
energies

Article

Delamination-Free In-Air and Underwater Oil-Repellent Filters
for Oil-Water Separation: Gravity-Driven and
Cross-Flow Operations

Bishwash Shrestha † , Mohammadamin Ezazi † and Gibum Kwon *

����������
�������

Citation: Shrestha, B.; Ezazi, M.;

Kwon, G. Delamination-Free In-Air

and Underwater Oil-Repellent Filters

for Oil-Water Separation: Gravity-

Driven and Cross-Flow Operations.

Energies 2021, 14, 7429. https://

doi.org/10.3390/en14217429

Academic Editor: Gustavo

Fimbres Weihs

Received: 22 September 2021

Accepted: 2 November 2021

Published: 8 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Mechanical Engineering, University of Kansas, Lawrence, KS 66045, USA;
bishwashs@ku.edu (B.S.); aminezazi@ku.edu (M.E.)
* Correspondence: gbkwon@ku.edu
† Indicating equal contributions.

Abstract: Separating oil-water mixtures is critical in a variety of practical applications, including
the treatment of industrial wastewater, oil spill cleanups, as well as the purification of petroleum
products. Among various methodologies that have been utilized, membranes are the most attractive
technology for separating oil-water emulsions. In recent years, selective wettability membranes have
attracted particular attention for oil-water separations. The membrane surfaces with hydrophilic and
in-air oleophobic wettability have demonstrated enhanced effectiveness for oil-water separations
in comparison with underwater oleophobic membranes. However, developing a hydrophilic and
in-air oleophobic surface for a membrane is not a trivial task. The coating delamination process is a
critical challenge when applying these membranes for separations. Inspired by the above, in this
study we utilize poly(ethylene glycol)diacrylate (PEGDA) and 1H,1H,2H,2H-heptadecafluorodecyl
acrylate (F-acrylate) to fabricate a hydrophilic and in-air oleophobic coating on a filter. We utilize
methacryloxypropyl trimethoxysilane (MEMO) as an adhesion promoter to enhance the adhesion of
the coating to the filter. The filter demonstrates robust oil repellency preventing oil adhesion and
oil fouling. Utilizing the filter, gravity-driven and continuous separations of surfactant-stabilized
oil-water emulsions are demonstrated. Finally, we demonstrate that the filter can be reused multiple
times upon rinsing for further oil-water separations.

Keywords: surfactant-stabilized oil-water emulsions; in-air and underwater oleophobic filter; gravity-
driven oil-water separation; coating robustness

1. Introduction

Oil-water separation is a crucial step in a wide variety of industries [1,2]. For example,
140,000 L of oil-contaminated water is produced during conventional mining operations
on a daily basis [3]. Additionally, oil leakage and spillage during marine transportation
not only pose a threat to the marine environment and ecosystem but is a waste of valuable
natural resources [4,5]. Typically, an oil-water mixture can be classified into three categories
based on the dispersed phase size (diameter, d)-as free oil-water, if d > 150 µm, as a
dispersion if 20 µm < d < 150 µm, or as an emulsion if d < 20 µm [6]. Oil-water emulsions
are stable in the presence of the adsorbed interface-active chemicals (e.g., surfactant) [7].
Spontaneous separation of stable oil-water emulsions can be impractically time-consuming.
Further, the separation process becomes more challenging with the decrease in the size of
the dispersed phase [8].

There have been extensive efforts devoted to developing effective separation tech-
nologies for oil-water emulsions [8]. Membrane-based technologies are the most attractive
because they can separate oil and water without requiring chemical additives [9–14];
thus, they are relatively energy-saving and applicable to a broad range of industrial ef-
fluents [15–17]. The working principle and operation of these technologies are simple. A
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membrane can regulate the transportation of two phases (e.g., oil and water) by allowing
the selective passage of one phase while inhibiting the permeation of another phase [18,19].
Various methods have been employed to enable the permeation of one phase through a
membrane while repelling another phase. For example, a careful modulation of the applied
pressure can overcome the hydraulic resistance of one phase while being insufficient for
another phase [11,14,20,21]. Additionally, we [20,21] and others [22–24] have demonstrated
that a water-in-oil emulsion can be demulsified upon applying an electric field due to the
coalescence of the dispersed water droplets. The resulting free oil and water can be readily
separated under gravity.

