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Abstract

Although Reverse osmosis (RO) is the state-of-the-art desalination technology, it still suffers
from persistent drawbacks including low permeate flux, low selectivity for non-ionic species, and
lack of resistance to chlorine. This leaves ample rooms for further improvement for RO
technology by addressing these issues.

In this thesis, a new approach is proposed for desalination by vapor-phase transport through
hydrophobic nanopores in an isothermal condition. Hydrophobic nanopores flanked by vapor-
interfaces with a submicron gap provide a complete barrier for salt while behaving as highly
permeable medium for water.

We first theoretically explore transport of water through a hydrophobic nanopore using a
probabilistic model that incorporates rarefied gas dynamics, ballistic transport, and emission and
reflection of water molecules at liquid-vapor interfaces. We then expand the model to transition
regime where molecular diffusion coexists with the rarified gas transport. Effect of nanopore
geometry, salinity, temperature, applied pressure, and interfacial reflection probability on the
transport of water molecules through the nanopore are explored. We further realize membranes
consisting of hydrophobic nanopores to experimentally study the transport with the various
above-mentioned conditions.

We find the existence of two mass transport regimes, i.e., diffusion-governed and interface-
governed transport, determined by interplay between transmission across the nanopores and
condensation at the interfaces. The condensation. resistance, represented by condensation
coefficient, was experimentally measured. An accurate value of the condensation coefficient was
estimated accordingly, which has been debated more than a century.

Based on this finding, the proposed approach is expected to produce up to ~2x higher
permeate flux at 50°C and with porosity of 40% than conventional RO. This approach further
decouples transport properties from membrane material properties, thereby opening the
possibility of engineering membranes with appropriate materials that may lead to reverse osmosis
membranes with improved flux, better selectivity, and high chlorine resistance allowing for
inexpensive and simple fouling control.

Thesis Supervisor: Rohit Karnik
Title: Associate Professor in Mechanical Engineering
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List of Figures

Figure 1. Schematic diagram of a hydrophobic nanopore with liquid-vapor interfaces on either
side. Application of pressure greater than the osmotic pressure on the saline water side

results in vapor-phase transport of water across the nanopore.

Figure 2. Schematic diagram showing some potential trajectories éf moleCl;les inside the
nanopore. (a) trajectories the molecule takes from meniscus A to B. (1) meniscus A —
meniscus B (ballistic transport), (2) meniscus A — wall — meniscus B, (3) meniscus A —
wall — meniscus A — wall — meniscus B; (b) Upon reaching meniscus B, the molecule

can either condense or undergo reflection,

Figure 3. Possible paths and probabilities of molecules emitted from meniscus A until they
condense at either meniscus A or B. In the arrow diagrams, the leftmost position indicates
meniscus A, the center position indicates scattering from the pore walls, and the rightmost
position indicates meniscus B. For example, in the diagram for 4, the molecule that leaves
meniscus A can arrive at meniscus A (after scattering from the pore walls), be reflected from
the meniscus A, and arrive again at A by a similar process (left), or the molecule emitted

from A can reach meniscus B, be reflected from meniscus B, and arrive at meniscus A
(right).

Figure 4. Probability of transmission of a molecule across a cylindrical nanopore with length /
and radius a (from Berman®").

Figure 5. Configuration of mass transport resistances from analogy with radiation heat transfer

Figure 6. (a) Specific ratio of theoretical maximum mass flux to driving pressure at different
temperatures. & = 1 is assumed to consider nanopore area only. (b) Net mass flux
normalized by theoretical maximum mass flux through a nanopore. The theoretical

maximum mass flux indicates the mass flux for 6 = 1 and //a = 0 (5 = 1). (c) Variation of
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v4p with 7 and o. The scale bar on the top of (c) represents the pore aspect ratio //a

corresponding to 7.

Figure 7. Effect of pore aspect ratio //a and condensation coefficient o on the mass flux through
the pore per unit driving pressure at different temperatures. € = 1 is assumed to consider

nanopore area only. (a) 6 =0.5; (b) 0 = 1.0, (¢) l/a = 5; (d) I/a = 100.

Figure 8. Detailed configuration of liquid-vapor interface at the feed side. 6., denotes equilibrium
contact angle satisfying Young-Laplace equation (yy-ysn+yscos €.,=0), and & denotes the
angle between a line tangential to interface and pore axis, which satisfies mechanical force

equilibrium.

Figure 9. Minimum pore length that makes pore wetting energetically unfavorable at different
values of the applied pressure and pore radius. Contact angle of 120°, NaCl concentration of

0.62M, and temperature of 20°C are assumed.

Figure 10. Predicted mass flux through membrane for different pore sizes and driving pressures at
the minimum pore aspect ratio //a which makes wetting thermodynamically unfavorable.
Contact angle of 120°, NaCl concentration of 0.62 M, and 40% membrane porosity are
assumed. (@) T = 20°C, o = 0.5; (b) T = 50°C, 0 = 0.5; (c) T = 20°C, ¢ = 1.0; (d) T = 50°C, ¢

=1.0.

Figure 11. Fabrication of osmosis membranes with nanoscale vapor traps. a, Schematic
illustration of membrane with short hydrophobic nanopores that trap vapor. b, Schematic of
fabrication processes. i) porous alumina membrane soaked with photoresist AZ5214, ii)
solvent evaporation on hot plate, iii) air plasma treatment for photoresist etching, iv)
silanization on exposed alumina surface with perfluorodecyltrichlorosilane (FDTS), v)
removal of residual photoresist. ¢, The fabricated membranes have a hydrophobic top

surface (left) and hydrophilic bottom surface (right). d, SEM images of cross-section of
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nanopores after no plasma treatment (left), 2 h (middle), 9 h (right) of treatment, illustrating
control of pore length for hydrophobic modification. Scale bar is 300 nm. e, SEM image of
membrane after 2 h plasma treatment. Scale bar is 500 nm. f, Photoresist etch depth for

different plasma treatment periods. Error bars represent +S.D.

Figure 12. Aspect ratio (AR) distribution of nanopores after plasma treatment for different time

periods.

Figure 13. a, b SEM images of bare (a) and annealed (b) alumina membrane surface after dipping
in boiling water for 2 h. Scale bar is 2 pm in (a) and 400 nm (b), respectively. ¢, d XRD
spectrum for bare (c) and annealed (d) alumina membranes. Bare alumina reveals

amorphous form while annealed one shows y-alumina. Circles indicate peaks of y-alumina.

Figure 14. Photographs of hydrophilic side surface of membrane and water droplets on the
surface before (a, c) and after (b, d) UV exposure and rinsing with ammonium hydroxide

v

solution. The droplet completely spreads on the hydrophilic side after the treatment (d).

Figure 15. Verification of membrane integrity. a, SEM images of cross-section of nanopores after
2 h plasma treatment (left) and after immersion of the fabricated membrane in 3 nm gold
nanoparticle solution (right) show co-localization of the nanoparticles with the extent of
photoresist etching. Scale bar is 200 nm. b, Confocal microscopy of the membrane exposed
to two different fluorescence dye solutions (Alexa 633 and Alexa 488 in deionized water) on
either sides of membrane reveals a distinct interface with lack of mixing. Scale bar is 5 pm.
¢, Environmental SEM image of fabricated membrane showing hydrophilic and hydrophobic
surfaces. Arrow indicates the non-wetted region appearing as a thin line corresponding to the

hydrophobic modification. Scale bar is 100 pm.

