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Abstract

Initiated chemical vapor deposition (iCVD) was used to coat two porous substrates (i.e., hydrophilic
cellulose acetate (CA) and hydrophobic polytetrafluoroethylene (PTFE)) with a crosslinked fluoropolymer
to improve membrane wetting resistance. The coated CA membrane was superhydrophobic and symmetric.
The coated PTFE membrane was hydrophobic and asymmetric, with smaller pore size and lower porosity
on the top surface than on the bottom surface. Membrane performance was tested in membrane distillation
experiments with (1) a high-salinity feed solution and (2) a surfactant-containing feed solution. In both
cases, the coated membranes had higher wetting resistance than the uncoated membranes. Notably,
wetting resistances were better predicted by LEP distributions than by minimum LEP values. When LEP
distributions were skewed towards high LEP values (i.e., when small pores with high LEP were greater in
number), significant (measurable) salt passage did not occur. For the high-salinity feed solution, the coated
PTFE membrane had greater wetting resistance than the coated CA membrane; thus, reduced surface
pore size/porosity (which may reduce intrapore scaling) was more effective than increased surface
hydrophobicity (which may reduce surface nucleation) in preventing scaling-induced wetting. Reduced pore
size/porosity was equally as effective as increased hydrophobicity in resisting surfactant-induced wetting.
However, reduced porosity can negatively impact water flux; this represents a permeability/wetting
resistance tradeoff in membrane distillation — especially for high-salinity applications. Membrane and/or
membrane coating properties must be optimized to overcome this permeability/wetting resistance tradeoff
and make MD viable for the treatment of challenging streams. Then, increasing hydrophobicity may not be
necessary to impart high wetting resistance to porous membranes. These results are important for future
membrane design, especially as manufacturers seek to replace perfluorinated materials with

environmentally friendly alternatives.
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1. Introduction and Background

Membrane distillation (MD) is a promising option for applications requiring treatment of high-salinity
wastewaters, high water recovery, or brine concentration."2? Unlike reverse osmosis, MD is only slightly
affected by feed water salinity because MD relies on a vapor pressure driving force;34 also, MD can achieve
high rejection of low-molecular-weight solutes that may pass through reverse osmosis membranes.5”
Unlike conventional thermal distillation, MD can easily integrate with low-grade waste heat and solar

thermal power;'-811 MD can also be more energy-efficient at small system capacities.!

Generally, microporous, hydrophobic, polymer membranes are used in MD; these are often composed of
polytetrafluoroethylene (PTFE), polyvinylidene fluoride, or polypropylene.'2 The vapor pressure difference
across the membrane drives water from a warmer, saline feed stream to evaporate at the membrane
surface and diffuse through the membrane pores.' In MD, permeability and water flux are known to increase
with increasing membrane porosity and to decrease with increasing membrane thickness.! Increasing
membrane pore size also increases permeability,’ although researchers have observed that water flux is

less sensitive to pore size than to porosity and thickness, especially at pore sizes less than 0.3 ym.3

When the membrane pores are unwetted, a vapor gap separates the feed and distillate streams and
prevents the passage of non-volatile solutes.”® However, pore wetting does occur and is frequently
associated with salt precipitation (scaling) on the membrane surface'® and/or the presence of surfactants
in the feed stream.'*15 Pore wetting and subsequent solute passage can be predicted by the wetting
resistance of a membrane. Increased wetting resistance is a key goal of many studies on new MD
membrane materials and/or coatings (e.g., Su et al.’®, Karanikola et al.'”, Wang and Lin'®, Boo et al.'?,

Servi and colleagues?°2', Warsinger et al.??).
1.1. Current understanding of membrane wetting

Wetting can occur partially through a membrane or fully, through its depth. In partial wetting, the feed
solution enters the pore and reduces the vapor gap thickness. This can lead to full wetting via liquid bridging
across the thin vapor gap.2® When the pore is fully wetted (i.e., there is no vapor gap), the feed and distillate

solutions can mix and solutes can pass through the membrane.'®

Expectations of wetting resistance are often based on membrane hydrophobicity, which is typically
characterized by surface contact angle (8) measurement. Generally, a membrane is expected not to wet if
it is hydrophobic (i.e., has low surface energy with 8 > 90°) and is expected to wet if it is hydrophilic (i.e.,
has high surface energy with 8 < 90°). The maximum achievable contact angle for static water on a smooth
surface (i.e., the maximum contact angle due to material surface energy alone) is 120°.2425 However,
contact angle measurements also depend on surface roughness;?6 on hydrophobic surfaces, increased
roughness increases the measured contact angle.?52” Low-energy surfaces that are rough can be
“superhydrophobic”, (i.e., have 6 = 150°). As polymeric membrane surfaces are generally rough,

superhydrophobic MD membranes are most often produced using low-surface-energy materials or coatings
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that reduce surface energy (e.g., Su et al.'8, Karanikola et al.’”, Servi and colleagues?®2!, Warsinger et al.?2
Sadeghi et al.?8, Munirasu et al.28, Wang et al.?% Li et al.?0, Liao et al.3!, Guo et al.32, Dong and
colleagues?®34, Hamzah and Leo?%, Zhu et al.3¢, Cong and Guo®, Meng and colleagues383°, Lu et al.4?,
Xiao and colleagues*'42); some of these coatings also increase surface roughness. A few researchers (e.g.,
Munirasu et al.2®, Wang et al.?®, Li et al.?%) have also produced superhydrophobic MD membranes

specifically via patterned surface microstructures on polymer membranes.

Membrane wetting resistance is also often quantified by liquid entry pressure (LEP), and it is assumed that
if the transmembrane pressure exceeds the LEP, the feed solution will flood the membrane pore(s). In the

MD literature, LEP is most frequently modeled by the Young-Laplace equation for a single pore:

_ —2Byy, cos(8)

LEP (1

where B is a pore geometry factor (equal to one for cylindrical pores), y;, is liquid-vapor surface tension of
the wetting phase, and r is pore radius. 8 has been defined as the surface contact angle,*? the surface
advancing contact angle,** the intrinsic contact angle (i.e., between the feed solution and a smooth sample

of membrane material),*® and the intrinsic advancing contact angle.?

