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A B S T R A C T   

The removal of water-soluble organics from aqueous feeds is required in numerous practical applications, 
including bioresource processing, fermentation, and wastewater treatment. To this end, direct contact membrane 
distillation (DCMD) has been proposed as a separation technology. DCMD utilizes hydrophobic membranes – 
typically, comprising perfluorocarbons – which, when placed between a warm feed and a cold permeate, prevent 
mixing due to the robust entrapment of air inside the (membranes’) pores. Thus, the membranes allow only pure 
water vapor to transport across, following the thermal gradient. Here, we assessed DCMD for separating organics 
from aqueous feeds in light of organic fouling by utilizing ethanol and perfluorodecyltrichlorosilane (FDTS) as 
the surrogate organic and hydrophobic coating, respectively. We investigated the adsorption of ethanol onto 
FDTS-grafted surfaces and membranes exposed to alcohol-water mixtures. Using the surface force apparatus, we 
found that the magnitude of hydrophobic forces between ultra-smooth FDTS-grafted mica surfaces in water- 
alcohol mixtures decreased with the increasing alcohol content. To simulate a practical DCMD scenario, we 
utilized FDTS-grafted polycarbonate membranes to separate a pure water reservoir from another containing 0.6 
M NaCl and alcohol. For the 0% alcohol case, the membranes robustly separated the reservoirs for over a week, 
whereas even for �0.1% ethanol content, the membranes leaked within <5 h. After the leakage, the membranes’ 
hydrophobicity could not be recovered by rinsing them with pure water and blow-drying; a heat treatment at 
363 K for 1 h proved to be successful, however. Our molecular dynamics simulations revealed that ethanol 
molecules in water got preferentially stabilized at the interfaces of water and hydrophobic surfaces. Furthermore, 
this stabilization is significantly enhanced at higher alcohol concentrations due to the emergence of II-D inter-
facial networks comprising adsorbed alcohol molecules. Thus, this micro to macro-scale assessment demonstrates 
that DCMD with hydrophobic membranes is not suitable for separating organics from water, even at low alcohol 
concentrations. We also compare the efficacies of apparent advancing and receding contact angles towards a 
reliable characterization of fouled surfaces.   

1. Introduction 

Separating water-soluble organics from aqueous feeds is crucial in 
numerous industrial processes, such as fermenter broths [1], wastewater 
treatment [2], food and beverage processing [3,4], and bioresource 
processing [5]. Here, we investigate the potential of direct contact 
membrane distillation (DCMD), a proven water desalination technology 
[6], for such separations. In a typical DCMD set up for water desalina-
tion, a hydrophobic membrane separates cross-flowing streams of feed 
(warm seawater) and permeate (cold, pure water), allowing only water 

vapor to pass through [6,7]. The hydrophobicity of membranes ensures 
that as an aqueous solution comes into contact with it, the curvature of 
the water-vapor interface at the pore-level gives rise to a capillary 
pressure that prevents the liquid imbibition inside the pores. This 
capillary pressure is given by the formula [8], 

PL¼ γLV � ð1 =R1þ 1 =R2Þcos θo (1)  

where γLV is the air-water interfacial tension, θo is the intrinsic contact 
angle of a water droplet on a smooth and flat surface of identical 
chemical make-up, and R1, and R2 are the radii of curvature of the air- 
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water interface right before the intrusion into the pore. If the pure- 
water-side in DCMD is replaced by a low-pressure environment – “vac-
uum ”, e.g., 0.2–0.5 atm – the process is known as vacuum membrane 
distillation (VMD) [9]. In fact, DCMD and VMD have been utilized for 
separating alcohols from aqueous feeds at low concentrations (e.g., �
0.01% by volume) and high (e.g., � 34% by volume), respectively [10]. 
Variants of VMD, namely air gap MD (AGMD) [11] and sweeping gas 
MD (SGMD) [12], have also been utilized for extracting volatiles from 
aqueous solutions. Understandably, these processes rely on the stability 
of the air entrapped inside the membranes’ pores to facilitate the vapor 
transport from the feed to the permeate. To achieve this, membranes are 
commonly derived from or coated with hydrophobic materials, such as 
polytetrafluoroethylene or polyvinylidene difluoride [13–15]; other 
materials, notably carbon nanotubes [16], buckypapers [17], graphene 
derivatives [18–20], polypropylene [21], and others [13], remain a 
subject of intense research and development. Over time, however, the 
air-filled pores of membranes, sandwiched between feed and permeate, 
could transition to the fully-filled state [10,15,22,23]. In this scenario, 
the salty/contaminated feed leaks into the pure permeate, leading to 
process failure. Thus, a clear understanding of the factors and mecha-
nisms underlying these wetting transitions is crucial for assessing the 
applications of membranes and separation processes. 

