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A B S T R A C T

Widespread stress on global water supplies compels the need for low-cost and sustainable desalination processes.
In this regard, desalination through membrane distillation (MD) can harness waste-grade heat or renewable
energy. So far, the membranes for MD have been exclusively derived from intrinsically water-repellant materials
- mostly perfluorocarbons. However, perfluorocarbons are limiting in terms of operational conditions, and they
also introduce economic and environmental concerns. The development of perfluorocarbon-free MD membranes
would likely address those challenges. Here, we report on the proof-of-concept for biomimetic gas-entrapping
membranes (GEMs) for MD derived from silica and poly(methyl methacrylate) (PMMA) that are water-wet
materials. We drew inspiration for our GEM design from the cuticles of springtails and hairs of Halobates ger-
manus, both of which exhibit mushroom-shaped (or reentrant) features. Accordingly, our GEMs comprise arrays
of microscale cylindrical pores with reentrant inlets and outlets that can robustly entrap air on submersion in
water. Our PMMA-GEMs yielded a vapor flux of J 1 L-m−2-h−1 while separating a solution of ∼0.6M NaCl at
333 K from deionized water at 288 K under a cross-flow configuration. To our knowledge, this is the first-ever
demonstration of MD membranes derived from intrinsically water-wet materials, and these findings suggest that
the rational design of membranes towards greener and cheaper desalination processes is possible.

1. Introduction

Membrane distillation (MD) refers to a gamut of desalination pro-
cesses in which water vapor is extracted from hot seawater (feed side)
through water-repellent membranes and collected on the permeate side
[1–4]. If the permeate side comprises cold deionized water or a mild
vacuum, the process is, respectively, known as direct contact membrane
distillation (DCMD) or vacuum membrane distillation [4]. To reduce
the carbon footprint of desalination, MD processes could be coupled
with low-grade waste heat from industrial and natural sources, making
them an active area of research for interdisciplinary materials discovery
and process engineering [1,5]. MD requires membranes for the robust
separation of the (salty) feed side from the (pure) permeate side to
prevent liquid intrusion and to allow only pure water vapor to move to
the permeate side. So far, only membranes with water-repellent che-
micals/coatings, for example, made from or coated-with polytetra-
fluorethylene (PTFE), polyvinylidene difluoride (PVDF), and per-
fluorosilanes have achieved the necessary robust separation [4,6–9].
Researchers have also investigated perfluorocarbon-free yet water-

repellent materials for MD membranes, such as polypropylene [10],
carbon nanotubes [11], bucky paper [12], nanoporous carbon [13],
graphene [14,15], and poly(ether imide) [16], but the commercially
available membranes are generally composed of PVDF or PTFE. How-
ever, perfluorinated chemicals are expensive, non-biodegradable, and
vulnerable to mechanical damage due to abrasion, elevated tempera-
tures, and harsh and frequent cleaning cycles to preempt fouling
[1,2,17–21]. Perfluorinated membranes also suffer from the time-de-
pendent degradation of their wetting properties in contact with water
[22] due to the adsorption of amphiphilic contaminants, driven by
hydrophobic interactions [23], leading eventually to the intrusion of
water in the pores [1,2]. Thus, membranes derived from intrinsically
water-wet robust materials that can realize the functions of per-
fluorinated membranes are desirable, although they have remained
unachievable thus far. One possible reason for why this problem has
remained unexplored among surface scientists is the conventional
wisdom that surface roughness monotonically increases/decreases the
wettability of hydrophilic/hydrophobic surfaces – sometimes, referred
to as the Wenzel's law [24], which is given by = ×rcos cosr o, where r
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is the surface roughness, defined as the ratio of the real surface area to
the projected surface area, and and o are, respectively, the apparent
and as-placed contact angles on rough and smooth surfaces, assuming
that there is no entrapment of air at the solid-liquid interface. Water is
therefore expected to wet (or intrude) the pores of a rough hydrophilic
surface/membrane instantaneously, whereas rough hydrophobic sur-
faces can exhibit superhydrophobicity [25]. Here, contrary to conven-
tional expectations, we report on the conceptualization and develop-
ment of biomimetic gas-entrapping membranes (GEMs) derived from
water-wet materials that robustly entrap air based on their surface to-
pography and facilitate desalination.

