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Freshwater flux and energy consumption are two important benchmarks for the membrane
desalination process. Here we show nanoporous carbon composite membranes, comprising a
layer of porous carbon fiber structures grown on a porous ceramic substrate, can exhibit 100%o
desalination effect with 3 to 20 times higher freshwater flux compared to existing polymeric
membranes. Thermal accounting experiments found the carbon composite membrane to save
over 80% of latent heat consumption. Theoretical calculations combined with molecular
dynamics simulations revealed the unique microscopic process in the membrane. When the salt
solution is stopped at the openings to the nanoscale porous channels and forms a meniscus, the
vapor can fast transport across the narrow gap to condense on the permeate side, driven by the
chemical potential gradient and aided by the unique smoothness of the carbon surface. The high
thermal conductivity of the carbon composite membrane insures that most of the latent heat is

recovered.
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Owing to the increasing trend of freshwater usage being not balanced by the available supply*-
3, water desalination is becoming more important as a means of supplying freshwater to a thirsty world.
Traditional desalination approaches involve either the process of distillation which needs large amount
of energy, or the filtration approach using polymeric membranes which need to achieve both high salt
rejection rate and high freshwater flux. Most desalination units have adopted the energetically efficient
reverse osmosis (RO) membrane process® #, while membrane distillation (MD) and forward osmosis
(FO) have also attracted intense attention in recent years® because of their potential for integration with
renewable energies. In all the filtration approaches, membrane flux constitutes a common challenge.
High flux membrane is highly desirable not only for reducing the membrane area, but also for

increasing productivity.

Based on the solution-diffusion mechanism, the polymeric membranes used in the RO and FO
desalination processes are necessarily dense. In contrast, membranes used in the MD process are
microporous, in which the hydrophobic micropores allow the transport of water vapor by Knudsen
diffusion, while blocking the transport of liquid. In all of these polymeric membrane processes the flux
is limited by either the low permeability of the dense membrane structure or the low density of the
transported water vapor. Recently, water was found to transport superfast along aquaporin® and carbon
nanotube® "° channels. A number of simulation studies*® ! have proposed that if the tube diameter is
less than 1.1 nm, then salt can be effectively rejected through a molecular sieving mechanism. However,
how to control the tube diameter and how to seal the gaps between tubes still remain as big challenges
in membrane fabrication. So although aligned carbon nanotube layers have showed enhanced water
flux!> 13, but to the best of our knowledge their application to water desalination has yet to be
demonstrated. To seal the gaps a common approach is to make mixed matrix membranes!® 1. 14-16,
Indeed, a commercial made by this approach gives a high water flux of 7 liters per square meter per

hour (LMH) in the FO processes*’; while a carbon nanotube/polyamide composite membrane was able



to improve the specific water flux up to 3.6 LMH/bar in the RO processes'® 1°. However, the mixed
matrix membrane approach suffers from many challenges such as poor dispensability, low loading rate,
improper alignment and defects, etc. As a result, only limited success has been achieved by this
approach. Graphene and graphene oxide membranes have also showed promising potentials in gas and
liquid separations?®-22, In particular, Abraham et al. recently reported the use of epoxy to encapsulate
graphene oxide membranes to limit the swelling issue and successfully achieved good salt rejection up

to 97%23. However, these membranes are hard to scale-up and their real water flux are still low.

Here we report the synthesis of a nanoporous carbon composite membrane containing a layer
of carbon fibers on porous ceramic support; it has a relatively open structure with a minimum pore size
of ~30 nm. The membrane was successfully applied to all three membrane desalination processes and
showed 100% salt rejection with 3 to 20 times higher freshwater flux when compared to existing
polymeric membranes. From a combination of vacuum membrane distillation (VMD), FO, and energy
accounting experiments, water was found to transport through the gaps of the carbon fibers. From
molecular dynamics simulations, a novel interfacial salt sieving effect is found to account for the high
salt rejection rate, which differs fundamentally from the solution-diffusion mechanism in polymeric
membranes; it also differs from the molecular sieving mechanism that is expected in carbon nanotubes
and graphitic materials. Owing to the rather smooth and high thermal conductivity of the carbon

surface, desalination with high freshwater flux and low energy consumption is achieved.

Membrane structure

Our carbon composite membrane was fabricated on a hollow yttrium-stabilized zirconia (YSZ) tube
(Fig. 1(a)) with a porous wall. The obtained composite membrane is denoted as C-DP-X, where P

denotes the nickel deposition power in Watts and X denotes the growth time in minutes.