Figure 16. a, Schematic diagram of setup for impedance measurement. Electrical potential is

given V =V sin (2aff) with Vo = 20 mV, f= 50 mHz. b, Example of current profile for bare

15



alumina membrane without any treatment, fabricated membrane with hydrophobic

nanopores made with 1 h and 18 h plasma etching, respectively.

Figure 17. a, Resistance change with time for a membrane with hydrophobic nanopores made by

12 h plasma etching. b, Variation of the defect rate (i.e. fraction of wetted pores) with time.

Figure 18. a, Schematic diagram of forward osmosis experiment setup. The deionized water in the
right diffusion cell is drawn to the other cell with draw solution (KCI). Magnetic stir bars
enhance mixing of solutions and minimize concentration polarization. b, Measured mass
flux through a membrane for different osmotic pressure differences using 0.2, 0.5, 1, 1.5,
and 2 M KCl as draw solutions, at a temperature of 25°C. Red dotted line is drawn as a
guide for the eyes. Error bars represent £S.D. for three different measurements on one

membrane.

Figure 19. a, Forward‘ osmosis experimental setup with diffusion cells containig 1M KCl draw
solution (left) and 2mM Allura Red dy in DI water (right). b, UV-vis spectra show rejection
of Allura Red dye. Black, 1 M KCl solution; red, Allura Red solution in 1 M KCl assuming
zero rejection of dye mimicking how the draw solution would look if water were transported
without dye rejection; blue, actual draw solution. d, 2 mM Allura Red solution in deionized
water drawn across the membrane by the draw solution (left), Allura Red solution in 1 M
KCl assuming zero rejection of dye mimicking how the draw solution would look if water
were transported without dye rejection (middle), actual solution in draw solution cell after

experiment showing dye rejection (right).

Figure 20. Scaling behaviour of the measured water flux. a, Schematic of resistance models for
“short” and “long” nanopores. R;, interfacial resistance; R, transmission resistance; Rj,
hydrodynamic resistance. b, Variation of mass flux with AR for different KCl concentrations
of draw solution measured at 39.0+0.3°C. ¢, Scaling of the measured mass flux normalized

by maximum flux (S, — Sp) with AR’!. Note that as AR decreases, the normalized flux
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deviates from the solid line 2.12/AR corresponding to an inverse scaling expected in the case
of long pores, plotted for pressure inside nanopore, p, of 0.5 bar. The shaded area indicates

the possible range corresponding to 0.2 < p < 0.8 bar (See Section 4.1.2).

Figure 21. Transmission probability #°* * for Knudsen regime and modified transmission
probability 7. for viscous regime. a = 40 nm, M = 1.8 x 10” kg/mol, T = 300 K, Dy, = 2.56

x 10® m?/s and p = 1 bar are used for the calculation

Figure 22. a, Dependence of the measured mass flux on temperature for AR = 42.1+£2.1. b,
Temperature dependence of total resistance for “long” pores with AR of 42.1+2.1 and for
“short” pores with AR of 9.6+0.7. Dotted lines are linear fits to data averages to guide the
eyes. Vertical error bars in all panels represent +S.D. corresponding to measurements on 3 to
5 different membranes for each data point. Horizontal error bars in all panels represent +S.D.

for AR as described in Appendix D.

Figure 23. Regime of interface-governed transport. a, Mass flux normalized by the maximum
mass flux corresponding to zero interfacial resistance (R; = 0) for different concentrations of
draw solution reveals a marked departure at smaller aspect ratios. Temperature is
39.0+0.3 °C. Green line indicates ideal normalized flux for o = 1 as a guide for the eyes.
Black dotted line denotes the theoretically predicted normalized mass flux for a
condensation coefficient of 0.23. b, Ratio of interface resistance to transmission resistance
for different AR at a temperature of 39.0+0.3 °C, obtained from data shown in pahel a.
Vertical error bars in all panels represent uncertainty combining S.D. of data points and the
effect of uncertainty in pressure inside the nanopores, p (See Appendix D). Each data point
was obtained from measurements on 3 to 5 different membranes. Horizontal error bars in all

panels represent +S.D. for AR as described in Appendix D.

Figure 24. Estimated condensation coefficients for different AR at a temperature of 39.0+0.3 °C,

obtained from data shown in Figure 23 panel a (c) and for different temperatures, obtained
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from flux measurements on membranes with AR of 9.6+0.7 (d). Vertical error bars in all
panels represent uncertainty combining S.D. of data points and the effect of uncertainty in
pressure inside the nanopores, p (See Appendix D). Each data point was obtained from
measurements on 3 to 5 different membranes. Horizontal error bars in all panels represent

+S.D. for AR as described in Appendix D.

Figure 25. Effect of salt concentration on condensation coefficients. Nanopores with average
aspect ratio of 11.0 were used at 25°C. a, Mass flux for different KCl concentrations,
normalized by membrane porosity and by difference of evaporation rate across the
membrane; b, Estimated condensation coefficients from the measured mass flux. The error
bars denote +8.D. including the effect of uncertainty in pressure inside the nanopores, p (See

Appendix D).

Figure 26. Effect of interchanging of halogen ions on condensation coefficients. Nanopores with
average aspect ratio of 8.5 were used with draw solutions of 0.5 M KClI and 0.5 M KI,
respectively, at 30°C. a, Mass flux for different KCl concentrations, normalized by
membrane porosity and by difference of evaporation rates across the membrane; b,
Estimated condensation coefficients from the measured mass flux. The error bars denote
+8.D. including the effect of uncertainty in pressure inside the nanopores, p (See Appendix
D). The condensation coefficients from KCl and KI are not significantly different based on

the Student t-test (p value > 0.05).

Figure 27. Resistance networks for estimating the effect of meniscus curvature on transmission
probability using the radiation heat transfer analogy. 4., 4., 45 and 4, denote the area of
cross section of pore, pore wall, menisci at feed and permeate sides, respectively. F.. and F,
indicate view factors between the two menisci, and a meniscus and the pore wall,
respectively, for flat interfaces. Fy, Fj, and F,, denote view factors between the menisci at

feed and permeate sides, the meniscus at feed side and the pore wall, and between the
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meniscus at permeate side and the pore wall, respectively, assuming that the meniscus on the
feed side is curved (maximum possible curvature at a contact angle of 120°) and that on the
permeate side is flat. F,. and F,, indicate view factors between the two menisci, and from a
meniscus to the pore wall, respectively, for flat interfaces. Fp, Fj, and F,, denote view
factors from the meniscus on the feed side to that on the permeate side, from the meniscus
on the feed side to the pore wall, and from the meniscus on the permeate side to the pore
wall, respectively, assuming that the meniscus on the feed side is curved (maximum possible

curvature at a contact angle of 120°) while that on the permeate side is flat.

Figure 28. Decrease in vapor pressure difference across a membrane with thermal conductivity of
0.27 W/m-K. Applied pressure of 50 bar, temperature of 50°C, NaCl concentration of 0.62
M, condensation probability of 1.0, and porosity of 40% are assumed. Dashed line indicates

the vapor pressure difference variation at minimum aspect ratio (//@)mjn.