While membranes have become an industry benchmark to compare the performance
of conventional separation technologies, they are limited by fouling when continuously
operated [13,14,25–27]. When a membrane is subjected to an oil-water mixture, oils and
organic substances are deposited onto its surface. This membrane fouling can result in a
decrease in permeability over time [28]. To compensate for this compromised performance,
membrane operation often requires an increase in the applied trans-membrane pressure
(i.e., TMP, the pressure gradient generated across the two opposite membrane sides [29]),
which results in an increase in the energy consumption [30]. In some instances, the oil-
water mixture treatment system becomes oversized to compensate for the permeate flux
loss [30]. Further, due to fouling, membranes undergo periodic cleaning protocols that
include backwashing, forward washing, and chemically enhanced cleaning to restore
membrane permeability [31]. Although these cleaning protocols allow a membrane to
restore its inherent permeability and selectivity, they may shorten the membrane’s lifespan
due to mechanical or chemical damage [32,33].

The development of fouling-resistant membranes has been an active research topic for
decades [34,35]. A membrane with hydrophilic (i.e., water contact angle, θwater < 90◦) or
superhydrophilic (θwater = 0◦) wettability can retain a hydration layer on its surface when
subjected to water, which can reduce the adhesion of organic substances such as oil [20,36].
While these membranes show resistance to oil fouling, they become vulnerable when a
hydration layer disappears [37]. For example, the hydration layer can be evaporated or
compromised due to a large exerted drag force (e.g., applied pressure), which results in
direct contact and deposition of an oily phase on the membrane surface [38,39].

Hydrophilic and in-air oleophobic (i.e., oil contact angle, θoil > 90◦) membranes can
overcome this limitation by providing oil repellency, not only underwater, but also in
the air [20,40]. This enables them to exhibit unique features in oil-water separations.
For example, there is no need to prewet the membrane to introduce a hydration layer.
Additionally, water-in-oil emulsions can be separated without prewetting, as long as the
breakthrough pressure for oil (Pb, i.e., the lowest applied pressure required to force a liquid
permeation through a porous filter) is higher than the operating pressure.

Fabricating a hydrophilic and in-air oleophobic membrane requires one to reconcile
two conflicting design criteria. It should possess low solid surface energy to repel oil, while
water should wet the surface. Given that the water surface tension (γlv = 72.1 mN m−1,
T = 22 ◦C) is higher than that of oils (γlv = 20–30 mN m−1, T = 22 ◦C), a large volume of re-
ports [9,41–46] have utilized materials composed of a low surface energy component along
with a hydrogen-bond-capable hydrophilic moiety as the membrane coating to achieve
selective wettability for water over oil [20,47–51] For example, Brown et al [52]. utilized
a fluorosurfactant as a low surface energy material and poly(diallyl dimethylammonium
chloride) (PDDA) for hydrophilic moieties. Yang et al [49]. fabricated a membrane coated
with a mixture of PDDA, chitosan, and perfluorooctanoic acid (PFOA). These surfaces
often exhibit selective reconfiguration of the coating components. Upon contact with water,
a hydrophilic component will expand to the surface for enthalpic gain, while a low surface
energy material (e.g., fluorinated moiety) minimizes its contact with water [20,47]. When
oil comes into contact, the surface reverts back to its inherent configuration to lower the
overall free energy.
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Utilizing surface reconfiguration, herein we report on a superhydrophilic and in-
air oleophobic filter by grafting a composite mixture of poly(ethylene glycol)diacrylate
(PEGDA) and 1H,1H,2H,2H-heptadecafluorodecyl acrylate (F-acrylate) via silane chemistry.
This enables the resulting coating (F-PEGDA) to firmly attach to the filter surface. The
filter exhibits ultralow oil adhesion forces, both in air and underwater, which results in
resistance to oil fouling during oil-water separation. Utilizing this filter, separation of
surfactant-stabilized oil-in-water and water-in-oil emulsions is demonstrated. Finally,
we demonstrate that the filter can be reused multiple times upon cleansing for further
oil-water separations.

