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ABSTRACT: In this work, we fabricate an omniphobic
microporous membrane for membrane distillation (MD) by
modifying a hydrophilic glass fiber membrane with silica
nanoparticles followed by surface fluorination and polymer
coating. The modified glass fiber membrane exhibits an anti-
wetting property not only against water but also against low
surface tension organic solvents that easily wet a hydrophobic
polytetrafluoroethylene (PTFE) membrane that is commonly
used in MD applications. By comparing the performance of
the PTFE and omniphobic membranes in direct contact MD
experiments in the presence of a surfactant (sodium dodecyl
sulfate, SDS), we show that SDS wets the hydrophobic PTFE
membrane but not the omniphobic membrane. Our results
suggest that omniphobic membranes are critical for MD applications with feed waters containing surface active species, such as
oil and gas produced water, to prevent membrane pore wetting.
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B INTRODUCTION

high-pressure components that are not readily adaptable for

Membrane distillation (MD) is a thermal separation process
using a microporous hydrophobic membrane.' > MD can
operate at relatively low temperatures and is thus able to tap
into the vast amount of low-grade waste heat.*”® MD is also
advantageous over pressure-driven membrane processes, such
as reverse osmosis (RO) or nanofiltration, as its low operating
pressure reduces the capital cost due to the absence of
expensive components, such as high pressure pumps and
vessels, as well as pressure exchangers. Recently, MD has been
proposed as a low-temperature thermal separation component
for hybrid membrane processes coupled with forward osmosis
for simultaneous wastewater reuse and mineral recovery”® and
with pressure retarded osmosis for harvesting low-grade waste
heat.’”

Although MD, as any thermal separation process, is
inherently less energy efficient than RO,'®'" there exist
scenarios in which MD may be preferred. For example, if an
abundant amount of waste heat or solar thermal energy is
readily available, MD can be employed to utilize such low-grade
heat to considerably reduce the energy cost and carbon
footprint for desalination compared to RO powered by
conventional energy sources.”””** MD can also be used to
desalinate high salinity brines, such as shale gas wastewater, as

small-scale systems.

In MD desalination, a hydrophobic membrane is employed
to create a vapor gap that separates a salty feed solution and the
desalted permeate solution.' It is critically important that the
membrane pores are not wetted by the feed solution as liquid
flooding of the pores destroys the vapor gap and undermines
the function of the membrane as a selective barrier for salt
passage.”'”'® Preventing pore wetting is particularly challeng-
ing in desalinating shale gas wastewater or other feed waters
with high levels of surfactants or low surface tension
contaminants,'”*® which may significantly reduce the pore
liquid entry pressure. To overcome this problem, it is
imperative to develop a novel MD membrane that resists
wetting by not only water but also other low surface tension
substances. Toward this goal, novel MD membranes such as
composite hydrophilic—hydrophobic membranes®' and super-
hydrophobic membranes”* have been developed to mitigate
wetting.

Recent advances in understanding natural surfaces with
special wettability have driven the development of artificial
surfaces with similar wetting properties using biomimetic
approaches.”> >® A representative example is an omniphobic
surface that repels both water (i.e, hydrophobic) and low
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surface tension liquids such as oil (i.e., oleophobic).** > The
omniphobicity is realized by creating surfaces with low surface
tension and microscopic reentrant structures that together
facilitate the existence of the metastable Cassie—Baxter state for
the liquid—solid—vapor interfaces.*”**** A variety of methods
have been employed to create or modify surfaces of numerous
substrate materials to impart surface omniphobicity.*® 3>~
We propose that an omniphobic microporous membrane can
serve as an MD membrane with excellent wetting resistance.
However, to date, no omniphobic microporous membrane has
been developed for MD applications.

In this study, we fabricate an omniphobic membrane for MD
by coating a hydrophilic glass fiber membrane with silica
nanoparticles, followed by subsequent surface fluorination and
polymer coating. The fabricated omniphobic membrane is then
compared to a hydrophobic commercial PTFE membrane for
their anti-wetting properties against liquids of a wide range of
surface tensions. Direct contact membrane distillation
(DCMD) experiments are also conducted using both the
omniphobic and PTFE membranes to compare their anti-
wetting performances in the presence of a commonly used
surfactant, sodium dodecyl sulfate (SDS).