A number of factors could lead to the time-dependent loss of the 
hydrophobicity of membranes, such as organic and inorganic fouling 
[10,24,25], the physical degradation of membranes due to harsh oper-
ating conditions, including heat [26], abrasion [27] and severe chemical 
cleaning protocols [25,28–30], among others [23]. Of these, we are 
interested in the organic fouling of DCMD membranes due to the par-
titioning of amphiphilic solutes at the feed-membrane interface [10,25, 
28,31]. Amphiphilic solutes, such as carbohydrates, peptides, humic 
substances, microorganisms, alcohols, and petroleum derivatives [24, 
25], comprise apolar and polar groups that could interact with the 
membrane surface through hydrophobic interactions, electrostatics, and 
van der Waals forces [8,31]. In an aquatic environment, these solutes 
adsorb onto a hydrophobic surface such that their non-polar groups 
interact with the surface and their polar groups form hydrogen bonds 
with interfacial water [8,32–35]. As a result, the hydrophobic make-up 
of the membrane alters to hydrophilic, which drives pore-filling – the 
sign of the cosine term and hence the direction of the force due to the 
capillarity in Eqn [1] alters from being negative (θo > 90�) to positive 
(θo < 90�); the magnitude of the surface tension term also drops [10,28, 
36,37]. In light of these reports, herein, we apply a broad set of exper-
imental techniques and molecular simulations to investigate the effects 
of water-soluble organics on the hydrophobicity of surfaces and mem-
branes to assess the suitability of DCMD for such separations. We use 
ethanol as a simple, surrogate organic in our study. Given the wide range 
of solute concentrations for which DCMD has been proposed [10], we 
utilize ethanol-water mixtures with the following volumetric concen-
trations: 0.1%, 0.5%, 1%, 18%, and 100%. Our results demonstrate that 
on exposure to these solutions, the water-repellence of perfluorinated 
surfaces and membranes is lost. Using molecular simulations, we explore 
why these molecules partition at the water-membrane interface, thereby 
losing their extent of hydration and why they cannot be removed by 
gentle rinsing and blow drying. Also, we pin-point the significance of 
receding contact angles in detecting fouling in contrast to appa-
rent/advancing contact angles. 

2. Materials and methods 

2.1. FDTS-grafted mica 

Measurement of surface forces at the nanometer-scale resolution 
requires ultra-smooth surfaces. To this end, we utilized freshly cleaved 
muscovite mica films. Since mica is hydrophilic, we functionalized its 
surface following the protocol reported in the reference [38] to render it 
hydrophobic. Briefly, mica surfaces were activated through an oxygen 

plasma in the presence of water vapor (total gas pressure 0.3 mbar, 
plasma power 200 W, 308 K for 10 min). The activated mica surfaces 
were then covalently grafted with perfluorodecyltrichlorosilane (FDTS) 
through a molecular vapor deposition process (Applied Microstructures 
MVD100E) and post-treated to remove physisorbed FDTS molecules 
towards decreasing the surface roughness [38]. We took precautions to 
keep our samples clean by storing them in a clean cabinet with N2 flow 
(protocols for cleaning and storage reported in Refs. [39–41]). Since a 
complete avoidance of contaminants, for instance from air and walls of 
the container, is not possible [42,43], we preferred to use freshly pre-
pared surfaces for the force measurements. 

2.2. Surface force measurements 

Hydrophobic forces between FDTS-grafted mica surfaces were 
measured in water-alcohol mixtures of varying alcohol content using the 
SFA2000 instrument (SurForce LLC, Santa Barbara, CA). The details of 
the SFA have been presented in previous reports [35,44]. Briefly, it 
utilizes white light interferometry to measure the distance between the 
surfaces [45]. To realize the interferometer, molecularly smooth mica 
films were coated with 50 nm-thick silver using metal evaporator 
(deposition rate < 0.2 nm/s). These films were then glued onto silica 
disks (radius of curvature, R ~ 2 cm) using a UV glue (Norland optical 
adhesive 81), such that the silvered-side touched the glue. Next, the 
mica surfaces were activated and silanized with FDTS using a molecular 
vapor deposition system, as described above. The resulting FDTS/mica 
samples (pairs) were installed in the SFA in a cross-cylinder geometry, 
which yielded contact areas of size �100 μm2. Once a clean contact 
point, i.e., devoid of point-defects or cracks, was identified, force runs 
were conducted in the following order: water (10 mM KCl), 
water-alcohol solutions (10 mM KCl), and water (10 mM KCl). By 
keeping the contact point always the same, we could compare the 
changes in the hydrophobic surface forces with respect to water, despite 
the variations in the absolute magnitudes of adhesion from one experi-
mental set up to another, which is common for hydrophobic systems and 
likely due to differences in film quality and contact mechanics [35]. 