2. Result and Discussion

We fabricated a hydrophilic and in-air oleophobic filter by coating it with F-PEGDA,
utilizing filters with nominal pore sizes of 6.0 µm and 2.0 µm (Experimental Section).
Note that we utilized varying compositions of PEGDA and F-acrylate, while the photo-
initiator concentration remained at 5.0 wt.% with respect to the mass of the PEGDA and
F-acrylate mixture. The filters were irradiated by a long-wavelength ultraviolet (UV) light,
which resulted in the grafting of F-PEGDA to the MEMO-treated filter surface (Figure 1a
and Section S1). We analyzed the filter surface’s morphology using scanning electron
microscopy (SEM) (Figure 1b). It was clear that the surface morphology remained nearly
unaffected after coating with F-PEGDA. Additionally, the uniform coating of F-PEGDA on
the filter surface was verified by the energy-dispersive spectroscopy (EDS) analysis. The
EDS elemental mapping demonstrated a uniform coverage of fluorine (F) across the filter
surface (Figure 1b, insets).

Figure 1. (a) Schematic demonstrating the grafting of the filter surface with MEMO and the subsequent coating with
F-PEGDA. (b) SEM image showing the morphology of the filter after coating with F-PEGDA (20 wt.%). Inset shows the
elemental EDS spectrum and the elemental mappings for fluorine. (c) The measured apparent advancing and receding
contact angles of water and oil (n-hexadecane) on the F-PEGDA-coated filter surface with varied compositions of F-acrylate.
A filter with a 6.0 µm inherent nominal pore size was used.

It is critical to ensure that the F-PEGDA coating has a negligible effect on the pore
size of the filters. We measured the nominal pore size of the filters after coating with
F-PEGDA (Table 1). The results indicated that filters coated with F-PEGDA with a higher
PEGDA composition demonstrate more decreased pore sizes. For example, the filter coated
with F-PEGDA with 20 wt.% F-acrylate (F-PEGDA (20 wt.%)) exhibited a pore size of
5.0 µm ± 0.5 µm, while the filter coated with F-PEGDA (80 wt.%) showed 5.5 µm ± 0.5 µm.
We attributed this to an increase in the viscosity of the coating solution with an increase in
the PEGDA composition (i.e., decrease in the F-acrylate composition), which resulted in an
increase in the coating thickness (Section S2).
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Table 1. Pore size of as-purchased filters and those coated with F-PEGDA with various
F-acrylate compositions.

Filter Pore Size

As-purchased 6.0 µm 2.0 µm

F-PEGDA (0) 4.8 ± 0.5 µm 0.9 ± 0.2 µm

F-PEGDA (5 wt.%) 4.8 ± 0.3 µm 0.9 ± 0.1 µm

F-PEGDA (10 wt.%) 4.9 ± 0.3 µm 1.0 ± 0.1 µm

F-PEGDA (15 wt.%) 5.0 ± 0.4 µm 1.0 ± 0.3 µm

F-PEGDA (20 wt.%) 5.0 ± 0.3 µm 1.0 ± 0.4 µm

F-PEGDA (40 wt.%) 5.2 ± 0.5 µm 1.2 ± 0.2 µm

F-PEGDA (60 wt.%) 5.3 ± 0.5 µm 1.4 ± 0.3 µm

F-PEGDA (80 wt.%) 5.5 ± 0.4 µm 1.5 ± 0.5 µm

F-PEGDA (100 wt.%) 5.6 ± 0.1 µm 1.6 ± 0.5 µm

The wettability of our F-PEGDA-coated filters was analyzed by measuring the appar-
ent contact angles for water (deionized (DI) water, γlv =72.1 mN m−1, T = 22 ◦C) and oil
(n-hexadecane, γlv = 27.5 mN m−1, T = 22 ◦C) in the air (Figure 1c). The results showed
that the filter (inherent nominal pore size = 6.0 µm) coated with F-PEGDA with a higher
F-acrylate composition exhibited higher oil apparent contact angles. When the composition
reached 20 wt.%, the advancing (θ*

