MNE 24 (2024) 100269

Contents lists available at ScienceDirect

icro nano
ngineering

Micro and Nano Engineering

journal homepage: www.sciencedirect.com/journal/micro-and-nano-engineering

ELSEVIER

t.)

Check for

Superhydrophobic and oleophobic Nylon, PES and PVDF membranes using &
plasma nanotexturing: Empowering membrane distillation and
contributing to PFAS free hydrophobic membranes

a,b

Eleftherios Manouras “, Dimosthenis Ioannou ", Angelos Zeniou“, Andreas Sapalidis “,

Evangelos Gogolides ™"

2 Institute of Nanoscience and Nanotechnology, NCSR “Demokritos”, Aghia Paraskevi, 15341 Attica, Greece
b School of Mechanical Engineering, National Technical University of Athens, Zografou, 15780 Attica, Greece

ARTICLE INFO ABSTRACT

Keywords:
Superhydrophobic surfaces
Plasma technology
Etching

Deposition

Membrane Distillation

As freshwater demand is constantly increasing, water purification via membrane distillation (MD) emerges as a
promising water production technology, especially when combined with the use of superhydrophobic mem-
branes. Here, following our previous work [1] we extend our universal, environmentally friendly, plasma
nanotexturing and hydrophobization technology for rendering practically any type of membrane super-
hydrophobic and oleophobic. Thus, we render three commercial porous membranes superhydrophobic, namely,
polyvinylidene (PVDF 0.45 pm) (initially hydrophobic), polyethersulfone (PES 1.20 pm) and nylon (NY 1.20 pm)
(both initially hydrophilic). We demonstrate superhydrophobic, superoleophobic (down to 40mn/m surface
tension) and oleophobic properties (down to 30mN/m surface tension) for PVDF, PES and Nylon membranes thus
paving the way for their use with low surface tension waste streams. Moreover, the technology presented herein
not only improves existing hydrophobic membranes but may lead to elimination of the use of Teflon-like fluo-
rinated hydrophobic membranes altogether in the future, thereby contributing to the PFAS (Per and Poly Fluoro
Alkyl Substances) and Teflon-like membrane use reduction. We subsequently evaluated the performance of the
treated membranes in direct contact membrane distillation (DCMD) for desalination of sea-like water (35 g/L
NaCl). All membranes showed enhanced water flux with an increase of >13% compared to the pristine hydro-
phobic PVDF membranes for at least 2 h of continuous operation, with salt rejection exciding 99.99%.

Membrane distillation is a thermally driven and non-isothermal
separation process that uses a hydrophobic porous membrane from

1. Introduction

Access to clean water is recognized as a basic human right by the
United Nations but remains unavailable or scarce to a large portion of
world population [2,3], while water resources are being depleted at an
alarming rate [4]. In the future, the demand for larger quantities of
freshwater will increase exponentially due to population growth,
enhanced living standards, and the expansion of industrial and agri-
cultural activities. Mature technologies like membrane based and ther-
mal desalination as well as emerging ones such as water harvesting from
atmospheric moisture/fog [5,6] are possible solutions to the problem.
Membrane Distillation (MD) is a particularly promising method
currently under investigation worldwide as an alternative and often
complementary efficient solution for the treatment of challenging
feedwaters [7].
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which only vapor molecules can pass from a hot stream (feed) on one
side to a cold stream (permeate) on the other [8-10], without the need of
applying hydraulic pressure. This leads to the worldwide exploration of
the MD technique as an alternative to conventional methods (Reverse
Osmosis - RO, Multi effect distillation -MED etc.). MD has the potential
for low cost and energy efficiency [7], since it uses low temperatures and
can be combined with solar energy heating [9,11]. Compared to other
membrane-based methods, MD can theoretically yield a perfect 100%
rejection of inorganic ions, macromolecules and other non-volatile
compounds [9]. There are four main MD configurations which are
direct contact membrane distillation (DCMD), air gap membrane
distillation (AGMD), vacuum membrane distillation (VMD) and sweep-
ing gas membrane distillation (SGMD) [12]. In the case of DCMD which
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was used in this work, the two aqueous solutions (feed and permeate)
are in contact with the porous membrane, which separates them, on
either side. Evaporation takes place on the membrane surface on the
feed side while due to the lower temperature on the opposite side
condensation occurs leading to an increase in permeate flow. Feed
maximum temperatures usually range from 60 to 80 °C, but MD can also
operate even at 40 °C if the temperature difference is sufficient.