For PTFE membranes, which typically consist of strands of polymer material (fibrils) connected at nodes, 2
Kim and Harriott*6 developed a model to describe wetting through a grid of fibrils of radius R that form pores
of radius r:

=2y, cos(f —a)

LEP = (2)

r 1+§(1—cosa)

where « is the angle formed by the meniscus of the wetting liquid penetrating the pore. According to the
Kim and Harriott model,*® wetting resistance depends on the surface pore size. It is assumed that large
surface pores connect to various internal pores without bottlenecks. For membranes characterized by
interconnected internal pore structures and relatively high (e.g., 50%) porosities, such as the PTFE and CA
membranes used in the current study, internal bottlenecks are unlikely.*® Guillen-Burrieza et al.*5 found
good agreement between experimental and theoretical results for the Kim-Harriott model using a range of
membranes, with R/r determined from atomic force microscopy (AFM) results and 6 as the intrinsic

advancing contact angle.

In previous studies, membrane LEP has typically been defined as a single value - the minimum LEP - which
represents wetting of the largest membrane pore. However, typical membranes are comprised of a range
of pore sizes and are characterized by a pore size distribution. During MD operation, wetting can only be
detected if sufficient solute passage occurs. It is likely that in real systems, wetting of multiple pores - rather
than the single largest pore - occurs before wetting is detected and becomes disruptive. Similarly, the
experimental LEP depends on the sensitivity of the measured response parameter. Previous researchers
have used various response parameters to detect wetting and LEP exceedance, such as continuous flow,3

an increase in distillate conductivity,2! and visual observation of a droplet*® or droplets.*¢ If distillate flowrate
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is used, for example, enough pores must be wetted for the flow to be detectable. Again, wetting of multiple

pores — rather than the single largest pore — may occur before wetting is detected.

In real systems, the theoretical minimum LEP (representing wetting of the single largest pore) may not be
of practical importance. Expressing LEP as a distribution, analogous to the pore size distribution, may
provide greater understanding and ability to consistently characterize wetting resistance. LEP distributions

have not previously been reported in the literature, to the best of our knowledge.
1.1.1. Scaling-induced wetting

Scaling hydrophilizes the membrane surface and reduces the LEP. Scaling occurs due to salt crystal
nucleation and growth. Nucleation will theoretically occur in any supersaturated system given sufficient
time.#” Nucleation occurs when the Gibbs free energy barrier to nucleation (AG*) is exceeded. Nucleation
is either primary or secondary (i.e., nucleation on existing crystals). Primary nucleation occurs either
homogeneously, in pure solution, or heterogeneously on a foreign surface (e.g., a membrane surface).*’
The resistance of the membrane to scaling is generally quantified by the Gibbs free energy barrier to

heterogeneous nucleation on the membrane surface (AG;;)."74748

Although surface scaling is often associated with wetting in MD,'®> some researchers suggest that surface
scaling alone does not lead to wetting but that internal scaling is required for pore wetting to occur.2349
Intrapore scaling causes the pores to have hydrophilic surfaces that may facilitate liquid penetration.2349
Intrapore scaling can begin with surface scaling, via secondary nucleation on existing crystals, or it can
occur directly via intrapore nucleation, which is when crystals nucleate in pores or on pore walls. Nucleation
occurs in the aqueous phase;*” therefore, intrapore nucleation can only occur when the pores are partially

wetted.

In previous studies, researchers have mainly focused on increasing the surface hydrophobicity of MD
membranes to reduce scaling and scaling-induced wetting'3 (e.g., Su et al.'8, Karanikola et al.'”, Meng and
colleagues®-3, Xiao and colleagues*'4?). It has been suggested that increasing the surface hydrophobicity
can prevent or delay scaling-induced wetting by increasing AG;;.'® This has also been observed
experimentally; in 2018, Karanikola et al.'” developed a superhydrophobic “slippery” membrane with high
AG;, and in 2019, Xiao et al.#' developed a superhydrophobic, micropillared slippery membrane. Under
scaling conditions, the superhydrophobic, “slippery” membranes outperformed commercial membranes,
but eventually wetted. Interestingly, by comparing between superhydrophobic and superhydrophobic,
“slippery” membranes, Xiao et al.*2 observed that that AG;, may be less important than feed solution
hydrodynamics, which were affected by the surface patterns on the slippery membrane, for controlling

scaling (and, therefore, scaling-induced wetting).

Also, in MD, it has been reported that membrane scaling is dominated by crystal deposition (e.g., deposition
of crystals formed by secondary nucleation on surfaces in solution, such as colloidal particles) rather than

heterogeneous nucleation on the membrane itself.2? In this case, scaling could occur regardless of AGj;.
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and the efficacy of superhydrophobic membranes would be limited. This is important for real systems with
more complex feed streams. In these cases, an alternative membrane modification strategy may be
necessary. Gryta?® found that scaling-induced wetting could be mitigated by a low-porosity surface layer,
which sterically restricted intrapore crystal growth. However, the low-surface-porosity membrane was not
compared to a superhydrophobic membrane. To the best of our knowledge, our current study represents
the first comparison of the efficacy of superhydrophobic and small-pore-size/low-porosity membranes to
prevent scaling-induced wetting in MD. We hypothesize that reduced surface pore size and/or porosity
(which may reduce intrapore scaling) can be as - or more - effective than increased surface hydrophobicity

(which may reduce surface nucleation) in preventing scaling-induced wetting.
1.1.2. Surfactant-induced wetting

When considering applications requiring treatment of challenging streams (e.g., desalination of produced
waters from oil and gas operations), the presence of surfactants in the feed solution is also a concern.'®
Surfactant molecules can adsorb to a hydrophobic membrane surface with the hydrophilic head outward,
which effectively hydrophilizes the surface.®05! Surfactants can also reduce the surface tension of the feed
solution, which reduces the LEP. If the LEP is sufficiently low at a pore entrance, partial wetting will occur.
After partial wetting occurs, surfactant molecules can readily adsorb to and hydrophilize the wetted portion
of the pore walls. As additional surfactant molecules are transported to the liquid-vapor interface, the local
surfactant concentration increases and the surface tension of the feed solution decreases further. This can

eventually lead to full wetting of the membrane.5"

