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Fabricating breakthrough materials capable of desalinating seawater and brine
with high selectivity and low energy consumption is crucial for addressing
global water and energy challenges. We report here the desalination capability
of ultra-thin polymeric films with subnanometer pores synthesized through
the polymerization of fluorinated trichlorosilane monomers and diamine-
based monomers. The combination of subnanometer pore size, submicron
thickness, and superhydrophobicity facilitates efficient liquid-to-vapor phase
change in the membrane distillation process, enabling effective desalination
performance. The thin-films demonstrate high salt rejection (99.8%), complete
boron rejection, and water fluxes of 40 L.m™2.h™ (1.88 kWh.m™, WRRs;, 0.32%)
and 238 L.m.h™ (20.65 kWh.m™, WRRy,, 3.87%) for seawater at 25 °C and

60 °C, respectively. For the desalination of real seawater reverse osmosis brine
at 25 °C, the thin-films maintain 12 L. m>.h™ (4.4 kWh.m, WRRy, 0.09%) under
comparable conditions. Their polymeric nature, chlorine resistance, and low
energy requirements, indicate a potential for scalable and sustainable desali-
nation systems.

Thin films have significantly contributed to membrane-based separa-  developed the first thin film utilizing the IP technique, layering the thin

tion technologies in various fields, particularly seawater desalination’,
organic solvent separation’, and crude oil separation®. They are typi-
cally fabricated by interfacial polymerization (IP)*, molecular layer-by-
layer®, 3D-printing®, and chemical vapor deposition’ techniques. The IP
strategy, based on the Schotten-Baumann reaction, is commonly
employed for producing polymeric thin films, where the film grows at
the interface of two immiscible phases via irreversible polymerization
of two highly reactive multifunctional monomers®'°, The result is a
self-terminated film growth with an overall thickness of a few hundred
nm and a rough surface morphology™. In the early 1980’s, Cadotte et al.

film onto an ultrafiltration support to make a composite membrane
(TFC). This led to a breakthrough with the development of membranes
for reverse osmosis (RO), a desalination technology that dominates
today’s industry™. In a typical synthesis, aqueous solutions of organic
amines react with organic solvents containing acyl chlorides, resulting
in the formation of a thin and dense polyamide (PA) film. There have
been several attempts to incorporate new features into the PA thin film
in an effort to improve their performance . Apart from its applica-
tion in desalination, TFC has also been employed in the fractionation of
crude oil or for molecular separation in organic liquids, commonly
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referred to as organic solvent RO, Hydrophobic thin films produced
by either capping thin films with a hydrophobic group or directly
incorporating the hydrophobic group into the monomers during the
reaction, demonstrated remarkably fast liquid transport’**. On one
hand, the hydrophobic vesicles facilitate efficient paths for the trans-
port of nonpolar liquids across the thin film®. On the other hand, the
electrostatically negative fluorous inner surface of the hydrophobic
nanochannels breaks water clusters, thus allowing more water to
pass®. Also, the hydrophobic thin films perform excellently in the
evaporation-based desalination process, which relies on the transport
of water vapor through the hydrophobic nanopores” . In previous
work, we also delivered evidence to support the hypothesis that a thin
film of sub-micron thickness has promise for significantly improving
the efficiency of desalination®. Therefore, the development of a
superhydrophobic thin film with high permselectivity could be a
breakthrough for sustainable desalination of highly saline brines. To
address this challenge, herein we report the design of scalable super-
hydrophobic polymeric thin films with submicron thicknesses. The
thin film grows in a minute at the organic/aqueous interface owing to
the reaction between fluorinated trichlorosilane molecules and an
m-phenylenediamine (MPD) monomer. The thickness of the thin films
can be readily adjusted by controlling the fabrication conditions (i.e.,
reagent concentration and reaction time). As-synthesized super-
hydrophobic thin films are layered on a hydrophilic porous material
for structural support and additional enhancement of water
evaporation”, taking advantage of the effect of a hydrophilicity gra-
dient in the composite membrane design®. Using the membrane dis-
tillation (MD) process, the resulting thin films efficiently desalinate
highly challenging solutions i.e., real RO desalination brine, real sea-
water, scale-forming ions, and monovalent ions, with the lowest energy
consumption reported to date. We demonstrate, using a multiscale
model, that the experimentally observed evaporation fluxes can be
predicted over a wide range of operating conditions using the Kelvin
equation with curvature-dependent water surface tension at the pore
level’®, providing an important connection between the molecular
behavior of water and the tangible performance of the designed
membrane.