There are still some membrane related challenges that need to be
addressed before MD becomes a viable global industrial method for
water treatment. These are mainly: i) Wetting, ii) Scaling and iii)
Fouling. To maintain the membrane in a state of non-wetting for long
operating periods, the membranes must be hydrophobic and actively
prevent liquid passing through their pores, as well as capillary
condensation. Typically, Teflon-like (and therefore PFAS containing)
membranes are used such as PTFE and PVDF. Recently, super-
hydrophobic membranes have attracted attention yielding better results
in MD processes [9,13-15].

Scaling is a very big challenge in MD and other desalination methods
when treating high salinity (>50,000 TDS or > 50 g/L) industrial
wastewater where in reverse osmosis (RO) is not feasible because the
hydraulic pressure cannot exceed the membrane burst pressure [16].
During MD, dissolved compounds accumulate as the water evaporates,
and eventually lead to the formation of a precipitated salt layer on the
membrane surface, a phenomenon also known as mineral scaling [16].
The scaling deposition reduces process efficiency or leads to process
failure through wetting [13,17].

Finally, fouling is an umbrella term that can include organic fouling,
inorganic fouling and biological fouling. Failure due to fouling is com-
mon in membrane distillation and its applications, where particles in the
feed solution accumulate on the membrane surface and block the
membrane pores (e.g., proteins), reducing the permeability flux and
posing the risk of pore wetting [13,18].

Plasma polymerization has been used to deposit hydrophobic fluo-
rinated coatings both on flat membranes, and in hollow fiber mem-
branes with very promising applications in MD [19,20]. In addition,
such coatings successfully hydrophobized initially hydrophilic mem-
branes. Such membranes were used in MD giving high desalination
fluxes, and in a cross flow hollow fiber MD configuration showed high
resistance to scaling in long term operation [21-23]. Yet, no super-
hydrophobicity/superoleophobicity was obtained. Recently super-
hydrophobic membranes have been proposed by our group as a
potential improvement in wetting, fouling and scaling [1,24].

Herein, we extend our work presented by Ioannou et al. [1] on the
plasma nanotexturing and plasma hydrophobization technology for
membrane treatment by rendering for the first time superhydrophobic,
superoleophobic (down to 40mn/m surface tension) and oleophobic
(down to 30mn/m surface tension) three commercial membranes, one
initially hydrophobic (PVDF) and two initially hydrophilic (PES, Nylon).
In the literature, the PES membrane has been rendered super-
hydrophobic before only by our collaborators from Max Planck in a
previous publication [25] by a different wet technology involving
nanofilament growth. We therefore show that plasma nanotexturing and
plasma hydrophobization, which are both dry technologies, can improve
dramatically the properties of existing hydrophobic membranes such as
PVDF, and can convert to superhydrophobic and oleophobic widely used
commercial membranes such as PES and Nylon, thus paving the way for
their use with low surface tension waste streams. Moreover, rendering of
PES and Nylon membranes as superhydrophobic and oleophobic, com-
bined with the rendering of CA (Cellulose Acetate) membranes super-
hydrophobic in our previous work [1] allows us to claim that with our
technology one can in the future avoid the use of fluorinated membranes
altogether thus contributing to the Teflon-like and PFAS membrane use
reduction. We then evaluate these membranes via DCMD and present
robust performance and enhanced water desalination processes even
using membranes that were initially unusable for MD. After the MD
experiments the originally hydrophobic membrane showcased a 13%
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increased DCMD flux while their hydrophilic counterparts were also
successfully used for the same experiments with a high salt rejection of
99.99% in each case.