We drew inspiration from seaskaters (Halobates germanus) [26,27]
and springtails (Collembola) [28] that have evolved strategies for sur-
viving accidental submersion in water by spontaneously entrapping
life-sustaining air (Fig. 1A–E). Despite the unrelated evolutionary tra-
jectories of these two insects, the hair of seaskaters and the cuticles of
springtails show striking similarities with mushroom-shaped topo-
graphies, which prevent liquids from intrusion. In fact, when mush-
room-shaped pillars were carved onto intrinsically wetting materials,
such as steel [29], silica [30], poly(ethylene glycol) dimethacrylate
[31], polyvinyl alcohol [32], and epoxy-based poly(disperse orange)
(PDO-3) [33], these materials exhibited liquid repellence, e.g., contact
angles of drops of water and non-polar liquids (e.g., hexadecane) in air
were θA >θr > 150° and θA - θR < 20°, where θA, θR, and θr were the
advancing, receding and as-placed or apparent contact angles
[30,33,34]. Building on these findings, we demonstrated that pillar-
based surfaces suffered a catastrophic loss of liquid-repellence upon
immersion in wetting liquids when the liquids could penetrate laterally
(parallel to the surface) through the spaces between the pillar-stems
[35]. To remedy this weakness, we introduced cavity-based micro-
textures with mushroom-shaped openings/inlets (from here onwards
we refer to them as "reentrant"), which robustly entrapped air upon
immersion in wetting liquids and exhibited omniphobicity, character-
ized by contact angles of water and hexadecane in air of θA >θr > 90°

[35,36]. We also identified shapes (circular or non-circular), profiles
(simple, reentrant, or doubly reentrant microtextures), and corners
(sharp or smooth) of cavities on intrinsically wetting surfaces that led to
the robust entrapment of air and maximized resistance to liquid in-
trusion [37,38]. Given those design principles, here, we introduce gas-
entrapping membranes (GEMs) derived from water-wet materials
comprising vertically aligned cylindrical pores with reentrant inlets and
outlets for the robust entrapment of air upon immersion in water. In the
next section, we demonstrate the proof-of-concept for our silica-GEMs,
microfabricated using lithography and dry etching, and the quantifi-
cation of liquid entry pressures (LEPs). Subsequently, we translate our
design principles into a commercially available low-cost polymer using
scalable manufacturing techniques and demonstrate that GEMs can be
used for MD under a cross-flow configuration.

2. Experimental

2.1. Microfabrication of silica-GEMs

We microfabricated arrays of pores with reentrant features at the
inlets and outlets onto double-side-polished silicon wafers (p-
doped,< 100> orientation, 4” diameter and 300 μm thick with 2-μm-
thick thermally grown oxide layers on both sides from Silicon Valley
Microelectronics) using photolithography and dry etching (Fig. 1F–I,
Figure S1, Section S1 in SI).

2.2. Set-up for leak-testing silica-GEMs

We designed our customized setup to test liquid intrusion into the
pores of silica-GEMs using SOLIDWORKS 2019 (Fig. 2). The setup was
3D printed using the BCN3D SIGMA R19 printer with polylactic acid as
the filament. Silica-GEMs separated a reservoir of saline water (∼0.6M
NaCl that was labelled with green food coloring) from deionized water
(MilliQ Advantage A10), both maintained 293 K and 1 atm. We

Fig. 1. (A–E) Representative scanning electron mi-
crographs of cuticles of springtails (Collembola)
showing pine-cone-shaped papillae decorated with
reentrant overhanging features. (F–I) Scanning
electron micrographs of our biomimetic silica-
GEMs. (F) Cross-sectional view, (G) Magnified cross-
section of a single pore, (H) and (I) Magnified views
of the reentrant edges at the inlets and outlets of
pores.
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employed a Hanna portable conductivity meter (Model – HI98192) for
real-time monitoring of the electrical conductivity of the deionized
water reservoir.

2.3. Microfabrication of PMMA-GEMs

We started with 1.2-mm-thick PMMA (poly(methyl methacrylate))
sheets (McMASTER-CARR) and used a CNC drill (LPKF ProtoMat S103)
and a CO2 laser (Universal X-660, PLS6.75) for controlled drilling.
Details are provided in Section S6. The two layers were sandwiched
together by using UV adhesive (NOA 68, Thorlabs) under a high-in-
tensity UV lamp (Spectroline SB-100PC, 365 nm) (Figs. S2, S3, S4 and
Section S2, S3 in SI).