Figure 1| Structure of the membrane. (a) SEM image of an as-prepared C-D35-2 membrane on the
surface of the hollow YSZ tube. The square denotes the area to be zoomed in for a magnified view in
(b). (b) The FIB-SEM image of the interface between YSZ and carbon layer. The sharp interface
between carbon and YSZ is clearly delineated. The nano-sized pores on the carbon side can also be
seen. The pore size is seen to be the smallest in the vicinity of the carbon fiber-ceramic interface, about
31 nm as determined by gas permeation. (c) HRTEM image of a typical single carbon nano-fiber in
the C-D35-2 membrane. The arrow points to the “bamboo-knot-like” structure inside the carbon fiber
that divides the interior space into compartments.

The typical membrane structure is shown in Fig. 1. The thickness of the entire carbon layer is
about 10 um with a loose outer surface and a dense interface that separates the carbon layer and YSZ
support, as evidenced in Fig. 1(b) as well as by EDX mapping analysis (see Fig. S2 in Supplementary
Information (S1)). The effective region of the membrane, consisting of a dense growth of carbon fibers
at the interface with the YSZ substrate, is only several hundreds of nanometers in thickness. The
average pore size and porosity, as determined by gas permeation?*, are 31 nm and 22%, respectively.
Detailed studies of many carbon fibers by high resolution transmission electron microscopy, one of
which is shown in Fig. 1(c), and Raman spectrum (Fig. S3 in SI) revealed that every fiber studied has
a multiwall carbon nanotube structure, but the inner channels are always blocked by bamboo-knot-like

structures, indicated by an arrow in Fig. 1(c).

Liquid entry pressure and membrane distillation

Water cannot penetrate through the nanoporous carbon membrane unless an applied pressure is higher
than the liquid entry pressure (LEP). The measured LEPs for membranes with different pore sizes
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follow the relation LEP=4y |cos@ |/(pore size) (see SI and Fig. S4), with = 93° obtained by fitting

the experimental values of LEP with the simulated water-vapor interfacial tension of 58 mN/m (see
below). Therefore, the nanoporous carbon membrane is equivalent to a porous (slightly) hydrophobic

membrane that can be used for seawater desalination via membrane distillation.

An illustration of a vacuum membrane distillation setup is shown in Fig. 2(a), where a C-D35-
2 membrane was immersed into a salt solution with one end sealed by epoxy resin and the other end
connected to a vacuum pump through a condensation cold trap. The latter can use either liquid nitrogen
or cold water at 2 °C, with the cold water showing only 1% less freshwater collected. NaCl solutions
were used as synthetic seawaters. The salt concentration was measured by conductivity at room
temperature. In all the experiments the conductivity of the collected water after VMD is less than 2
uS/cm, equivalent to 1 ppm salt concentration, i.e., the salt rejection rate is over 99.99%. The
freshwater fluxes of C-D35-2 membrane, at different temperatures and different salinities of salt
solutions, are shown in Fig. 2(b). The flux increases as temperature increases. Above 40 °C, the water
flux increases almost linearly with temperature. At 90 °C, approximately 1.34 liter freshwater was
collected from a 5 wt% NacCl solution after 48 hours over a membrane area of 1.26x10* m?2, which
gives a water flux of 221.6 LMH. Reducing the salinity of the feed solution can increase the water flux
up to 413.5 LMH when freshwater is used as the feed solution. These values are not only significantly
higher than the highest values reported for polymeric membranes operated in the direct contact mode,
which was around 80 LMH to the best of our knowledge?, but also 15 to 20 times higher than that
obtained by using the non-contact mode, in which only vapor was in contact with the membrane. In
Fig. 2(b), the blue stars indicate the non-contact mode results. For comparison, we show the water flux
on a commercial polytetrafluoroethylene (PTFE) membrane (W.L. Gore®), in the direct contact mode,

on the same setup as red open squares in the inset figure. The data match very well with the Knudsen



diffusion predictions, with the absolute values in the range of 5 to 10 times lower than that of the nano-

porous carbon membrane.

We attribute the high freshwater flux of the carbon membrane, in the contact mode, to result
from the short Knudsen diffusion path. That is, salt solution can penetrate the loose carbon layer and
stop at a certain position of the dense carbon layer due to the slight hydrophobicity of carbon. The
vapor transport path is hence greatly reduced as compared to the non-contact mode. The salt
concentration polarization in our carbon composite membrane is strong because of the high flux,
leading to a significant decrease of freshwater flux as the salinity of feed solution increases. In contrast,
salt solution cannot enter the polymeric membranes used in membrane distillation, such as PTFE,
polyvinylidene fluoride (PVDF), polypropylene (PP), etc., due to their strong hydrophobicity. Hence,
even in the direct contact mode they do not exhibit significant difference on freshwater flux in the two

modes, nor the sensitivity on salinity.