2.3. Model organofoulants 

The model organics used in this study were ethanol, methanol and 
isopropanol (99.9% purity, obtained from Sigma Aldrich and used as- 
received). Alcohol-water solutions were prepared using MilliQ water 
(resistivity: 18 MΩ/cm, pH 5.6) in the volumetric ratios: 0.1%, 
0.5%,1%, 18%, and 100%. For the surface force measurements, water 
with 10 mM KCl was degassed using a mechanical pump to avoid the 
nucleation of bubbles in hydrophobic confinement. After degassing, 
ethanol was added to this solution to achieve the desired volumetric 
ratio. This protocol precluded the preferential loss of alcohol from the 
water-alcohol mixtures during degassing. 

2.4. Membrane distillation: membranes and static experimental set up 

Commercial polycarbonate membranes (Whatman 111116 Nucle-
pore: the membrane diameter was 47 mm and the pore diameter was 12 
μm) were utilized in this work. The as-purchased membranes were hy-
drophilic, such that water intruded into their pores instantaneously. To 
render them hydrophobic, we functionalized them with per-
fluorodecyltrichlorosilane (FDTS), following a slightly-modified version 
of our recently reported protocol [38]. Briefly, we cleaned and activated 
the membrane surface using an oxygen-plasma process incorporated 
with steam. The pressure inside the oxygen plasma chamber was first 
pumped down to 0.2 mbar and then stabilized at 0.3 mbar by intro-
ducing oxygen gas. The samples were exposed to a 200 W plasma for 10 
min. To ensure that both sides of the membranes are activated, we uti-
lized a custom-built fixture that held them vertically. The 
plasma-activated membranes were functionalized with 
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perfluorodecyltrichlorosilane (FDTS) using a molecular vapor deposi-
tion (MVD) setup (Applied Microstructures MVD100E). Prior to the 
deposition of FDTS, the leak rate inside the chamber and deposition lines 
were maintained below 2.66 � 10� 3 mbar/min by constant nitrogen 
purging. The MVD process entailed two cycles of deposition, each cycle 
with four FDTS injections at a pressure of 6.6 � 10� 3 mbar and one 
injection of water vapor at 8 � 10� 3 mbar. A reaction time of 15 min was 
allowed between the cycles to aid the bonding of FDTS molecules to the 
activated surfaces. The samples were then annealed at 393 K at a pres-
sure of 30.3 mbar for an hour. The FDTS-grafted polycarbonate mem-
branes were then used to investigate the effects of organic fouling using 
a custom-built static DCMD module. 

The static DCMD module was designed using SOLIDWORKS 2019, 
and it was built with poly(methyl methacrylate) (PMMA) sheets cut 
using a Universal X-660 laser cutter platform (Professional laser system 
PLS6.75; laser power: 7.5 W). The parts were glued using a UV glue 
(NOA 68, Thorlabs) to realize the DCMD module. In this module, an 
FDTS-grafted polycarbonate membrane separated a reservoir of deion-
ized water from a salty water reservoir (~0.6 M NaCl and also labelled 
with green food coloring). Both the (static) reservoirs were maintained 
at 293 K and 1 atm. A Hanna portable conductivity meter (Model – 
HI98192) was used for real-time monitoring of the electrical conduc-
tivity of the deionized water reservoir as the indicator for pore-filling 
leading to membrane failure and leakage. 

2.5. Silica beads 

Silica beads were procured from Sigma Aldrich (CAS Number 7631- 
86-9: SiO2 powder, 10–20 nm particles) and used as-is. The beads were 
hydroxylated by exposing them to a freshly prepared piranha solution 
(1:1 V/V mixture of H2O2 and H2SO4) for an hour. They were then 
filtered and washed with copious amount of water. Next, the beads were 
added to a solution of toluene containing 0.1% (V/V) octadecyltri-
chlorosilane (ODTS) and stirred at 300 rpm at 313 K [46]. After 3 h, they 
were filtered, rinsed with toluene, and placed in an oven maintained at 
373 K for 1 h. This concluded the functionalization process for silica 
beads. 

2.6. Contact angle measurements 

To characterize hydrophobicity and organic fouling of surfaces, 
apparent (θr), advancing (θA), and receding (θR) contact angles of sessile 
water drops were measured on FDTS-grafted mica surfaces using a 
contact angle goniometer (Krüss Drop Shape Analyzer DSA100). The 
apparent contact angles were measured by placing 2 μl drops on the 
surfaces; the advancing and receding angles were measured by adding 
and removing 10 μl to this drop at 0.2 μL/s rate. This procedure was 
repeated at least on three different locations on each sample while 
recording images that were analyzed using the Advance software (from 
Krüss GmbH) to estimate the contact angles by fitting tangents at the 
solid-liquid-vapor interface. 