oil,adv) and receding (θ*
oil,rec) apparent contact angles for

oil were measured as 131◦± 3◦ and 108◦ ± 3◦, respectively, while those for water remained
at zero (θ*

water,adv = 0 and θ*
water,rec = 0). Further increases in the F-acrylate composition

in F-PEGDA had a negligible effect on the oil apparent contact angles, which can be at-
tributed to the complete coverage of the filter surface by F-acrylate (see also Figure 1b
inset). When the F-acrylate composition reached 80 wt.% in the F-PEGDA coating, the
value for θ*

water,adv reached 25◦ ± 3◦. We attributed this to the reduced presence of -OH
moieties, which are responsible for inducing hydrophilicity and creating more fluorine
moieties, which are responsible for omniphobic wettability.

In previous reports, we [20] and others [47,53,54] have shown that a water droplet can
gradually wet the surface with hydrophilic and in-air oleophobic wettability due to surface
reconfiguration. The required time for a water droplet to completely spread on a given
reconfigurable surface is defined as the time of wetting (ToW) [20]. The measured initial
contact angles and the time of wetting for water on our F-PEGDA surfaces are included
in Section S3. We also calculated the solid surface energy (γsv) values of the F-PEGDA
surfaces (Section S4). Furthermore, the measured apparent contact angles for water and
oil on the filters with an inherent nominal pore size of 2.0 µm are included in Section S5.
Based on these results, a filter coated with 20 wt.% of F-acrylate (F-PEGDA (20 wt.%)) was
utilized for the rest of the study.

We measured the adhesion force of a sessile oil droplet on the filters submerged
in DI water using a high-precision microelectromechanical system (Figure 2a, see also
Experimental Section). The results showed that the adhesion force values were nearly
constant (≈1.32 µN ± 0.10 µN) on filters with an inherent nominal pore size of 6.0 µm,
which were coated with F-PEGDA, irrespective of the F-acrylate composition. Note that
the adhesion force value measured on the neat PEGDA-coated filter was slightly lower
(1.27 µN ± 0.10 µN), while that measured on the neat F-acrylate-coated filter was slightly
higher (1.45 µN ± 0.10 µN). The measured adhesion forces of an oil droplet on a filter with
an inherent nominal pore size of 2.0 µm are also demonstrated in Figure 2a. This ultralow
oil adhesion was a direct consequence of the underwater superoleophobic wettability
(i.e., apparent oil contact angle > 150◦ on a surface submerged in water) (Section S6).
Additionally, the experimental results regarding water uptake by F-PEGDA-coated filters
are provided in Section S7.



Energies 2021, 14, 7429 5 of 12

Figure 2. (a) The measured adhesion force of a sessile oil (n-hexadecane) droplet on the filter surfaces coated with F-PEGDA
with various F-acrylate concentrations. (b) The breakthrough pressure of oil on prewetted and dry filters coated with
F-PEGDA (20 wt.%). The data obtained from a filter coated with neat PEGDA are also provided for comparison. (c) The
measured apparent contact angles of oil on the F-PEGDA (20 wt.%), which was prepared with MEMO before and after being
submerged in water for 1 h. For comparison, the data for F-PEGDA (20 wt.%) prepared without MEMO are also shown.

Filters exhibiting hydrophilic and in-air oleophobic wettability do not need to undergo
prewetting in order to introduce a hydration layer before conducting oil-water separation.
This is because the in-air superoleophobic wettability plays a key role in resistance to oil
adhesion on the surface by repelling it [38]. In contrast, an in-air superoleophilic surface
such as a neat PEGDA-coated filter or an unmodified filter allows oil to wet and adhere to
the surface.