We have also conducted VMD desalination process on seawater taken from the Red Sea, with
a salinity of 4.1%. Quantitative details are shown in Figs. S7 and S8 in the SI. Excellent desalination
performance was obtained (Fig. S7), even though the freshwater flux is slightly lower when compared
to NaCl solution with the same salinity, owing mainly to the presence of divalent ions in seawater that
can reduce the water flux much more than monovalent ions?®. Similar reduction in the freshwater flux
has been observed on commercial membranes?” 2. Scalability of our desalination approach was tested
by using multiple membranes in parallel, and found the total flux to be a linear function of the number

of membranes (see S, section (4.2)).
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Figure 2 | Freshwater transport through the C-D35-2 membrane. (a) A schematic illustration of
the VMD setup. (b) The measured freshwater flux plotted as a function of temperature (red lines) at
different salt concentrations. Blue stars denote the water flux predicted by Knudsen diffusion (labelled
as Knudsen calculation), based on the measured data using methane gas, which has very similar
molecular weight as water vapour. The green open circles denote the water flux in the non-contact
mode when the membrane was exposed to only vapour (obtained by bubbling N2 through water); good
agreement with the Knudsen diffusion is seen. The inset shows the results over a PTFE membrane
(pore size ~100 nm) in the direct contact mode, where the red lines are measured freshwater fluxes at
different salt concentrations and the blue line is the calculated flux by Knudsen diffusion. (c) The
membrane freshwater flux in the FO process at two different temperatures (maintained to be the same
on both sides of the membrane) plotted as a function of the draw solution salinity. The freshwater flux
for the PTFE membrane is seen to be more than an order of magnitude lower. Inset: A schematic
illustration of the FO process.

Forward and reverse osmosis

A FO process is illustrated in the inset to Fig. 2(c) in which the membrane separates pure water from
the salt solution, denoted the draw solution. The temperatures on both sides are maintained to be the
same. Pure water would diffuse across the membrane to the draw solution through vapor diffusion,
driven by the chemical potential gradient. Figure 2(c) shows the FO water fluxes at different
concentration of the draw solution at 20 °C and 80 °C. As a comparison, we tested a commercial PTFE
membrane in the same way and the results are denoted as star symbols in Fig. 2(c). The magnitude of
the water flux for the nanoporous carbon membrane is seen to be more than an order of magnitude
higher than that of the PTFE membrane, and also substantially higher than that for the commercial FO

membranes, typically in the range between 5-10 LMH?. In spite of the salt ion concentration gradient



in the reverse direction, the salt leakage rate from the draw solution was almost zero, as the salt
concentration detected in the pure water stream was below 1 ppm during the 2-days measurement,

indicating the salt rejection rate to be higher than 99.9%.

Similar high freshwater flux was measured in the RO process (see Sl and Fig. S9a). A pressure
of 3 bars, necessarily less than the LEP of the membrane, was applied to the salt solution side. The salt
solution is at the concentration of 2000 ppm, in the brackish water salinity range. The applied pressure
of 3 bars allowed the extraction of freshwater from salt solution. At 20 °C, the specific water flux of
the RO process was around 12 LMH/bar with ~100% salt rejection rate. At 80 °C, the specific water
flux increased to 29 LMH/bar. Figure S9b shows the water flux vs. the salt rejection trade-off diagram
of existing membranes®. It can be seen that even at 20 °C the overall performance of the nanoporous
carbon membrane is an order of magnitude better than any other membranes. Since in the RO process
the applied pressure should be higher than the osmotic pressure, hence the LEP of C-D35-2 membrane,
around 3.9 bar, would severely limit the application of this membrane to high salinity water. In what
follows, we focus on the energy accounting and the theoretical modeling of the MD and FO processes,

which have no such limitation.

