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ABSTRACT: Antifouling membranes that offer excellent opera-
tional lifetimes are critical technologies needed to meet the
growing demand for clean water. In this study, we demonstrate
antifouling membranes featuring an ultrathin oil layer that stayed
immobilized on the surface and in the pore walls of poly(vinylidene
fluoride) membranes for multiple cycles of operation at industrially
relevant transmembrane pressures. An optimized quantity of a
commercial Krytox oil with either a low (K103) or a high viscosity
(K107) was infused onto the active surface and into the pores of
membranes with a 0.45 μm pore size. The presence of the oil layer
was qualitatively confirmed using crystal violet staining and variable
pressure scanning electron microscopy. Using a dead-end stirred
cell, a consistent pure water permeance value of 3000 L m−2 h−1

bar−1 was achieved for the K103 liquid-infused membranes for at least 10 operation cycles, which was expectedly lower than the
permeance of bare control membranes (∼16 000 L m−2 h−1 bar−1), suggesting that a stable oil layer was formed on all membrane-
active sites. To quantify if oil was lost during membrane operation, extensive thermogravimetric analysis was conducted on both the
as-prepared and used membranes. When challenged with the microorganism, Escherichia coli K12, the liquid-infused membranes
statistically reduced microbial attachment by ∼50% versus the control membranes. For the first time, we have demonstrated that by
forming an immobilized, robust, and stable oil-coated membrane, we can generate high-performance membranes with stable
permeance values that can be operated at relevant transmembrane pressures and provide long-lasting antifouling properties.
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■ INTRODUCTION

Degrading water quality is a persistent problem, which is
corroborated by the fact that globally, 2.2 billion people lack
access to clean drinking water.1,2 The World Economic Forum
has declared that the water crisis is a societal and environ-
mental risk leading to the transmission of diseases, including
diarrhea, cholera, typhoid, and hepatitis A.3 One in nine
children under the age of five die every day due to diarrhea
making diarrhea the second leading cause of childhood
mortalities worldwide.4−6 To fight this water paucity and
degrading water quality, membrane-based water treatment
processes, including ultrafiltration, are used because mem-
brane-based technologies can effectively remove the partic-
ulates and pathogens (viruses and bacteria) that cause
waterborne diseases.7 However, over time biofouling, i.e., the
accumulation of particulates and pathogens on the membrane
and inside their pores, contributes to more than 45% of all
membrane fouling,8 as well as causes an increase in energy
consumption and a decreased rate of clean water production.9

Various strategies to reduce biofouling during membrane
operation have previously been explored, including both
operational changes and altering membrane design. For

example, researchers have investigated how both physical
methods (i.e., flow-induced shear,10,11 gas sparging12,13) and
chemical methods (i.e., feed stream pretreatment14) can
decrease biofouling during membrane operation. However,
these approaches have their own shortcomings. For example,
flow-induced shear causes the breakage of foulant particles that
lead to pore blocking.11 In terms of re-engineering the design
of membranes via the inclusion of functional chemistries, a
popular approach has been to blend active agents, such as
biocides15−17 and/or antifouling polymers18−21 into the body
of the membrane. While this approach can effectively decrease
biofouling, it is often accompanied by a trade-off in membrane
performance.22,23 Another drawback is that the bioactive
moieties are located throughout the membrane as opposed to
the interfacial location that is actively involved with the
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separation, and thus, higher loadings are required for activity.24

While modifying membrane surfaces with antimicrobials (e.g.,
metal ions, titanium dioxide25−27) and/or antifouling polymers
(i.e., zwitterions, poly(ethylene glycol)28−30) can effectively
concentrate active agents at the surface of the membrane,
complicated reaction chemistries or manufacturing, including
chemical grafting, plasma treatments, and/or UV treatments,
are typically required. This impedes industrial scale up and
prevents fouling only on the membrane’s surface rather than
within the membrane’s pores.31−35 Thus, an alternative,
straightforward approach that transforms all membrane-active
sites, including, the surface skin and pores to be fouling
resistant without compromising consistent separation perform-
ance, is needed.
In nature, the Nepenthes pitcher plant uses a thin,

immobilized liquid layer to create an ultraslippery surface,
which causes insects to slide down into its cup.36 To mimic
this behavior, liquid layers have been immobilized on the
surface of highly wettable microstructures, creating a pressure-
stable, omniphobic antifouling coating on solid surfaces,
commonly known as slippery liquid-infused porous surfaces
(SLIPS).37 SLIPS have been reported to repel a wide range of
contaminants, including crude oil,37 proteins,38,39 blood,38,40