Results

Synthesis of polymeric thin films

We synthesized scalable polymeric thin films with various thicknesses
(60.6 to 238.5nm) for desalination using a straightforward, scalable,
and controllable IP technique. This IP involves the reaction between
1H,1H,2H,2H-perfluorododecyltrichlorosilane (FTCS) and MPD at the
interface of two immiscible solutions, forming a superhydrophobic
thin film (Fig. 1a and Fig. S1). The freshly prepared FTCS/hexane
(organic phase) solution was slowly poured into the MPD/deionized
(DI) water (aqueous solution). Upon pouring the FTCS/hexane solu-
tion, the head (-SiCls) of FTCS gets closer to the water surface, whereas
its hydrophobic tail remains in the organic phase. Once the FTCS/
hexane solution spreads, the head group undergoes rapid hydrolysis
and aminolysis reactions with water and MPD, respectively, followed
by a condensation reaction (Fig. la-c), forming a free-standing
superhydrophobic thin film with subnanometer pores at the
aqueous-organic interface (Fig. S1a), that was then transferred onto a
porous support. Further, we explored the effect of the IP reaction time
and FTCS concentration on the thickness, physicochemical properties,
and performance of the synthesized thin films (Supplementary
Notes 1 and 2). For briefness, the thin-film samples are referred to as
TFx-y, where x is the FTCS concentration (wt/vol%) and y is the IP
reaction time (min), respectively (e.g., TF0.1-0.5; Table S1). The scal-
ability is demonstrated by fabricating a free-standing thin film with an
area of 324.0 cm? (18 cmx18 cm) (Fig. S1b), without compromising its
mechanical strength. As such, owing to its robust mechanical integrity,
the scaled-up free-standing thin film was safely transferred to the

surface of a porous support (Fig. Sic). To support scalability, the thin
film was also synthesized using the support-IP method®.

Scanning electron microscopy (SEM) observations of the thin
films transferred onto the substrate (substrate properties in Table S2)
demonstrate the integrity of the thin films (Fig. 1d-h). The morphology
of the thin films varied with the FTCS concentration and IP reaction
time (Fig. S2). For a short IP reaction time (0.5 min), the thin film
exhibited a smooth surface with small nodular features. As the reaction
time increased (1-3 min), more prominent leaf-like structures devel-
oped, creating a distinct ridge-and-valley topography (Fig. 1d-g and
Fig. S2). Increasing FTCS concentration further intensified these sur-
face features, resulting in a denser distribution of leaf-like formations
(Fig. S2i-1). The two-dimensional (2D) atomic force microscopy (AFM)
images (Fig. 2a and Fig. S3) were consistent with the SEM observations.
Cross-sectional SEM images of the thin films on 60 um-thick substrates
revealed film thicknesses ranging from 60.6 nm to 238.5 nm, demon-
strating a direct correlation with longer IP reaction times and higher
FTCS concentrations (Fig. 2b-f; and Fig. S4 and Table S3). AFM pro-
filing of free-standing thin films, transferred onto silicon wafers, fur-
ther confirmed that thicknesses remained below 250 nm, with a clear
trend of increasing thickness with longer IP reaction times and ele-
vated FTCS concentrations (Fig. 2g, h, Fig. S5). Additionally, surface
roughness values varied with the IP reaction time or FTCS concentra-
tion (Fig. S6 and Table S3).

Structural insights provided by grazing incidence wide-angle X-
ray scattering (GI-WAXS) provide further understanding of molecular
orientation and arrangement within the films (Figs. S7 and S8). The in-
plane GI-WAXS profiles of films TF0.1-1, TF0.2-1, and TF0.3-1 exhibit
consistent peaks around Q;=1.27 A}, corresponding to a d-spacing of
approximately 0.495 nm*°*, This uniform in-plane feature suggests a
consistent molecular arrangement, such as m-1t stacking of aromatic
groups perpendicular to the supporting substrate, an arrangement
likely established during the IP process®*'*. In contrast, the out-of-
plane GI-WAXS profiles exhibited distinct peak positions for each
sample (Q, =036 A, 0.55A, and 0.90 A for TF0.1-1, TF0.2-1, and
TF0.3-1, respectively), corresponding to d-spacing of 1.748nm,
1142 nm, and 0.698 nm, respectively (Fig. 2i, j and Figs. S7 and S8).
These variations reflect differences in molecular packing density along
the out-of-plane direction, likely influenced by polymerization
kinetics***°. This anisotropic arrangement, characterized by con-
sistent in-plane alignment and variable out-of-plane packing, suggests
that thickness and cross-linking density may influence transport
properties, as thicker films with higher structural density could resist
vapor transport due to increased structural complexity.

The estimation of the thin film porosity based on the BET method
yielded a value of 4.94% (Supplementary Notes 2.9 and 3.6). The
thermal conductivity measurements of the polymeric thin films
showed a value of 0.07+0.02W.m™.K™ (Fig. S9), highlighting their
strong thermal insulation properties, a crucial factor for efficient
desalination. The low thermal conductivity, coupled with controlled
structural anisotropy, enables these films to minimize heat loss while
allowing selective vapor transport. The chemical structure of the
polymeric thin films was validated using Fourier-transform infrared
(FTIR) and Raman spectroscopy (Supplementary Note 3.2). The band
at 880 cm™ is assigned to the Si-N stretching mode*°™*, confirming
that FTCS reacted with MPD via an aminolysis reaction (Fig. 1b and
Fig. S10), forming a continuous thin film (Fig. 1b). Additionally, the
bands at 1068 cm™ and 1024 cm™ are assigned to the Si-O stretching
mode of Si-O-Si (Fig. S10), resulting from hydrolysis and condensa-
tion of FTCS, respectively. We characterized the degree of cross-
linking in the polymeric thin films by observing the relative intensities
of Si-N and Si-O-Si peaks, normalized to an internal C-C reference
(Supplementary Note 3.2). The increasing peak ratios, correlating with
higher FTCS concentrations and extended reaction time, indicate
more cross-linking as revealed in the growth of normalized Si-N and
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Fig. 1| Interfacial polymerization synthesis and structural formation of the section of the polymeric thin film (TF0.2-1) supported by the substrate; scale bar =
superhydrophobic thin film. a Schematic of the synthesis of a superhydrophobic =~ 200 nm. b Hypothetical mechanism of the IP reaction between MPD and FTCS. c A
polymeric thin film at the hexane-water interface, where m-phenylenediamine schematic of the thin film on the porous substrate. SEM surface images of the