Energy accounting

Energy consumption counts significantly in the total desalination cost®. The composite carbon
membrane showed high flux in all the three membrane processes, a feature favorable to the possibility
of integrating all three processes together to improve the flux. To study whether such an integration
will benefit from the energy point of view, an energy accounting setup was designed, shown
schematically in Fig. 4. One stream is fresh water and the other is salty water. The temperature of the
fresh water is higher than that of the salty water. Hence, the whole process can be viewed as

combination of the MD and FO processes. The temperature at the inlet and outlet of both streams were



measured and denoted as Ti, T2, T3 and Ta. The parameters ho and hm shown in Fig. 4 are the heat
transfer coefficients to account for the heat loss to the environment and the heat conduction between
the two streams, respectively. The values of ho at different temperatures were determined by a separate
experiment using an impermeable membrane (see Sl, section (5.1)). From the temperature data,
measured in-flow and out-flow rates P, F, respectively, and the membrane flux V on the two sides of
the membrane, plus the known values of latent heat and specific heats of water, an energy consumption
coefficient , defined as the ratio of the measured energy consumption over the theoretical latent heat
consumption, can be obtained (see S, section (5.2)). The results are listed in Table 1. They show the
energy consumption coefficient  increases with T1, but even at 80 °C only ~10-20% of the theoretical
latent heat is consumed. However, when a PTFE membrane was used, M >100% for temperatures over
30°C. These results are consistent with the data shown in Fig. 2(b). It means that the intrinsic energy
consumption of this process (FO plus temperature gradient) is reduced by at least 80% in the
nanoporous carbon membrane as compared to the PTFE membrane. In Table 1 is also shown the order

of magnitude difference in the transported freshwater fluxes between the two membranes.

Pure water
F o) T, T, F-VA,,
Mem brane IS
hom
P )| T P+VA,,
Salt water

hoAoAT
Figure 3 | Energy accounting experiment. A schematic illustration of the setup to measure the
temperature change of the desalination process. The terms hoAocATo and hoAcATo’ represent the heat
loss to environment where ho and Ao are the module heat transfer coefficient and surface area and ATo
and ATo’ the average temperature difference between the streams and the environment at the feed and
permeate side, respectively. The term hmAmATm represents the heat conduction between the two
streams where hm and Am are the membrane heat transfer coefficient and membrane area, respectively,
and ATm the average temperature difference between the two streams. F and P denote the constant flow
rates of the pure water and salt water streams, respectively, and V is the transported freshwater flux
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from F to P. The energy accounting measurements can yield the value of V and the energy consumption
coefficient .

Table 1: Ratio of the measured energy consumption over the theoretical latent heat consumption and
the total freshwater flux.
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Desalination mechanism

From the liquid entry pressure studies, it is clear that because the nanoporous carbon membrane is
slightly hydrophobic, a meniscus will necessarily be formed on the feed side. During the RO and FO
processes, another meniscus will also be formed on the permeate side. The two menisci are separated
by a gap. Such a microstructure is completely different from that of the dense polymeric membranes.
To clarify the mechanism for the three salient features of the carbon composite membrane comprising:
a) high salt rejection rate, b) high flux, and c) low energy consumption; we have performed large scale
molecular dynamics simulations on the water vapor transport characteristics in the vicinity of the
menisci and the gap in-between. The simulations are mainly focused on two aspects: a) salt distribution
near the menisci, as illustrated in Fig. 4a-b, and b) dynamic transport of water molecules in the gap
between the two menisci, as schematically illustrated in Fig. 4c, and detailed below as well as in the

Sl section 6-7.
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Figure 4 | Desalination mechanism. (a) Left panel: a molecular view of the simulated system. The
concentration of the salt solution is about 3.5 wt%. Right panel: top figure shows the densities of salt
ions (green line) and the water (blue line). Mass density is in units of g/liter. Two to three atomic layers
of pure water is seen at the water-vapour interface, indicated by the light blue line. Bottom figure
shows the same at the carbon-salt solution interface. A monolayer of pure water is seen to exist at the
carbon surface. The surface water layer is noted to have lower density than the bulk. Center of the first
carbon atomic layer is located at -5.35 nm. So there is a small “air gap” of around 3 Angstroms. (b)
The blue line indicates the anisotropic component of the stress tensor whose integral (red line) gives
the surface tensions. It is seen that besides the water-vacuum interfacial tension of 58 mN/m, there is
a small interfacial tension between pure water and the saline solution that prevents mixing of the salt
ions with the surface water layer. (c) An illustration of vapor diffusion and the interfacial salt sieving
effect. The bottom panel is a magnified illustration of the dense section of the carbon membrane closest
to the YSZ substrate. It shows two menisci separated by a gap in which fast water vapor transport
through Knudsen diffusion takes place. An explanation of the freshwater transport process is given in