2.4. Membrane distillation with PMMA-GEMs under crossflow

Vapor fluxes from our PMMA-GEMs were measured in a crossflow
setup using a custom-built MD module with PMMA (Fig. S5 and Section
S4). For the feed-side, we used saline water (∼0.6M NaCl) and labelled
with green food coloring, maintained at T=333 K using a hot plate
(IKA RCT basic) and a flexible resistive foil heater (HT10K, Thorlabs),
controlled by a TC200 temperature controller (Thorlabs). Both streams
were recirculated at a rate of 10ml/min using a Harvard Apparatus
syringe pump (PHD ULTRA™ 4400). The flux was collected in a col-
lection flask and measured using a mass balance (Sartorius Quintix 613-
1S) with a precision of 0.001 g.

3. Results and discussion

To demonstrate the feasibility of GEMs, we used photolithography
and dry etching techniques to create vertically-aligned pores with re-
entrant inlets and outlets on double-side-polished SiO2(2 μm)/Si
(300 μm) wafers that exhibited an intrinsic contact angle for the water/
vapor system of θo= 40° ± 2° (Fig. 1 F–I and S1, Section S1, Section
S5 and Table S1). We chose the design parameters based on our recent
investigation of the time-dependence of air inside silica cavities with
reentrant inlets that exhibited over eight orders of magnitude longer
entrapment compared with simple cylindrical cavities under hex-
adecane [37]. After iterating the microfabrication process, we realized
silica-GEMs with vertically-aligned pores with inlet and outlet dia-
meters of D=100 μm, pitches of L=400 μm, reentrant overhangs of
w=18 μm, and lengths of h=300 μm (Fig. 1 F–I).

To investigate the efficacy of silica-GEMs at entrapping air in the
context of MD, we built a customized module (Fig. 2A) for leak-testing
silica-GEMs, in which the membrane separated a salty solution (∼0.6M
NaCl) from a reservoir containing deionized water at normal tem-
perature and pressure (NTP, T=293 K, P=1 atm). Our module fa-
cilitated in situ monitoring of the electrical conductivity (detection
limit: ± µ0.01 S/cm) of the deionized water reservoir, allowing the

intrusion of water (even pore-level leakage) to be detected through the
membrane. Remarkably, under isothermal conditions, our silica-GEMs
robustly entrapped air for more than six weeks, after which the ex-
periment was discontinued (Fig. 2B); in contrast, silica membranes with
similar cylindrical holes, but without reentrant features at pore inlets
and outlets, failed instantaneously (Fig. S6, Supplementary Movie S1).
These results establish that it is possible to prevent the intrusion of
water into membranes made from water-wet materials by robustly
entrapping air inside the pores using our biomimetic approach.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.memsci.2019.117185.

To investigate the factors and mechanisms underlying the functions
of GEMs immersed in water, we employed confocal microscopy and
tracked the positions of water-vapor interfaces at the inlets/outlets of
silica-GEMs and compared them with silica surfaces with arrays of
cavities with reentrant inlets (Supplementary Section S6). It is well
known that the laser in confocal microscopy heats up water locally
[37,39]. For instance, in the case of our silica surfaces with arrays of
cavities with reentrant inlets immersed in water, even the mild laser
power of 0.6 mW led to the capillary condensation of water inside the
cavities, which displaced the trapped air; the primary air-water menisci
at the inlets of the cavities bulged toward the water, leading to the
intrusion of water in 3 h, characterized by the liquid meniscus depin-
ning from the reentrant inlets and touching pore walls or floor [37]. On
the other hand, if the laser power was increased five-fold to 3mW, we
observed water intrusion within 1.7 h (Supplementary Figs. S7 and S8
and Section S6). In stark contrast, in the case of silica-GEMs, we found
that air-water interface at the reentrant edges of the pores remained flat
under the 3mW laser power for the first 2 h, and started bulging slowly
afterwards, and eventually got intruded at 17 h (Fig. 3). We therefore
realized that during the initial 10 h, the water vapor arising from the
laser heating moved from the hot side to the cold side, where it con-
densed (Fig. 4). This led us to wonder why the pores of silica-GEMs did
not become clogged by the condensation of water on the pore-walls. We
note that for surfaces with intrinsic contact angles of water, θo < 10°,
the condensation of water leads to thick wetting films, whereas for
θo > 40°, water condenses as droplets [40,41]. Thus, water vapors
from the hot side condense as tiny drops on the pore-walls that grow
locally, but with limited advancement due to the pinning forces
[41–43], leaving the rest to condense onto the cold air-water interface
on the permeate-side. It was not possible for us to directly visualize of
the condensed water drops on the pore-walls and their collective be-
havior over time, because of the opaqueness of silicon, the overhanging
reentrant-edges, the high aspect ratio of the pores, the absence of dye in
the condensed water, and the low range of the z-stacking (z < 50 μm)
of our confocal laser scanning microscope (Supplementary Section S6).