B MATERIALS AND METHODS

Modification of Glass Fiber Membrane. The membrane
substrate is a microporous glass fiber (GF) membrane with a
nominal pore size of 0.7 ym and an average thickness of 420
um (GF/F, GE Healthcare, NJ). The GF membrane is highly
hydrophilic and can be easily wetted by water. We have selected
the GF membrane as the substrate as it allows surface
modifications using well-established silane chemistry.

A five-step method was used to modify the hydrophilic GF
membrane to become omniphobic (Figure S1, Supporting
Information). First, the negatively charged borosilicate GF was
treated with 3-aminopropyl-triethoxysilane (APTES) in tol-
uene. The APTES covalently binds to the GF via hydrolysis to
render the fibers positively charged at near neutral pH.” The
APTES-coated GF membrane is then immersed in an aqueous
suspension of silica nanoparticles (SiNPs) prepared using the
Stober method (details in Supporting Information).** The
negatively charged SiNPs adsorb onto the positively charged
APTES-coated GF membrane via electrostatic interaction. To
strengthen the binding between the SiNPs and glass fibers, the
SiNP-coated GF membrane was briefly treated with a toluene
solution of silicon tetrachloride (SiCl,). The SiCl, hydrolyzes
even in the presence of a trace amount of water, fusing the
contact regions between the SiNPs and GF and between the
SiNPs themselves.>

After attaching the SiNPs to the glass fibers, the modified GF
membrane was treated by fluorinated alkyl silane (FAS)
dissolved in hexane.*® The FAS reacts with the silica surface
via a hydrolysis reaction, resulting in a fluorinated GF
membrane of significantly reduced surface tension compared
to that of a GF membrane before fluorination. The fluorinated
GF membrane was then briefly immersed in a solution of
poly(vinylidene fluoride-co-hexafluoropropylene) and FAS
dissolved in dimethylformamide (DME).*® Finally, the
modified membrane was subjected to heat treatment at
130 °C for 1 h. More details on the surface modification
procedure can be found in the Supporting Information.

Membrane Characterization. We compared the wetting
properties of our fabricated omniphobic membrane and a
commercial PTFE membrane. The PTFE membrane, with a
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nonwoven polyester support layer, has a nominal pore size of
0.45 pm and an average thickness between 198 and 269 pym
(PTF045-LHOP, Pall Corporation, NY). We measured the
contact angles for these membranes with pure liquids with a
wide range of surface tensions, including water (y = 72.8 mN/
m), mineral oil (y &% 30 mN/m), decane (y = 23.8 mN/m), and
ethanol (y = 22.1 mN/m). Due to the dynamic behavior of the
sessile drops for certain tested liquids, the initial contact angles
as well as the time for the contact angles to become less than
10° were recorded.

Membrane Performance Testing. We conducted com-
parative DCMD experiments for the commercial PTFE
membrane and the fabricated omniphobic membrane. The
DCMD experiments were performed on a small membrane
coupon (6 cm X 2 cm) in a cross-flow lab-scale test unit
(details in Supporting Information). We have used 1.0 M NaCl
as the feed solution and deionized water as the permeate (or
distillate) solution with temperatures of 60 and 20 °C,
respectively. During the course of the 9 h long DCMD
experiments, sodium dodecyl sulfate (SDS) was added to the
feed solution to progressively reduce the surface tension of the
teed solution. The SDS concentrations of the feed solution after
sequential additions were 0.1, 0.2, 0.3, and 0.4 mM. The
increase in the weight of the permeate solution was monitored
to calculate the water (vapor) flux, Ji, across the membrane.
The electrical conductivity of the permeate solution was
measured to assess the NaCl concentration in the permeate
solution from which the salt flux, J, and salt rejection, R, were
calculated.