the text.
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The simulation results in Fig. 4b indicates that there is a small interfacial tension, ~4mN/m,
between pure water and the saline solution that prevents mixing of the salt ions with the surface water
layer. As a consequence, as illustrated in Fig. 4a, there exists a thin layer between the salt water and
the carbon surface, as well as between the salt water and its vapor, containing no salt. This interfacial
salt sieving effect is the same as the formation of solvation shells in which each salt ion is enveloped
by a layer of structured water molecules®" 2, thereby preventing the salt ions to be in direct contact
with the water-vapor or the graphitic interface® at which water molecules also form the layered
structures®*. For a salt ion to leave the meniscus, it has to either exit from the solvation shell, or bring
the whole solvation cluster with it. In both scenarios the energy required is prohibitively high. From
the molecular dynamic simulation, it was also found that water vapor can rarely condense to form
stable droplets on the carbon surface due to the relatively large pore size (~30 nm), the slight
hydrophobicity of the carbon surface, as well as the sub-saturated or near-saturated vapor environment
in the MD or FO/RO process. This excludes the possibility of surface diffusion of water droplets.
Hence, the freshwater flux through the carbon composite membrane is realized by vapor transport, and

the salt rejection mechanism is no different from the evaporation process.

We use a resistance-in-series model to simulate the water flux in the FO and VMD processes,
as well as the energy consumption in the energy accounting experiment. Figure 5(a) shows a schematic
illustration of the model. For the energy accounting experiment, the net heat flux  has the following

relationship with the latent heat flux 4 o ¢

)
where s the thermal resistance of each part,and ; and , are the temperatures of bulk streams

on the two sides indicated in Fig. 5. The factor before  , , ds less than 2x107 because of the low
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thermal resistance of carbon fibers between the two menisci  (see Sl, section 6.1). Hence, the net

heat flux measured in the experiment is not sensitive to the latent heat flux  , , o If the vapor
transport flux is large, 5 , £an be much larger than the net heat flux . In that case, most part of

v a p dsrecovered through the carbon fibers between the two menisci.
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Figure 5 | Predicted heat and mass transport by theoretical model and MD simulation in carbon
composite membrane. (a) A resistance-in-series model to predict the transport through the carbon
composite membrane. (b) Freshwater flux in the VMD experiment plotted as a function of temperature.
Here the stars are experimental results, the curves are the theoretical fitting (see below and Sl section
6.3). (c) Freshwater flux in the FO experiment plotted as a function of the salt concentration of the
draw solution. Blue and red symbols are experimental results at 20 °C and 80 °C, respectively, while
the blue and red solid curves are the theory predictions, respectively. The nonlinear behavior seen in
both the experimental data and the theory is the manifestation of concentration polarization.

From molecular dynamics simulations, the transport resistance of vapor across the gap between
the two menisci is obtained (see Sl section 7), which is much lower than that predicted by an analytical
model® developed under the assumptions of diffuse vapor-surface scattering and Hertz relation. This

discrepancy is attributed to two points: 1) the unique smooth surface of the carbon pore, and 2) the
13



non-equilibrium state of vapor in the narrow gap (see Sl section 7). These findings are in agreement
with many other simulation studies of the transport in graphitic materials®®-®, The high water flux will
thus induce concentration polarization at the menisci which limits the overall flux. After considering
the concentration polarization, the predicted VMD and FO water fluxes are plotted and compared with
experimental results, shown in Fig. 5b-c (see Sl section 6.2 and 6.3 for details). The results of VMD
agree very well with the experimental results. It reveals that the reason for the salinity-dependent flux
is due to concentration polarization when ions need to diffuse from the menisci to the bulk streams.
The predicted flux of FO at 20 °C matches well with the experimental results, which suggests that even
at room temperature, the mechanism of vapor transport can yield a rather high flux. However, the
predicted flux at 80 °C is higher than the experimental result. This may indicate that the flow is severely

limited by concentration polarization.
Conclusions

In summary, a nanoporous carbon composite membrane was found to display unprecedented
high water flux in three membrane-based desalination processes. The large freshwater flux is attributed
to the fast transport of water vapor through nano-scale carbon pores, while the excellent salt rejection
rate is attributed to the interfacial sieving effect. This high-flux desalination mechanism, with latent
heat recovery, opens the possibility of considerable energy savings for the desalination process, with

the FO combined with a temperature gradient being a promising direction for its realization.