and bacteria.41,42 Inspired by this work, Hou et al.43

demonstrated that a fluorinated lubricating oil could be
infused into filters with 0.2 μm, 5.0 μm, and 20.0 μm pore
size that were composed of the synthetic fluoropolymer,
polytetrafluoroethylene, (C2F4)n. At ambient pressure (i.e., a
gauge pressure of 0 bar), the liquid filled the 5.0 μm pores.
When a threshold pressure of 0.33 bar was applied, the liquid
was stabilized by capillary forces within the 5.0 μm pores
creating a nonfouling, liquid-lined pore.43,44 The threshold
pressure required to allow liquid passage through the pores
depended on the size, geometry, and composition of the bare
membrane, as well as the surface tension of the lubricating
liquid.43,45 In a 2021 report by Bazyar et al.46 it was
demonstrated that liquid-infused membranes have great
potential at decreasing biofouling during long-term cross-flow
experiments. Despite these promising preliminary investiga-
tions, to date there have been no reports that investigate if the
composite membranes can perform liquid separations at
industrially relevant transmembrane pressures or that quantify
the stability of the oil layer after membrane operation.
Here, we report the fabrication of liquid-infused membranes

(LIMs) that provide consistent pure water flux at industrially
relevant transmembrane pressures. Using two nontoxic,
chemically inert, omniphobic perfluoropolyether liquids with
varying viscosities, we were able to confirm the formation of a
stable liquid layer on the surface and in the pores of
commercial poly(vinylidene fluoride) (i.e., (C2H2F2)n) mem-
branes. We tested the pure water permeance of these liquid-
infused membranes with varying pressure, resting time, and
over ten testing cycles using a dead-end filtration unit. The
highly antifouling properties of these composite membranes
were also demonstrated.

■ MATERIALS AND METHODS
Materials and Chemicals. Perfluoropolyether Krytox 103

(K103) with a low viscosity of 0.000082 m2 s−1 (82 cSt) and
perfluoropolyether Krytox 107 (K107) with a higher viscosity of
0.001535 m2 s−1 (1535 cSt) were purchased from Chemours
(Wilmington, DE). Isopropyl alcohol (IPA, 70% v/v) was purchased
from ThermoFisher Scientific (Waltham, MA). ACS reagent grade

acetone was purchased from Fisher Scientific (Hampton, NH).
Deionized (DI) water was obtained from a Barnstead Nanopure
Infinity water purification system (resistance of 18.2 MΩ cm,
ThermoFisher Scientific). Luria-Bertani broth (LB), M9 minimal
salts (M9 media), sodium chloride (NaCl), D-(+)-glucose, carbeni-
cillin (BioReagent grade), and crystal violet (ACS reagent, >90%,
anhydrous basis) were purchased from Sigma-Aldrich (St. Louis,
MO).

Fabrication of Liquid-Infused Membranes (LIMs). Poly-
(vinylidene fluoride) (PVDF) membranes with a reported pore size
of 0.45 μm were purchased from ThermoFisher Scientific and used in
all studies. Prior to use, a flushing procedure was conducted to
remove glycerol from the membrane’s pores. Membranes were
submerged in a 70% IPA for 0.5 h before being rinsed with DI water
three times. All flushed membranes were stored in DI water at 4 °C
until use. To prepare the liquid-infused membranes (LIMs), 6 μL
cm−2 of K103 or 15 μL cm−2 of K107 was applied to the surface of a
flushed and compacted membrane using a micropipette. The
previously mentioned quantities of Krytox were systematically
optimized, as discussed in the results sections. The liquid was allowed
to spread across the membrane surface and into the pores for 30 min.
Membranes were next suspended vertically for 60 min to allow the
excess lubricant to runoff the membrane due to gravitational forces.
No additional forces or pressures were applied during the membrane
fabrication process. Throughout this article, the composite mem-
branes coated with Krytox 103 or Krytox 107 are referred to as K103-
LIM and K107-LIM, respectively. The flushed PVDF membranes that
were used as controls (without a lubricating liquid layer) will be
referred to as the bare membrane.

Characterization of LIMs. Variable pressure scanning electron
microscopy (VP-SEM, ThermoFisher VolumeScope V2), with an
acceleration voltage of 5 kV and a variable pressure of 0.38 torr, was
used to characterize the surface morphology of both the bare
membranes and LIMs. Images were captured in Secondary Electrons
(SE, 15 pA) and BackScatter (BS, 400 pA) imaging modes. To
qualitatively confirm the presence of the lubricant layer, crystal violet
was applied to wet LIMs because as an aqueous stain, it can only stain
portions of the membranes that lack the lubricant. LIMs and bare
membranes were submerged in 1.5 mL of 0.001% aqueous crystal
violet stain that was agitated at 90 rpm using a MaxQ2000
(ThermoFisher Scientific) for 20 min. Digital images of the
membranes were captured using a OnePlus 6t 16 + 20 MegaPixel
camera. Static contact angle measurements were acquired using 10 μL
drops of DI water on the bare membranes using a Canon EOS 6D
Mark II camera with a 100 mm macro lens (Canon, Huntington, NY).
Tilt contact angle measurements were performed by placing a 25 μL
DI water droplet on one side of the bare membrane or LIM, which
was placed on an AP180-Adjustable Angle Mounting Plate (Thorlabs,
Newton, NJ) equipped with an AccuMaster digital level/angle gauge
(Carson, NV). The stage was slowly tilted until the water droplet
started to move. Between each tilt angle measurement, the membrane
was rotated by 45° to ensure that no water droplet moved along the
same path twice. If no droplet movement occurred before 45°, the
measurement was declared a failure. The reported static contact
angles and tilt angles are the averages of 12 drops acquired over 4
different samples.