2. Experimental
2.1. Membrane materials

In the present work three different types of 142 mm diameter flat
sheet membranes with average thickness of 150-200 pm were pur-
chased from Dorsan Filtration [26] (see also Fig. S1 Supplementary
Material). The first type of membrane used was a hydrophobic poly-
vinylidene fluoride (PVDF) membrane with an average pore size of 0.45
pm and an average thickness of 140-250 pm. The structure of these
membranes consists of a thick support layer of fibers between two thin
layers of porous PVDF polymer and possesses a unique combination of
properties such as chemical resistance, high strength and excellent
thermal stability. The second type of membranes was the hydrophilic
nylon (NY) membranes made on a spunbond polyester support for me-
chanical resistance [26] with an average pore size of 1.2 pm and an
average thickness of 150 pm. Its structure is similar to that of PVDF in
that it has a sandwich-like form with a support layer consisting of nylon
microfibers between two thin, porous, sponge-like layers of nylon.
Finally, the third type of membrane used was also a hydrophilic mem-
brane made from pure polymer polyethersulfone (PES) [26] (see also
Fig. S2 Supplementary Material) with an average pore size of 1.2 pm and
an average thickness of 150 pm. The structure of the membrane is
different from the other two consisting of a web-like porous mesh
throughout its length and thickness and is characterized by its durability
and low protein binding according to the manufacturer.

2.2. Plasma treatment of membranes

The plasma reactor that was used in this work was a DRIE (Deep
reactive ion etching) inductively coupled plasma (ICP) reactor built at
the Institute of Nanoscience and Nanotechnology [27] equipped with a
double helical source (at 13.56 MHz). All membranes were treated in-
side this reactor (see also Fig. S3 Supplementary Material). The plasma
process comprises two steps: a) first the plasma nanotexturing step using
O, plasma during which a thin surface layer (of a few pm in thickness) of
the membrane is etched away (removed), while simultaneously the
membrane is roughened in the micro and nano scale (micro-nano-
texturing) due to simultaneous co-sputtering of a quartz electrode in this
particular reactor (see also discussion when the membrane morphology
is discussed), b) the hydrophobization step with plasma deposition of a
thin fluorocarbon film using C4Fg (a fluorocarbon) plasma. The
approximate thickness of the fluorocarbon (~50-100 nm, see Table 1) is
measured before treatment using a flat silicon wafer and measuring the
thickness using ellipsometry. The plasma processing conditions are
shown in Table 1.

Table 1
Conditions for O, plasma nanotexturing and C4Fg deposition in the plasma
reactor.

Gas type (2% C4Fg

Plasma process type Etching Deposition

Gas Flow 100 scecm 17.2 sccm

Process Pressure 6 mTorr 26 mTorr

Source power 300 W 500 W

Bias electrode power 300 W ow

Bias electrode voltage 200V 0

Electrode temperature 15°C 15°C

Operating frequency 13.56 MHz 13.56 MHz
PVDF - 3 min

Optimal operation time PES - 2 min PVDF - 1:30 min (~50 nm)

. PES and NY - 3 min (~100 nm)

NY - 1 min
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2.3. Membrane characterization

2.3.1. Morphological characterization

For the characterization of the morphology/topography of the sur-
faces treated with plasma, a JEOL JSM-7401F FEG scanning electron
microscope (SEM) was used with beam voltage of 2.5 kV and a beam
current of 2-10 pA after coating with a conductive platinum coating of
typical thickness of 5-6 nm on a flat substrate.

2.3.2. Static contact angle SCA, contact angle hysteresis CAH, and surface
tension

The Kruss DSA 100 Contact Angle Measurement System was used to
measure the contact angles of surfaces with static 5.0 pL water droplets.
For this measurement of contact angle hysteresis, a drop of a specific
volume (2.0 pL) is initially deposited, which is increased by subsequent
infusion of liquid (2.0 pL/s), thus measuring the advancing angle, while
subsequent liquid suction allows the receding contact angle measure-
ment to be extracted. Subtracting these two angles leads to the hysteresis
angle. Furthermore, isopropanol-in-water mixtures with surface ten-
sions from 72 mN/m (surface tension of water) to as low as 30 mN/m at
RT (~25 °C) were prepared in order to simulate oils or low surface
tension aqueous solutions in general. Using the same device, the WSCA
was measured to evaluate the wetting properties of the membranes with
lower surface tension liquids.

