customized membranes for applications such as,
e.g., oil/water separation. Through their porous nature these
superhydrophobic thin membranes can be potentially used for
the stabilization and regeneration of a Salvinia layers in
dynamic modus.
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