Performance of LIMs. Pure water permeance experiments were
conducted using a 10 mL dead-end stirred cell (Sterlitech, Kent, MA).
The membrane-active area was 3.8 cm2. The dead-end stirred cell was
pressurized using a nitrogen (N2) tank and the flux was calculated by
measuring the change of mass on the permeate side using a digital
weighing scale (U.S. Solid, Cleveland, OH). All of the pressure values
reported throughout this article are the gauge pressure values. First,
each flushed bare membrane was compacted for 0.5 h at 3 bar
pressure, which ensured that the flux change was less than 5%. Next,
permeance tests on the LIMs were performed for 0.5 h at four
different transmembrane pressures (TMPs = 1, 2, 3, and 4 bar). Flux
as a function of the volume of water that permeated through the
membrane (ΔV), membrane area (A), and time (Δt) was calculated
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using eq 1, whereas pure water permeance and normalized permeance
were determined using eqs 2 and 3, respectively.

= Δ
Δ

− − V
A t

flux (L m h )2 1
(1)

=− − −permeance (L m h bar )
flux

TMP
2 1 1

(2)

=

( )normalized permeance PWP
PWP

pure water permeance of LIMs
pure water permeance of bare membrane

o

(3)

The effect of resting time on the long-term pure water permeance of
the LIMs was explored. Five filtration cycles, which were each 30 min
in duration, were performed on the same LIM at 1.5 bar TMP. After
each cycle of pure water flow, the LIMs were allowed to rest for 15 or
30 min, i.e., they remained undisturbed in the dead-end stirred cell
with no pressure gradient, washing, or another contact. The LIM
remained in the dead-end cell for all 5 testing cycles and no additional
Krytox was added to the system. The same water was used for all 5
cycles of a resting time experiment.
Continuous long-term permeance experiments were also conducted

on the LIMs. Ten filtration cycles (30 min each) were performed on
the same LIM sample at 1.5 bar TMP. There was no resting time (0
min) between the continuous testing cycles. The membrane sample
being tested remained in the dead-end stirred cell for the entire
duration of the ten cycles of testing. No additional Krytox was added
to the system. The same water was used for all 10 cycles of the long-
term experiment.
Thermogravimetric analysis (TGA, Q50, TA Instruments) was

conducted to determine the percentage of Krytox that remained on
the as-prepared and used LIMs (post-permeance experiments). A
membrane sample (6−12 mg) loaded onto a platinum pan was heated
from 25 °C to 700 °C at a temperature ramp of 10 °C min−1. The
nitrogen was purged at a flow rate of 40 mL min−1 for the balance and
60 mL min−1 for the sample. The ratio of Krytox to the commercial
membrane was determined using the TGA data provided in Table S1
and using eq 4

=K/M ratio
Krytox (%)

bare membrane (%) (4)

Antifouling Activity of LIMs. Bacteria antifouling tests were
conducted as reported previously47 using Escherichia coli K12
MG1655 (E. coli), a Gram-negative strain purchased from DSMZ,
Leibniz-Institut, Germany, containing a green fluorescent protein
(GFP) plasmid. Control glass coverslips (22 mm × 22 mm, Fisher
Scientific, Hampton, NH) were cleaned by submerging them in an
acetone bath (stirred at 60 rpm) for 10 min followed by rinsing with

autoclaved DI water three times, before being dried at 60 °C for 16 h
and treated with UV/ozone (ProCleanerTM, Bioforce Nanosciences,
Ames, IA) for 10 min. Both sides of the bare membranes (circular
coupons with 2.54 cm diameters) were sterilized using a UV lamp
(UVP UVGL-58, Analytik Jena US, Upland, CA) for 10 min. K103
and K107 oils were sterilized by passing them through a sterile
vacuum filter of 0.45 μm pore size (Stericup Quick Release, EMD
Millipore Corporation, Billerica, MA). After sterilization, the bare
membranes were coated with sterilized K103 or K107 to fabricate the
LIMs, as described previously. E. coli was inoculated with 100 μg
mL−1 carbenicillin and grown overnight in LB media at 37 °C to a
concentration of 108 cells mL−1. All membrane samples were placed at
the base of six-well plates (Fisher Scientific) to which 5 mL of M9
media containing 250 μL of E. coli was added to each of the six wells
and placed in an incubator at 37 °C for 2 h. Membrane samples were
then removed from the six-well plates and gently rinsed with M9 to
remove the loosely adherent bacteria. At least 15 random images of
the samples with adhered microbes were acquired using two parallel
replicates on three different days using an Axio Imager A2M
microscope (20 × magnification, Zeiss, Thornwood, NY). Bacteria
colony area coverage (%) was calculated using the particle analysis
function in ImageJ 1.53a software,48 consistent with our previous
work.49

Statistics. For all of the data, an unpaired Student’s t-test was used
to determine the statistically significant difference between samples.
Significance is denoted in the graphs using asterisks (*) and defined
in figure captions. All experiments were conducted in triplicate.