We measured the breakthrough pressure (Pb) for oil of an F-PEGDA-coated filter.
It was observed that filters coated with F-PEGDA (20 wt.%) and with neat PEGDA (i.e.,
F-PEGDA (0)) can both exhibit high Pb values for oil. For example, a filter coated with
F-PEGDA (20 wt.%) exhibited Pb = 1.35 ± 0.2 kPa while another filter coated with neat
PEGDA showed Pb = 1.25 ± 0.1 kPa when they were prewetted (Figure 2b). When the
filters were dry, the neat PEGDA-coated filter immediately allowed oil to pass through
(Pb ≈ 0), whereas the filter coated with F-PEGDA (20 wt.%) maintained a breakthrough
pressure of Pb = 0.87 ± 0.2 kPa.

Filters grafted with MEMO can prevent delamination of the F-PEGDA coating from
the surface after being submerged in water. To test this, we measured the apparent contact
angles of in-air oil on a filter coated with F-PEGDA after being submerged in DI water for
1 h. For comparison, we conducted the same experiment using a filter without MEMO
grafting. The results showed that the apparent contact angles of oil remained almost
unchanged on the filters coated with MEMO and F-PEGDA, while those on the filter
without MEMO grafting equaled zero (Figure 2c). This was the direct consequence of
delamination of the F-PEGDA coating from the filter surface (Section S8). Consequently,
the oil droplet contacts the underlying filter surface and completely wets it due to the
absence of fluorine on the filter surface.

Using our hydrophilic and in-air oleophobic filter, we separated oil-water mixtures
under gravity. Here, we utilized a surfactant-stabilized oil-in-water emulsion (10 vol%
n-hexadecane in water) and a water-in-oil emulsion (90 vol% water in n-hexadecane) (see
Experimental Section and Section S9). The separation apparatus consisted of two vertical
tubes and a filter coated with F-PEGDA (20 wt.%), which was sandwiched between them.
Here, we utilized a filter with an inherent nominal pore size of 6.0 µm Upon introducing
an emulsion (15 mL) into an upper tube, a filter allows the water-rich phase to permeate
through, while the oil-rich phase is retained above it within 11.2 ± 2 min (Figure 3a). We
also calculated the flux (J = ∆m(Aρ∆t)−1, where ∆m is the mass change of the water-rich
permeate in a given time interval (i.e., ∆t = 1 min), A is the projected area of the filter
surface, and ρ is the permeate density) values by periodically measuring the volume of
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the water-rich permeate through filters prewetted with water for 30 min. The results
for the oil-in-water emulsion showed that the permeate flux gradually declined from
J (t = 0) = 261 ± 10 L m−2 h−1 and reached J (t = 10 min) = 245 ± 10 L m−2 h−1. This
can be attributed to the decreased height of the emulsion column as the water-rich phase
permeated through the filter, which resulted in a decrease in the exerted pressure. The filter
also separated the water-in-oil emulsion in 13.1 ± 2 min. Similarly, the permeate flux values
were determined as J (t = 0) = 242 ± 10 L m−2 h−1 and J (t = 10 min) = 225 ± 10 L m−2 h−1.
Note that almost all water droplets dispersed in an emulsion can come into contact with the
filter surface under gravity. For comparison, we conducted the same experiments using a
filter coated with F-PEGDA (0) after prewetting with water for 30 min. The results showed
that the filter can separate both oil-in-water and water-in-oil emulsions in 11.9 ± 2 min
and 13.5 ± 2 min, respectively (Figure 3a). The permeate flux values were measured as
J (t = 10 min) = 239 ± 10 L m−2 h−1 and J (t = 10 min) = 219 ± 10 L m−2 h−1 for the
separation of the oil-in-water and water-in-oil emulsions, respectively.