2.7. Computational section 

Using molecular dynamics (MD) simulations, we investigated water- 
ethanol mixtures in contact with graphene surfaces. Graphene was used 
as a surrogate for FDTS-grafted mica due to its simplicity, lower number 
of atoms, and our previous report confirming computationally that the 
contact angles of water droplets on graphene and FDTS are quite similar 
[38]. Periodic boundary conditions were applied in x, y, and z directions 
and two scenarios were studied: (a) the dilute case, where a single 
ethanol molecule was added to 862 SPC/E water molecules, equivalent 
to 0.45% (V/V) concentration (Fig. 1A), and (b) the concentrated case, 
where the graphene surface was saturated with 70 ethanol molecules 
plus 700 water molecules above, equivalent to a concentration of 22.2% 
(V/V) (Fig. 1B). The cell dimensions were the same in these scenarios: 

3.8 � 4.2 nm2, while the z-axis for the diluted and saturated cases were 
2.51 nm and 2.15 nm, respectively. To achieve alcohol saturation on the 
graphene, we fully covered graphene with as many ethanol molecules as 
possible (density of the layer was 1.4 g/cc). After an NPT/NVT equili-
bration procedure, the saturated ethanol layer was still intact, though it 
had reorganized with a density of 0.7 g/cc (Fig. 7C). Potential of mean 
force (PMF) was calculated for each scenario by dragging an ethanol 
molecule from the water-graphene interface into the bulk along the 
z-axis. The integration of the PMF along the z-coordinate yielded the 
potential (Helmholtz) free energy landscape for the adsorption of 
ethanol at the graphene-water interface. Since the concentrated case had 
70 ethanol molecules, we picked one that was in the middle of the 
graphene sheet to capture the effects of the neighboring molecules as 
well. LAMMPS software package [47] was employed for MD simulation 
and the collective variables interface (COLVARS) [48] module was used 
for the PMF study. To obtain the PMF, the adaptative biasing force 
method [49] was used. The COLVARS settings for the harmonic walls 
were the same in both systems: a force constant of 0.002 kcal 
mol� 1/(Å)2, a width of 0.1 Å and a sampling region of 20 Å in the z-axis. 
Water was described with the SPC/E model [50]. The H–O–H angle was 
kept rigid using the SHAKE algorithm [51]. The graphene sheet and 
ethanol molecules were described using the OPLS-AA force field, using 
the same parameters as used by Kommu & co-workers [52]. We 
employed the velocity-Verlet algorithm [53] to integrate the equations 
of motion with a timestep of 1 fs. The van der Waals interaction had the 
inner and outer cutoffs at 9 nm and 12 nm, respectively; Coulomb in-
teractions were described with the PPPM method and a k-space toler-
ance of 10� 3 kcal mol� 1 [54]. The MD simulation procedure is as 
follows: we minimized the simulation box with the conjugate gradient 
algorithm [55] with a force tolerance of 10� 5 kcal mol� 1/Å and an en-
ergy tolerance of 10� 4 kcal mol� 1. Then, we heated the system in the 
NVT ensemble with the Nose-Hoover [56] thermostat and a Tdamp of 
100 timesteps. Afterwards, we equilibrated the system in the 
isothermal-isobaric (NPT) ensemble at a constant pressure of 1 atm for 5 
ns until the water box gives a density of 1 gm cc� 1. Finally, we per-
formed 5 ns in the NVT ensemble, followed by a 100 ns simulation run 
where the final PMF was obtained. 

Fig. 1. Normalized adhesive forces measured between the FDTS-grafted mica 
surfaces separated by water, methanol, ethanol and IPA, using the SFA. The 
magnitude of each of the forces in the bar-plot is an average of five force runs, 
standard deviation of which is represented by the error bars. Forces are 
normalized with respect to water and decrease in adhesion is significant in pure 
alcohols. The inset presents representative force-distance curves in methanol 
( ), ethanol ( ), and IPA ( ), where solid and hollow symbols, 
respectively, denote out-runs and in-runs, respectively. 
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3. Results and discussion 

3.1. Hydrophobic surface forces 

Using the SFA [44], we measured hydrophobic forces between 
ultra-smooth FDTS-grafted mica surfaces in 10 mM KCl aqueous solu-
tions, methanol, ethanol, and isopropanol (Details in the Materials & 
Methods section). The surfaces were brought into contact at ultra-slow 
speeds of ~10 nm-s� 1 and separated to measure the adhesive force. In 
water, the total adhesion force, Fad, was measured by separating the 
surfaces from contact, upon which a spring instability resulted in a 
jump-out from contact, as reported by others [35,57,58](Fig. 1). From 
the precise values of the jump-out distance, Djump, and the spring con-
stant, k, we calculated the total adhesion force, Fad ¼ k � Djump. In the 
case of pure alcohols, the interactions between FDTS surfaces were due 
to weak van der Waals interactions (Fig. 1). We preceded and followed 
measurements in alcohols by measurements in 10 mM KCl solutions 
without changing the contact points (of typical contact area � 100 μm2). 
This protocol allowed us to pin-point the effects of organic fouling on the 
hydrophobicity of surfaces. We found that the low magnitudes of forces 
between FDTS surfaces immersed in alcohols did not increase at all even 
when the alcohols were replaced by 10 mM KCl solutions in the SFA box. 
This indicated significant organic fouling on FDTS on exposure to pure 
alcohols. 