2.3.3. Liquid Entry Pressure

The Liquid Entry Pressure (LEP) of a porous hydrophobic membrane
is the minimum pressure that must be applied to a dry membrane to
allow liquid to penetrate through the largest pore of the membrane [28].
LEP is a preliminary indication of the level of wetting that a membrane
exhibits against various liquid solutions. In its simplest theoretical form
based on the Young-Laplace equation the LEP is defined as follows:

_Peyecosd

LEP = (@)

T'max

where § is a coefficient of pore geometry (with § = 1 for cylindrical pores
and 0 < B < 1 for non-cylindrical pores), y is the surface tension of the
liquid, 0 is the contact angle measured on the liquid side, and rp,y is the
maximum pore size of the membrane [29].

2.3.4. Porosity

Porosity is defined as the ratio of the volume of the space occupied by
air within the material to the total volume of the material. One way to
measure the porosity of a membrane is by relative weight measurement
before and after immersion in isopropanol, then the porosity € can be
calculated according to the formula:

Wiso+pol ~Wpol

e=__ P @)

Wiso-+pol ~Wpol Wpol
Piso Ppol
Where, wp,] is the weight of the membrane, wis,1 01 is the weight of
the membrane immersed in isopropanol, pjs, is the density of the iso-
propanol and pp is the density of the polymer of the membrane material
[28].

2.3.5. Tortuosity

The deviation of the pore structure from the ideal linear, cylindrical
shape is called tortuosity. Porosity value of 1, corresponds to a mem-
brane with perfectly cylindrical pores [30]. Tortuosity can be calculated
empirically from the following equations [31,32] which are the most
accurate for calculating tortuosity [1,33,34] depending on the porosity
of the membrane [34]:

2
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2.4. Direct contact membrane distillation (DCMD) setup

A lab-scale setup for direct contact membrane distillation (DCMD)
was used to evaluate the performance of plasma-treated membranes.
The DCMD setup has been described in [18,35]. The flow of pure water
condensed in the permeate side of the membrane is measured with a
high-precision electronic mass flow meter, while the salinity of both
flows is determined with two conductivity meters [28]. The operating
conditions are listed in Table 2. The distillation flux during the DCMD
process is calculated experimentally from the following equation [36]:

Permeate flowrate
Flux=——i—————
Membrane Area

)

And it is measured in liters per square meter per hour (or LMH).
Using the conductivity of the permeate and feed water the salt
rejection can be easily calculated from the Eq. [1]:

Permeate conductivity
Feed water conductivity

Salt Rejection = (1 - ) ¢ 100% 6)

Both the commercial and plasma-treated membranes were tested
using this DCMD setup. This setup provided a continuous test for at least
2 h.

3. Experimental process and results
3.1. Membrane wetting properties before and after plasma treatment

The three membranes used were first measured for their contact
angles in their pristine state and then again after the plasma treatment,
as shown in Table 3 below. Notice that the PVDF membranes are initially
hydrophobic but not superhydrophobic since the CA is below 150° and
the hysteresis angle is above 10°. On the other hand, the PES and NY
membranes were superhydrophilic, meaning their CA was below 10°.
Different times for the nanotexturing step in Oy plasma and the hydro-
phobization step via plasma deposition in C4Fg plasma were tested while
evaluating the membranes after treatment regarding their super-
hydrophobicity. The criteria for successful processing were: a) contact
angle >150° and hysteresis angle <10°, b) LEP value >1 bar; we posed
this strict requirement to make sure the membranes would not wet when
subjected to equivalent pressure drop of flowing saline water stream, c)
that the top layer of the membrane is not completely etched in the ox-
ygen plasma during the nanotexturing step, i.e. it is not exposing the
support of the membrane (in the cases of PVDF and NY membranes
which have such a top layer as mentioned in 2.1, see also Fig. S4a and
S4b Supplementary Material). The results of these tests can be seen in
Table S5 in Supplementary Material.

The plasma treatment of the membranes causes a widening of the
surface pores and a thinning of the membrane resulting in a decrease of
the LEP value. Therefore, even though the measured LEP of the un-
treated PVDF was 1.20 + 0.05 bar, the treated membrane exhibited a

Table 2

Operating parameters for the DCMD experiment.
Variables Values
Feed inlet temperature 80 °C
Feed flow rate ~105 mL/min
Permeate inlet temperature 15°C
Permeate side flow rate ~95 mL /min
Effective membrane area 21.02 cm?
NaCl concentration 35g/L
Feed conductivity @ 22 °C ~50 mS/cm
Transmembrane pressure <50 mbar

Test duration 2h
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Table 3
Wetting properties of membranes before and after treatment.