(MPD) is dissolved in deionized (DI) water, followed by pouring a 1H,1H,2H,2H- supported polymeric thin films fabricated at the IP reaction times of d 0.5, e 1, f2,

perfluorododecyltrichlorosilane (FTCS)/hexane solution to begin IP at the hexane-  and g 3 min; MPD/DI water and FTCS/hexane concentrations were 3 and 0.1 wt/vol
water interface. The resulting film is removed and transferred to the substrate to %, respectively. h SEM image of the porous support. Scale bar =1 pm.
obtain the composite membrane. Scanning electron microscopy (SEM) cross-
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Fig. 2 | Multiscale morphological and crystallographic characterization of the
polymeric thin film. a Atomic force microscopy (AFM) 2D image (scan area 5 x
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scanning electron microscopy (SEM) images of polymeric thin film TFO.1-1 sup-
ported on a ~60-um-thick substrate; Scale bar = 20 um. Effect of reaction time of
c0.5,d1, e2,and f3 min on the cross-sectional morphology of the fabricated thin
films prepared with an m-phenylenediamine (MPD) concentration of 3 wt./vol% and
an 1H,1H,2H,2H-perfluorododecyltrichlorosilane (FTCS) concentration of 0.1 wt./
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vol%. Scale bar =1 pm. g and h 3D AFM height image and height or thickness profile
of a free-standing thin film transferred to a silicon wafer; Scale bar = 2 pm. i Wedge-
corrected GI-WAXS images of the TF0.1-1 thin film, showing grazing incidence data
along the out-of-plane component (Q,) versus the in-plane component (Q;). j One-
dimensional scattering patterns and GI-WAXS images of the thin films (TF0.1-1,
TFO0.2-1, and TF0.3-1), In-plane scattering profile (Q||), representing reciprocal
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Si-0-Si peaks, suggesting a dynamic interplay between aminolysis and
condensation in forming the film structure (Fig. S10 and Table S4).
Furthermore, Raman spectroscopy supported the FTIR results
(Figs. S10 and S11). Complementing the FTIR findings, Energy Dis-
persive X-ray (EDX) analysis was conducted to further evaluate the
chemical composition and stoichiometry. The analysis of the Si to N
ratios (elements unique to FTCS and MPD, respectively) confirmed
that the FTCS concentration plays a pivotal role in the film composi-
tion. The results from these analytical techniques demonstrate the
relationship between monomer concentration and the resulting
structure of the polymeric thin film (Table S5). Based on these results,
the reaction mechanism can be explained as follows: when the FTCS/
hexane solution is added to the MPD/DI water solution, highly active
-SiCl; groups are hydrolyzed by water, forming -Si-OH, whereas
others react with MPD to form -Si-NH and release HCI as a byproduct,
as illustrated in Fig. S12.

Fluorine-based chains on the thin-film surface could produce low
surface energy, imparting superhydrophobicity with water contact
angle (WCA) values >160°. Moreover, varying the IP reaction time or
FTCS concentration had a negligible effect on the wettability of the
thin films (Fig. S14a and Table S2). Importantly, the thin films exhibited
superhydrophobicity toward salty water (30 g.L" of NaCl) over a wide

range of pH values (1.5-12.0) and toward a surfactant-stabilized oil-in-
water emulsion (Fig. S14b). As a comparison, the commercial hydro-
phobic membranes (with different porosities of 39.6% + 4.7% (Com-
mercial#1) and 48.3% * 4.3% (Commercial#2) exhibited WCA
values <135°, smaller than those of the fabricated thin films (Supple-
mentary Note 1.1 and Table S2).

Desalination performance
Before performing desalination experiments, the as-synthesized thin
films were transferred onto a commercial hydrophilic substrate. The
performance of the thin films was evaluated for the desalination of
saline water with different concentrations in terms of water-vapor flux
and salt rejection using membrane distillation (MD) process. These
membranes were sandwiched between the feed (saline solution) and
distillate (DI water) streams, with the thin film facing the feed solution
(Fig. S15). To provide a slight driving force across the membrane, we
set the transmembrane temperature difference at a very low value of
5°C, using a low feed temperature of 25 °C and a distillate temperature
of 20 °C.