Similar to scaling-induced wetting prevention, most previous researchers have focused on modifying
membrane surface hydrophobicity to prevent surfactant-induced wetting. Superhydrophobic membranes
and omniphobic membranes (i.e., hydrophobic membranes with re-entrant or concave pore openings that
provide further wetting resistance) have generally shown improved resistance to surfactant-induced wetting
during short-term operation (e.g., '81952). Superoleophobic (i.e., highly oil-repellant) membranes and
hydrophilic/oleophobic coatings on omniphobic substrates have also prevented surfactant-induced wetting
for up to 10 h (e.g., 535%). Amphiphobic membranes (i.e., membranes that are both hydrophobic and
oleophobic) have shown improved resistance to wetting by oil- and surfactant-containing feed solutions.5%
However, the ability of small-pore-size and/or low-porosity membranes to mitigate surfactant-induced
wetting has not been studied, to the best of our knowledge. We hypothesize that reducing surface pore size
and/or porosity may be as effective as increasing surface hydrophobicity to prevent surfactant-induced

wetting.
1.2. Membrane modification

Notably, previous studies have focused on improving wetting resistance by increasing surface
hydrophobicity, likely in an effort to maintain high water flux. Improving wetting resistance by reducing the

membrane pore size may reduce water flux — especially if reducing the pore size also reduces the porosity.



This represents a permeability/wetting resistance tradeoff in MD. The permeability/wetting resistance
tradeoff in MD is similar to the permeability/selectivity tradeoff in other membrane processes (e.g., reverse
osmosis).?®® However, in MD, solute selectivity is lost when pore wetting occurs: this represents a step
change in selectivity that is unlike the continuous decrease in selectivity with increasing permeability that
exists for processes like reverse osmosis. Another example of the permeability/wetting resistance tradeoff
in MD is operation at low flux when treating high-salinity feed solutions, which is done to reduce

concentration polarization and scaling that reduce membrane wetting resistance.215

Superhydrophobic membranes are most commonly fabricated by coating substrates with low-surface-
energy materials (e.g., Su et al.’®, Karanikola et al.'?, Servi and colleagues?%2', Warsinger et al.?2, Sadeghi
et al.?, Liao et al.3!, Guo et al.®2, Dong and colleagues?334, Hamzah and Leo3%5, Zhu et al.?¢, Cong and
Guo®, Meng and colleagues?®®3°, Lu et al.*%). However, many coatings previously considered to be “gold
standards” for imparting superhydrophobicity consist of long-chain, perfluorinated compounds (e.g.,
17.21,22,26,32-37) that have been listed as precursors to perfluorooctanoic acid (PFOA).5” PFOA is an
environmentally persistent, toxic compound of increasing regulatory concern.?! Although some
superhydrophobic membranes have been fabricated using fluorinated compounds not listed as PFOA
precursors,'6.2031.38-40 these membranes have not been challenged by scaling- and surfactant-induced
wetting conditions. To replace perfluorinated materials with suitable alternatives for membrane processes,
it is important to mechanistically understand how the imparted properties delay or prevent wetting as well

as identify properties that may be more desirable.

Initiated chemical vapor deposition (iCVD) is a vapor-phase process that can be used to produce a wide
range of polymer coatings on textured substrates. iCVD does not require organic solvents, which makes it
more environmentally friendly and simpler to operate2+58 than other methods to produce superhydrophobic
surfaces, which are mostly solvent-based.®® Recently, iCVD was shown to be viable for roll-to-roll
processing, making it an attractive option for large-scale functionalization of membranes.®° In iCVD, vapor-
phase monomer and initiator radicals diffuse to and adsorb on a cooled substrate from the top down;
polymerization occurs on the surfaces and pore walls of the cooled substrate.?0-2458 For porous substrates,
conformality (i.e., the evenness of coating thickness from the top to bottom of the substrate) is a key
parameter. Nonconformal films, for which coating thickness decreases with depth, are formed when initiator
radicals and/or monomer molecules are depleted at pore entrances.20%8 In iCVD, coating conformality
generally increases with decreasing fractional monomer saturation in the reactor,20-%¢ and non-conformality
generally increases with increasing aspect (length-to-diameter) ratio of the substrate pores.?? Coating
conformality can affect permeability. For coated membranes with the same surface pore size, permeability
increases as conformality decreases. However, increasing pore density has a greater effect on increasing
permeability than reducing conformality.? The effect of conformality on membrane wetting resistance for

scaling- and surfactant-induced wetting conditions has not been investigated, to the best of our knowledge.

1.3. Objectives



In this study, we use iCVD to coat a hydrophilic CA and hydrophobic PTFE substrate with
poly(1H,1H,2H,2H-perfluorodecyl acrylate-co-ethylene glycol diacrylate) (P(PFDA-co-EGDA)), a
crosslinked low-surface-energy material. Poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) coatings
have been previously shown to be highly effective in MD applications?2'2232 but these coatings, like P(PFDA-
co-EGDA), are now considered unsuitable for commercial use due to PFOA concerns.2! We compare
coating conformality on the hydrophilic and hydrophobic substrates and test the uncoated and coated
membranes to assess their ability to prevent scaling- and surfactant-induced wetting in MD. For the first
time, the effectiveness of reduced pore size/porosity is compared with increased hydrophobicity to prevent
scaling- and surfactant-induced wetting. The LEP distribution concept is proposed and evaluated to
characterize membrane wetting resistance. Surface and performance characterization are performed to
identify key membrane modification strategies to increase wetting resistance, challenging past emphasis
on increasing surface hydrophobicity alone. Lastly, the permeability/wetting resistance tradeoff in MD is
considered with respect to membrane modifications that improve resistance to scaling- and surfactant-

induced wetting.
2. Materials and Methods
2.1. Membranes and membrane modification