Methods

Experimental

Growth of carbon nanostructures on the hollow fiber

14



YSZ hollow fibers were custom-made from YSZ nanoparticles (30 to 60 nm from Inframat
Advanced Materials Co.) through a phase-inversion/sintering process®® 4°. The diameter of YSZ
hollow fiber was about 0.91 mm with average pore size of 100 nm and porosity of 40%. The outer
surface of YSZ hollow fiber was uniformly coated with nickel nanoparticles (20 to 30 nm, Fig. S1c)
using a rotational sputtering deposition. A carbon layer was grown on nickel deposited YSZ hollow
fiber through a catalytic chemical vapour deposition (CVD) process, in which acetylene was used as
carbon source in the presence of hydrogen gas (acetylene to hydrogen volume ratio 1:10) to grown
carbon nanowires at 700 °C for 1 to 3 minutes. Then the CVD chamber was quickly cooled down to
room temperature under argon flow. Following the same procedure a carbon composite membrane can

also be grown on YSZ flat-sheet support.

Membrane characterization

Raman spectroscopy measurements were carried out on a Horiba Aramis confocal microprobe
Raman instrument with He—Ne laser (A = 632.8 nm) at the outer surface of the carbon composite
membranes. SEM images were taken by a FEI Nova Nano630 equipped with a focused ion beam (FIB),
which facilitates in obtaining an ultra-smooth interface of carbon composite membrane while
preserving the initial structure. The elemental distributions of the membrane were analysed by energy
dispersive X-ray (EDX) mapping in SEM. Transmission electron microscopy images were obtained

by using a Titan ST microscope (FEI Co.), operating at 300 kV.

Energy accounting experiment

Carbon composite membranes grown on YSZ flat-sheet supports were used for energy
accounting experiments in order to have large room to house the temperature probes on both sides of
the membrane. Commercial porous PTFE membrane (W.L. Gore®) and dense polyethylene (PP) sheet
were used as references for comparison. The membranes were mounted into a permeation cell made
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of polymethyl methacrylate (PMMA). Fresh water and draw solution (10 wt% NaCl) were recycled in
each side of the membrane through circulation bathes. At each measurement point, the experiment was
run for ~5 h to reach steady state, then the weight, conductivity, and temperatures at the inlet and outlet

of each stream were recorded.

Theory

Molecular dynamics simulations

Molecular dynamics simulation was carried out by using the package GROMACS 4.6.74.
Parameterized force fields were adopted to describe the atomic interactions in the system*?#4, The
concentration of the NaCl solution was chosen to be ~3.5 wt%, similar to that of seawater. Carbon
atoms were fixed at the crystallographic positions of the graphite lattice. All bonds of water molecules
were constrained by using the SHAKE method®. Simulation showing the salt rejection mechanism
was performed for 5 ns in the canonical ensemble with Berendsen thermostat®® at a constant
temperature of 300 K. The time step was set to be 1 fs. Long range electrostatic interactions were
calculated with the particle mesh Ewald technique*” and the van der Waals interactions were cut off at
1.2 nm. A custom GROMACS version based on GROMACS 4.5.5 was used to compute the 3D stress

tensor from the simulated data®.

Acknowledgements

Commercial PTFE membranes and FO membranes are provided by Dr. NorEddine Ghaffour
and Dr. Tao Zhang from KAUST Water Desalination and Reuse Center. Z. L. wishes to acknowledge
the support of KAUST URF/1/1723 grant and KACST RGC/3/1614 grant. P.S. wishes to acknowledge
the support of KAUST Special Partnerships Award number UK-C0016, SA-C0040, HKUST grant

SRFI 11/SC02, and William Mong Institute of Nanoscience and Technology grant G5537-E.

16



Author contributions

Z.L. and W.C. contributed to the initial ideas and experimental design. S.C., T.L., and P.S.
contributed to the desalination mechanism and the relevant simulations and data analysis. W.C., Q. Z.,
Z.F. and H.Y. carried out the experiments, and T.L. and S.C. carried out the MD simulations. K.W.H.
contributed to data analysis. X.Z. contributed to characterization and data analysis. Z.L., W.C., and

P.S. wrote the primary draft, Z.L., W.C., P.S., S.C., T.L., and X.Z. participated in its revisions.

Competing financial interests

The authors declare no competing financial interests.

References and notes

1. Elimelech M, Phillip WA. The future of seawater desalination: energy, technology and the
environment. Science 2011, 333: 712-717.

2. Shannon MA, Bohn PW, Elimelech M, Georgiadis JG, Marinas BJ, Mayes AM. Science and
technology for water purification in the coming decades. Nature 2008, 452: 301-309.