Next, using a custom-built setup, we measured the liquid entry
pressure (LEP), defined here as the pressure at which the liquid stabi-
lized at the reentrant inlets/outlets of the pores of GEMs intrudes inside

Fig. 2. (A) Design of our custom-built cell used to
test the efficacy of silica-GEMs at separating salty
solutions (∼0.6M NaCl) from pure water at
T=293K, P=1 atm. (B) Semi-logarithmic plot of
the electrical conductivity of the reservoir con-
taining deionized water monitored over time. Silica-
GEMs robustly entrapped air in every pore, ren-
dering the electrical conductivity to remain un-
changed for over six weeks, after which the ex-
periment was discontinued.

R. Das, et al. Journal of Membrane Science 588 (2019) 117185

3

https://doi.org/10.1016/j.memsci.2019.117185
https://doi.org/10.1016/j.memsci.2019.117185


and touches the pore-walls (Supplementary Section S7 and Fig. S9). We
found that for GEMs with 100 μm inlets, LEP was 25 kPa. We modeled
the LEP by accounting for the compression of the air entrapped inside
the pores by assuming it to be an ideal gas and the ‘Laplace pressure’ of
the curved air-water interface as, =PLEP

+ × + ×P V V R R/ (1/ 1/ ) cos 271 1 2 LV 1 2 o kPa, where P1, V1, and P2, V2
are the pressures and volumes of the air entrapped in the pores, re-
spectively, immediately after immersion in water and just before the
intrusion, LV is the liquid-vapor interfacial tension, θo is the intrinsic
contact angle of the as-placed water droplet on a smooth and flat SiO2

surface, and R1, and R2 are the radii of curvatures of the air-water in-
terface before intrusion (Supplementary Figs. S10A–B and Table S2);
we ignored the hydrostatic pressure component of the water column of
height, l=5mm ( =P gl 0.05 kPal ) [44]. We note that significantly
higher LEPs might be achieved by reducing the diameter of the pore

inlets, for instance, to the nanoscale. Next, we explored the potential of
GEMs for desalination.

MD exploits thermal energy to drive the extraction of water vapor
from the hot side to the cold side. Thus, in addition to the robust en-
trapment of air, MD membranes should minimize the loss of heat from
the hot to the cold side [8]; chemical stability and resistance to fouling
are other key attributes of MD [1,2,4,45]. To quantify the mass trans-
port of water vapor through silica-GEMs, we built a module that se-
parated 0.6M NaCl maintained at T=333 K as the surrogate feed from
deionized water maintained at T=288 K as the surrogate permeate.
Even though silica-GEMs prevented liquid intrusion, they did not ex-
hibit measurable fluxes due to the high thermal conductivity of silicon
(k=149W-m−1-K−1) [46], which lowered the feed-side temperature
and heated the permeate side. In fact, this phenomenon, known as
temperature polarization, is well known in the MD literature and

Fig. 3. Confocal micrographs of reentrant pores: (A)
Computer-enhanced 3D reconstructions of the air-
water interface at inlets of silica-GEMs with re-
entrant pores under a z≈5mm column of water at
laser power of 3mW. (B–D) cross sectional views at
different time intervals. Intruding liquid menisci
were stabilized at the reentrant edges of the pores
for more than 8 h. Blue indicates the water, white
indicates the silica and grey indicates the silicon. (E)
Schematic of menisci stabilization at the pore-level;
due to the localized laser-heating during confocal
microscopy, water evaporates and condenses onto
other surfaces. The significantly reduced bulging
compared with cavities with reentrant inlets
(Supplementary Figs. S7 and S8 and Section S6)
indicates that most of the vapor condenses on the
air-water interface at the (colder) pore-outlet.