Two commercial flat-sheet membranes were used as substrates: an expanded polytetrafluoroethylene
(PTFE) membrane (Parker Performance Materials, Lees Summit, MO) and a cellulose acetate (CA)
membrane (Sterlitech, Kent, WA). The PTFE membrane is hydrophobic and symmetric, with a pore size of
0.2 ym, a bulk porosity of 84 + 0.5%, and a thickness of 67 + 5 ym. The CA membrane is hydrophilic and
symmetric, with a pore size of 0.2 ym, a bulk porosity of 55 £ 1%, and a thickness of 83 £ 2 ym. Bulk
porosity was measured according to the gravimetric method.” Reported values represent an average of
measurements for three samples of each membrane. For uncoated membranes, polymer densities of 2.2
and 1.3 g/cm? were used for PTFE and CA. For coated membranes, average polymer densities were
assumed to be similar to those of the corresponding substrates (due to the relatively small amount of coating
added). Membrane thicknesses were measured using a micrometer (MDC-1 PX, Mitutoyo, Kawasaki,
Japan) with an accuracy of + 1 ym. Reported values represent an average of at least eight measurements
at different locations on each sample. The uncoated PTFE membrane, which has performed well during
long-term operation in previous studies (i.e., Gustafson et al.'?2, McGaughey et al.t'), was tested in MD
experiments for comparison with the coated membranes. The uncoated CA membrane was not used for

comparison because the pores would readily wet under MD conditions.

Both substrates were coated with the crosslinked fluoropolymer P(PFDA-co-EGDA). Crosslinking increases
the coating durability.®2 The coatings were fabricated using 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA)
monomer (SynQuest, Alachua, FL), ethylene glycol diacrylate (EGDA) crosslinker (Polysciences, Inc.,
Warrington, PA), and di-tert-butyl peroxide (TBPO) (98%) (Sigma-Aldrich, St. Louis, MO) initiator; all were

used as received without further purification.



The P(PFDA-co-EGDA) coating was deposited onto the substrates using a custom designed iCVD reactor
(GVD Corporation, Cambridge, MA) that is 250 mm in diameter and 48 mm in height. For each deposition,
a 6 x 6 cm substrate coupon was taped on the reactor stage that was cooled to 30 °C via a recirculating
chiller. The PFDA and EGDA monomer jars were heated to 45 and 30 °C, respectively; the monomer lines
were heated to 15 °C above the jar temperatures to provide flow rates of 0.1 sccm for each. The TBPO
initiator jar was held at room temperature and a mass flow controller (MKS 1479A, Andover, MA) was used
to provide an initiator flow rate of 0.3 sccm. The filament array (80% Ni, 20% Cr) (Omega Engineering,
Stamford, CT) was resistively heated to 250 °C. A pressure transducer (Baratron capacitance manometer
622A01TDE, MKS) was used to measure the reactor pressure and an automated butterfly valve was used
to maintain a reactor pressure of 90 milliTorr, which resulted in a deposition rate of 30 nm/min. Deposition
rate was monitored on a reference silicon wafer in real-time using an in-situ laser interferometer (Helium-
Neon, 633 nm) (Industrial Fiber Optics, Tempe, AZ). Coatings were deposited to a final thickness of 400

nm.
2.2. Characterization
2.2.1. Surface characterization

Contact angle (6) was measured using a goniometer (Model 260, ramé-hart, Succasunna, NJ) and the
sessile drop method with 5-uL droplets. Reported values represent an average of at least five
measurements on the sample surface. Surface morphology was characterized using a field-emission
scanning electron microscope (JSM-7001, Jeol USA, Huntington Beach CA). Samples were sputter-coated
for 60 s prior to imaging. ImageJ software (version 1.49, National Institutes of Health, Bethesda MD) was
used to determine surface porosity (€) and surface pore size (dp). Reported values represent averaged data
from SEM images of three arbitrary areas of both sides of each membrane. Surface pore size distributions
were determined as histograms of surface pore sizes normalized by probability density using MATLAB
software (version R2018b, MathWorks, Natick, MA); three histograms (corresponding to the three arbitrary
areas imaged) were obtained for each surface. For all distributions, the skewness, or asymmetry of the
distribution, was also calculated using MATLAB software. Positive skewness of a distribution indicates that
the distribution is weighted towards smaller values and negative skewness indicates that the distribution is

weighted towards larger values.

Surface roughness was analyzed using an atomic force microscope (Innova, Bruker, Billerica MA).
Gwyddion software (version 2.47, Czech Metrology Institute, Brno, Czech Republic) was used to calculate
surface roughness. Reported values represent averaged data from scans of three arbitrary areas of each
surface. Membrane surface elemental compositions were analyzed using x-ray photoelectron spectroscopy
(XPS) (Axis Ultra DLD, Kratos Analytical, Manchester, UK) with a monochromatic Al K-alpha x-ray source.
Survey spectra were collected over a binding energy range of 0 to 900 eV with a step size of 1 eV. The

XPS data were analyzed using CasaXPS software (Casa Software, Teignmouth, UK).



AGj, was calculated according to:17-48
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LEP was calculated according to the Kim and Harriott*® model in equation (2), where 9 is the intrinsic
advancing contact angle. For the PTFE membrane, intrinsic advancing contact angle values reported by
Morra et al.63 were used; for the coated membranes, intrinsic advancing contact angle values were
measured by coating P(PFDA-co-EGDA) on a silicon wafer and measuring the advancing contact angle.
R/r was determined from atomic force microscopy (AFM) results and Gwyddion software according to the
method validated by Guillen-Burrieza et al.#® Surface tension was taken as that of deionized water at 25
°C.

Theoretical minimum LEP values were calculated using the average maximum surface pore radius of each
membrane. LEP distributions were determined using all surface pore sizes (i.e., the surface pore size
distribution) from each area. LEP distributions were presented as histograms of LEP values normalized by

probability density. LEP distributions were determined for three arbitrary areas of each membrane surface.

Experimental LEP values were measured by gradually increasing the applied pressure on a saline solution
in contact with the feed side of a membrane sample placed in a pressure cell (Advantec MFS, Dublin, CA),
with deionized water on the distillate side. The experimental LEP was determined as the minimum pressure

at which an increase in distillate conductivity was detected.
2.2.2. Performance characterization

Membrane performance was tested using a custom-built, bench-scale MD system (Supporting Information,
Figure S1) and a custom-made acrylic module with an active area of 20 cm?. 65-mm mesh spacers
(Sterlitech) were placed in the feed and distillate channels. For all experiments, the top side of the

membranes faced the feed solution.