The vapor flux was notably influenced by the concentration of
FTCS, decreasing with higher concentrations, while the impact of IP
reaction time was less pronounced (Fig. 3a). As such, despite increased
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Fig. 3 | Desalination performance of the supported polymeric thin-film mem-
branes. a Effect of the 1H,1H,2H,2H-perfluorododecyltrichlorosilane (FTCS) con-
centration and reaction time on the desalination performance of the polymeric thin
films using the 30 g.L! of NaCl aqueous solution as the feed. b Vapor flux as a
function of thin-film thickness for a feed temperature of 25 °C. The dotted orange
line represents the vapor flux predicted by the Beskok and Karniadakis unified mass
transfer model, and the symbols represent the experimental results. ¢ Average
experimental flux and salt rejection of the TF0.1-1 membrane and commercial
membranes for desalination, with commercial membranes showing almost zero

NaCl Concentration (g.L™)

Time (min)

flux. The inset provides a detailed zoom on the flux of commercial membranes.

d Water-vapor flux and ion rejection of the TF0.1-1 thin film in treating salt solu-
tions with different ions. e Effect of feed salinity on the desalination performance of
the TFO.1-1 thin film in terms of vapor flux and salt rejection. The desalination
conditions were a saline feed at 25 °C and a distillate at 20 °C. f Long-term operation
of the TF0.1-1 thin film showing stability towards desalination of real seawater (Red
Sea) and real SWRO brine. Error bars represent the standard deviation of five
independent experiments, and central values denote the mean measurements.

roughness, which typically enhances flux by increasing surface area, a
decline in vapor flux was observed with higher FTCS concentrations or
extended reaction times (Table S3). This decline can be attributed to a
corresponding increase in film thickness (Fig. 3b) and tighter mole-
cular packing, as evidenced by GI-WAXS out-of-plane profiles
(Figs. S7 and S8). Specifically, the d-spacing for TF0.1-1 was approxi-
mately 2.5 times greater than for TF0.3-1, reflecting increased com-
pact molecular packing®¢. The decrease in d-spacing and increase in
film thickness indicated that higher concentrations promote addi-
tional polymer growth and denser molecular packing along the out-of-
plane direction (Figs. S7 and S8 and Table S3). The tighter molecular
packing and increased cross-linking density observed in thicker films
are likely to contribute to increased transport resistance, reducing flux.
For example, at a 1-minute reaction time, increasing the FTCS con-
centration from 0.1% to 0.3% resulted in a substantial thickness
increase from 97.5nm to 238.5nm (Fig. 3b and Table S3). These
structural and morphological variations underscore the trade-off
between surface roughness, thickness, and molecular packing,
explaining why the thinner, smoother membrane (TF0.1-1) achieved
the best performance.

The best-performing thin film, TF0.1-1 (0.1wt.% FTCS, 1min
reaction time), achieved a vapor flux of 40 + 3 L. m2.h™ and salt rejec-
tion of ~99.9% for simulated seawater (30 g.L™" NaCl), significantly
outperforming commercial membranes (Commercial#1 and Com-
mercial#2), which showed almost zero flux under the same conditions
(Fig. 3c). The obtained flux is more than double the RO flux reported
for treating seawater with a hydraulic pressure of 55 bar*. Further-
more, the TF0.1-1 efficiently removed both monovalent (K*, Na*, and
Cl) and divalent (Mg* and SO,*) ions from water with a high
separation efficiency of 99.9% (Fig. 3d). However, the flux slightly
decreased when divalent ions were used, which could be attributed to

the magnesium and sulfate ion scaling and different water activities
associated with multivalent ions®. Additionally, the excellent desali-
nation performance of TF0.1-1 was sustained at different NaCl con-
centrations (Fig. 3e), even when the concentration of the salt in the
feed was increased to 70 g.L ! (brine; 31 +3 L.m™%.h™), which cannot be
achieved using RO. Interestingly, the as-prepared thin film (TFO.1-1)
exhibits excellent performance towards real seawater (Red Sea salinity
= 40.98 g/L, Table S6) and real desalination brine (discharge from
SWRO commercial plant = 74.4 g/L, Table S6) with average permeate
fluxes of 14 +1and 12 +1L.m2h™ and high salt rejections of 99.3+ 0.3
and 99.0 + 0.6 %, respectively (Fig. 3f) at a feed temperature of 25°C
and atmospheric pressure. Importantly, while our group reported the
evidence of boron volatility (ppb level) in MD starting at about 60 °C,
this thin film acts as a full barrier to boron (100% rejection in all
cases)*®. Furthermore, after the long-term desalination of real feeds,
the SEM analysis (Fig. S16a,b) of the used thin films revealed that the
morphology remains stable even at high cross-flow velocities,
demonstrating its superior mechanical integrity. Moreover, the films
showed high resistance to chlorine (Fig. S16c), which further enhances
stability. This excellent long-term stability in treating real seawater and
real SWRO brine (Fig. 3f) and the fabrication of large samples of
324.0cm? (Fig. S1b) demonstrate the possibility of scaling up the
composite membrane manufacturing process.

We investigated all synthesized thin films over a wide range of
feed temperatures (25 °C-60 °C), covering waste heat generated from
industrial plants as low-grade heat sources. For all thin films, the vapor
flux increased with an increase in feed temperature due to an increase
in driving force (vapor-pressure difference; Fig. 4a and
Figs. S17 and S18). In addition, Fig. 4a reveals that the TF0.1-1 mem-
brane provided an ultrahigh vapor flux (238.2 +17.5 L.m™.h™), six times
higher than that of the commercial membranes (41+1 and
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perature of 20 °C) for the TF0.1-1 and commercial polytetrafluoroethylene
membranes. The symbols denote the experimental results, and the dotted orange
line denotes the results of the Beskok and Karniadakis (BK) unified model.

b Desalination performance comparison of the TF0.1-1 thin film (feed temperature
from 25-60 °C) with commercial and literature-reported membranes (detailed
conditions in Tabs. S7 and S8). ¢ Vapor flux determined using the BK unified model
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multi-effect distillation, MVC: mechanical vapor compression, SWRO: seawater
reverse osmosis, ED: electrodialysis, MD: membrane distillation).