Figure 29. Effect of air pressure inside the nanopores. a, b, ¢ Mass flux normalized by that with
zero interface resistance for (a) p = 0+0.0 bar; (b) p = 0.5+0.3 bar; (c) p = 1£0.0 bar. d, e, f
Ratio of R; and R, for different aspect ratios with (d) p = 020.0 bar; (¢) p = 0.5+0.3 bar; (f) p
= 140.0 bar. g, h, i Estimated condensation coefficients for different aspect ratios with (g) p
= 0+0.0 bar; (h) p = 0.540.3 bar; (i) p = 120.0 bar. j, k, 1, Estimated condensation
coefficients for different temperatures with (j) p = 0+0.0 bar; (k) p = 0.5+0.3 bar; (1) p =

1+0.0 bar.

Figure 30. Fabrication method using alkanethiol self-assembled monolayers. a, E-beam
evaporation of gold on rotating membrane with an angle 0. b, Schematic diagram of self-
assembled monolayers formed based on thiol-gold bonding. ¢, Water droplet on the

fabricated membrane

Figure 31. Defect characterization using Fluo-4. a, Schematic diagram of setup with a membrane.

0.5 mM Fluo-4 solution on the top side and 10 mM CaCl, solution on the bottom side are
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placed under AC electric field. b, Snapshot of the experimental setup on fluorescence
microscope. ¢, Fluorescence image of ‘leaky’ membrane. d, Corresponding Fourier
transformed map for fluorescence light intensity. e, Fluorescence image of ‘low defect’
membrane. f, Corresponding Fourier transformed map for fluorescence light intensity. g,
Time trace of fluorescence light intensity normalized by a maximum intensity at a specific

‘leaky’ pore.
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Chapter 1. Introduction

1.1. Background and metivation

The increasing demand and depleting resources of water have worsened the fresh water scarcity
problem, and the number of people facing water shortage is expected to quadruple by 2025'. The
scarcity of fresh water is expected to become more serious in developing countries where many
diseases and deaths are attributed to the poor quality of water’, and also in Middle East and North

African countries that are suffering from lack of renewable fresh water” >.

In addition, the projected 40—50% growth in human population over the next 50 years, coupled
with industrialization and urbanization, will result in an increasing demand on the available water
resources®. While economic use and recycling of water for human and animal consumption can
mitigate the problem to some extent’, alternative sources of clean water are required to address
this growing need. The fact that more than 97% of water in the world exists as a form of seawater
or brackish water naturally leads to desalination as a promising alternative source of water.
Currently, the source of feed water for desalination stems from seawater (58.9%), brackish water
(21.2%), surface water and saline wastewater for the rest®. The capacity of desalination is

growing with rate of about 55% per year and is expected to reach 100 million m® / day in 2015°.

Membrane-based reverse osmosis (RO), thermal-based multi-stage flash (MSF), and multi-effect
_distillation (MED) are currently the major desalination technologies and constitute over 90% of
the global production of desalinated water® . As of 2012, membrane processes account for 63.7%
of the total desalination capacity and thermal-based processes for 34.2%°. MSF is the primary
thermal-based desalination technology and it accounts for about 26% of current global
desalination capacity®. In this method, feed saline water is introduced and evaporated by latent
heat supplied, typically under vacuum to reduce the boiling temperature. The generated vapor

condenses to be harvested as fresh water product, while the latent heat released during the
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condensation is reused to preheat the feed water. Since the thermal evaporation occurs in
relatively high temperature > 90°C, there is a high chance of scaling formation which reduces
heat transfer coefficient, although this scaling problem in MSF is alleviated than MED? In
addition, although a significant portion of energy is reused by the preheating and as a result 10 —
20 times less energy than latent heat (~2,200 kJ/kg) is actually needed, the thermal-based
desalination technologies such as MSF or MED still require significantly large amount of energy
compared to the thermodynamic minimum energy of separation for typical seawater (3.5 kJ per
kg of fresh water for 50% recovery)’. However, since the required energy is almost constant
regardless of feed water salinity, the thermal-based approaches are economical and widely used in
Middle East Asia where the salinity of seawater is relatively high and the cost of heat energy is

also low>?®,

Reverse osmosis (RO) is being increasingly adopted worldwide as an energy efficient technology
for water purification®. As of 2012, RO accounts for 63.7 % of the global desalination capability®,
In RO process, saline feed water is pressured against a semi-permeable membrane which allows
only water to pass while rejecting salts. Since the permeability and therefore production rate are
determined by the thickness of active selective layers, development of asymmetric membranes’
and polyamide composite membranes prepared by interfacial polymerization'® " have realized
submicron thickness of active layers (< 500 nm) and enabled RO to be competitive with thermal
processes for large-scale desalination applications. RO is more economical in the aspect of energy
cost compared to thermal processes that require more energy due to the latent heat of water’.
Membrane-based RO has almost reached thermodynamic efficiencies for desalination'?. The
state-of-the-art RO plants requires less than 5.7 kJ/kg with recovery ratio of 42%° while the
theoretical minimum energy based on 50% recovery is 3.5 kJ/kg. This high-energy efficiency is
primarily attributed to improvement of energy recovery units which utilize the rejected brine

pressure to pre-pressurize the feed water> ', But RO membranes suffer from some persistent

22



issues including fouling, scaling, and requirement of large membrane areas due to limited flux®.
Although chlorine is one of the simplest and most economical ways of controlling biofouling,
polyamide — the most widely used selective RO membrane material — suffers from low tolerance
to chlorine and therefore degrades by exposure to chlorine'>!”. Low rate of boron rejection of RO
process is also another issue and conventional RO systems rarely satisfy the boron concentration
level that World Health Organization (WHQ) guideline recommends (I mg/L or less)'® . In
practical RO applications, therefore, the permeate has been diluted with other source with lower
boron concentration'’ or multi-stage RO systems at different pH’s are often required to remove
boron”’. A large portion of boron exists as non-ionic boric acid at pH7 which is harder to remove
while it becomes ionized at higher pH*’. Although boron rejection at pH 11 reaches 98 — 99%,
operation at pH larger than 10 is not recommended due to salt precipitation which increases risk
of scaling on membranes?®'. The cost involved in the multi-stage RO obviously could be reduced
by development of novel RO membranes capable of rejecting boron at neutral pH. Furthermore,
there is a trade-off between membrane area and efficiency due to the limited flux per unit area,
and between selectivity and permeability, which is limited by material properties®. Further
improvements in RO membranes that enable larger flux without compromising selectivity and

have increased resistance to fouling are therefore needed.

Advances in nanofluidics promise membranes with improved control over their nanostructure,
better selectivity, or decreased viscous losses”>?’. For example, membranes incorporating carbon
nanotubes that allow flow of water with low viscous loss are being developed for desalination of
water” 2, New nanofluidic transport mechanisms thus have the potential to make a significant
impact on energy conversion and clean water technologies through development of better
membranes. In this thesis, we suggest a new type of RO membrane that uses vapor-phase
transport through hydrophobic nanopores for desalination of water. We first theoretically explore

transport of water through a hydrophobic nanopore using a probabilistic model that incorporates
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rarefied gas dynamics, ballistic transport, and emission and reflection of water molecules at
liquid;vapor interfaces. We then expand the model to transition regime where molecular diffusion
coexists with the rarified gas transport. Effect of nanopore geometry, salinity, temperature,
applied pressure, and interfacial reflection probability on the transport of water molecules through
the nanopore are explored. We further realize membranes consisting of hydrophobic nanopores to
experimentally study the transport with the various above-mentioned conditions. We show that
transport of vapor involved in two-phase flow at the nanoscale is determined by interplay
between diffusion across nanopores and evaporation/condensation resistances at the two-phase
interface. Finally, the significant potential of this new approach for desalination is shown and

discussed.
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Chapter 2. Theoretical investigation of vapor phase transport of

water through hydrophobic nanopores'