Membrane (mean
pore size)

Wetting Properties before
treatment SCA/CAH

Wetting Properties after
treatment SCA/CAH

168° £ 0.9° / < 5°
164° £1.3° /< 5°
164° £ 1.1° / < 5°

PVDF (0.45 pm) 142° + 4° / >15°
PES (1.20 pm) 0°
NY (1.20 pm) 0°

lower LEP of around 1.09 + 0.02 bar. The PES membranes having
already bigger pores than the PVDF membrane were treated for a lower
etching time. A nanotexturing time of two minutes for the PES and one
minute for the NY were deemed optimal since their LEP values were
above 1 bar and after the deposition treatment both were rendered
superhydrophobic.

Wetting of the membranes was tested for various surface tension
liquids. Solutions of DI water and isopropanol were prepared with
various percentages including 0%, 4%, 6%, 14% and 27% v/v of iso-
propanol corresponding to surface tensions of 72, 60, 50, 40 and 30 mN/
m respectively (see also Fig. S6 Supplementary Material). The results of
those measurements are seen in Fig. 1. The membranes may resist
wetting for solutions with surface tension at least 40mN/m, thus
showing superhydrophobic, superoleophobic properties down to 40mN/
m, and oleophobic properties down to 30mN/m.

The above results show the potential of plasma treated membranes to
be used in desalination or wastewater treatment/purification where
there are surfactants, oils, acids, or bases, or biofoulants that would
reduce the surface tension and in addition shows the superiority of our
membranes compared to the pristine hydrophobic membrane.

3.2. Morphological characterization of membranes

The surface morphology of the membranes after etching at the
optimal processing conditions was observed for various magnifications
and angles with a scanning electron microscope (SEM) and is shown in
Figs. 2, 3, 4 below for each membrane type. We note that the hydro-
phobization step by deposition does not change the topography as only a
few tens of nm of fluorocarbon polymer is deposited (~50 for the PVDF
membrane and ~ 100 nm for the PES and NY membranes).

The mechanism of topography alteration during the nanotexturing
step has been discussed in our previous works [13,37,38], but here a
quartz cover plate of the electrode is used rather than a metallic or

--=-- PVDF 0.45 treated
--+--PES 12 treated
---4--NY 1.2 treated
180 --4--- PVDF 0.45 untreated 40
1704 135
160 >
N 130 v
o 150 ; 4
= i [}
2 140 *3
2 f
. 130 } 1® 2
S . o
£ 1204 <
é ¢ {15 <
1104 7 S
100 1 ¥ ©8
i O
90 i 3 1°
o] FITEETETR 3
T T T T T T T T i .
75 70 65 60 55 50 45 40 35 30 25

Surface Tension (mN/m)

Fig. 1. Results of the CA and hysteresis measurements with different surface
tension liquids for the plasma treated membranes.
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alumina electrode cover plate. Briefly, ions, accelerated by the plasma-
surface potential-difference impinge on both the target and the mem-
brane perpendicular to their surface. They sputter the quartz cover plate
(hence the cover plate can be thought of as a target) and etch the
membrane. During etching, the sputtered quartz inhibitors arrive on the
membrane surface simultaneously with etching radicals and ions (e.g., O
radicals, O2+ ions), and block locally the membrane etching. Thus, a
local inhibitor nanomask results in a columnar nanostructure formation
as the area around the nanomask is etched faster by the oxygen plasma, a
process which we have termed “nanoinhibit” process [39] and resembles
the “nanograss” formation observed during etching in microelectronics.
After the etching step with Oy, by switching the gas to octa-
fluorocyclobutane (C4Fg) we alter the surface chemistry by deposition of
a thin hydrophobic layer (~50-100 nm) [40] which grants super-
hydrophobicity to our membranes. A schematic of the mechanism of
nanotexture formation is shown in Fig. 5 [39,41]. The same process has
been used for roughness creation in various polymeric materials in other
plasma reactors, and it is extremely reproducible [1,37,42].

3.3. Direct contact membrane distillation performance

The membranes that were evaluated and deemed optimal using the
two-step treatment involving the deposition with C4Fg, described in
paragraph 3.1, were used in a DCMD setup for desalination (see also
Fig. S7a and S7b Supplementary Material) of sea-like water against a 35
g/L NaCl aqueous solution. The temperature of the feedwater was fixed
at 80° C while the permeate flow was fixed at 15° C.