3. Cipollina A, Micale G, Rizzuti L. Seawater Desalination. Springer: London, 2009.

4. Ghaffour N, Missimer TM, Amy GL. Technical review and evaluation of the economics of
water desalination: Current and future challenges for better water supply sustainability.
Desalination 2013, 309: 197-207.

5. El-Ghonemy AMK. Water desalination systems powered by renewable energy sources:
Review. Renew Sust Energy Rev 2012, 16: 1537-1556.

6. Kumar M, Habel JEO, Shen YX, Meier WP, Walz T. High-Density Reconstitution of
Functional water channels into vesicular and planar block copolymer membranes. J Am Chem
Soc 2012, 134(45): 18631-18637.

7. Holt JK, Park HG, Wang Y M, Stadermann M, Artyukhin AB, Grigoropoulos CP, et al. Fast
mass transport through sub-2-nanometer carbon nanotubes. Science 2006, 312: 1034-1037.

17



8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Theresa M, Pendergast M, Hoek MV. A review of water treatment membrane nanotechnologies.
Energy Environ Sci 2011, 4: 1946-1971.

Verweij H, Schillo MC, Li J. Fast mass transport through carbon nanotube membranes. Small
2007, 3: 1996-2004.

Song C, Corry B. Intrinsic lon Selectivity of Narrow Hydrophobic Pores. J Phys Chem B 2009,
113: 7642-7649.

Corry B. Water and ion transport through functionalised carbon nanotubes: implications for
desalination technology. Energy Environ Sci 2011, 4: 751-759.

Srivastava A, Srivastava ON, Talapatra S, Vajtai R, Ajayan PM. Carbon Nanotube Filters. Nat
Mater 2004, 3: 610-614.

Tofighy MA, Shirazi Y, Mohammadi R, Park A. Salty water desalination using carbon
nanotubes membrane. Chem Eng J 2011, 168(3): 1064-1072.

Majumder M, Ajayan PM. Carbon Nanotube Membranes: A New Frontier in Membrane
Science. In: Drioli E, giorno L (eds). Comprehensive Membrane Science and Engineering, 1st
edn, vol. 1. Elsevier: United Kingdom, 2010, pp 291-310.

Mi WL, Lin YS, Li YD. Vertically aligned carbon nanotube membranes on macroporous
alumina supports. J Membr Sci 2007, 304: 1-7.

Kim S, Jinschek JR, Chen H, Sholl DS, Marand E. Scalable fabrication of carbon
nanotube/polymer nanocomposite membranes for high flux gas transport. Nano Lett 2007, 7:
2806-2811.

The commercial FO membrane was purchased from Sterlitech Corp. Available from:
https://aquaporin.dk/products/fo/

Ratto TV, Holt JK, Szmodis AW, inventors; Membranes with embedded nanotubes for
selective permeability. US patent 7993524. 2011.

Lee HD, Kim HW, Cho YH, Park HB. Experimental evidence of rapid water transport through
carbon nanotubes embedded in polymeric desalination membranes. Small 2014, 10: 2653-2660.

18


https://aquaporin.dk/products/fo/

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Nair RR, Wu HA, Jayaram PN, Grigorieva IV, Geim AK. Unimpeded permeation of water
through helium-leak-tight graphene-based membranes. Science 2012, 335: 442-444.

Joshi RK, Carbone P, Wang FC, Kravets VG, Su Y, Grigorieva IV, et al. Precise and ultrafast
molecular sieving through graphene oxide membranes. Science 2014, 343: 752-754.

Kim HW, Yoon HW, Yoon SM, Yoo BM, Ahn BK, Cho YH, et al. Selective Gas Transport
Through Few-Layered Graphene and Graphene Oxide Membranes. Science 2013, 342: 91-95.

Abraham J, Vasu KS, Williams CD, Gopinadhan K, Su Y, Cherian CT, et al. Tunable sieving
of ions using graphene oxide membranes. Nat Nanotechnol 2017, 12: 546-551.

Yasuda H, Tsai JT. Pore size of microporous polymer membranes. J Appl Polym Sci 1974, 18:
805-819.

Wang P, Teoh MM, Chung TS. Morphological architecture of dual-layer hollow fiber for
membrane distillation with higher desalination performance. Water Res 2011, 45: 5489-5500.

Fornasiero F, Park HG, Holt JK, Stadermann M, Grigoropoulos CP, Noy A, et al. lon exclusion
by sub-2-nm carbon nanotube pores. Proc Natl Acad Sci 2008, 105(45): 17250-17255.