Feed and distillate solutions were recirculated counter-currently at constant flow rates of 0.76 L/min using
a peristaltic pump (Masterflex, Cole Parmer, Vernon Hills, IL) on the feed side and a gear pump (Micropump,
Vancouver, WA) on the distillate side. Flow rates were monitored using manual flow meters (Omega
Engineering). Feed stream temperatures were controlled using a recirculating heater and distillate stream
temperatures were controlled using a recirculating chiller (Cole Parmer). Feed and distillate stream
temperatures and pressures were measured at the module inlet and outlet using in-line resistance
temperature detectors (Omega Engineering) and pressure probes (feed-side, Omega Engineering;
distillate-side, Cole-Parmer). Feed and distillate stream conductivities were continuously monitored using
in-line conductivity probes (Cole-Parmer). Non-metallic or titanium components were used on the feed side
to prevent corrosion. Data were recorded at 30-second intervals using a custom data acquisition and control
program developed in LabView (National Instruments, Austin, TX). Distillate overflow was continuously

monitored with a digital balance (Ohaus, Parsippany, NJ) and flux (J,, in kg/m?3s) was calculated as



mg
a a, At

Jw (4)

where m, is the change in distillate mass (kg) during time interval At (s) and a,, is the membrane area (m?).

Rejection (R, unitless) was calculated according to

R=1- CD,tZVD,tz - CD,tlvD,tl

(5)

Cre,Vpt, = Crie, Vi,

where C, . is distillate concentration (mol/L NaCl) at time ¢, V. is distillate volume at time t (m3), and Cr,

is feed concentration (mol/L NaCl) at time t.8

Scaling experiments

For experiments evaluating scaling of the membrane, 5-M NaCl (VWR) was used as the feed solution. The
bench-scale system was operated in batch mode (i.e., without replenishment or dilution of feed solution)
and experiments were terminated when distillate conductivity exceeded 200 pS/cm or after 12 h. Operating
temperatures and pressures were taken after temperatures stabilized (i.e., after 1 h operation) until the end
of each experiment. Average operating feed and distillate stream temperatures were 52 + 1 and 17 £ 0.8
°C. Average feed and distillate stream pressures were 13 £ 1 and 12 £ 0.7 kPa; thus, the impact of hydraulic

pressure difference on wetting and salt flux were assumed negligible.

Surfactant experiments

For experiments evaluating surfactant fouling of the membrane, 200 ppm anionic surfactant (Triton X-100,
Sigma-Aldrich) in 1 M NaCl was used as the feed solution. The bench-scale system was operated with
constant feed solution concentration for 5 h; if wetting did not occur by that time, the system was switched
to batch mode to increase surfactant concentration. Experiments were terminated when distillate
conductivity exceeded 200 uS/cm or after 25 h. Operating temperatures were taken after temperatures
stabilized (i.e., after 1 h of operation) until the end of each experiment. Average feed and distillate stream
temperatures were 52 + 0.7 and 18 + 0.9 °C. Average feed and distillate stream pressures were 12 + 0.8
and 12 + 0.9 kPa; thus, the impact of hydraulic pressure difference on wetting and salt flux were assumed

negligible.

In all cases, statistical significances were evaluated by performing two-sided t-tests at a significance level

(a) of 0.05. Unequal variances were assumed.
3. Results and Discussion
3.1. Surface characteristics of uncoated and coated membranes

Surface roughness and contact angle values for both sides of the uncoated and coated membranes are
shown in Table 1. For both uncoated and coated membranes, surface roughness values are greater for
the CA membranes than the PTFE membranes; the differences in surface roughness between the CA

and PTFE membranes are statistically significant (as confirmed by t-tests with a = 0.05). While the

10



standard deviations shown in Table 1 are relatively high, indicating spatial variability, the coefficients of
variation (i.e., the ratio of the standard deviation to the mean; not shown in Table 1) are comparable to

those of previous studies (e.g., Koyuncu et al.54).

Table 1. Root-mean-square 2-D surface roughness and contact angle values of uncoated and coated
membranes. The % values in parentheses represent standard deviations.

Surface roughness (nm) Contact angle (°)
Membrane Top Bottom Top Bottom
CA 468 (£156) 313 (x101) 0 0
PTFE 214 (£49) 99 (+3) 149 (£3) 145 (£2)
Coated CA 471 (£152) 438 (+99) 157 (£5) 158 (£8)
Coated PTFE 222 (£15) 115 (£33) 143 (£3) 145 (£7)

For all membranes, top and bottom contact angle measurements are similar (Table 1). The uncoated CA
membrane has a contact angle of zero on each side since water droplets are readily absorbed by the
hydrophilic membrane and a static sessile drop contact angle could not be measured. The generally
greater contact angles on the coated CA membranes compared to the coated PTFE membranes, despite
both membranes having the same coating, are likely due to the inherently rougher surface of the CA
membrane, as greater surface roughness results in higher contact angles on hydrophobic surfaces.2527
Differences in contact angle between the CA and PTFE membranes are statistically significant (as

confirmed by t-tests with a = 0.05).

Representative SEM images for both sides of the uncoated and coated membranes are shown in Figure 1.

Surface porosity and surface pore size values for all membranes are shown in Table 2.
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uncoated CA
uncoated PTFE

coated CA
cpated PTFE

Figure 1. Representative SEM images of a) top and b) bottom of the uncoated CA membrane; c) top and
d) bottom of the coated CA membrane; e) top and f) bottom of the uncoated PTFE membrane; and g) top
and h) bottom of the coated PTFE membrane. All images taken at x 4,000 magnification.

Table 2. Surface pore parameters of the uncoated and coated membranes. For the uncoated membranes,
parameters are shown as an average of both sides of the membranes since they are symmetric. For the
coated membranes, parameters are shown separately for each side due to the nature of the iCVD coating
technique. The + values in parentheses represent standard deviations.