Figure 3. (a–c) Time-dependent flux measurements during the separation of oil-water mixtures under gravity by (a) prewet-
ted and (b) dry filters coated with F-PEGDA (20 wt.%) and neat PEGDA. The inset shows images of the oil-water separation
experiments with oil-in-water emulsions by utilizing a filter coated with F-PEGDA (20 wt.%). (c) The TGA plots of the
permeate and retentates after the separation of both oil-in-water and water-in-oil emulsions using a filter coated with
F-PEGDA (20 wt.%). The TGA data for pure water and oil are also shown for comparison.

When a filter coated with F-PEGDA (0) is subjected to a water-in-oil emulsion without
prewetting, both oil and water immediately pass through. Note that the filter exhib-
ited similar separation performance for the oil-in-water emulsion (Figure 3b). This is
attributed to the water as a continuous medium in the emulsion, which provides a hy-
dration layer on the filter surface and prevents oil droplets from permeating. The filter
coated with F-PEGDA (20 wt.%) exhibited similar water-rich permeate flux values for
both oil-in-water and water-in-oil emulsions (J (t = 10 min) = 231 ± 10 L m−2 h−1 and
J (t = 10 min) = 222 ± 20 L m−2 h−1). Figure 3c shows the TGA plots of the permeates and
retentates after the separation experiments for oil-in-water and water-in-oil emulsions us-
ing a filter coated with F-PEGDA (20 wt.%). The results showed that our filter can separate
both oil-in-water and water-in-oil emulsions with very high efficiency (>98%). Please note
that our F-PEGDA filter surfaces after the separation remained clean (i.e., no fouling). We
attributed this to a combinatorial effect of fouling resistance due to hydrophilic wettability
and a relatively lower surfactant concentration (0.03 wt.%, see Experimental Section). It is
anticipated that our F-PEGDA-coated filter surface may suffer from a cake layer when it is
subjected to emulsions stabilized by high-concentration surfactants [55–57] Additionally, it
should be noted that the surfactants used in this study were either anionic (sodium dodecyl
sulfate for the oil-in-water emulsion) or nonionic (Tween 80 for the water-in-oil emulsion).
Given that the seta potential (ξ) value of our F-PEGDA (20 wt.%)-coated filter surface
was measured as −0.83 mV ± 0.19 mV, it is anticipated that our filter may be fouled by
emulsions stabilized with cationic or amphoteric surfactants [55,58,59].
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Finally, we continuously separated an oil-in-water emulsion utilizing a cross-flow
apparatus (Experimental Section). An emulsion (total volume = 20 L) was gradually
introduced into a cell in which a filter (inherent nominal pore size = 6.0 µm. coated
with F-PEGDA (20 wt.%) was mounted. We measured the volume of the water-rich
permeates every 5 min for the entire 60 min of operation. The TMP value was maintained
at 0.90 kPa ± 0.20 kPa. The results showed that J (t = 0) = 285 ± 10 L m−2 h−1, after which
it declined and reached J (t = 60 min) = 210 ± 10 L m−2 h−1 (Figure 4a). We conducted the
same experiments using a filter with an inherent nominal pore size of 2.0 µm. The results
showed that J (t = 0) = 245 ± 10 L m−2 h−1, after which it declined over time and reached
J (t = 60 min) = 176 ± 10 L m−2 h−1. Unlike the flux decline during batch separation,
which was primarily caused by a decrease in the exerted pressure (see Figure 3a,b), the
continuous separation was conducted at a constant TMP. Therefore, we attributed the flux
decline to the oil droplet accumulation above the membrane surface [4]. Although our
filter exhibits very low oil adhesion forces (see Figure 2a), oil can still accumulate on the
surfaces and pore walls due to transmembrane pressure. The accumulation of oil can cause
pore blockages. As a consequence, the volume of water passing through the filter in a
given period of time (i.e., permeate flux) decreases. This results in a decline of the flux. We
cleaned the filter by first rinsing it with ethanol for 10 s followed by washing it with DI
water for 30 s (flow rate ≈ 20.0 L min−1). The cleansed filter was subjected to the same
separation experiments. The results showed that the filter nearly recovered its inherent flux
values (Figure 4b). An analysis of the separation efficiency is included in Section S10. The
flux values for the continuous separation experiment over 50 h are presented in Section S11.