To facilitate the detection of membrane pore wetting, we
applied a higher cross-flow rate in the feed solution (0.4 L/min,
or a crossflow velocity of 8.5 cm/s) than in the permeate
solution (0.2 L/min, or a crossflow velocity of 4.3 cm/s) to
generate a higher hydraulic pressure for the feed.”* The
pressure difference across the membrane was confirmed by
visual observation of the membrane being pressed against the
permeate spacer in a transparent test cell With such an
experimental setup, if some membrane pores are wetted, the
transmembrane pressure difference would drive the feed
solution through the wetted portions of the membrane, as in
microfiltration, leading to significantly increased water flux and
reduced salt rejection.

B RESULTS AND DISCUSSION

Morphology and Wetting Properties of the Omni-
phobic Membrane. The omniphobic membrane has a
radically different surface morphology compared to the pristine
GF membrane due to presence of the SiNPs (Figure 1). It is
evident from the SEM image that SiNPs not only coat the
surface of the glass fibers but also form aggregates that cover
some of the membrane pores. These SiNPs aggregates create a
multi-scale reentrant structure that sustains a metastable
Cassie—Baxter thermodynamic state, in which the liquid is
supported by a composite interface consisting of both the solid
surface and the vapor/air entrapped between the solid
structures.’® Because air itself is strongly omniphobic, the
composite surface exhibits a significantly improved anti-wetting
property as illustrated by the comparison of the contact angles
between the fabricated omniphobic membrane and the
hydrophobic PTFE membrane.

The omniphobic and PTFE membranes have similar high
sessile drop contact angles with water. However, whereas
mineral oil, ethanol, and decane all wetted the PTFE
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Figure 1. SEM images featuring the local morphology of (A) a GF
membrane and (B) an omniphobic membrane after the five-step
modification procedure. The inset image in B shows the morphology
of a large piece of the omniphobic membrane.
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Figure 2. Comparison of contact angles between the omniphobic
membrane and the hydrophobic PTFE membrane with liquids of
different surface tensions (indicated in green below the liquids).
Photographs of the wetting behavior for both membranes are also
given underneath the bar chart. The darker area on the PTFE
membrane represents portions of the membrane that are wicked. No
stable contact angle was measurable for the PTFE membrane with
mineral oil, ethanol, and decane, as the liquids wick the PTFE
membrane either instantly or in a relatively short time (time scale is
given in the bar chart). The contact angles for the omniphobic
membrane with ethanol and decane also decrease slowly with time due
to fast liquid evaporation and contact angle hysteresis. No wicking was
observed for the omniphobic membrane with any tested liquid. The
error bars represent standard deviations of 12 contact angles from 6
measurements (each measurement includes both left and right contact
angles).

membrane, they did not wet the omniphobic membrane
(Figure 2). The wetting of the PTFE membrane with mineral
oil and ethanol is dynamic; the liquids initially beaded up upon
contact with the membrane as drops with measurable contact
angles but then penetrated into the porous membrane and
propagated along the membrane surface with observable
wetting fronts as shown in the photographs at the bottom of
Figure 2. With decane, on the other hand, instant complete
wicking of the PTFE membrane was observed with no
measurable positive contact angle.

In contrast, the omniphobic membrane was not wetted by
any of the tested liquids. Although the initial contact angles for
the omniphobic membrane with ethanol and decane were
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below 90° and decreased with time due to fast evaporation, no
wicking was observed. The liquid—air—solid triple-phase
boundary remained unaltered, and the opposite side of the
membrane remained dry, indicating that the fabricated
omniphobic membrane is anti-wetting, even against low surface
tension liquids (i.e., oleophobic).