Membrane Surfac<(eo/}:)orosity Avera%tiezzu(lr'lfranc;e pore Maximt;ri:eszlpr:ra')ce pore
CA 27 (£8) 159 (£38) 3.2 (0.9)
PTFE 21 (x2) 133 (5) 1.3 (x0.1)

Top Bottom Top Bottom Top Bottom
Coated CA 21.0 (£4) 25.8 (£3) 132 (x4) 132 (£5) 3.4 (x1) 2.8 (x0.4)
Coated PTFE 3.5 (£2) 26 (£1) 64 (£5) 125 (14) 1.4 (£0.3) 1.5 (x0.2)

Visual comparison of the top and bottom sides of the uncoated CA membrane (i.e., comparison of Figures
1a and b), shows similar morphology on both sides of the membrane. Comparison of the top and bottom
sides of the coated CA membranes (i.e., comparison of Figures 1c and d) also shows similar morphology.
Data in Table 2 show that the coating process did not significantly change the surface porosity, average
surface pore size, or maximum surface pore size of either side of the CA membrane, as confirmed by t-
tests with a = 0.05. The lack of significant visual or measured differences between the top and bottom sides
of the coated CA membrane indicates that the substrate was evenly coated from the top to the bottom; in
other words, the P(PFDA-co-EGDA) coating appeared to be conformal in the z-direction.

12



Similar to the uncoated CA membrane, visual comparison of Figures 1e and f shows similar morphology
on both sides of the uncoated PTFE membrane. However, for the coated PTFE membrane, it can be seen
on the top side (Figure 1g) that the fibrils and nodes have increased thicknesses, whereas on the bottom
side (Figure 1h) they appear relatively similar to the uncoated PTFE membrane. Thus, the P(PFDA-co-
EGDA) coating thickness appeared to be greater on the top side than on the bottom side, suggesting non-
conformality in the z-direction. Data in Table 2 support the visual observations: the top-side average surface
pore size and porosity decreased significantly after coating, but the bottom-side porosity and average pore
size did not (as confirmed by t-tests with a = 0.05). The maximum surface pore size did not change
significantly on either side. Pore size distribution results are shown in the Supporting Information (Section
S2.2). For the coated membranes, bulk porosities were approximately 42 £ 3% and 66 + 1%, respectively.
As expected, the bulk porosities of the membranes decreased after they were coated. For all membranes,
surface porosity and average pore size values are lower than the corresponding bulk values likely due to

larger voids present in the bulk of the membrane (e.g., Supporting Information Figure S2).

Elemental composition results from XPS analysis of the uncoated and coated membranes are shown in
Table 3. For the uncoated CA membrane, only carbon and oxygen were detected, as expected. For the
coated CA membrane, fluorine was detected, indicating the presence of the P(PFDA-co-EGDA) coating;
XPS results were similar on both sides of the coated CA membrane, indicating that the coating is conformal.
For the uncoated PTFE membrane, carbon, oxygen, fluorine, and silicon were detected. On the top side of
the coated PTFE membrane, a higher fluorine percentage and lack of silicon indicate that the coating
thickness exceeded the XPS penetration depth of 5 nm; on the bottom side, the appearance of the silicon
peak indicates that the penetration depth exceeded the coating thickness (i.e., the coating is less than 5
nm thick). These results indicate that the coating on the PTFE membrane is thicker on the top than on the
bottom (i.e., the coating is nonconformal). Also, less fluorine was detected on the bottom side of the coated
PTFE membrane than on the top side, which may indicate a compositional gradient in the copolymer
coating in the z-direction (i.e., a higher PFDA:EGDA ratio on the top side than on the bottom side). The
XPS results are consistent with the SEM results (Figure 1), pore parameter results (Table 2), and pore size
distribution results (Supporting Information, Figure S3).

Table 3. Percent composition results from XPS analysis of uncoated and coated membranes. For uncoated

membranes, results are shown for a single side representing the symmetric material. For the coated
membranes, results are shown separately for each side due to the nature of the iCVD coating technique.

Percent composition (%)

Membrane Carbon Oxygen Fluorine Silicon
CA 52 48 - -*
PTFE 50 21 24 5

Top Bottom Top Bottom Top Bottom Top Bottom
Coated CA 41 43 6 6 53 50 - -*
Coated PTFE 32 59 7.5 26 60 13 - 2.6

* - indicates element was not detected
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As discussed in Section 1.2, conformality in iCVD is affected by the fractional saturation of monomer in the
reactor and by the aspect ratio of the substrate pores.2%%8 In the present study, an identical coating material
and identical operating parameters (including the fractional monomer saturation) were used. Regarding
aspect ratio: due to the greater thickness of the CA substrate (83 £ 2 uym) than of the PTFE substrate (67
+ 5 um), the aspect ratio of the CA substrate is slightly higher, which was expected to result in less conformal
coatings compared to the PTFE substrate. However, the opposite was observed: the CA substrate coating
is more conformal than the PTFE substrate coating. Therefore, it appears that substrate surface energy
may affect conformality. The monomer appears to have had greater affinity for the high-surface-energy
(~40 mN/m®5) CA substrate than the low-surface-energy (~21 mN/m®) PTFE substrate and, therefore,

adsorbed more uniformly on the CA substrate.
3.2. Liquid entry pressure

Figure 2 shows the theoretical minimum LEP and LEP distribution for the top (feed) side of the membranes.
Despite the higher contact angle of the coated CA membrane compared to the coated PTFE membrane
(Table 1), the coated CA membrane has a lower minimum LEP due to its higher maximum pore size (as
calculated by the Young-Laplace and Kim-Harriott LEP models and shown in Table 2). Based on minimum
LEP results, the coated CA membrane is more likely to wet than the uncoated PTFE and coated PTFE

membranes.
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Figure 2. LEP distributions for the top side of the a) uncoated PTFE, b) coated PTFE, and ¢) coated CA
membranes. For each membrane, results are shown as three overlaid histograms normalized by probability
density, as discussed in Section 2.