Next, we investigated the effects of alcohol activity on hydrophobic 
surface forces in alcohol-water mixtures of volumetric ratios of 0.1%, 
0.5%, 1%, 18%, and 100%. As mentioned above, force-runs in water- 
alcohol solutions were preceded and followed by force runs in water 
for comparison. In each of these experiments after force runs in alcohol- 
water solutions, we separated the surfaces and flowed copious amount 
of clean water to strip off the physisorbed molecules – akin to back-
washing – followed by measuring forces in water. Our expectation was 
that given the high miscibility of ethanol in water, it would be removed 

from the FDTS surface when exposed to clean water. In fact, we observed 
a 33%, 45%, 55%, and 70% decrease in the hydrophobic force as the 
ethanol volumetric fraction increased to 0.1%, 0.5%, 1% and 18%, 
respectively (Fig. 2A-D), which meant that ethanol molecules had 
physisorbed onto the surface. With the increasing ethanol concentra-
tion, surface forces kept decreasing indicating increased surface fouling, 
saturating at 18% (V/V) (Fig. 2D). 

3.2. Contact angle measurements 

We measured contact angles of methanol, ethanol, and propanol on 
FDTS-grafted mica surfaces and compared them with those of water 
(Fig. 3A). With the increasing size of the hydrocarbon tail of the alcohols 
– CH3–OH < CH3–CH2–OH < CH3–CH2–CH2–OH –, they became 
intrinsically wetting towards FDTS surface, which correlates with the 
trend in surface forces as well (Fig. 1). Next, we characterized the 
organic fouling of FDTS-grafted mica surfaces on exposure to ethanol- 
water solutions (0.1%, 0.5%, 1%, 18%, and 100% by vol.). To do this, 
we measured the advancing (θA), receding (θR), and apparent (θr) con-
tact angles of water drops by following this protocol: surfaces immersed 
in ethanol-water mixtures for 15 min, rinsed with pure water, and drying 
with N2 gas (pressure 4 atm). Apparent contact angles were measured by 
placing 2 μl water drops on the surfaces; advancing and receding angles 
were measured by adding and removing 10 μl to this drop at 0.2 μL/s 
rate. Interestingly, the advancing and apparent contact angles on sur-
faces exposed to different solutions did not change significantly, 
whereas the receding contact angles decreased with increasing alcohol 
content in the water-alcohol mixtures (Fig. 3B). The difference in the 
advancing and receding contact angles, also known as the contact angle 
hysteresis, θA � θR contained valuable information about the chemical 
heterogeneity of our ultra-smooth surfaces. These data revealed a cor-
relation in the extent of the organic fouling of FDTS-grafted surfaces and 
the alcohol-content of the mixtures, saturating at 18% and 100% ethanol 

Fig. 2. Step-wise hydrophobic forces 
measured between FDTS-grafted mica sur-
faces at the same contact in 10 mM KCl so-
lution, ethanol-water solutions, and then 
again in 10 mM KCl solution after back-
washing with water. The hydrophobic force 
data were normalized with respect to the 
first run in water to ascertain the effects of 
organic fouling. (A) 0.1% (V/V) ethanol 
concentration; (B) 0.5% ethanol concentra-
tion; (C) 1% ethanol concentration; (D) 18% 
ethanol concentration. The hydrophobic 
forces measured in the 18% ethanol solution 
were similar to those measured in pure 
ethanol.   
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concentrations, similarly to the surface force measurements (Fig. 2). 
Similar correlation between the organic fouling of FDTS surfaces and the 
alcohol content for methanol-water and isopropanol-water mixtures was 
revealed via contact angles (Tables S1 and S2 in the Supporting Infor-
mation). We did not investigate the significance of 18% in this context. 

3.3. Organic fouling of hydrophobic surfaces 

To further demonstrate that the partitioning of amphiphilic mole-
cules onto hydrophobic surfaces in water is a general phenomenon, i.e., 
not limited to perfluorocarbons, we exposed silica beads with surfaces 
grafted with octadecyltrichlorosilane (ODTS) to the ethanol-water 
mixtures (Details in the Materials & Methods section). ODTS-grafted 
silica beads were immersed in 0.1% and 100% ethanol solutions for 
15 min, rinsed with water, and dried in air; the same procedure was 
repeated for pristine silica beads. For the characterization of organic 
fouling, the samples were transferred into a sealed vial and heated to 
363 K for an hour. Heating desorbed alcohol molecules from the beads, 
and the gas-phase alcohol molecules were then transferred from the vial 
to a gas chromatography chamber (Agilent Technologies 7890A GC 
System). Fig. 4 confirms the presence of ethanol in ODTS-grafted silica 
beads and the absence of ethanol in the bare silica samples. 