The plasma treated PVDF membrane exhibit a higher flux (19.4
LMH) in comparison to their untreated counterpart (17.2 LMH) by an
average enhancement of 13%. The two initially superhydrophilic PES
and NY membranes which were unusable in DCMD processes, presented
a stable performance after the plasma treatment with no wetting issues
observed during desalination and exhibited a 17.9 LMH and 10.5 LMH
flux, respectively (Fig. 6).

All membranes demonstrated an excellent salt rejection rate >
99.99% with no signs of a decline in terms of performance throughout
the whole DCMD process. Additionally, they maintained their super-
hydrophobic properties when re-evaluated after the desalination tests
demonstrating the durability of the proposed method.

3.4. Other membrane properties

The effect that the plasma treatment has on the porosity and the
tortuosity of the membranes was tested and the results are reported in
Table 4 using Egs. (2)-(4). The values of the untreated and treated
membranes are not very different, highlighting that plasma processing is
a surface process, and the thinning of the membrane is reflected in the
slightly increased porosity and slightly reduced tortuosity. Thus, apart
from the surface topography and surface energy change the other main
effect is the thinning of the membrane due to plasma etching.

3.5. Results and discussion

After a series of tests under different plasma treatment conditions, all
three membranes were successfully rendered superhydrophobic /
superoleophobic / oleophobic, regardless of their initial wetting state.
This was confirmed using solutions with lower surface tension than
water and they maintained superhydrophobic/ superoleophobic for so-
lutions with surface tension as low as 40 mN/m, and oleophobic for
solutions down to 30mN/m. Morphological observations through SEM
images revealed roughness induced by the O etching step, and notably,
no complete etching/removal of the top layer was detected for the PVDF
and NY membranes, but only thinning of the membrane. Additionally,
LEP evaluation tests indicated that all membranes remained above the
critical 1 bar threshold, confirming that the plasma etching did not
remove the top layer and did not expose the support material of the
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Fig. 2. SEM images of the PVDF membrane morphology A) Untreated top down (x5000 magnification), B) Untreated at 45° angle (x2000 magnification), C) After
treatment for 3:00 min with O, top down (x5000 magnification) and D) After treatment for 3:00 min with O, at 45° angle (x2000 magnification).

PVDF and NY membranes.

The MD experimental results demonstrated a 13% improvement in
permeate flux for the PVDF membrane over a 2-h operation, with a salt
rejection rate > 99.99%. This improvement is consistent with previous
studies [1] under similar plasma treatment conditions, which reported
flux increases of 10-15%. As shown in our previous work [1,24],
membranes exhibit more stable performance during MD following our
treatment. Therefore, we anticipate that the PVDF membrane would
show even greater performance improvements over longer durations, as
the present study we did not encounter significant scaling or fouling due
to the short operation time.

In an attempt to theoretically explain the increase in flux after our
treatment we connect variations in thickness, porosity and tortuosity
(see Table 4) using Eq. (7) in the transition region, where r is the pore
radius, D the diffusion coefficient and & the membrane thickness,
[33,34].

€

Flux ~ —— ¢ f(T.P.D,r) @)

T

where, function f varies little with plasma processing being related to
membrane average properties). The detailed form of the equation and
results are shown in Supplementary Material (section S8). Eq. (7) shows
that while plasma treatment primarily modifies the surface, even min-
imal thinning of the membrane can contribute to increased flux [32,34].
As seen in the S8 section in Supplementary Material, we did a compar-
ison between the PVDF untreated and treated theoretical flux and saw
that the expected flux increase with our conditions would be approxi-
mately 15-20% [33,43-46]. Not being able to accurately measure
thickness from cross sectional SEM we consider the theoretical predic-
tion very close to the experimental 13% improved flux value.