38 +2L.m2h™) at a transmembrane temperature difference of 40 °C
(feed at 60 °C and distillate at 20 °C). Moreover, the flux exhibited by
the TF0.1-1 membrane is higher than that reported for other com-
mercial membranes in the literature (Table S7). Additionally, this
desalination flux (at a 60 °C feed temperature) is among the highest
values reported in the literature for polymeric and inorganic mem-
branes (Fig. 4b). A TFO.1-1 had higher fluxes than other advanced
materials with subnanometer pores, including graphene
(226.6 L. m2h™ at 70°C under -800 mbar vacuum)®, nanoporous
carbon (221.6 L. m2h™ at 90 °C and under —825 mbar, VMD mode)*,
and COFs (220.0 L.m.h™ at 65 °C and under -160 mbar, VMD mode)?.
However, the performance of these materials was assessed under
vacuum and higher temperatures, requiring additional energy (Fig. 4b
and Table S8). Additionally, all thin films exhibited high salt rejection
(>99.0%) due to their superhydrophobicity, which prevented liquid
penetration (Fig. S18).

Desalination mechanism

The high vapor flux produced by the thin films could be attributed to
several factors. First, vapor-pressure enhancement due to the curved
meniscus at the entrance of the superhydrophobic subnanometer
pores of the thin film results in a substantial increase in the evaporation
driving force. This effect is facilitated by the thin film's low thickness
and the hydrophobicity gradient provided by the hydrophilic support.
By performing additional experiments, we confirmed the hypothesis
that the finely tuned properties of the thin film, such as the lower
thickness and a lesser degree of cross-linking, represent the main
contribution to the high vapor flux. The original hydrophilic substrate
and modified hydrophobic substrate (pore size = 0.2 um) were eval-
uated in the same desalination system at a high feed temperature of
60 °C. As presented in Fig. S19, the hydrophilic support demonstrated
no salt rejection due to its hydrophilicity, as expected. In addition, the
modified hydrophobic support produced a very low vapor flux value of
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16.8 +2 L.m2h™" and 99.99% salt rejection (feed at 60 °C and distillate
at 20 °C). However, the membrane did not produce any flux at 25°C
inlet feed. The poor performance of the hydrophobic support con-
firms that the fabricated thin film is the key to the experimentally
observed high desalination performance. Recent molecular dynamics
simulations and experimental studies have indicated that the water
evaporation flux in nanopores is orders of magnitude higher than that
of bulk water evaporation. In addition, the evaporation rate is sig-
nificantly increased by reducing the confinement characteristic
size*’*%, which could be useful in designing efficient materials for low-
energy desalination processes. Molecular dynamics simulations, con-
ducted at 27 °C and low pressure ( <1atm), revealed that water exists
in a vapor-like state in hydrophobic subnanometer carbon nanotubes
(0.8-1.0nm)* and between hydrophobic nanoscale sheets
(d<0.5nm)*°, owing to the peculiar behavior of water under confine-
ment effects®2,

We further performed an analytical and numerical investigation of
transmembrane mass transfer to provide a physical basis for the high
vapor fluxes observed using the as-prepared thin films under ambient
operating conditions (detailed explanations are provided in Supple-
mentary Note 6). Because the developed thin films have a submicron
thickness and subnanometer pores, we used the Beskok and
Karniadakis> (BK) unified model to determine the mass transfer across
these thin films. This unified model is based on the solution of
momentum equations using a second-order slip boundary condition
to account for the gas slippage and rarefaction effects observed in
narrow channels of microstructures®. This approach has been suc-
cessfully used to describe gas transport in porous media®*® and
nanopores”*%, The transmembrane mass-transfer model was embed-
ded in a computational fluid dynamics (CFD) code to account for the
entire desalination system used in these experiments, including the
feed and distillate channels. This implementation enables the predic-
tion of momentum, heat, and mass transfer in both channels, coupled
in a conjugate approach with heat and mass transfer across the thin
film**¢°, The heat transfer across the membrane includes the conduc-
tion across the membrane-air-water vapor composite structure as well
as the latent heat transferred with the vapor convection from the feed
to the permeate side of the membrane. Additionally, the heat extracted
from the feed and added to the permeate as water evaporates and
condensates, respectively, is taken into account in the calculations (see
equations in Supplementary Note 6). Computations were performed
to estimate the theoretical water-vapor flux, in which the effect of
vapor-pressure enhancement (water evaporation in hydrophobic
nanopores) was considered using the Kelvin equation, which remains
valid in nanometer confinements (Fig. S20)°"*. It is worth noting that
the Knudsen - Molecular - Poiseuille Transition (KMPT) model, which is
a widely used model to describe mass transfer in MD, was not able to
reproduce the permeate flux evolution with temperature (see Fig. S21).
Given the subnanometer pore size of the prepared membrane, the
KMPT model reduces to diffusion, which is less sensitive to tempera-
ture changes compared to Poiseuille flow®’. On the contrary, the BK
model, which retains features of the Poiseuille flow while compensat-
ing for the damping of the small pore radius with the rarefaction
coefficient, is able to reflect the flux changes with temperature at high
Knudsen numbers.