■ RESULTS AND DISCUSSION

Characteristics of Liquid-Infused Membranes (LIMs).
The goal of this work was to create a continuous and stable
lubricant layer in the pores and on the surface of membranes to
test the hypothesis that liquid infusion could provide a novel
route to enhancing the fouling resistance of high-performance
membranes. Commercial poly(vinylidene fluoride) (PVDF)
membranes were selected to serve as the base membranes
because of their chemical affinity for the perfluoropolyether
liquid that results from the presence of fluorine groups,37 their
durability, and because they are commonly used in the
separation industry. While a Magellan 400 XHR scanning
electron microscope (FEI, Hillsboro, OR) was able to capture
images of the control bare membrane, images could not be
acquired after the application of the oil. Thus, in Figure 1, we
present VP-SEM micrographs for all membrane samples; due
to the combination of elevated gas pressures within the sample
chamber and specialized electron detectors,50 it was possible to
image both bare membranes and those featuring an

Figure 1. VP-SEM micrographs acquired using (A−C) secondary electrons and (D−F) backscatter modes. Micrographs of (A, D) bare, (B, E)
K103-LIMs, and (C, F) K107-LIMs are provided. Crystal violet stained membranes are provided in the inset digital images and additional digital
images are provided in Figure S1.
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immobilized liquid. The bare membranes display a poly-
dispersed pore-size distribution (Figure 1A) and a fibrous-like
structure with interconnected pores was also observed.
We successfully fabricated liquid-infused membranes

(LIMs) using PVDF membranes as the base and the
perfluoropolyether oil, Krytox 103 or 107 having a low
viscosity of 0.000082 m2 s−1 (82 cSt) or a high viscosity of
0.001535 m2 s−1 (1535 cSt), as the infusion lubricant. The
quantity of K103 or K107 that needed to be applied to the
surface of the membranes was selected based on the previous
literature45 and further optimized by systematic investigations.
Visually, we added sufficient lubricating oil so that it could be
evenly spread over the entire surface of the membrane and the
surface appeared shiny to the unaided eye. All membranes
coated with the oil were held vertically for 60 min, which
allowed any excess liquid to runoff the membrane. In the case
of both oils, the quantity was lower (6 μL cm−2 for K103 and
15 μL cm−2 for K107) than that reported in the literature (250
μL cm−2) potentially due to differences in pore size and/or
geometry of the base materials.44 Because the K107 has a
higher viscosity than K103, a greater quantity of K107 was
required to spread evenly over the membranes, which was
expected.
Due to the membrane pore-size distribution being

polydisperse, reporting an average pore diameter of either
the bare membranes or the LIMs was not a reliable
characteristic of the membrane. However, micrographs
acquired on LIMs using secondary electron imaging display
that the immobilized oils visually appeared to have generally
decreased the pore diameters (see Figure 1B,C). When using
the backscatter mode, the LIMs (Figure 1E,F) had an
enhanced bright field compositional contrast compared to
the bare membranes (Figure 1D) due to the presence of
additional fluorine groups in the oil. This was also expected
because the densities of the oils (K103 = 1.92 g cm−3 and
K107 = 1.95 g cm−3) are greater than those of the PVDF
membranes (1.78 g cm−3), thus increasing the bright contrast
of the LIMs versus the bare membranes. Because the
backscatter imaging mode uses a higher current, the electrons
also penetrate into the membrane’s body and down into the
pores; this increased penetration depth results in the increased
contrast and suggests the presence of oil inside the membranes.
We next used a qualitative method to confirm that the

lubricating oil coated the entire membrane surface. We
submerged the LIMs into the aqueous crystal violet stain44,51

that would not be able to dye the perfluoropolyether lubricant
oils. As shown in the inset image in Figure 1A, the bare PVDF
membrane was fully stained purple, whereas the K103- and
K107-LIMs both retained their original white color (see also
Figures 1B,C and S1), thereby strongly suggesting the presence
of Krytox on the membrane’s surface.
The hydrophobicity of the bare membranes was determined

using static water contact angle measurements (Table S2). The
bare membranes had a hydrophobic contact angle of 115 ± 8°,
consistent with literature values.52 We did not provide static
contact angles for LIMs because it has been reported to be an
unreliable measurement; the oil layer can wrap around the
water droplet giving a false contact angle measurement.43,44

Thus, tilt contact angle measurements were acquired for the
LIMs and bare membranes to examine the continuity and
functionality of the liquid layer.53,54 Table S2 displays that no
water droplet movement was observed on the bare membranes
before a tilt angle of 45°, whereas immediately after applying

the oil, the LIMs displayed a statistically lower tilt angle of 9°
(see Table S3). As part of our procedure to produce the LIMs,
they are held vertically for 60 min to remove any extra oil from
the membranes; on the LIMs where the excess oil was allowed
to runoff the sample, we observed a tilt angle of 37 ± 7° and a
statistically lower angle of 19 ± 8° for K103- and K107-LIMs,
respectively. Potentially, the K107-LIMs had a lower tilt angle
than the K103-LIMs because of the oil’s higher viscosity and
surface tension that might lead to a greater volume of oil being
retained on the surface. Overall, these decreased tilt angles
further confirm the presence of the slippery lubricant layer on
the membranes, i.e., the presence of an oil layer that enables
the sliding of a water droplet to occur at a lower tilt angle.