2.1. Concept of vapor trapping membrane for desalination

We propose a membrane that consists of hydrophobic nanopores that trap vapor by virtue of their
hydrophobicity and small size, separating the saline feed water on one side and the desalinated
permeate water on the other side (Figure 1). Two water menisci are formed on either side of the
pore and mass transfer occurs only in the form of evaporation at one meniscus, transport of water
vapor through the nanopore, and condensation at the other meniscus. The salt concentrations and
pressures on either side of the nanopore as well as the temperature determine the equilibrium
vapor pressure at each meniscus. If a pressure that exceeds the osmotic pressure is applied on the
feed water (saline) side, a vapor pressure difference is generated across the nanopore, resulting in
a net flux of water across the pore through evaporation at one interface and condensation at the

other interface. Since transport occurs in the vapor phase, the process is selective and only allows

i

membrane

feed B permeaté.
side side

Figure 1. Schematic diagram of a hydrophobic nanopore with liquid-vapor interfaces on either side.
Application of pressure greater than the osmotic pressure on the saline water side results in vapor-phase
transport of water across the nanopore.

! This chapter can be referred to Lee et al.”



water molecules to cross the nanopore. Furthermore, the nanopore is isothermal due to the small
length scale and conduction through the nanopore wall material; thus energy required for

evaporation is immediately recovered by condensation.

Transport of water vapor across a vapor-trapping membrane with water on either side has been
used for desalination in a technique known as direct contact membrane distillation’***, However,
this method relies on a temperature difference to drive transport of water, and is subject to high
thermal losses and the actual temperature difference across the membrane is smaller than the bulk
temperature difference due to temperature polarization. The present approach replaces the
temperature difference by a pressure difference, thereby eliminating thermal losses and

temperature polarization issues.

Generally, gas transport in a pore occurs by four different mechanisms: Knudsen diffusion,

(b)

Figure 2. Schematic diagram showing some potential trajectories of molecules inside the nanopore. (a)
trajectories the molecule takes from meniscus A to B. (1) meniscus A — meniscus B (ballistic transport),
(2) meniscus A — wall — meniscus B, (3) meniscus A — wall — meniscus A — wall — meniscus B; (b)
Upon reaching meniscus B, the molecule can either condense or undergo reflection.
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molecular diffusion, viscous flow, and surface diffusion®*. The applied pressure that should be
larger than osmotic pressure, i.e., 30 bar for seawater, necessitates small pore diameters less than
~50 nm to prevent wetting. Since the mean free path for water vapor at 20-50°C is about 1-5um,
we assume that vapor-phase transport through fhe pores occurs primarily by Knudsen diffusion.
Studies of wetting properties of carbon nanotubes show sharp transitions between non-wetted and
wetted states’ *. In addition, the water vapor adsorption on pure hydrophobic surfaces such as
silicalite-1 and beta zeolites is negligibly small’® *. Membrane distillation which incorporates
intrinsically hydrophobic porous membranes does not have severe wetting issues from water
adsorption in the hydrophobic pores. Furthermore, adsorption of water molecules on hydrophobic
surfaces is confined to hydrophilic defects’*’; adsorption on such a defect and subsequent
emission of a molecule is equivalent to a scattering event from the wall. When hydrophobic and
hydrophilic surfaces are patterned in close proximity, it has been shown that water vapor
condenses on the hydrophilic patterned sites in preference to the hydrophobic ones®. Due to the
small length scale of the nanopore, water vapor may be expected to condense on the menisci
rather than on the pore surface. In this study, we therefore assume that transport of water through
the nanopore by surface flow is negligible as compared to Knudsen diffusion. While Knudsen
diffusion theory is known to be valid for the pore diameters down to 2 nm,* the classical
Knudsen diffusion coefficient is defined only in the limit of an infinite pore length. The predicted
Knudsen flux diverges to infinity as the pore length approaches zero; thus, calculation of flux in
pores of finite length requires a different approach. Similarly, a model for transport through a

hydrophobic pore must also consider the effects of the menisci.

In this chapter, we develop a general model based on a transmission probability framework that
accounts for finite nanopore length, rates of evaporation and condensation, as well as reflection

and condensation probabilities at the liquid-vapor interfaces (Figure 2).
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2.2. Microscopic picture of water transport across liquid/vapor interface

The condensation process of vapor molecules into liquid-phase can be explained by two steps"““.
The impinging vapor molecules are first adsorbed onto the surface and thermally equilibrate with
the mean energy of liquid molecules at the surface. The fraction of the impinging molecules that
achieve thermal equilibrium is called thermal accommodation coefficient. The experimentally
measured values ranges between 0.7* and 1.0*24 %7 although the majority of literature indicates
that the thermal accommodation coefficient of water is likely to be unity. The adsorbed molecules
are then either desorbed back to vapor-phase or absorbed into the liquid-phase. The fraction of the
impinging vapor molecules that are converted to liquid-phase is called condensation coefficient
(also called mass accommodation coefficient). The measurement of condensation coefficient of
water has been much more challenging than the thermal accommodation coefficient. Although
numerous experimental studies have been conducted to measure the condensation coefficient, the
reported values are scattered over three orders of magnitude (0.001 — 1)® % Extensive reviews
by Marek and Straub® and Eames et al.*® concluded that the water surface free ‘from any
contamination and surfactants should have a relatively large value of condensation coefficient,
and the values such as lower than 0.1 that have been experimentally measured seemed unlikely.
As a rule of thumb, we take condensation coefficient of water between 0.5 and 1. One illustration
based on thermal accommodation of unity and condensation coefficient of 0.7 as an example
would be that although all vapor molecules impinging on the liquid/vapor interface adsorb and
reach thermal equilibrium with the liquid surface, 30% of them return to vapor-phase and 70%
condense. From the heat transfer point of view, 70% of the vapor molecules carry the latent heat
to the liquid phase, while 30% of them also transfer some amount of heat by dissipating their

kinetic energy during the thermal equilibration process.
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2.3. Probability of molecular transport across a nanopore

Let 945 be defined as the probability that a molecule emitted (by evaporation) from meniscus A
condenses at meniscus B. If the rates of evaporation at each meniscus are known, the net flux of
water through the nanopore can be calculated in terms of ¢, 5 (which equals ¢ by symmetry).
945 can be further expressed in terms of two distinct probabilities: (a) #, the probability with
which a molecule that leaves one meniscus arrives at the other meniscus also known as the

transmission probability, and (b) o, the condensation coefficient.