To verify the theoretical LEP results, the experimental LEP was measured for the uncoated PTFE
membrane. Based on four samples, the experimental minimum LEP was 102 + 7 kPa; this value agrees
well with theoretical results (Figure 2a). As experimental LEPs of commercial membranes used for MD are

typically between 100 and 440 kPa;? the values in the current study are at the lower end of this range.

For LEP measurements of the uncoated PTFE membrane, the experimental minimum LEP was determined

when a slight increase in distillate conductivity occurred. The rate of change of distillate conductivity
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increased as pressure was increased further. At approximately 345 kPa, which agrees with previously
reported values,® more significant salt passage and distillate flow (as may be detectable in an MD system)
occurred. This higher LEP value likely represents wetting of multiple pores. As discussed in Section 1.1, in
LEP systems - and in real MD systems - wetting of multiple pores likely occurs before wetting is detected.
Therefore, the theoretical minimum LEP (representing wetting of the largest pore) may not be of practical

importance.

Because LEP is dependent on pore size and membranes are characterized by a pore size distribution,
expressing LEP as a distribution will provide greater ability to characterize wetting resistance. The
skewness of the LEP distributions, which results directly from pore size distribution skewness (Figure S3),
can be used to indicate membrane wetting resistance. The uncoated PTFE membrane (Figure 2a) has a
positively skewed LEP distribution and both coated membranes have negatively skewed LEP distributions
(Figures 2b and c). Negatively skewed LEP distributions indicate that the distribution is weighted toward
higher LEPs or that there is a greater frequency of surface pores with high LEP, which may indicate higher
overall wetting resistance. For all membranes, differences in skewness were statistically significant at a =
0.05. The greater likelihood of the uncoated PTFE membrane to wet than either of the coated membranes
is in contrast with the minimum LEP results (Figure 2), which suggest that the coated CA membrane is most

likely to wet.
3.3. Scaling-induced wetting performance

Performance results under scaling-induced wetting conditions are shown in Figure 3. In terms of water flux,
both coated membranes had lower fluxes than the uncoated PTFE membrane but operated stably (Figure
3a). The lower water flux observed for the coated PTFE membrane relative to the uncoated PTFE
membrane is likely in large part due to its lower bulk and surface porosity. The lower water flux for the
coated CA membrane is likely due to its lower bulk porosity and greater thickness. For the uncoated PTFE
membrane, distillate conductivity sharply increased (Figure 3b) and conductivity rejection decreased
(Figure 3c) (i.e., wetting occurred) after approximately 1.3 h operation. Wetting was likely due to
concentration polarization resulting in exceedance of the saturation concentration of NaCl (5.5 M at 53 °C)
and subsequent scaling.'® Scaling at the membrane surface could then lead to intrapore crystal growth,

which provides a hydrophilic surface that facilitates liquid entry into the pores.
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Figure 3. Performance of the uncoated PTFE, coated PTFE, and coated CA membranes with 5 M NaCl
feed solution in terms of a) water flux, b) distillate conductivity, and c) solute rejection.

Both coated membranes experienced delayed wetting and salt passage relative to the uncoated PTFE
membrane. AGy yqc results for the uncoated PTFE and coated membranes are shown in Table 4. The
slightly higher AGy; y,c; of the coated CA membrane compared to the uncoated PTFE membrane (Table 4)
may have delayed surface nucleation, and hence, scaling and wetting; the difference is statistically
significant at a = 0.05. However, after ~4.3 h operation, wetting did occur for the coated CA membrane
(Figures 3b and c). Heterogeneous nucleation and/or deposition of crystals nucleated in bulk solution may
have resulted in surface scaling and led to wetting. Notably, AGy; v, for the coated CA membrane is near
the theoretical maximum AGy; y.c; (455 MJ/mol) obtained at a contact angle of 180° and a surface porosity
of zero; thus, additional increases in contact angle (or reductions in surface porosity) would result in minimal

increases in AGy yac-

Table 4. AG}; yoc Of the uncoated PTFE, coated PTFE, and coated CA membranes; results are for 5 M
NaCl at 25 °C.

Membrane AGy naci (MJI/mol)
PTFE 447
Coated PTFE 445
Coated CA 454

The coated PTFE membrane did not wet over the duration of the experiment (Figures 3b and c).
Interestingly, this was the case even though the coated PTFE membrane has a similar AGy y,, to the
uncoated PTFE membrane (Table 4). Gryta? suggests that small pore size (relative to crystal size) can
restrict intrapore crystal growth. However, size exclusion likely will not prevent all intrapore scaling. For
example, for sodium chloride, critical nucleus sizes as small as ~10 molecules have been reported;*” these

could form in small pores. However, this mechanism of intrapore nucleation can only occur in already-
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wetted pores. We suggest that the higher LEP of the coated PTFE membrane compared to the uncoated
PTFE membrane (Figure 2) may prevent partial wetting and, therefore, intrapore nucleation and crystal
growth — regardless of size exclusion effects. Notably, the LEP of the uncoated PTFE membrane is high
because of its small average surface pore size (Table 2); this is not due to size exclusion but because
smaller pores mean that the curvature of the meniscus of the penetrating solution is greater, which
increases the Laplace pressure of the meniscus®” and, therefore, the LEP. By preventing wetting, the higher
LEP at the entrance of smaller pores may prevent intrapore nucleation and crystal growth regardless of
size exclusion effects. Surface roughness effects may also contribute; as noted by Meng et al.3%, higher
surface roughness may increase the number of available nucleation sites on a membrane. The coated CA
membrane is more rough than the coated PTFE membrane (Table 1).

To more broadly examine the effectiveness of increased hydrophobicity and AGy y.c; @s a strategy to
reduce scaling-induced wetting, a sensitivity analysis of AGy vy, Was performed (Figure 4). Ranges of
contact angle (90 to 180°) and surface porosity (0 to 1) were selected to bracket the membranes used in
this study. It can be seen that above a contact angle of 140°, AGy v.c; @approaches a constant value.
Therefore, increasing hydrophobicity to increase 4Gy v, of @ membrane is inherently limited as a scaling

mitigation strategy.
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Figure 4. Sensitivity analysis of AGy . for
heterogeneous NaCl nucleation from 5 M solution at
25°C to contact angle (8) and surface porosity (¢).