Fig. 4. (A) Schematic representation of the manu-
facturing of PMMA-GEMs using CNC and a CO2

laser. (B) PMMA-GEMs under cross-flow in a MD
setup. (C) A pore-level view of vapor transport in
PMMA-GEMs: liquid water is stabilized at the re-
entrant inlet/outlet, allowing only vapor to be
transported. Water vapor evaporates from the hot-
side and condenses onto the pore-walls and the cold
air-water interface, with the latter being the larger
sink for the vapor.
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researchers have demonstrated it to be a significant factor in the ra-
tional design of MD membranes [8,19]. Our attempts to lower the
thermal conductivity of silica-GEMs by using a conformal coating of a
2-μm-thick layer of poly(p-xylylene) (thermal conductivity of
k=0.008W-m−1-K−1) [47] did not mitigate the temperature polar-
ization (Supplementary Section S8). We therefore decided to test our
design principles on another material system.

We translated the design principles to achieve GEMs from com-
mercially available sheets of poly(methyl methacrylate) (PMMA) that is
a water-wet material (θo= 77° ± 2°, (Supplementary Table S1).
PMMA has a significantly lower thermal conductivity, k=0.19W-m−1-
K−1 than silicon [46]. To create PMMA-GEMs, we developed a two-step
manufacturing process entailing drilling using a Computer Numerical
Control (CNC) system and a CO2 laser (Supplementary Section S2).
Starting with PMMA sheets with 1.2 mm thickness, we drilled con-
centric circular pores with diameters D1= 1mm until the depth of
1mm by CNC, followed by drilling smaller holes with diameters,
D2= 16 μm, through the remaining 0.2mm by the CO2-laser; the
center-to-center distance between the pores was L=2mm (Fig. 4A).
Subsequently, we realized PMMA-GEMs by bonding two sheets of
drilled PMMA by optical alignment, such that the smaller pores func-
tioned as the inlets and outlets. The porosity of those membranes, de-
fined as the volume of air trapped in the pores to the total membrane
volume (Section S3), was quite low, = 0.08, for instance, in com-
parison to that of standard MD membranes (0.2–0.9) [1–3]. Despite
their low porosity, PMMA-GEMs yielded fluxes of desalinated water in
the range of 1 L-m−2-h−1(LMH) for over 12 h while separating cross-
flowing streams of 0.6M NaCl at T=333 K and deionized water at
T=288 K, both flowing at 10ml-min−1 (Fig. 4, Supplementary Fig. S5
and Section S4), in comparison commercial membranes yield fluxes in
the range of 10–90 LMH [3,4,9,48]. By monitoring the electrical con-
ductivity of the permeate that remained unchanged at 20 μS/cm, we
estimated the salt rejection to be close to 100%. PMMA-GEMs fa-
cilitated the robust entrapment of air for over 90 h under those condi-
tions after which the experiment was discontinued. In contrast, PMMA
membranes with simple cylindrical pores with pore sizes in the range of
16–25 μm, i.e., without reentrant inlets and outlets, experienced instant
water intrusion upon immersion (Supplementary Fig. S6, Section S4,
andMovies S2 and S3). These findings demonstrate unambiguously the
potential of the reentrant topography in the context of liquid-vapor
extraction in MD.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.memsci.2019.117185.

To understand the mechanisms underlying the mass transport of
water vapor, we used Fuller-Schettler-Giddings’ empirical relation to
determine the diffusion coefficient of a binary mixture of ideal gases:

= +×

+

D T

P v v
M MAB

1.0133 10

( ) ( )

1 1
1

27 1.75

A
1 3

B
1 3

2 A B
, where T is the mean temperature

in Kelvin, MA and MB are the molecular weights of the gaseous com-
ponents (water vapor and air), P is the total pressure in bar, and νA, νB
are the atomic diffusion volumes [49]; DAB= 2.75 ×10−5m2-s−1 for
our experimental conditions. Using the molecular diffusion model
[50,51], considering the experimental vapor pressures [52] on the hot
and cold sides at 333 K and 288 K, respectively, and assuming no
temperature polarization, we estimated the flux under our experimental
conditions to be J 0.6 L-m−2-h−1, which was in reasonable agreement
with our observations (Table S3, Supplementary Section S9).