Figure 4. (a) Time-dependent flux measurements during the continuous separation of oil-water mixtures using prewetted
filters with various inherent nominal pore sizes, which were coated with F-PEGDA (20 wt.%). The inset demonstrates
the separation experiment using a cross-flow apparatus. (b) Time-dependent flux measurements during the continuous
separation of oil-in-water emulsion with cleaning steps in between.

3. Conclusions

In this work, we prepared robust hydrophilic and in-air oleophobic F-PEGDA-coated
filters to separate oil-water mixtures. We utilized MEMO as an adhesion promoter to
enhance coating adhesion to the filter. The prepared surfaces were then subjected to fouling
conditions representative of conventional oil-water separation applications. The results of
the study demonstrated that the F-PEGDA-coated filter showed low oil adhesion forces
and was able to withstand fouling conditions without delamination. Subsequently, gravity-
driven oil-water separations were conducted by utilizing oil-in-water and water-in-oil
emulsions. The F-PEGDA-coated filter was able to separate both emulsions and maintained
high flux values, while the filter with underwater oleophobicity failed to separate the water-
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in-oil emulsion, highlighting the advantages of in-air oleophobicity. Further, the F-PEGDA
surface demonstrated good reusability upon cleansing.

4. Experimental Section

Grafting MEMO on filter surface: The filters (6 µm (Whatman Grade 3, Whatman,
Marlborough, MA, USA) and 2 µm (Whatman Grade 602 h)) were rinsed with DI water
followed by drying at room temperature. They were dip-coated in a 10 wt.% methacry-
loxypropyl trimethoxysilane (MEMO) solution in methanol for 30 min. Subsequently, the
dip-coated filters were heated using a hot plate at 60◦ C for 1 h. Finally, the filters were
thoroughly rinsed using DI water and ethanol to remove any unreacted MEMO molecules.

Coating F-PEGDA on filter: A solution of F-PEGDA was prepared by adding PEGDA,
F-acrylate, and Darokur 1173 (Photo-initiator) to water with an overall concentration of
30 mg ml−1. The MEMO-grafted filters were then dip-coated in F-PEGDA solution for
30 min. Varying compositions of PEGDA and F-acrylate (i.e., 0, 20, 40, 60, 80, and 100 wt.%
of F-acrylate) were utilized. Note that the concentration of Darocur 1173 was maintained at
5.0 wt.% with respect to the PEGDA and F-acrylate mixture. Consequently, the filters were
removed and exposed to UV light (100 W, λ = 365 nm, Analytikjena, Upland, CA, USA)
for 5 min.

Measuring pore size of filters: A capillary flow porometer (Particle Technology Labs,
Downers Grove, IL, USA) was utilized to measure the nominal size and the distribution
of the filter pores, as described elsewhere [60]. A commercial wetting liquid (Porefil) was
utilized to wet the filter. The nitrogen gas pressure and flow were controlled and recorded
using a pressure transducer and a flow meter, respectively.

Contact angle measurements: A Ramé-Hart 200-F1 goniometer (Ramé-Hart, Succa-
sunna, NJ, USA) was employed to measure the advancing and receding contact angles
of liquid droplets (≈5 µL) on the filter surfaces. The initial advancing contact angle for
water was measured based on the instantaneous value observed when a water droplet
first contacted a filter surface, while the initial receding water contact angle was measured
by gradually withdrawing a small volume of water from the same droplet. The time-
dependent advancing and receding water contact angle measurements were conducted
in a controlled environment (T = 22◦ ± 1◦, relative humidity = 79% ± 4%) to minimize
the evaporation effect. A sessile water droplet was placed on a filter surface followed by
periodic measurements of contact angles. The measurements were conducted three times
to ensure the accuracy of the values. A typical error in the goniometry was ±2◦.

Zeta potential measurements: Zeta potential measurements were conducted using a
Brookhaven ZetaPALS instrument, Holtsville, NY, USA [61]. The electrophoretic velocity
was calculated using a laser light-scattering phase analyzer. Then, the Smoluchowski
model was utilized to calculate the zeta potential values.