To calculate 43, we consider all possible ways in which a molecule emitted from meniscus A
finally condenses at either meniscus A or B (Figure 3). A molecule which has evaporated from
meniscus A is transported to the other meniscus B with transmission probability #. This
transmission probability includes the cases where the molecule arrives at meniscus B after
collision(s) with the wall and without any collision with the pore wall. However, this molecule
also can return to meniscus A with probability 1 — » after scattering from the wall. When a
molecule leaves one meniscus and arrives at the other meniscus or back to the same meniscus
(after scattering event(s) from pore walls), we call the transport event as one “cycle”. Therefore
the molecule will reach either meniscus A or B after each cycle. This molecule will then
condense with a probability ¢ on the meniscus it arrived at, or be reflected with a probability 11G
1 — o). If the molecule is reflected from the meniscus A or B, it will start its flight again from the
meniscus it was reflected on. We define 4, as the probability that a molecule emitted from
meniscus A arrives back at meniscus A after n cycles, and B, as the probability that a molecule
emitted from meniscus A arrives at meniscus B after n cycles. Therefore the probability that a
molecule condenses on meniscus A after » cycles is (1 — $)4,, and that on meniscus B is (1 — 8)B,.
A molecule reflected from meniscus A with the probability #4, will start its n+1" cycle flight

toward meniscus B, and vice versa.
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Figure 3. Possible paths and probabilities of molecules emitted from meniscus A until they condense at
either meniscus A or B. In the arrow diagrams, the leftmost position indicates meniscus A, the center
position indicates scattering from the pore walls, and the rightmost position indicates meniscus B. For
example, in the diagram for 4,, the molecule that leaves meniscus A can arrive at meniscus A (after
scattering from the pore walls), be reflected from the meniscus A, and arrive again at A by a similar process
(left), or the molecule emitted from A can reach meniscus B, be reflected from meniscus B, and arrive at

meniscus A (right).

As shown in Figure 3, if a molecule arrives at meniscus A at the n+1" cycle, there are two paths
that it could have taken after the n™ cycle. The first path is that the molecule arrived at meniscus
A and was reflected from it, and left meniscus A, but was scattered from the wall, and finally
reached meniscus A. The probability of this path is 4,6(1 — #). The second path is that the
molecule reached meniscus B and was reflected, and transported back to meniscus A. The

corresponding probability is B,fn. Therefore, A,+, can be obtained as:
=A4,B(1-n)+B,B1. (1
With similar reasoning, B,.., is also calculated as
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B, =A4,Bn+B,B(1-n). ()

Then, the following relation can be obtained:
A +B =PB(4, . +B, )==B"(4+B)=p"". | 3)

The probability ¢44 and ¢,p that a molecule that has evaporated from meniscus A finally

condenses on meniscus A and B, respectively, can now be expressed as follows:

0 =(1-8)3 4, @

n=]

Pus=(1-B)3.B,. ®)

n=l

Then, it can be readily shown that ¢, + @45 = 1. This simply means that molecules evaporated
from a meniscus must eventually condense either on meniscus A or B. When we solve for 4,, the

following relation is obtained:

Ay =AL(-1)+B fn=a4,+pn, )
where a = §(1-2#). Therefore, 4, can be expressed as follows:

A, ="' A +a Bn+a” B+l +afn+ B

a n-1
=15 ™

1-

P 2 | n—1
=a" A+ @
B

Then we can calculate @, , and ¢, ,:

Pia =(l—ﬂ)iA’l=l_ ®)

—n_
e 2nB-pg+1°
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n

=1- —— 9
¢A,B ¢A,A 2ﬂﬂ —ﬂ+1 ( )
Using the fact that # = 1 — o (by definition), we can write
n
=>*t 10
Pas 2n(1-0)+o (o

For practically encountered contact angles up to 120°, we can neglect the effect of meniscus
curvature on 7 and assume the pore geometry to be cylindrical (see Appendix A). We further
assume that the whole system is isothermal, which is a reasonable approximation even in the case
of membrane materials with a relatively poor thermal conductivity (see Appendix B). With these
assumptions, we can take advantage of the fact that the transmission probability # in Equation (10)
is equivalent to the transmission probability across a pore of finite length. Transmission
probability was first introduced by Clausing™ to obtain pressure-driven flux of a rarefied gas
through a pore of finite length. Here, we use the transmission probability # as calculated by
Berman®' for a pore of finite length under the diffuse scattering assumption (Figure 4). n is a
function only of the pore aspect ratio //a with a maximum value of 1 occurring at zero pore length,
corresponding to ballistic transport. 77 decreases with increasing /a and converges to 8/3(/a) for

long pores, which is consistent with Knudsen diffusion.
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Figure 4. Probability of transmission of a molecule across a cylindrical nanopore with length / and radius a
(from Berman®").

As mentioned in Section 2.2, the value of ¢ is difficult to predict and must be obtained
empirically. Following the review of Eames et al.”*, condensation coefficient of water is assumed
to be between 0.5 and 1 in this study. In addition, it is also assumed that ¢ is independent of
curvature of meniscus and salt concentration. The dependency of condensation coefficient on salt
concentrations and also other parameters such as temperature and ion types will be discussed in

Section 4.6.

2.4. Derivation of mass flux across the nanopores

2.4.1. Change in equilibrium vapor pressure

While we obtained the transport probability for a molecule evaporated from one side to condense
on the other side of the nanopore, the total net flux across the nanopore depends on the rate of
evaporation from each meniscus. The rate of evaporation is related to the vapor pressure and
probability of condensation o. The rate of absorption of water molecules at the liquid-vapor

interface is equal to the product of the rate of incidence and the probability of condensation,
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which, at equilibrium, must equal the rate of evaporation. For temperatures up to 50°C, the
density of water vapor deviates from that predicted by kinetic theory of gases by less than 0.4%;
we therefore use the kinetic gas theory to estimate the rate of incidence. This is ‘known as the
Hertz hypothesis®> >3, which gives the rate of gross evaporation per unit area at each meniscus,
ie., m,; (i=AorB)as:

M

n .= = — W P,.C.), 11
i, =08,=0, P (T, P.C) an

871

where Sag) is the theoretical maximum rate of evaporation from side A (or B) assuming a

condensation coefficient of unity, ie., S, =,/M /ZNRKT:.PW(T, ,.,C.). Here, P,, is the

equilibrium vapor pressure of water at meniscus A (or B) as a function of temperature 7}, pressure
P; and salt concentration Ci. R, is the universal gas constant (8.31 J/mol'K) and M is the

molecular weight of water (1.8 x 10”2 kg/mol).

The equilibrium vapor pressure P.,, for different temperature, pressure and salt concentration can

be derived by relating chemical potential of water in saline solution with that in vapor phase. The

. . 1 - . - . -
chemical potential of water 4’ in saline solution is given as** >

O 0 =D
u,=u, " +RTIna, =p " +RTIny x,, (12)

where 4. is the chemical potential of pure water at a reference state as a function of

temperature and pressure. Activity of the water a,, can be decomposed into activity coefficient y
and mole fraction x,, of water in the solution. For water vapor in gas-phase, the chemical potential

is given as®

WP =0 +RTindx, (13)
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where ‘® is a chemical potential of pure water vapor at a reference state as a function of
temperature, f, is fugacity of water and P° is a standard pressure which is typically taken as 1

bar®. At moderate pressure, the water vapor behaves as ideal gas. In that case, the fugacity of the

water vapor can be taken as vapor pressure P, in the gas mixture.

If we imagine a gas mixture including water vapor above saline solution at equilibrium, the

chemical potential of water in both phases must be equal. Therefore,

uy =, " +RTina,

P ; (14)
— 14048 vap _ .. (8)
=u"¢ +Rngn?;¢-.uw‘
and for pure water in equilibrium with vapor,
PO
w) = O =y + RTIm=—8 = (13)

where Pﬁp is equilibrium vapor pressure of pure water as a function of temperature and pressure.