3.4. Regeneration of hydrophobicity 

Using a broad set of techniques, we have established the partitioning 
of ethanol at the interfaces of water with perfluorocarbon and hydro-
carbon surfaces. We also found that gentle rinsing and blow-drying with 
N2 gas are insufficient to recover their hydrophobicity, which has also 
been noted by others [10,28,31,59]. These findings indicate the pres-
ence of alcohol molecules on the membrane surface and underscores 
their significant adhesion (Details in Section 3.6). Next, we investigated 
the effects of heating on the fouled membranes as a means to desorb the 
adsorbed alcohol molecules. To find the optimal temperature, we tested 
the hydrophobicity of fouled membranes heated for an hour at 333 K, 
343 K, 353 K, and 363 K. By monitoring the hydrophobicity of the 
heat-treated membranes by measuring surface forces (Fig. 5A) and 
receding contact angles of water (Fig. 5B), the heat treatment at 363 K 
for 1 h was found to be optimal for cleaning the organically fouled 
surfaces. The magnitude of hydrophobic surface forces on the regener-
ated surfaces were not identical to those recorded in the prior runs in 
water. This could be due to the change in the contact points (and hence 

the contact mechanics) and also due to the partial molecular rear-
rangement of the FDTS surfaces during the heat treatment [35,38]. 

3.5. Direct contact membrane distillation (DCMD) 

To test the practical implications of our findings, we utilized FDTS- 
grafted polycarbonate membranes (Section 2.2 in Materials and 
Methods, Fig. 6B). Due to the combination of their surface chemistry and 
roughness, the membranes exhibited hydrophobicity, characterized by 
advancing and receding contact angles for the water/vapor system as: 
θA ¼ 136� � 2� and θR ¼ 91.5� � 2�, respectively, on either side. We 
tested the efficacy of these membranes to separate pure water from 0.6 
M NaCl water containing 0%, 0.1%, and 18% ethanol (V/V) at 293 K and 
1 atm using our custom-built DCMD module (Fig. 6A). This module 
monitored in the real-time the electrical conductivity of the pure water 
reservoir as a metric for the pore-scale failure of the membrane; food 
coloring (green) was also added to the salty side as a visual aid for 

Fig. 3. (A) Contact angles of water, methanol, ethanol, and IPA on FDTS-grafted mica. (B) Contact angles of water on FDTS-grafted surfaces after immersing them in 
ethanol-water solutions (0.1%, 0.5%, 1%, 18%, and 100% by vol.) for 15 min, followed by rinsing with water and drying in N2 gas. The apparent and advancing 
contact angles do not change much, whereas receding angles are most sensitive to the organic fouling of the surfaces. 

Fig. 4. Gas chromatograph of ethanol released from silica beads terminated 
with octadecyltrichlorosilane (ODTS) exposed to 100% and 0.1% ethanol-water 
solutions (V/V), followed by rinsing with deionized water. It is clear that bare 
silica beads do not adsorb any ethanol, whereas ODTS-terminated beads do. The 
inset shows the gas chromatograph of pure ethanol. 
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leakage. In the case of 0% ethanol, the membranes could robustly 
separate salty (0.6 M NaCl) water from pure water for over a week, after 
which the experiment was discontinued (Fig. 6C). In contrast, for both 
the alcohol-water mixtures – 0.1% and 18% – membranes’ pores got 

intruded, leading to failure/leakage, within a few hours (<5 h), as 
demonstrated by electrical conductivity measurements (Fig. 6C). The 
scope of these DMCD experiments, conducted under isothermal and 
static conditions, was limited to highlighting the fouling-driven pore- 

Fig. 5. (A) Forces between FDTS-grafted mica surfaces measured at the same contact point in water, followed by ethanol (100%), and then in water. Hydrophobic 
surface forces did not recover in the last step due to organic fouling. The samples were then removed from the SFA and heat treated at 363 K for 60 min. Subse-
quently, the SFA experiments were repeated, albeit at a different contact point. Hydrophobicity was recovered due to the removal of the physisorbed alcohol 
molecules. (B) Receding contact angles of water drops measured on: (i) FDTS-grafted mica, (ii) FDTS surface that has been exposed to ethanol and rinsed with water, 
and dried, and (iii) sample in (ii) that is heat-treated at 363 K for 60 min. 