The theoretical results revealed that the vapor flux enhanced by
subnanometer pores is considerably higher than the vapor flux pro-
duced by common microporous membranes (Fig. 4b, c). The vapor-
pressure enhancement occurs primarily on the feed side due to the
submicron thickness and subnanometer pores. Indeed, as the mod-
erate flow pressure pushes water at the feed-thin film interface, an
increase in local vapor pressure occurs, whereas it remains almost
unchanged at the meniscus of the substrate pores because of the lar-
ger pore size (-0.2 um; Fig. 4¢).

Moreover, the submicron thickness and the very low thermal
conductivity of the thin-film layer play an important role in enhancing
the vapor flux by maximizing the driving force across the membrane®*.
The simulation results reported in Fig. 3b indicate the drastic effect of
the thin-film thickness on the vapor fluxes for a feed temperature of
25°C and a distillate temperature of 20 °C. If the thin-film thickness is
increased from 120 nm to 1 um, which is still considerably thinner than
traditional membranes, the water flux decreases by a factor of eight,
due to an increase of the mass transfer resistance. The permeate fluxes
obtained using the BK model for different thicknesses of the thin films
are similar to those in the experimental results (Fig. 3b). Interestingly,
in Fig. 3b, there is no apparent optimum in the range of film thick-
nesses that were fabricated, as the permeate flux keeps increasing with
thinner films. Therefore, with an ultrafast vapor transport, a film
thickness two orders of magnitude thinner and pore size two to three
orders of magnitude smaller than those of common MD membranes,
the optimum film thickness below which conduction losses start
penalizing the processes has shifted below 60 nm. This is further
consolidated with Fig. 4a which demonstrates that the results using the
BK model with varying temperatures are aligned with the experimental
results (corresponding to the properties of TFO.1-1). The unified
model can reproduce the trend of the permeate flux variations,
probably due to its calibration at a high Knudsen number using both
experiments and simulations® and its embedding in a fully coupled
approach, thus ensuring proper heat and mass transfer from the feed
to the permeate domains.

Energy saving

Energy consumption remains a major contributor to the total cost of
desalination, making energy efficiency a critical metric for evaluating
membrane performance. We evaluated the specific energy consump-
tion (SEC; kWh.m™®) of the fabricated thin-film membrane together
with the water recovery ratio (WRRSP)"5 in a single pass DCMD con-
figuration (Fig. S22). This comprehensive metric, which accounts for
both thermal (SECy,e) and electrical (SECejec) energy inputs required
for the production of distilled water®, includes energy for heating,
cooling, and pumping, making it a reliable indicator of system effi-
ciency (see detailed calculations in Supplementary Note 7)°" 7%,

To validate energy savings under scalable conditions, we con-
ducted strongly coupled multiscale CFD-membrane modeling, which
revealed negligible temperature polarization at a feed temperature of
25°C, enabling consistent operation across varying module lengths
and flow rates (Fig. S23a). Under these ambient conditions, the TF0.1-1
membrane achieved a total SEC as low as 1.88 kWh.m™ with a corre-
sponding single-pass recovery (WRRgp) of 0.32% (Fig. 4d and Supple-
mentary Note 7.2). In this ambient operation, where the feed enters at
room temperature without any heating (Fig. S22a), the maximum
single-pass water recovery ratio is constrained by the first law of
thermodynamics to 0.76% (AT=5 °C) (Supplementary Note 7.2).
However, since MD is not significantly limited by increasing feed
concentration, higher recoveries can be obtained under recirculating
operation with auxiliary or waste-heat input using a heat exchanger.

When the feed temperature was increased to 35°C, the SEC
increased to 9.37 kWh.m™ and WRR;, rose to 1.12%. At 40 °C, the SEC
reached 12.90 kWh.m™ with a WRRy, of 1.60%; at 50 °C SEC further
increased to 16.65 kWh.m™ and WRRs;, to 2.68 %; and at the highest
feed temperature of 60 °C, SEC peaked at 20.65 kWh.m™ with a WRRyp
of 3.87%. One can note the one order of magnitude increase in SEC as
the temperature is increased from 25 °C to 35 °C, primarily attributed
to the substantial thermal energy required to elevate the feed tem-
perature, which intensifies with increasing operating temperatures.

At 60 °C, where the feed was preheated through a heat exchanger
followed by external heating (Fig. S22b), the SEC increased more than
tenfold compared to ambient operation, reflecting the substantially
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larger thermal input required and the stronger polarization effects
(Fig. S23b). In this configuration, the maximum single-pass recovery is
thermodynamically limited at 6.02%. Unlike the ambient case, where
higher recoveries can be achieved through recirculation with low-
grade heat input, operating at 60 °C inherently requires significant
external thermal input, which sharply increases SEC. These findings
emphasize the intrinsic advantage of the thin-film membrane in
maintaining exceptionally low SEC under near-ambient operation,
while providing a clear framework for distinguishing between ambient
no-heating operation and high-temperature operation with external
thermal input.