3.4. Surfactant-induced wetting performance

Performance results under surfactant-induced wetting conditions are shown in Figure 5. Similar to scaling-
induced wetting conditions, both coated membranes had lower water fluxes than the uncoated PTFE

membrane but operated stably (Figure 5a). Also similar to the scaling-induced wetting conditions, the lower
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water flux observed for the coated PTFE membrane is likely due to its lower porosity relative to the uncoated
PTFE membrane, and the lower water flux observed for the coated CA membrane is likely due to its lower
bulk porosity and greater thickness compared to the uncoated PTFE membrane. For the uncoated PTFE
membrane, wetting occurred after approximately 1.3 h operation (Figures 5b and c), likely due to reduced

surface tension at the membrane surface resulting from concentration polarization.'
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Figure 5. Performance of uncoated PTFE, coated PTFE, and coated CA membranes with 200 ppm
surfactantin 1 M NaCl feed solution in terms of a) water flux, b) distillate conductivity, and c) solute rejection.

No wetting was observed for either coated membrane (Figures 5b and c). Unlike for scaling-induced wetting
conditions, the difference in surface pore size and porosity between the coated membranes (Table 2) did
not correspond to a difference in surfactant-induced wetting resistance. Instead, the more hydrophobic
coated CA membrane and the smaller surface pore size/porosity coated PTFE membrane had equivalent
wetting resistance over the duration tested.

Also, the difference in minimum LEP values for the coated membranes (Figure 2) did not correspond to a
difference in wetting resistance. Instead, surfactant-induced wetting results corresponded to expectations
based on LEP distributions: while the uncoated PTFE membrane had a positively skewed LEP distribution
(Figure 2a), both coated membranes had negatively skewed LEP distributions (Figures 2b and c). In other
words, both coated membranes had fewer large surface pores with low LEPs; this may prevent measurable
wetting. Additionally, large surface pores located adjacent to each other, which can facilitate wetting,'® may

be less likely in the coated membranes due to the low frequency of large surface pores.

To more broadly examine the impact of pore size and contact angle on wetting resistance, a sensitivity
analysis of LEP to contact angle and pore diameter was performed (Figure 6). The contact angle range (90
to 180°) was selected to represent the full range of hydrophobic membranes; the pore size range (0.05 to

0.3 um) was selected to represent average pore sizes typically used for MD membranes. Figure 6 illustrates
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how LEP generally increases with increasing

contact angle (and, therefore, with decreasing =R

surface energy) and how LEP generally | 5000
increases with decreasing pore size, as defined 160

by the Young-Laplace model. Small pore 4% ik
diameters are necessary to access the highest —~ 140 3000 %
LEP values because LEP is inversely ; Q
proportional to pore diameter. Despite this, as 120 2000 ;U
discussed in Section 1, the majority of MD ~
membrane modification strategies have focused 100 1000

on increasing membrane surface hydrophobicity 0

to increase wetting resistance. This is likely 0.1 0.2 0.3

because reducing porosity and pore size can dp (Hm)

negatively affect water flux.343 Figure 6. Sensitivity analysis of LEP to contact angle

(9) and pore diameter (d,,).

4. Conclusions and Implications

The CA membrane was coated conformally and became symmetric and superhydrophobic. The PTFE
membrane was coated nonconformally and became asymmetric, with smaller pore size and lower porosity
on the top than on the bottom surface. The difference in conformality may be linked to substrate surface
energy: for the CA membrane, higher substrate surface energy may have resulted in greater affinity for the
monomer, leading to more uniform monomer concentration within pores and therefore formation of a more
conformal polymer layer. In MD performance testing, both coated membranes outperformed the uncoated
PTFE membrane. However, key differences between the performances of the coated membranes were
observed.

Under scaling-induced wetting conditions, the coated PTFE membrane, due to its smaller surface pore size
and porosity, had higher wetting resistance than the coated CA membrane, despite the higher AGy; y,; Of
the coated CA membrane. While increasing surface hydrophobicity can delay surface nucleation, surface
scaling can also occur by deposition of salt crystals formed elsewhere. Prevention of intrapore scaling may
be necessary to prevent wetting in longer-term operation. Small surface pore sizes and/or porosity may
more effectively prevent intrapore scaling due to high LEP at pore entrances, which may prevent partial
wetting and, therefore, intrapore nucleation. Under surfactant-induced wetting conditions, the coated
membranes performed equally well. The reduced surface pore size and porosity of the coated PTFE
membrane were as effective as the increased surface hydrophobicity of the coated CA membrane. Also,
wetting resistances were better predicted by LEP distributions than by minimum LEP values. When LEP
distributions are (negatively) skewed towards higher LEP values, small pores with high LEP are greater in

number and significant, measurable salt passage may be prevented.
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The results of this study challenge past emphasis on increasing surface hydrophobicity alone to improve
the wetting resistance of MD membranes. Reducing surface pore size and porosity can be more effective
than increasing surface hydrophobicity and may be a viable strategy to impart high wetting resistance
without relying on perfluorinated coating materials. However, importantly, reducing surface porosity and
pore size can negatively impact flux, resulting in a permeability/wetting resistance tradeoff in MD —
especially for high-salinity applications. If key properties are optimized (e.g., by maximizing pore density
and/or by minimizing the thickness of the small-pore-size/porosity surface layer or membrane), it may be
possible to overcome the permeability/wetting resistance tradeoff. When coating membranes to achieve
high wetting resistance without sacrificing water flux, coating conformality could be minimized.? It has also
been suggested that permeability can be maintained by increasing the pore density and/or by reducing the
thickness of the small-pore-size surface layer,2° but the effect on wetting resistance for challenging solutions
has not yet been considered. Thin, self-standing, dense hydrophobic membranes (e.g., Mejia Mendez et
al.%8) and hydrophobic membranes with thin, low porosity surface layers (e.g., Shaulsky et al.®® and Nejati
et al.’%) could overcome the permeability/wetting resistance tradeoff in MD; however, these membranes

have not yet been tested under wetting conditions.
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