Schaep J, Vandecasteele C, Mohammad AW, Bowen WR. Modelling the retention of ionic
components for different nanofiltration membranes. Sep Purif Technol 2001, 22-23: 169-179.

Peeters JMM, Boom JP, Mulder MHV, Srathmann H. Retention measurements of
nanofiltration membranes with electrolyte solutions. J Membr Sci 1998, 145: 199-209.

Chekli L, Phuntsho S, Kim JE, Kim J, Choi JY, Choi JS, et al. A comprehensive review of
hybrid forward osmosis systems: performance, applications and future prospects. J Membr Sci
2016, 497: 430-449.

Geise GM, Park HB, Sagle AC, Freeman BD, Mcgrath JE. Water permeability and water/salt
selectivity tradeoff in polymers for desalination. J Membr Sci 2011, 369: 130-138.

Dang LX, Rice JE, Caldwell J, Kollman PA. lon solvation in polarizable water: molecular
dynamics simulations. J Am Chem Soc 1991, 113: 2481-2486.

19



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mancinelli R, Botti A, Bruni F, Ricci MA, Soper AK. Hydration of sodium, potassium, and
chloride ions in solution and the concept of structure maker/breaker. J Phys Chem B 2007, 111:
13570-13577.

Taherian F, Marcon V, van der Vegt NFA, Leroy F. What is the contact angle of water on
graphene? Langmuir 2013, 29: 1457-1465.

Kimmel GA, Matthiesen J, baer M, Mundy CJ, Petrik NG, Smith RS, et al. No Confinement
needed: Observation of a metastable hydrophobic wetting two-layer ice on graphene. J Am
Chem Soc 2009, 131: 12838-12844.

Lee J, Karnik R. Desalination of water by vapor-phase transport through hydrophobic
nanopores. J Appl Phys 2010, 108(4): 044315.

Skoulidas Al, Ackerman DM, Johnson JK, Sholl DS. Rapid Transport of Gases in Carbon
Nanotubes. Phys Rev Lett 2002, 89(18): 185901.

Arya G, Chang H-C, Maginn E. Knudsen Diffusivity of a Hard Sphere in a Rough Slit Pore.
Phys Rev Lett 2003, 91(2).

Falk K, Sedlmeier F, Joly L, Netz RR, Bocquet L. Molecular Origin of Fast Water Transport
in Carbon Nanotube Membranes: Superlubricity versus Curvature Dependent Friction. Nano
Lett 2010, 10(10): 4067-4073.

Liu SM, Li K, Hughes R. Preparation of porous aluminium oxide (Al203) hollow fibre
membranes by a combined phase-inversion and sintering method. Ceram Int 2003, 29: 875-
881.

Wang B, Lai ZP. Finger-like voids induced by viscous fingering during phase-inversion of
alumina/PES/NMP suspensions. J Membr Sci 2012, 405-406: 275-283.

Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ. GROMACS: fast,
flexible, and free. J Comp Chem 2005, 26(16): 1701-1718.

Weerasinghe S, Smith PE. A Kirkwood-Buff derived force field for sodium chloride in water.
J Chem Phys 2003, 119(21): 11342-11349.

20



43.

44,

45.

46.

47.

48.

Werder T, Walther JH, Jaffe R, Halicioglu T, Koumoutsakos P. On the water-carbon
interaction for use in molecular dynamics simulations of graphite and carbon nanotubes. J Phys
Chem B 2003, 107(6): 1345-1352.

Oostenbrink C, Villa A, Mark AE, Van Gunsteren WF. A biomolecular force field based on
the free enthalpy of hydration and solvation: The GROMOS forceK field parameter sets 53A5
and 53A6. J Comp Chem 2004, 25(13): 1656-1676.

Ryckaert JP, Ciccotti G, Berendsen HJ. Numerical integration of the Cartesian equations of
motion of a system with constraints: molecular dynamics of n-alkanes. J Comp Phys 1977,
23(3): 327-341.

Berendsen HJ, Postma JPM, van Gunsteren WF, DiNola A, Haak J. Molecular dynamics with
coupling to an external bath. J Chem Phys 1984, 81(8): 3684-3690.

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A smooth particle mesh
Ewald method. J Chem Phys 1995, 103(19): 8577-8593.

Vanegas JM, Torres-Sanchez A, Arroyo M. Importance of force decomposition for local stress
calculations in biomembrane molecular simulations. J Chem Theory Comput 2014, 10(2): 691-
702.

21