Given the membrane low SEC at ambient conditions, we further
evaluated SEC across different feed compositions at 25 °C using both
synthetic and real feed seawaters (Fig. 4d and Supplementary Note 7).
The TFO.1-1 membrane consistently maintains low SEC values across
all tested compositions, achieving 2.51 kWh.m= for 70g.L™ NaCl
(WRR,, of 0.22%), 3.47 kWh.m for real untreated seawater (WRRg;, of
0.11%), and 4.43 kWh.m for real SWRO brine (WRR, of 0.09%)
(Fig. 4d and Supplementary Note 7). Importantly, even when treating
challenging high-salinity feeds like SWRO brine, conditions under
which RO is generally impractical due to high osmotic pressures, the
TF0.1-1 membrane sustains low SECs. The slightly higher SEC observed
for real brine (compared to NaCl solutions) is likely due to reduced
water flux at elevated salinities, caused by a lower vapor pressure and
increased solution complexity. Moreover, the efficacy of MD as an
evaporation-based desalination process is commonly assessed via its
Gained Output Ratio (GOR). In this context, the fabricated thin
film demonstrated an exceptional GOR of 21 (Supplementary
Note 7). Additionally, an exergy analysis revealed a low exergy
destruction (3.67 kWh.m™), two orders of magnitude lower than that
of a commercial PTFE membrane (> 870 kWh.m™) when operated at
the lowest temperature of 25 °C (see detailed analysis in Supplemen-
tary Note 9).

For such moderate feed temperatures, if a free heating resource
(i.e., waste heat or solar energy) is available, the thermal energy
required by the system becomes negligible, and the recovery ratio can
be increased beyond the single-pass thermodynamic limit by
employing recirculation or multi-effect operation. For example, the
discharge (30-40 g.L™) from the dump condensers of thermal plants
at 60°C or brine discharge (60-70 g.L™) from thermal desalination
processes at approximately 40 °C can be used as feed, significantly
reducing the total SEC by offsetting heating demands. In such cases,
only the energy needed for pumping or circulating water through the
system remains (SECejec), Which ranges between 0.1 and 0.4 kWh.m™
for pilot-scale air gap MD” and 1.95 kWh.m™ for a large-scale MD
plant’®. This low SEC is significantly lower than single-pass DCMD with
heat recovery at a 60 °C feed temperature, which exhibits a minimum
of 7.7 kWh.m3 77,

These results indicate that the fabricated thin films have a high
potential for sustainable, energy-efficient desalination in the future.
The energy requirements could be reduced to mere fluid recirculation
if available heat sources are used, such as low-grade renewable sources
(i.e., geothermal and solar energy sources), waste heat, or latent heat
from rejected brine. Moreover, using multiple stages, where the latent
heat of evaporation is recovered by heating up the inlet feed during
vapor condensation in each stage, decreases the SEC value further and
drives the system even closer to the thermodynamic limit of the pro-
cess. This approach enables desalination at low SEC values (Fig. 4d)
while maintaining sustainable productivity using a scalable, simple,
and low-cost membrane. This performance is combined with the
simplicity of the thin-film synthesis process, representing a break-
through in desalination. This enhanced evaporation process can
address water scarcity in arid lands, where solar energy or ambient
temperature can be used to operate a system sustainably and obtain
sufficient freshwater.

While the thin films demonstrated excellent SEC and desalination
performance compared to commercial membranes, it is important to
acknowledge that the current fabrication approach, based on a free-
interface IP method, may incur higher production costs than those
associated with conventional hydrophobic PTFE and SWRO membrane
manufacturing. To address scalability and cost concerns, we propose
adopting the in-situ IP (support-IP) method, which aligns with the
established manufacturing processes used for polyamide (PA) layers in
TFC-RO membranes, potentially reducing costs and facilitating large-
scale production (see Supplementary Note 8). This method could
take advantage of existing industrial infrastructure, enabling a
more economical pathway for mass production. As illustrated in
Figs. S24 and S25, the free-interface IP method produced a smoother
and thinner nanofilm morphology than the support-IP method, likely
due to the high heat capacity of water, which dissipates the exothermic
heat generated during the IP reaction. In desalination tests (Fig. S26), a
slight decrease in flux was observed for thin film fabricated using the
support-IP process compared to those made by free-interface IP.
Although additional optimization is necessary to ensure cost efficiency
at both pilot and industrial scales, we believe this strategy holds pro-
mise for the broader economic feasibility of these membranes.
Alongside cost and scalability considerations, it is crucial to carefully
evaluate the environmental impact of the IP method. Although the
large-scale fabrication of the membrane could leverage existing RO
membrane manufacturing infrastructure, the conventional IP still
involves organic solvents and potentially hazardous chemicals, posing
sustainability and environmental safety concerns if not properly
managed. Even though industrial-scale RO membrane manufacturing
facilities currently adhere to stringent environmental and safety reg-
ulations, including solvent recovery systems and rigorous waste dis-
posal protocols, there is an urgent need to pursue eco-friendly
alternatives with the development of green solvents and new poly-
merization techniques aligned with global sustainability objectives.

Furthermore, while commercial PTFE membranes generally offer
lower initial fabrication costs, they exhibit significant limitations in
terms of productivity at lower operating temperatures, and low-
temperature differences such as 5°C, which restricts their energy
efficiency. In contrast, our thin films retain high flux and thus low SEC
at minimal temperature differences, offering a more sustainable
solution with reduced energy demands. Although further work is
required to fully optimize the scalability of this IP-based process, we
believe that adopting an in-situ IP approach and aligning the produc-
tion with TFC-RO infrastructure could significantly reduce costs and
environmental impact while preserving the thin films” high desalina-
tion efficiency. This approach, alongside continued design optimiza-
tion, could enhance the commercial viability of these membranes for
sustainable desalination applications.