Rearrangement of the two above equations lead to the water vapor pressure in equilibrium with

saline solution as>>:
0
Pmp =a P (16)

w” vap ?

where a, is activity of water in the solution. The osmotic pressure Il is given as a function of

water activity®’,
RT
I'I=—-—V‘—lnaw, 17

m

Substitution of Equation (17) into (16) leads to:

RT

8

nv,
P,=P,, exp(— ] . (18)
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When a pressure drop P is applied across the meniscus, vapor pressure is elevated according to

Kelvin’s equation®®;

x PV,
PW:P“”’BXP(RTJ' (19)

&

Substitution of Equation (18) into (19) leads to:

; (P-TI)V, |
Pvap = P‘ip exp[———k:f— . (20)

which is also known as Kohler equation™ ®. For convenience, we use P,,, for equilibrium vapor

pressure instead of P\Zp from now on. Under isothermal condition as in the present study, the

difference in equilibrium vapor pressure is then given as:

8

o [(ap—amyv, (v, Y P2-P2+T0% -T2 +2(P,I1, - B11,)
R:apA_PmszI)\rap —£+ -~
" RT RT 2
: , 1)
. (AP-A)V,
RT i
where AP = P4 — Pp and AIl = [1, — [1p. Discarding the second-order term on the right-hand side

results in an error of at most ~3.5% even for |AP — ATI| = 100 bar.

2.4.2. Derivation of mass flux based on probabilistic framework

At equilibrium, the pressure difference across the nanopore (AP) is equal to the osmotic pressure
difference (AIl). Increasing the pressure difference across the nanopore beyond the osmotic
pressure difference results in P,,,4 > P,,5 and net transport of water across the nanopore.

Knowing the rate of evaporation (Equations (17) — (19)) and the probability ¢,z that a water
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molecule emitted by evaporation condenses on the other meniscus (Equation (10)), the net mass

flux through a membrane consisting of the nanopores with a porosity ¢ is given by

m=g (¢A,Bmc,.4 - q’B,Amc.B) =£€Q, (1,  —1, ;)

_ £07] M | AP-AIl
S 2n(-o)+o\2zR 1| R

(22)

VM]P‘ZP (T)

Seawater (or brackish water) is characterized in terms of total dissolved solids (TDS) ranging
from 15,000 to 50,000 ppm (corresponding to 0.26 M to 0.90 M NaCl), with the TDS of standard
seawater being 35,200 ppm (0.62 M NaCl solution). TDS for brackish water ranges from 1,500 to
15,000 (0.026 M to 0.26 M NaCl solution). The corresponding osmotic pressure is about 13 to 44
bar for sea water and 1.3 to 13 bar for brackish water, although seawater with the same TDS as
that of NaCl solution has a lower osmotic pressure due to presence of higher mass solutes®. RO

plants for desalination of sea water typically operate at pressures ranging from around 55-80 bar®.

2.4.3. Heat transfer analogy for calculation of transport through the

nanopore

An alternative way to obtain the net mass flux is by using an analogy from radiation heat
transfer® . As shown in Figure 5, the mass transport system in a nanopore can be modeled as three
resistances in series due to reflection from the two menisci and scattering from the pore wall.
While Sy, is the theoretical maximum gross evaporation rate through meniscus A(B), the actual
rate of gross evaporation is 6S4). In addition, we define G4 as mass flux incident on meniscus
A(B), and J4m) as mass flux leaving meniscus A(B) by emission and reflection. Then the mass

flux s, leaving meniscus A is given as:
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Figure 5. Configuration of mass transport resistances from analogy with radiation heat transfer

m_ =J,-G,=0§,-0G,, (23)

P
where Jym = 0S4 H(1 - 6)G 4@ from the above definition. For meniscus B, the above equation is

applicable in the same way except that the sign of ,, reverses. n ,, can be obtained as follows:

o =—2(s,~7,). (24)

pre 1—-o

Therefore the mass transfer resistance through the meniscus between Sy and Jy@) is (1 — 0)/o. In
terms of incoming fluxes J4 and Jp at each meniscus, the net mass flux through the pore using

transmission probability # is given as:
m =1(J,—J,) (25)

Therefore the resistance from the pore wall can be simply 1/7. Then the total resistance of this

system is given as:
2(l-0) 1
R,.= Q +—. (26)

g n

With the fluxes of mass source S, and S, the net mass flux is obtained as:
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W =248 P_,-P . )I|2—L+=

po E R 27thT( P4 ""”‘B) ( o n
27

, M
=0’(pA,B W(P‘WvA_PWP’B),
The mass flux across the membrane with porosity ¢ is then

m=gm__. (28)

2.5. Characteristics of vapor-phase transport through a nanopore

The theoretical maximum mass flux occurs when there is no resistance to transport across the
nanopore, i.e. 7 = o = 1. Under these conditions, the rate of condensation is equal to the rate of
incidence of water molecules at the meniscus, and the rate of evaporation is also maximized (see
Equation (11)). Molecules that evaporate at one meniscus undergo ballistic transport to the other
meniscus, where they condense. The maximum flux per unit driving pressure (AP — All) depends

on the interface temperature and vapor pressure of water, and can be expressed as:

A’;ni?n ¢ ZEA;gT %PL(T) ' i

This maximum mass flux increases rapidly with temperature, closely following the increase in
equilibrium vapor pressure with temperature as shown in Figure 6a where ¢ = 1 is used to take
only nanopore area into account. As the vapor pressure increases with temperature, the
modulation of the equilibrium vapor pressure due to application of external pressure across the
nanopore also increases; in fact, Equation (21) shows that the modulation is directly proportional

to P° vap» the equilibrium vapor pressure of water.
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Figure 6. (a) Specific ratio of theoretical maximum mass flux to driving pressure at different temperatures.
e = | is assumed to consider nanopore area only. (b) Net mass flux normalized by theoretical maximum
mass flux through a nanopore. The theoretical maximum mass flux indicates the mass flux for c =1 and //a
=0 (n = 1). (c) Variation of ¢, 5 with 5 and &. The scale bar on the top of (c) represents the pore aspect ratio

I/a corresponding to #.

40



The ratio of the mass flux to the theoretical maximum mass flux equals ¢, which is
determined by the pore aspect ratio //a (directly related to #) and the condensation coefficient o.
Figure 6b,c shows that ¢,z equals the transmission probability » when o = 1. This case
corresponds to zero resistance to mass flux at the menisci so that all water molecules incident on
the meniscus undergo condensation. # = 1 corresponds to the case of a very short nanopore with
ballistic transport, where ¢, approaches 1/(2-0). In this case, ¢, 5 equals 1/2 for very small o;
each molecule undergoes several reflections at the menisci, with‘ equal chance of condensation at
either meniscus. Thus, when n > 0.5 (corresponding to /a < 0.57), a smaller probability of
condensation decreases ¢,5. When 7 < 0.5 (corresponding to //a > 0.57), a smaller probability of
condensation actually increases ¢, (Figure 6c). While it may seem counterintuitive, it is easily
seen that a molecule emitted from one meniscus has a high probability of returning to the original
meniscus several times before reaching the other meniscus if the pore is long (small #). A small
value of o increases the probability of reflection from the original meniscus, thereby increasing
the chance of reaching the other meniscus after undergoing multiple reflections at the original
meniscus. Interestingly, # = 0.5 corresponds to a pore aspect ratio (//a) of 0.57, in which case o

has no effect on ¢4 .
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Figure 7. Effect of pore aspect ratio //a and condensation coefficient & on the mass flux through the pore
per unit driving pressure at different temperatures. £ = 1 is assumed to consider nanopore area only. (a) o =

0.5; (b) 6 = 1.0; (c) I/a = 5; (d) I/a=100.