Fig. 6. (A) Schematic of our custom-built static DCMD module used to test the efficacy of a commercial perfluorinated membrane against organic fouling. (B) 
Scanning electron micrographs of FDTS-grafted polycarbonate membranes: front side (1–2) and back side (3–4). (C) The leakage through the membrane pores was 
correlated with the increased electrical conductivity of the pure water reservoir separated from 0.6 M NaCl solutions containing 0%, 0.1%, and 18% ethanol (by vol.). 
(D) Efficacy of heat treatment: perfluorinated membranes were used to separate (alcohol-free) aqueous reservoirs for 90 minutes, followed by explosure for ethanol 
for 15 min to foul them. Next, in one case, cleaning was done by washing them with pure water and drying in air, whereas in another case, the membrane was heat- 
treated at 363 K for 1 h. On reinstallation in the module with (alcohol-free) aqueous feeds, membranes from the former batch failed within 30 min, as evidenced by 
the rise in the electrical conductivity, while the ones that were heat-treated afforded a robust separation. 
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scale failure of hydrophobic membranes. Measurements of trans-
membrane fluxes as a function of the alcohol content or time fall beyond 
the scope of this study. 

To regenerate/clean the fouled membranes, we tested the effects of 
thoroughly washing them with pure water and blow drying. In this case, 
the “regenerated” membrane failed within 30 min after installation in 
the module separating 0.6 M NaCl solution from pure water (Fig. 6D). 
Using the abovementioned heat treatment at 363 K for 1 h, we were able 
to regenerate the membranes, and they were able to robustly separate 
reservoirs filled with 0.6 M NaCl solution and pure water in the DCMD 
module (Fig. 6D). 

3.6. Molecular dynamics simulations 

To gain molecular insights into the origins of partitioning of alcohol 
at the water-hydrophobe interface, we employed molecular dynamics 
simulations (Materials and Methods Section). Two scenarios were 
simulated: (i) dilute (�0.45% V/V; Fig. 7A and B), and (ii) concentrated 
(22.2% V/V; Fig. 7C and D). We used a graphene sheet as a surrogate for 
our FDTS-grafted surface for simplicity; we have previously confirmed 
that the contact angles of SPC/E water (nano)droplets on graphene, in 
silico, are in excellent agreement with our experimental results on FDTS- 

grafted ultra-smooth surfaces [38]. For the dilute ethanol-water solu-
tion, our potential of mean force (PMF) calculation converged after 50 
ns of simulation time, revealing that there is an energy-minima at d ¼
3.4 Å with the potential well-depth of ΔA ¼ � 2.1 kcal mol� 1 (Fig. 8A). 
This result is in good agreement with a recent report on the adsorption of 
ethanol onto graphene pores [52]. 

In the concentrated case, we found that the interfacial ethanol 
molecules formed II-D networks, such that the adjacent ethanol mole-
cules interacted with each other, graphene, and interfacial water 
(Fig. 7D). In this scenario, while the surface-bound ethanol molecules 
lost entropy, their enhanced interactions with the surface and adjacent 
alcohol molecules compensated for the free energy change. As a result, 
the PMF revealed an energy-minima on the Helmholtz free energy sur-
face at a distance of d ¼ 3.4 Å, with a depth of ΔA ¼ � 6.4 kcal mol� 1 

(Fig. 8B). This result is in qualitative agreement with ab initio molecular 
dynamics simulations and DFT calculations of the adsorption of poly-
cyclic aromatic hydrocarbons onto graphene with the adsorption energy 
(Eads) increasing linearly with the number of rings in the molecule (with 
Eads in the range 10–16 kcal mol� 1, exothermic) [60]. A similar effect 
was seen with DFT-D calculations of methanol adsorption onto gra-
phene, where Eads was found to increase with the number of methanol 
molecules from � 4.8 kcal mol� 1 for a single molecule to � 8.4 kcal mol� 1 

Fig. 7. Snapshots from MD simulations: (A-B) dilute 
ethanol-water solution, and (C-D) saturated case. (B) 
Zoomed-in area near the water-graphene interface 
showing an alcohol molecule. (D) A II-D network of 
adsorbed alcohol molecules at the water-graphene 
interface. Here, the graphene surface is not shown 
to enhance clarity. (Color scheme: carbon atoms of 
ethanol molecules are green, hydrogen atoms are 
white, oxygen atoms are red, hydrogen bonds are 
dashed black lines and the carbon atoms of graphene 
are grey). (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 8. (A) The Helmholtz free energy landscape for an ethanol molecule in a 0.45% V/V solution when brought to the water-graphene interface from the bulk using 
a potential of mean force (PMF) calculation. (B) The Helmholtz free energy landscape for the concentrated case (22.2% V/V). Both cases exhibit minima at 3.4 Å from 
the graphene surface; in the dilute case, ethanol molecule experiences a potential well of depth ΔA ¼ � 2.1 kcal mol� 1 at the interface, while in the saturated case 
well-depth of the ethanol molecule is ΔA ¼ � 6.4 kcal mol� 1. Data fitting has been done with a Bezier function to guide the eye. 
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for a cluster of five methanol molecules adsorbed on graphene [61]. 
Recently, Otyepka & co-workers combined inverse gas chromatography, 
MD simulations and ab initio DFT calculations to investigate the 
adsorption of ethanol on graphene and graphite [62]. They demon-
strated that as the surface coverage of ethanol increased on graphene, 
the adsorption of gaseous ethanol molecules became more exothermic 
with the enthalpic change saturating at ΔHads ¼ � 12 kcal mol� 1. Simi-
larly, our molecular simulations (Figs. 7-8) and experimental observa-
tions (Figs. 2 and 3B) demonstrate that organic fouling of the 
water-graphene interface scales with the ethanol concentration due to 
the formation of a II-D interfacial network. The enhanced stability of this 
network qualitatively explains why gentle rinsing with pure water and 
blow drying fail to clean the organically fouled surfaces, whereas the 
heat treatment at 363 K for 1 h is successful. Sonication and mechanical 
scrubbing could be other alternatives. We note that a detailed investi-
gation of the removal of organic foulants surfaces as a function of the 
rinsing conditions, e.g., water pressure and temperature, duration of 
rinsing, and/or incubation in water [30], is beyond the scope of this 
work. 