Discussion

Superhydrophobic thin films with subnanometer pores and submicron
thickness were fabricated using a reaction between diamine and
fluorine-based compounds. The thin films can desalinate highly chal-
lenging saline water, such as SWRO desalination brine with high per-
formance and a very low energy consumption, achieving high energy
efficiency for future sustainable desalination. The streamlined, scal-
able synthesis process, with potential cost reductions through in-situ
IP, offers a promising pathway toward the commercial viability of these
membranes for sustainable desalination. In future work, the desalina-
tion performance of a larger membrane area will be evaluated in a
pilot-scale module.

Methods

Fabrication of polymeric thin films

For the synthesis of polymeric thin films, free-standing nanoporous
hydrophobic polymeric thin films were initially fabricated using the IP
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technique. In a typical procedure, various amounts (Table S1) of
1H,1H,2H,2H-perfluorododecyltrichlorosilane (FTCS) were dissolved
into 30mL of hexane (Table S2). Similarly, an amount of
m-phenylenediamine (MPD) were dissolved in deionized water to
make 3 wt./vol. % of MPD/aqueous solution. Then, polymeric thin films
were fabricated by carefully layering the hexane solutions FTCS onto
the aqueous solution of MPD at room temperature (25°C), for a
selected time (see Table S1 for concentrations and reaction time details
for the twelve thin films). Subsequently, the fabricated thin films were
removed from the interface and transferred to water, where the low-
density thin film remains floating on the surface. The TFC membranes
were prepared by simply transferring the floating thins film onto the
substrates, followed by curing at 120 °C for 3 min (Fig. 1 and Fig. S1).

Characterization

The surface and cross-sectional morphologies of the supported thin
films were investigated using scanning electron microscopy (SEM,
Nova Nano 630 and FEI Teneo VS). Atomic force microscopy (AFM,
Dimension Icon SPM, model Dimension 3100, Veec) was used to
measure the topography (2D and 3D) and roughness of the films. The
wettability of the thin films was measured using a CAM 200 goni-
ometer (KSV Instruments). Water contact angle (WCA) measurements
were performed for at least 10 random positions, and the average value
is reported in the results. An attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectrophotometer (PerkinElmer
Spectrum 100S) was used to detect the functional groups present on
the surface of the fabricated polymeric thin films. Raman spectroscopy
(20-mW power) was used to demonstrate the binding properties of the
thin films further. Raman signals were collected using a 473-nm laser
system with 50x objective operated at a power of 20 mW. X-ray dif-
fraction spectra (XRD) patterns were obtained using a Bruker D2
PHASER system with CuKot radiation (A = 1.54178 A), operating at
40 mA and 40 kV with a step of 0.02°-s™. Additional details are pre-
sented in Supplementary Note 2.

Desalination under ambient conditions

The desalination capabilities of the as-prepared thin films were eval-
uated at ambient conditions (25 °C) using a variety of saline solutions,
including highly brackish water (10 g.L™?), seawater (30g.L™), brine
(70 g.L™), and solutions containing various salt ions (MgCl,, KCI, and
Na,S0,). Although most MD studies typically operate at higher trans-
membrane temperature differences, often utilizing feed temperatures
around 60 °C and permeate temperatures around 20 °C (a 40 °C dif-
ference), we purposely selected a lower temperature difference of 5 °C.
Indeed, while a larger temperature gradient generally enhances water
flux, it also significantly increases energy demand, which remains a
key obstacle to the broader adoption of MD. The prepared
membrane demonstrates strong desalination performance under a
minimal temperature gradient, thus offering a more energy-efficient
alternative.

Desalination tests were conducted in a custom-designed experi-
mental setup (Supplementary Note 4). The desalination performance
of these polymeric thin film was quantified by measuring the water-
vapor flux (J, L. m™=h™) and percentage of salt rejection (SR, %). Water-
vapor flux was calculated by dividing the rate of change of the
permeate mass by the active membrane area (2 cm?) and water density
(Eq. (S1)). Salt rejection was calculated from the conductivity of the
feed and permeate as presented in Eq. (S2). Each experiment was
replicated at least three times to ensure reproducibility, and the
average flux values were reported. All reported measurements were
recorded only after the system had reached a stable operating
condition.

In addition, the desalination performance of the thin films was
tested using actual samples of seawater from the Red Sea and brine
from a commercial seawater reverse osmosis (SWRO) plant, under

ambient conditions (Table S6). The chlorine resistance of the thin films
was evaluated by introducing 200 ppm of NaOCI to the feed side
during the desalination process; stability and flux measurements were
subsequently monitored over a period of three hours. Furthermore,
the desalination capabilities under varying thin-film fabrication con-
ditions, specifically the IP reaction time and reactant concentration,
were examined. This aspect of the study involved nine different
membranes, all assessed at room temperature (25 °C) for their ability
to desalinate saline solutions. The performance of these membranes at
varied feed temperatures was also investigated to determine the
thermal effects on desalination efficiency. Further details can be found
in the Supplementary Note 4.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files. All the raw data rele-
vant to the study are available from the corresponding author upon
request.
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