Figure 7 illustrates the effect of temperature, pore geometry, and condensation coefficient on the
net mass flux per unit driving pressure. Figure 7a and b reveal that the mass flux monotonically
decreases as the pore length is increased. For very short nanopores (7 — 1), the flux is about
three-fold higher at o = 1 as compared with o = 0.5; since a higher ¢ directly increases not only
the rate of evaporation (see Equation (11)), but also ¢,z by reducing mass transport resistance at
menisci. In the case of sufficiently long pores, the net flux decreases inversely as //a, which is
consistent with Knudsen flux with a constant Knudsen diffusion coefficient. In all cases, it is seen

that the flux increases with increasing temperature due to the increasing vapor pressure. Figure 7¢
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and d show the effect of the condensation coefficient ¢ on the mass flux with T and //a as
parameters. For small pore length, for instance //a = 5 (where # = 0.23) as shown in Figure 7c, the
mass flux increases with o. At very small values of o, the linear variation is due to the linear
increase in the rate of evaporation as given by Equation (11); ¢, 3 remains close to 0.5 since o is
small, as shown by Equation (10). On the other hand, for long pores (//a = 100 shown in Figure
7d), the mass flux rapidly increases with o for small o and then becomes independent of a. For
very small values of ¢, the mass flux is directly proportional to o, since a low value of o brings
048 close to 0.5. Above a moderate value of o, resistance due to reflection at the menisci becomes
negligible and transport is governed only by the transmission probability #. A close examination
of Equation (10) shows that ¢, is inversely proportional to o for small values of », and this
effect is exactly offset by the increase in rate of evaporation with ¢ (Equation. (11)). Thus, the
mass flux becomes nearly independent of ¢ and for very long pores and converges to its value

corresponding to o = 1. Since # approaches 8/3(//a) for long pores, the mass flux converges to:

8¢ M 2 P -P
= P —-P _|=ZDageM 2t __vpB 1a>>1 30
” 3(1/a).\} ZnRgT( vt~ Prs) 307 IRT (/a>>1) (30)

This expression is the same as that derived for Knudsen diffusion flux through a pore with
pressures P, 4 and P, p at either end. It implies that for sufficiently long pores, the actual vapor
pressure at the each meniscus is maintained close to the equilibrium vapor pressure according to _
the local condition of the meniscus, which is oﬁen. assumed to be the boundary condition to
analyze mass flux in membrane distillation®>, From Equation (10), the condition for this

assumption to be valid is seen to be 25 << ¢.
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2.6. Criteria for wetting of a hydrophobic nanopore

Implementation of the proposed technique for desalination will require appropriate choice of
membranes with hydrophobic nanopores. The ability of the nanopores to resist wetting under a
large applied pressure is critical for the operation of such a membrane. Several studies have
examined the wetting and dewetting behavior of water in hydrophobic mesopores®*. Using the

Young-Laplace equation, the criterion that a pore of radius a resists wetting is:

2}’1\.- COSgeq
APA

a< 31)

where y;, is surface tension of the water and vapor interface, 6,, is the equilibrium contact angle,
and AP, is the pressure difference across the interface. This criterion has been found to be valid
for pores as small as 2.6 nm in diameter®. For a contact angle of 6., = 120° and a pressure

difference AP, = 50 bar, the critical pore diameter is 28 nm.

/ Contact point

Liquid-vapor
interface

Figure 8. Detailed configuration of liquid-vapor interface at the feed side. 6., denotes equilibrium contact
angle satisfying Young-Laplace equation (y,-y.+yncos 6.,=0), and & denotes the angle between a line
tangential to interface and pore axis, which satisfies mechanical force equilibrium.
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For a given pore radius, the aspect ratio //a needs to be minimized to achieve a high mass flux.
However, even if the pore radius satisfies Equation. (31), there is a critical aspect ratio below
which wetting of the pore becomes energetically favorable®, which may lead to merging of the
two interfaces depending on the actual kinetic barrier. This condition depends on the length of the
nanopore and can be expressed in terms of the pore aspect ratio. For a given radius of pore and
pressure difference that can sustain a meniscus the interface will settle at a certain contact point
with an equilibrium contact angle where force equilibrium is also satisfied. The angle ¢ between
tangential line of the interface and pore axis at the contact point is determined by mechanical
equilibrium, and is generally different from equilibrium contact angle 6., (see Figure 8). If the
interface at the feed side moves in to fill the pore, PV work will be expended in forming new
liquid-solid surface and a part of the work will be compensated by merging of the two liquid

interfaces:
0
—j%AR,dV+AE=(;;,—yw)AW—y,V(Af+Ap), (32)

where yy and y,, are interfacial energies of solid-liquid and solid-vapor interfaces, respectively. ¥,
Ay, A5 and 4, denote the initial pore volume occupied by vapor and air, the areas of pore wall,
menisci at feed and permeate sides, respectively. AE is the additional energy to induce the filling
and therefore the filling would not occur spontaneously when AE > 0. The PV work by applied
pressure Py, moving interface then becomes

0
VVPV = _J.V (I)applie - Pporc )dV = APAI,O’ (33)

0

where P, remains constant to keep saturation condition. Assuming spherical shape of meniscus,

the above equation becomes:

AP, +AE=2(y, -7, )ral -7, (2xRh+ 7a®), (34)
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where Vy, AP4, R, and h are given as:

3
V,=nra’l+n a [Z—Zsme—lcoszesina, 35
cos@ |3 3 3
AP, = —Z-yi”-cos o, (36)
a
R 1
Ao 37
a cosd 37

£=§_K£)_q _ (38)
[4] a a

- Simplifying these equations, the criterion that satisfies AE > 0 becomes:

i> ! [l+ 1, ] (39)
a cos@—-cosf, |2 1+siné

where costl = — aAP4/2y;, and cosf,,= — amAPA/Zy,v; For a given finite pore length, this criterion
always gives a critical pore radius that is smaller than that calculated from the Young-Laplace
criterion (Equation (31)). The wetting and dewetting behavior is not well-characterized for short
hydrophobic pores bounded by menisci on either side. Thus, while it is possible that the Young-
Laplace criterion is sufficient to prevent wetting, the thermodynamic criterion given by Equation
(39) is more conservative of the two. For example, for a contact angle of 6., = 120°, pressure
difference AP, = 50 bar with NaCl of 0.62 M, and a pore radius of 5 nm, the minimum pore
length that makes wetting energetically unfavorable is 15.2 nm. The minimum pore length at
20°C for different pore radii is given in Figure 9. Since the surface tension does not change
significantly in the temperature range of 20-50°C (Table 1), the minimum pore length is not

significantly affected by temperature.
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Table 1. Values of parameters used in this study

Temperature
o 20 30 40 50
(7,) (°C)

Surface tension
(pn) (N/m)

Vapor pressure 3 5 4
(Pp) (Pa)  231X10° 420x<10°  730x10°  1.22x10

7.28<107  7.12x107  6.96x107  6.79x10°

30
AP, —Ar 50 O
(bar)

Figure 9. Minimum pore length that makes pore wetting energetically unfavorable at different values of the
applied pressure and pore radius. Contact angle of 120°, NaCl concentration of 0.62M, and temperature of
20°C are assumed.