Pure Water Permeance of LIMs as a Function of
Transmembrane Pressure (TMP). Next, we investigated the
ability of LIMs to be used in high-pressure systems. First, we
determined the optimal transmembrane pressure (TMP) to
carry out long-term experiments by performing pure water
permeance experiments as a function of TMP (i.e., 1, 2, 3, and
4 bar). The dotted line in Figure 2 represents the permeance of

the bare (noninfused) membrane, against which, we
normalized our LIM data. As expected, all permeance values
for LIMs were statistically lower than those for the bare PVDF
membranes, even at the highest TMP of 4 bar (the limit of our
dead-end stirred cell). This immediately indicates that
lubricant is retained in/on the membranes after testing at all
TMPs used in this work. We expected our LIMs to have a
lower flux than those of the bare membranes.
At the lowest TMP (1 bar), K103-LIMs and K107-LIMs

both exhibited a very low permeance, close to zero. After
increasing the TMP from 1 bar to 2 bar, a statistically
significant increase in the normalized permeance (see eq 3)
was observed for the K103- and K107-LIMs. This is likely
because a threshold TMP was reached between 1 and 2 bar,
resulting in potentially the opening of the pores if they were
clogged with the oil or simply an allowance of the water to pass
through oil-decorated pores. Increasing the operating pressure

Figure 2. Normalized permeance for K103-LIMs and K107-LIMs as a
function of transmembrane pressure (TMP). The dotted line
represents the normalized permeance of the bare membranes. Error
bars denote standard deviation, one asterisk (*) denotes a p ≤ 0.05
significance between samples, and n.s. denotes that samples were not
statistically different.
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to 2 bar also revealed that the viscosity of lubricant oil yielded
a statistically different LIM permeance. To better understand
this threshold, we also performed pure water permeance
experiments at TMPs of 1.3 bar and 1.5 bar and saw a
statistical increase from 1 to 1.3, as well as from 1.3 to 1.5 bar
for the K103-LIMs (see Table S4 and Figure S2). We report
no statistically significant increase between 1.5 and 2 bar TMP.
Figure 2 displays that additional increases were observed for

the LIMs operated at 2 versus 3 versus 4 bar TMP. For
example, the normalized permeance of the K103-LIMs
statistically increased to 0.55 and 0.62, whereas the normalized
permeance of the K107-LIMs increased to 0.49 and 0.55 at
TMPs of 3 and 4 bar, respectively. The K103-LIMs exhibited a
12% greater increase in the normalized permeance than the
K107-LIMs at 4 bar. One possible explanation for this
difference is that the higher-viscosity lubricant fills more
volume of the membrane’s pores.
These results demonstrate that LIMs provide consistent flux

and suggest the presence of a stable lubricant layer for a 30 min
testing duration. Based on these results, the long-term
experiments in the following sections use 1.5 bar TMP
because we consider 1.5 bar as the threshold pressure
whereupon we report the onset of increased water permeance.
In other words, while an increase in pure water permeance was
observed at higher applied pressures, it is preferable to operate
at the lowest threshold pressure to conserve energy.
Long-Term Pure Water Permeance of LIMs as a

Function of Resting Time. Previous literature published by
researchers working with liquid-infused filters reported the use
of “resting time”, i.e., the time required for the system to refill
with oil, which assists in passive flux recovery.43,44 To
determine if incorporating a resting time would impact the
flux behavior of our LIMs, we performed five permeance
experiments at TMP of 1.5 bar, and after each cycle, the LIMs
were allowed to “rest” in the system (no applied pressure) for
15 or 30 min, as provided in Figure 3A. Interestingly, counter
to what has been reported in the literature, K107-LIMs with 15
and 30 min resting time exhibited a statistically equivalent

permeance for each cycle and as expected a lower permeance
than the bare membranes.
Because there were no statistically relevant permeance

differences with 15 and 30 min resting time, we next performed
pure water permeance experiments using K103-LIMs with the
lower resting time, i.e., 15 min, and compared the values with
that of K107-LIMs. We again observed statistically equivalent
permeance for the low- and high-viscosity oil-infused
membranes (Figure 3B), proving that we see no effect of
resting time on the permeance values at a TMP of 1.5 bar. The
pure water permeances for K103-LIMs after 1 cycle and 5
cycles were 3476 ± 135 and 3230 ± 104 L m−2 h−1 bar−1,
respectively, and for K107-LIMs, pure water permeances of
3777 ± 836 and 3623 ± 780 L m−2 h−1 bar−1 were reported.
The results in Figure 3B inform us that the permeance