Fabrication of oil-water emulsions: An oil-in-water emulsion was fabricated via
vigorously stirring of n-hexadecane and DI water (10:90 vol%:vol% n-hexadecane:water).
Sodium dodecyl sulfate (SDS, 0.03 wt.%) was introduced as a surfactant. Similarly, a
water-in-oil emulsion (10:90 vol%:vol% n-hexadecane/water) was fabricated using Tween
80 (0.03 wt.%) as the surfactant. Please note that slight demulsification was observed over
time in these emulsions. A multimeter was utilized to verify the type of emulsion. Note
that the surfactant concentration (0.03 wt.%) employed in this work was similar or even
higher than those reported in the literature [62,63].

Dispersed phase size measurements: The average size of the dispersed phase in an
emulsion was characterized using dynamic light scattering (DLS) (ZetaPALS, Brookhaven
Instruments, Holtsville, NY, USA).

Filter surface topology characterization: The PEGDA-coated filter surface’s morphol-
ogy was characterized using an SEM (FEI Versa 3D DualBeam, Hillsboro, OR, USA). A thin
layer of gold (≈7 nm) was applied to the filter surface.

Underwater adhesion force measurements: A small piece of a filter (4 cm2) was at-
tached to the bottom of the container. The container was filled with DI water. Subsequently,
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a needle tip holding a droplet of n-hexadecane (≈5 µL) was immersed in the water (3 cm
below the water surface). Then, the entire container was gradually elevated at a constant
speed (6.0 mm min−1) until the filter contacted the oil droplet. Subsequently, the container
was gradually descended to detach the oil droplet from the filter. The force between the
oil and filter surface was recorded using Data-Physics DCAT 11(Data Physics, Filderstadt,
Germany). The adhesion force was determined by the force at the detachment point.

Thermogravimetric analyses (TGA): PerkinElmer PYRIS 1 (PerkinElmer, Waltham,
MA, USA) was utilized for TGA measurements. A sample (≈50 mg) was heated to 110 ◦C
at a rate of 5 ◦C per minute, then the temperature was maintained for 60 min. The TGA
data were compared with the data for DI water and as-obtained n-hexadecane to measure
the purity of the permeate or retentate after the separation.

Continuous separation apparatus: We utilized a custom-made apparatus [9,10] for
the continuous separation experiments. The apparatus consisted of a cross-flow cell
CF042A, Sterlitech, Kent, WA, USA) onnected to a container that stored the feed emulsion, a
peristaltic pump (Model 2002, Vector, Minneapolis, MN, USA), a differential pressure gauge
(DPG409-500DWU, OMEGA, Stamford, CT, USA), and a permeate tank. A filter (surface
area ≈42 cm2) was mounted to the cell. The feed oil-water emulsion was supplied from
one side (feed in) of the apparatus while the permeate was collected at the opposite side of
the apparatus. Note that the raffinate was readded to the feed emulsion storage container.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14217429/s1: Section S1: Fourier-transform infrared (FT-IR) spectroscopy analysis of F-
PEGDA; Section S2: Effect of F-PEGDA solution viscosity on the pore size of a filter; Section S3: Initial
contact angles and Time of Wetting values for water on F-PEGDA surfaces; Section S4: Calculation
of the solid surface energy of F-PEGDA surfaces; Section S5: Apparent contact angles for water
and oil on F-PEGDA coated filter with 2.0 µm of inherent pore size; Section S6: Apparent contact
angles for oil on a filter submerged in water; Section S7: Measurements of water uptake by F-PEGDA
coated filters; Section S8: Delamination of F-PEGDA coating from a filter without MEMO grafting;
Section S9: Size distribution of the dispersed phases in oil-water emulsions; Section S10: TGA data
for permeates from continuous separation of oil-water emulsion by cross-flow apparatus; Section
S11: The measured flux values of continuous separation of oil-in-water emulsion.
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