It is also important to recognize that our simulation cell for the dilute 
scenario (Fig. 7A and B) contains only a single alcohol molecule, which 
precludes the formation of a percolation network as observed in the case 
of concentrated scenario (Fig. 7C and D). The take-home message from 
the dilute case is that the adsorption of ethanol at the water-hydrophobe 
interface is thermodynamically favored. Furthermore, the similarity of 
the failure times in our DCMD experiments with 0.1% and 18% ethanol- 
water mixtures (Fig. 6C) suggests that the molecular pictures at those 
liquid-solid interfaces might be similar (Fig. 7C and D). 

4. Conclusion 

To summarize, we sought insight into the partitioning of ethanol, as a 
surrogate water-soluble organic, at the water-hydrophobe interfaces 
across a wide range of concentrations to understand how hydrophobic 
DCMD membranes might fare under those circumstances. Towards a 
molecular to macro level assessment, we utilized a broad set of experi-
mental techniques and molecular dynamics simulations. We found that 
the hydrophobic force between FDTS-grafted surfaces in water 
decreased with the increasing alcohol content in water in the range 
(0–100% by volume). Ethanol-water mixtures (0.1% and 18% by vol-
ume) intruded the pores of FDTS-grafted membranes with pore diameter 
of 12 μmwithin <5 h, whereas those membranes could prevent pure 
water from imbibition for over a week. Results from the SFA, contact 
angle goniometry, gas chromatography, and DCMD module revealed 
that even after the fouled perfluorocarbon and hydrocarbon surfaces 
were rinsed with water and dried with N2 gas, alcohol molecules 
remained physisorbed on them. In contrast, the common expectation is 
that the alcohol molecules should desorb/evaporate due to their volatile 
nature under our experimental conditions (298 K and 1 atm). Our mo-
lecular dynamics simulations revealed that the interfacial alcohol mol-
ecules could form II-D networks in which interfacial ethanol molecules 
interacted with each other as well as with the hydrophobic surface and 
water, which enhanced their stability significantly more that of a single 
ethanol molecule at the interface. We consider it to be the reason why 
gentle rinsing with water and blow drying are insufficient to remove the 
foulants, and that a heat treatment at 363 K for 60 min is successful. We 
expect these predictions to be translatable to other amphiphilic mole-
cules, and molecules with longer hydrophobic tails should partition 
more readily at the water-hydrophobe interface. We also note that the 
characterization of the fouled surfaces/membranes based on advancing 
contact angles of water drops can be misleading, presumably due to the 
patchiness of the adsorbed layers thus exposing the hydrophobic sub-
strate. In contrast, receding contact angles reliably report on the true 
state of the surface due to the overturning/rearrangement of the phys-
isorbed molecules [63]. 

Taken together, our findings suggest that processes exploiting 

hydrophobic or superhydrophobic membranes, such as DCMD, are un-
suitable for separating organics from aqueous feeds even at low con-
centrations, because of the unavoidable hydrophobic interactions 
between the organics and the membranes. In response, a membrane 
vapor extraction (MVE) design has been proposed by Radke & co- 
workers [64,65], wherein an omniphobic membrane separates an 
aquatic feed containing organics from a non-polar extracting solvent, 
such as dodecane or mesitylene. The efficacy of this coating-based 
approach should be investigated. Alternatively, a new class of surfaces 
and membranes that do not depend on liquid-repellent coatings to 
entrap air on immersion in liquids has been reported through the 
development of gas entrapping microtextured surfaces (GEMS) [22,39, 
66–68] and gas entrapping membranes (GEMs) [40,69]. This 
bio-inspired strategy exploits reentrant or mushroom-shaped micro-
textures [70–72]. Multiscale assessments of these approaches are, 
however, needed to reveal the strengths and weaknesses of this 
approach. To conclude, this report should prove valuable as the quest for 
fouling-resistant, energy-efficient, and low-cost DCMD membranes 
intensifies. 
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