values at 1.5 bar TMP do not depend on the lubricant viscosity
as equivalent pure water permeances were observed. Again, the
resting time had no effect on the permeance. While we, like the
literature, note that there was a threshold pressure required to
open the pores43,45 or achieve an initial flux, in our higher-
pressure system, we hypothesize that once the oil-coated pores
allow for the passage of water, they do not refill, and hence, a
“gating” mechanism was not observed for our system. What is
meant by a gating mechanism is that on applying pressure the
liquid is pressed against the pore walls allowing the filtration
liquid to pass and when this pressure is released, the pores get
refilled by the liquid.43 While a high-viscosity lubricant and 30
min resting time improved the performance of a liquid-infused
system operated at a low pressure of ∼0.7 bar,44 we have a very
stable system at all applied pressures. In fact, without the
presence of a gating mechanism, the resting time has no effect
on the permeance, and thus, we can operate our system
continuously. The statistically equivalent permeance suggests
that little to no oil is leaving the system; this is further analyzed
and discussed in the following sections. Notably, our data
suggests that the mechanism of this system is fundamentally
different from the gating mechanism previously published in
the literature.

Figure 3. (A) Pure water permeance of K107-LIMs with 15 or 30 min of resting time between test cycles. (B) Pure water permeance of K103-LIMs
and K107-LIMs with a 15 min resting time between testing cycles. A TMP of 1.5 bar was used. Error bars denote standard deviation, and n.s.
denotes that samples were not statistically different. The initial pure water permeance of compacted bare membranes is provided as a comparison
and is statistically different from the LIMs.
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Continuously Operated, Long-Term Pure Water
Permeance of LIMs. With the knowledge that resting time
does not impact permeance, 10 cycles of pure water permeance
experiments were performed continuously, without any resting
time (see Figure 4). For K103-LIMs, over 10 testing cycles, we

see a consistent permeance of ∼3000 L m−2 h−1 bar−1. This
promising result suggests that very little to no oil is leaving the
system and that the same amount of water is flowing per unit
time, per unit area, and per bar pressure. If oil was being
removed from the membranes, then the flux would
dramatically increase, likely to the permeance values
demonstrated by the bare membrane (∼16 000 L m−2 h−1

bar−1). In all cases, the permeance for both K103- and K107-
LIMs was lower than the permeance of bare membranes
confirming the presence of the oil in the membrane pores. In
the case of K107-LIMs, we observed an increase in the
permeance value until cycle 5 and consistent permeance values
from cycle 5 onward. Additionally, the pure water permeance
value for cycle 1 was statistically different from the pure water
permeances for cycle 5 to cycle 10. Potentially, this behavior
resulted because the higher-viscosity lubricant takes a longer
time to form a steady membrane pore coating when we operate
the system at 1.5 bar TMP. Once a steady membrane pore
coating was formed, a stable flux of ∼2900 L m−2 h−1 bar−1 was
observed for cycles 5−10. Due to the significant amount of
time required for these long-term tests, we did not test more
than 10 cycles. However, based on these results, we suggest
that performing even longer-term pure water permeance tests,
i.e., more than 10 test cycles, would indeed be possible.
Lubricant Stability Using Thermogravimetric Anal-

ysis After Pure Water Permeance Experiments. We
performed thermogravimetric analysis (TGA) to quantify the
amount of K103 and K107 present in the as-prepared
membranes and the LIMs used in pure water permeance
tests (Figure S3). We used eq 4 to calculate the proportion of
Krytox to the bare membrane. The weight percentage of
Krytox for the as-prepared K103- and K107-LIMs was 44 ± 5

and 41 ± 6%, respectively. Table S1 contains both the weight
percentage of Krytox and the K/M ratio for the LIMs. We
determined that the K/M ratio for the K103-LIMs was greater
than 1, whereas for K107-LIMs, it was less than 1. This means
that the weight of K103 was more than the weight of the bare
membrane, whereas in the case of K107, it was less than the
weight of the bare membrane. For K103-LIMs, the K/M ratio
dropped significantly from 1.19 ± 0.39 for the as-prepared
membranes to 0.45 ± 0.16 for membranes used in one
permeance test, i.e., 0.8 mg cm−2 of K103 was removed (Figure
5). Importantly, there was no significant difference, i.e., no

weight change from cycle 1 to cycle 5 for the K103-LIMs. The
pure water permeance data (Figure 4) and TGA data (Figure
5) support the hypothesis that K103 reached a steady-state
concentration after one cycle of use and retained a consistent
permeance over the next 9 cycles. This would only be possible
if the oil remained on the membrane as a stable layer.
Since all detectable K103 losses occurred after cycle 1, we