For the initially superhydrophilic PES and NY membranes, the
plasma treatment successfully rendered them superhydrophobic,
enabling their use in MD with fluxes of 17.9 LMH and 10.5 LMH,
respectively. We could not extract a theoretical value for PES and NY
membrane flux as their untreated versions are hydrophilic. However, we
may comment why the PES flux is not higher compared to PVDF despite
its higher porosity, smaller tortuosity and higher pore diameter. We
hypothesize that the thicker fluorocarbon film deposition (~100 nm
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Fig. 3. SEM images of the PES membrane morphology A) Untreated top down (x5000 magnification), B) Untreated at 45° angle (x2000 magnification), C) After
treatment for 2:00 min with O, top down (x5000 magnification) and D) After treatment for 2:00 min with O, at 45° angle (x2000 magnification).

versus ~50 nm for PVDF) narrows significantly the surface pores (as
done also in classical PECVD in trenches) thus reducing the vapor flux.
For Nylon this phenomenon is also enhanced by the higher values of
tortuosity.

Combining these MD results of PES and NY with the MD results from
hydrophilic CA (Cellulose Acetate membranes) from our previous work
[1] allows us to claim that our technology may provide a replacement of
all fluorinated membranes in the near future, contributing to PFAS free /
Teflon-free membranes for membrane technologies. One may of course
claim that our membranes are not totally PFAS free as we are depositing
a fluorocarbon film to change the surface energy. However, the film is
very thin (on the order of 100 nm) while the membranes are typically
much (1000x) thicker (at least 100 pm). Nevertheless, we are working
with other plasma chemistry to substitute even the thin fluorocarbon
film for the hydrophobization process, and we plan to demonstrate the
results in a future publication to showcase completely PFAS free mem-
brane membranes and membrane processing.

4. Conclusions

In the context of this work, three commercial membranes, PVDF
(initially hydrophobic), PES and NY (both initially hydrophilic) were
processed using completely dry, plasma technology (plasma nano-
texturing followed by plasma hydrophobization). The surface treatment
of the membranes aimed at their superhydrophobicity to optimize their
properties during a desalination process with a DCMD setup. The three
membranes, regardless of their initial wetting properties, were suc-
cessfully rendered not only superhydrophobic, but also superoleophobic
with contact angles >150° and low hysteresis angles <10° for liquids
having a surface tension down to 40mN/m, while they remained oleo-
phobic down to 30mN/m. This property may allow their use with low
surface tension waste streams and not only saline water.

After fully evaluating the membranes regarding their super-
hydrophobic properties and morphology, a membrane desalination
experiment followed using a DCMD setup. This test showed that in the
case of the initially hydrophobic PVDF membrane there was a 13%
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Fig. 4. SEM images of the NY membrane morphology A) Untreated top down (x5000 magnification), B) Untreated at 45° angle (x2000 magnification), C) After
treatment for 1:00 min with O, top down (x5000 magnification) and D) After treatment for 1:00 min with O, at 45° angle (x2000 magnification).
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Fig. 5. Schematic illustration of plasma nanotexturing process with O, using a quartz target plate.
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Fig. 6. DCMD experiment results showing the flux increase of the treated PVDF
membranes and the successful use for desalination of the initially super-
hydrophilic PES and NY membranes.

Table 4
Porosity and tortuosity alterations caused by plasma treatment.

Membrane - Pore size Porosity € (%) Tortuosity ©

Untreated PVDF 0.45 pm 66.5 + 0.8 1.50 + 0.07
Treated PVDF 0.45 pm
.6 £ 0. 1.50 + 0.
3 min O3 + 1:30 min C4Fg 66.6 0.3 50 £0.06
Untreated PES 1.20 pm 83.9 £ 0.2 1.19 + 0.04
Treated PES 1.20 pm
.3+0.2 1.16 + 0.
2 min Oy + 3:00 min C4Fg 86.3+0 6+004
Untreated NY 1.20 pm 58.0 £ 1.5 3.47 £0.11
Treated NY 1.20 pm 62.9 £ 1.0 2.99 £ 0.10

1 min O3 + 3:00 min C4Fg

increase in permeability flow from 17.2 LMH to 19.4 LMH. At the same
time, the originally superhydrophilic PES and NY membranes, which
due to their hydrophilic nature were unusable in desalination experi-
ments before treatment, provided a stable desalination performance for
at least 2 h and permeability flows of 17.9 LMH for PES and 10.5 LMH
for NY. We thus demonstrated PFAS free membranes for MD by tran-
sitioning from fluorinated membranes such as PTFE and PVDF to
membranes like PES and NY.
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