We note here that the goal of this work was limited to introducing
the concept of and demonstrating the proof-of-concept for GEMs de-
rived from intrinsically water-wet materials for green desalination. We
anticipate that higher fluxes could be realized by enhancing the mem-
brane's porosity, choosing materials with even lower thermal con-
ductivity than PMMA, and reducing the length of the pores. However,
several questions pertaining to fundamental and applied aspects remain
to be answered by the interdisciplinary research community before

GEMs could emerge as a viable mainstream technology. For instance, it
is important to realize that the thermodynamically stable state for any
hydrophilic porous material immersed in water is the fully-filled (or the
Wenzel) state [36,37]. Our biomimetic approach therefore relies on
robust kinetic barriers on the free energy landscape that prevent wet-
ting transitions from the air-entrapped (or Cassie-) states to the Wenzel
state [22,36,53,54]. In fact, due to the differences in the intrinsic
contact angles and shapes of SiO2-GEMs and PMMA-GEMs, the wetting
transitions taking place in them as they separate the feed-side from the
cold permeate might be dissimilar. In this context, systematic in-
vestigations of time-dependent pore-filling as a function of solid-liquid-
vapor interfacial tensions, pore characteristics, including shape, size,
length, and surface roughness, cross-flow conditions, and the tem-
peratures of the hot and cold air-water interfaces are needed. New
techniques such as neutron computed tomography and X-ray fluores-
cence might facilitate the direct observation of condensing water dro-
plets through opaque solids [55], if the spatial resolution could be en-
hanced. Concerted experimental and computational investigations are
also needed to investigate the temperature polarization, fouling, dur-
ability, and scalability characteristics of biomimetic GEMs.

4. Conclusions

To summarize, we adopted a biomimetic approach to overcome the
vulnerabilities of MD membranes made from or coated with water-re-
pellent chemicals, such as perfluorocarbons. Inspired by the cuticles of
springtails and hairs of seaskaters, we first microfabricated gas-en-
trapping membranes (GEMs) from water-wet SiO2/Si wafers. Our silica-
GEMs comprised cylindrical pores with reentrant inlets and outlets,
which robustly entrapped air for over six weeks upon immersion in
water at NTP. To demonstrate the proof-of-concept for GEMs using a
low-cost and water-wet material with low thermal conductivity, we
chose PMMA. We developed a two-step drilling process using CNC and
CO2-laser platforms to achieve PMMA-GEMs. The resulting PMMA-
GEMs robustly separated solutions of ∼0.6M NaCl solution at 333 K
from deionized water at 288 K, yielding a flux of desalinated water of J
1 L-m−2-h−1 for over 12 h and facilitated robust entrapment of air

until 90 h under those conditions. Thus, our biomimetic GEMs, derived
from common water-wet materials, can perform the crucial function of
perfluorinated MD membranes, i.e. the robust entapment of air while
separating feed- and permeate-sides. We note that the PMMA-GEMs
with the porosity of = 0.08 were used to demonstrate the proof-of-
concept and that new fabrication methods are needed to increase the
membranes' porosity and to decrease pores' inlet diameters to, respec-
tively, achieve higher fluxes and LEPs [1,3,6,9]. Since the functions of
our GEMs as MD membranes are derived from their geometry rather
than their surface chemistry, this green approach to desalination should
also overcome the typical drawbacks of perfluorocarbon-based mem-
branes, including cost and vulnerability to abrasion, elevated tem-
peratures, and harsh cleaning protocols. The benefits of using low-cost
perfluorocarbon-free materials in MD membranes are obvious, e.g., the
costs of PMMA and polyethyleneterephthalate (PET) are 80–90% lower
than the cost of perfluoroethylene [20]. We conclude with the hope that
our findings might be useful in unlocking the potential for using in-
expensive and common materials for green desalination and for liquid-
vapor extraction in general.
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