suggest that using a membrane pretreatment procedure like
forward flushing, pulling pressure during membrane fabrica-
tion, or washing the membrane surface could be performed to
overcome this limitation. Notably, membrane pretreatment
(i.e., flushing) is very common. Additionally, further
optimizations to the initial quantity of oil being applied to
the membrane and/or the duration of the step where we hold
the membrane vertically to allow the excess oil to runoff during
the fabrication step can be optimized to minimize excess
lubricant. Alternatively, if the Krytox oil was initially applied to
the membranes using an industrial coating process (i.e., not via
hand pipetting), it should be possible to achieve a thinner layer
of oil.
For the K107-LIMs, the K/M ratio of the as-prepared

membranes was statistically equivalent to the K/M ratio of the
used membranes from cycles 1 to 5 of the permeance tests.
Potentially, these phenomena were observed due to the higher
viscosity of K107. In the case of K107-LIMs, potentially less oil
can enter the membrane’s pores due to its higher viscosity and

Figure 4. Pure water permeance of K103-LIMs and K107-LIMs for
10 consecutive cycles. A TMP of 1.5 bar was used. Error bars denote
standard deviation, one asterisk (*) denotes a p ≤ 0.05 significance
between samples, and n.s. denotes that samples were not statistically
different. The initial pure water permeance of compacted bare
membranes is provided as a comparison and is statistically different
from the LIMs.

Figure 5. Krytox/Bare membrane (K/M ratio) for as-prepared and
used K103-LIMs and K107-LIMs after pure water permeance testing
at 1.5 bar TMP. The K/M ratio was calculated using the TGA data
from Table S1 and eq 4. Error bars denote standard error, one asterisk
(*) denotes a p ≤ 0.05 significance between samples, and n.s. denotes
that samples were not statistically different.
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more oil drips off during the membrane preparation step.
However, the oil that goes into the pores is very stable at 1.5
bar TMP, and thus, the normalized values are equivalent. A
stable liquid infusion is fabricated even before applying
pressure, and thus, we see no change in the K/M ratio for
the K107-LIMs.
Bacterial Antifouling Activity of LIMs. The resistance to

bacterial fouling was determined for the LIMs and compared
to the bare membranes using E. coli. Statistically, fewer E. coli
attached to the K103- and K107-LIMs than to the bare
membranes (see Figure 6). In comparison to the bare

membranes, E. coli attachment decreased by more than 50%,
to 48 ± 7% and to 47 ± 5% for K103-LIMs and K107-LIMs,
respectively. Glass coverslips were run as an internal control
(data not shown) and fouled significantly more than any of the
membranes. Looking to the literature, SLIPS fabricated by
immobilizing perfluoropolyether (K100 and K103) liquids on
PTFE supports showed a reduction in biofilm coverage of E.
coli by 96% and Staphylococcus aureus by 97.2%.41 The previous
work on liquid-infused surfaces features the gating mechanism,
which implies that the oil is moving; during this oil movement,
it has been postulated that the bacteria are being pulled off
along with the nonstable liquid coating.44 Due to our uniquely
stable oil-coated membranes, a direct comparison between our
data on initial adhesion and the published data on biofilm
formation is challenging. At the same time, our results are
excellent and expected because the lubricant coating is
slippery, which makes it difficult for bacteria to adhere.
We also performed an assay that quantified the E. coli

attachment to the LIMs after performing 5 cycles of pure water
permeance experiments. E. coli attachment again decreased
significantly compared to the bare membranes to 50 ± 6 and
41 ± 6% for the used K103-LIMs and K107-LIMs,
respectively. In fact, a statistically equivalent antifouling
performance was demonstrated by both the as-prepared
LIMs and the LIMs after 5 cycles of use. Our results
demonstrate that LIMs are highly repellant to the micro-
organism E. coli, even after using them for pure water
permeance experiments. The improvement in bacterial

antifouling capabilities, especially for the used K103- and
K107-LIMs, reinforces that a continuous, stable lubricant
coating was formed and maintained. It is remarkable that we
observed no change in the bacterial adhesion after 5 cycles of
using the LIMs even though a small amount of K103 lubricant
oil is removed during the pure water permeance experiments
(as suggested by the TGA data). Thus, our results strongly
support that ample Krytox remains on the surface of the
membranes after their long-term use for both continued
membrane function and antifouling properties. In this work, we
have demonstrated the fabrication of LIMs that have a
continuous immobilized lubricant coating, great membrane
flux, and effective antifouling properties.