Membrane Performance in DCMD. The fabricated
omniphobic membrane and hydrophobic PTFE membrane
were tested in DCMD experiments in which SDS was
introduced into the feed solution with progressively increasing
concentrations. With the hydrophobic PTFE membrane, the
wetting phenomenon was obvious as indicated by the
drastically increased water flux and reduced salt rejection
(open blue and red circles, respectively, in Figure 3). Even at
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Figure 3. Water flux and salt rejection for our fabricated omniphobic
membrane and commercial PTFE membrane at different SDS
concentrations as observed in the DCMD runs. The water fluxes are
normalized by the initial vapor fluxes. The green dashed lines
represent the addition of SDS with the SDS concentrations in the feed
solution after the each addition indicated at the top. The crossflow
velocities in the DCMD test cell channel were 8.5 and 4.3 cm/s in the
feed (hot) and permeate (cold) stream channels, respectively.
Temperatures of the feed and permeate streams were 60 and 20 °C,
respectively. The initial water vapor fluxes (J,) for the PTFE
membrane and omniphobic membrane were 32.6 + 1.5 and 15.8 +
2.7 Lm®™ h™, respectively. The difference arises primarily because the
omniphobic membrane is almost twice as thick as the PTFE
membrane.

the lowest SDS concentration tested (0.1 mM), the water flux
of the PTFE membrane has already started to increase due to
pore wetting. Wetting became progressively more severe as the
SDS concentration of the feed solution increased, with water
flux increasing more than five folds and salt rejection dropping
to 40% at 0.4 mM SDS.

If the PTFE membrane were fully wetted, the PTFE
membrane would have behaved as a microfiltration membrane
with no salt rejection. The partial wetting phenomenon can be
explained by the distribution of liquid entry pressures due to
heterogeneous pore size distributions.'” As the surface tension
was reduced due to increasing SDS concentration, some larger
pores became flooded by the SDS solution because their liquid
entry pressures were reduced to levels lower than the hydraulic
pressure in the feed channel. We note that our experimental
observation is only qualitatively meaningful, as wetting of the
PTFE membrane in real-world applications should depend not
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only on the SDS concentration but also the hydraulic pressure
in the feed channel.

In comparison, the performance of the omniphobic
membrane in DCMD was very robust, even in the presence
of surfactants. The addition of SDS had no observable effect on
the water vapor flux or salt rejection as shown by the solid
squares in Figure 3. The water flux was stable and identical to
the initial flux, and the salt rejection was always ~100%. The
anti-wetting property of the omniphobic membrane is
attributable to the reentrant surface structure formed by the
clustered SiNPs, which together with the low surface tension
due to surface fluorination and PVDF-HFP coating enables a
metastable Cassie—Baxter state for the local liquid—mem-
brane—vapor interface. For the feed solution to wick the
membrane pores, the system has to undergo a transition from
the Cassie—Baxter state, in which vapor/air is entrapped, to the
Wengzel state, in which the solid—liquid interface is maximized.
With a reentrant structure, such a transition has to overcome a
significant energy barrier, rendering the propagation of the
liquid—air interface within the membrane pores unfavorable.*®

Implications. We have demonstrated that our fabricated
omniphobic membrane can sustain robust DCMD operation
with feed solutions containing surfactants. Such feed solutions
readily wet a conventional hydrophobic (e.g, PTFE) micro-
porous membrane, resulting in failure of the membrane to act
as a barrier to salt. Although our experiments were conducted
in DCMD configuration with an SDS feed solution, similar
anti-wetting performance for the omniphobic membrane would
be expected for other MD configurations, such as air-gap MD,
vacuum MD, and sweeping gas MD, and with other low surface
tension contaminants.

As a low-capital cost membrane-based thermal separation
process that can utilize low-grade heat, MD, with conventional
hydrophobic but oleophilic membranes, is limited to treat only
relatively “clean” water sources with minimal surface active
agents. The omniphobic membrane developed in this study,
however, may open up vast opportunities for MD to extend its
application for direct desalination of wastewaters with low
surface tension contaminants, such as shale gas wastewater and
other industrial wastewaters, for beneficial water reuse and
resource recovery.

Despite the promising prospect of MD with an omniphobic
membrane, further studies are needed to explore other
fabrication techniques and optimize membrane performance.
It is also critical to test the omniphobic membrane with a broad
spectrum of surface active agents and with feed waters of more
complex organic compositions.

B ASSOCIATED CONTENT
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Details of the glass fiber membrane modification procedures
(including synthesis of the silica nanoparticles) and direct
contact membrane distillation experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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