■ CONCLUSIONS

For the first time, we have demonstrated that by immobilizing
an immiscible liquid to the surface and in the pores of a
membrane, we can transform a membrane to provide
consistent long-term flux at industrially relevant TMPs that
are repellant to microorganisms. The formation of a stable
lubricant layer within the membrane pores was evident because
the LIMs exhibited a statistically lower pure water flux than the
bare membranes at all TMPs tested. Notably, we observed no
signs of liquid-layer failure (i.e., complete removal of oil) even
when testing was conducted at 4 bar TMP or after 10 cycles of
use. While a small amount of the lower-viscosity Krytox 103 oil
was removed during an initial pure water permeance test
conducted at 1.5 bar TMP, we suggest that K103-LIMs can be
pretreated by performing forward flushing or washing to
remove this excess oil. No loss of K107 was quantified from the
LIMs during our TGA analysis. In our static antifouling tests,
LIMs demonstrated a ∼50% improvement in fouling resistance
over the bare membranes. While we acknowledge that future
antifouling experiments should be conducted using long-term
dynamic tests, this was beyond the scope of this work. Here,
our goal was to provide the initial demonstration that multiple
pure water permeance experiments could be conducted
without the loss of the immobilized oil; our characterization
of the membranes, including TGA data, staining, pure water
permeance data, and strong antifouling results, demonstrates
the retention of oil up to 10 cycles of membrane use, which
was the most cycles that we tested due to the significant time
required to conduct these tests. Future work in the area of
LIMs could focus on broadening their applications via base
membrane or oil selection. It may be possible to use low-tech
support layers (i.e., coffee filters, fabrics) and/or edible
immobilized layers55,56 that could be purchased in a local
convenience store. This work demonstrates that there is
potential to reduce cleaning costs in membrane-based
technologies thereby reducing the overall costs and improving
the membrane lifetime.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c20674.

Digital images of stained membranes, contact angle
measurements, normalized permeance values, and TGA
data are provided (PDF)

Figure 6. Area coverage of E. coli after 2 h incubation on bare, as well
as as-prepared and used K103-LIMs and K107-LIMs after pure water
permeance testing at 1.5 bar TMP. Error bars denote standard error,
one asterisk (*) denotes a p ≤ 0.01 significance between samples, and
n.s. denotes that samples were not statistically different.
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Table S1. TGA data acquired on as-prepared LIMs and LIMs used in permeance 
experiments conducted at 1.5 bar TMP.  

Membrane Krytox (%) Bare Membrane (%)  K/M Ratio† 

K103-LIM 

As-Prepared 44 ± 5 38 ± 6 1.197 ± 0.39 
After Cycle 1 23 ± 7 53 ± 7 0.445 ± 0.16 
After Cycle 2 19 ± 6 57 ± 6 0.338 ± 0.11 
After Cycle 3 19 ± 9 60 ± 8 0.338 ± 0.18 
After Cycle 4 22 ± 6 57 ± 7 0.399 ± 0.14 
After Cycle 5 22 ± 7 54 ± 5 0.404 ± 0.13 

K107-LIM 

As-Prepared 41 ± 6 51 ± 6 0.839 ± 0.22 
After Cycle 1 40 ± 3 51 ± 4 0.805 ± 0.07 
After Cycle 2 36 ± 6 49 ± 7 0.744 ± 0.09 
After Cycle 3 34 ± 3 46 ± 5 0.738 ± 0.05 
After Cycle 4 36 ± 4 49 ± 5 0.750 ± 0.07  
After Cycle 5 36 ± 6 49 ± 5 0.728 ± 0.09 

† K/M ratio was calculated using Equation 4. 
 
 
 
 

 
Figure S1. Digital images of (A, D) bare, (B, E) K103-LIMs and (C, F) K107-LIMs (top) 
before and (bottom) after staining with crystal violet. A 0.5 cm scale bar is provided. 
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Table S2. Contact angle measurements acquired on bare membranes. 

Membrane Static Contact Angle (º) Tilt Contact Angle (º) 
Bare 115 ± 8 > 45 

 
 

 

 

 

 

Table S3. Contact angle measurements acquired on K103-LIMs and K107-LIMs. 

Membrane Tilt Contact Angle  
Post-Liquid Infusion (º)† 

Tilt Contact Angle  
Post-60 min of vertical suspension (º)‡ 

K103-LIM  9 ± 4 37 ± 7* 

K107-LIM 9 ± 3 19 ± 8* 
†Post-liquid infusion implies that there may be excess oil on the surface  
‡These fully prepared LIMs include the 60 min of vertical suspension post-liquid infusion; 
this is the full preparation method used throughout this study 
*Denotes a p ≤ 0.05 significance between samples 
 

 

 
 

 

Table S4. Normalized permeance for K103-LIMs as a function of transmembrane 
pressure (TMP). 

Applied Pressure (bar) Normalized Permeance (PWP/PWP0) 
1.0 0.01 ± 0.002 
1.3 0.15 ± 0.08 
1.5 0.28 ± 0.06 
2.0 0.36 ±0.03 
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Figure S2. Normalized permeance for K103-LIMs as a function of transmembrane 
pressure (TMP). The dotted line represents the normalized permeance of the bare 
membranes. Error bars denote standard deviation, one asterisk (*) denotes a p ≤ 0.05 
significance between samples, and n.s. denotes that samples were not statistically 
different. 

 
 
 
 

 

Figure S3. TGA data acquired on bare membranes, K103 and K107 lubricants, and as-
prepared K103-LIMs and K107-LIMs. 
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