2.7. Mass flux through a membrane incorporating vapor-trapping

nanopores

For a given pore radius that is smaller than the critical pore radius according to the Young-
Laplace criterion, Equation. (39) predicts a minimum pore length for wetting to be
thermodynamically unfavorable. Using this conservative pore length, Figure 10 depicts the mass

flux (Equation (22)) through a membrane consisting of cylindrical pores with 40% porosity for
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different pore radii and driving pressures for a 0.62 M NaCl feed water solution and a contact
angle of 120°. For a given pressure drop, as the pore radius increases, the minimum aspect ratio
(l/a)mmn also increases so that the transmission probability and mass flux are decreased. It is seen
that nanopores with diameters in the 5-10 nm range might be practical for implementing this
approach of desalination. Similarly, the flux increases significantly if temperature is increased
from 20-50°C, and moderately as o increases from 0.5 to 1. The red région with zero flux
indicates that the pore radius is too large to sustain the applied pressure without wetting the pores.
Thus, the highest flux occurs for the smaller pores. The validity of Equation (34) will have to be
tested experimentally; it is entirely possible that shorter aspect ratios and therefore higher fluxes

can be obtained even when wetting is thermodynamically favorable.
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Figure 10. Predicted mass flux through membrane for different pore sizes and driving pressures at the
minimum pore aspect ratio //a which makes wetting thermodynamically unfavorable. Contact angle of
120°, NaCl concentration of 0.62 M, and 40% membrane porosity are assumed. (a) 7= 20°C, 6= 0.5; (b) T
=50°C, 6=0.5; (c) T=20°C, 6= 1.0; (d) T=50°C, 6= 1.0.

The predicted flux through the membrane is in the range of or larger than typical experimentally
observed flux through current RO membranes®®’. Although we have not considered system-level
issues such as concentration polarization and design of the membrane module, these results
suggest that the proposed technique may be promising for desalination of water. For example,
Figure 10 indicates that the maximum flux that can be achieved for a 40% porous membrane at
50 bar driving pressure is approximately 18 g/m’s at 20°C and 70 g/m’s at 50°C. RO membrane

65-68 Several

literature reports flux in the range of 5-22 g/m’s for composite polyamide membranes
different polymers and treatments have been explored for improving the selectivity'o' % flux™,

resistance to chlorine’' and boron rejection's; however, there is a trade-off between these
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parameters and improvement of one aspect tends to adversely affect the other aspects.
Commercial membranes typically yield fluxes based on nominal membrane area in the range of
7.7-10.6 g/mzs for driving pressures of 27 bar.% The theoretical results presented here suggest
that membranes based on hydrophobic nanopores are promising for improving the flux as
compared to current RO membranes, especially if they are operated at temperatures that are
modestly above room temperature. Moreover, the currently used RO membranes do not have
adequate chemical resistance to chlorine® "', which is widely used as an industrial disinfectant to
control biofouling. The inherent coupling between the permeability, selectivity, chlorine
resistance and boron rejection that confounds optimization of polymeric membranes is decoupled
in the case of the present approach. It is then conceivable that chlorine-resistant hydrophobic
materials can be found for the manufacture of the proposed nanoporous membranes for

desalination of water.
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Chapter 3.  Fabrication of membranes’

From the previous chapter, it is seen that nanopores with small aspect ratios are required to
realize high flux of water vapor given the same applied pressure. Fabrication of membranes
embedding such short nanopores with membrane thickness of ~100 nm will be challenging and
the membranes will lack mechanical strength to self-sustain. There have been numerous studies
on fluid transport involved in nanoscale conduits fabricated by e-beam’™ ™ and ion-beam”
lithography, interference 1ithography76, panosphcre lithography”’ ?8,' nanopore size tuning by

7580 track-etching“, and carbon nanotubes®. Although the control of pore

atomic layer deposition
size using e-beam and ion-beam lithography is straightforward, fabrication of the pores in large
area is time-consuming and costly. The other approaches often require extensive trial and error
processes to find the proper parameters for the desired geometries such as length and pore size.
Especially, fabrication of nanopores with any arbitrary lengths in large area has not been trivial.
Porous alumina have been extensively studied®® and used as template of nanofabrication®> %
due to its regularity and controllability of nanopore geometry in large scale. In this chapter, we
use porous alumina membrane as fabrication templates and designed membranes comprising

nanopores with short hydrophobic regions of tunable length that trap nanoscale pockets of vapor

separating two liquid phases (Figure 11a).

3.1.  Creation of short hydrophobic nanopores
3.1.1. Fabrication approach

Porous alumina membranes (lcm x lcm, Synkera Technology Inc.) with nominal diameter of 100

nm (actual diameter: 71.8423.9 nm) were annealed at 1,000 °C to transform the material from

? This chapter can be referred to Lee et al.”
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alumite to y-alumina to prevent dissolution in water during the experiments. Positive photoresist
AZ 5214E was placed under vacuum for 16 h to reduce the solvent content. The membranes were
placed on a droplet (~7 uL) of the photoresist for 2 h to fill the nanopores and then baked on a hot
plate at 100 °C for 50 min to evaporate the solvent. The photoresist was then etched by air plasma
in a plasma cleaner (Harrick Plasma Inc.) at 7.16 W and ~0.7 mTorr, to expose short lengths
(200-2500 nm) of the nanopores (Figure 11b). The membranes were then briefly washed with an
aqueous solution of Swt% phosphoric acid for about 1 min, and dried with nitrogen. The exposed
surface was modified with a hydrophobic self-assembled monolayer created from vapor-phase
perfluorodecyltrichlorosilane (FDTS) overnight in a vacuum desiccator. Hydrophobic surface
modification using long alkyl-chain silanes has been extensively used due to its excellent
hydrophobicity and durability*”®. FDTS is hydrolyzed by reacting with water and produces
hydrochloric acid. The hydrolyzed molecules form silanol bonds after reacting with hydroxyl

groups on the exposed alumina surface.
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Figure 11. Fabrication of osmosis membranes with nanoscale vapor traps. a, Schematic illustration of
membrane with short hydrophobic nanopores that trap vapor. b, Schematic of fabrication processes. i)
porous alumina membrane soaked with photoresist AZ5214, ii) solvent evaporation on hot plate, iii) air
plasma treatment for photoresist etching, iv) silanization on exposed alumina surface with
perfluorodecyltrichlorosilane (FDTS), v) removal of residual photoresist. ¢, The fabricated membranes
have a hydrophobic top surface (left) and hydrophilic bottom surface (right). d, SEM images of cross-
section of nanopores after no plasma treatment (left), 2 h (middle), 9 h (right) of treatment, illustrating
control of pore length for hydrophobic modification. Scale bar is 300 nm. e, SEM image of membrane after

2 h plasma treatment. Scale bar is 500 nm. f, Photoresist etch depth for different plasma treatment periods.
Error bars represent +S.D.
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After majority of the photoresist was removed by washing in acetone, both sides of the
membranes were exposed to UV light (~200 W) for 4 min each and the membrane was immersed
in 3v/v% aqueous solution of ammonium hydroxide for 30 min to remove photoresist residues.
The membranes were then baked overnight at 90 °C. The resulting membranes exhibited a
hydrophobic top surface with a contact angle of 150.1£3.1° and hydrophilic bottom surface
(Figure 11c). The length and aspect ratio (AR = //a, where [/ and a are pore length and radius,
respectively) of the hydrophobic nanopores could be tuned by simply controlling the duration of
the photoresist etching step (Figure 11d-f, Figure 12), enabling control over the relative effect of

the liquid-vapor interface on water transport as discussed later.
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Figure 12. Aspect ratio (AR) distribution of nanopores after plasma treatment for different time periods.
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3.1.2. Effect of annealing

The as-received anodized porous alumina, called alumite, has amorphous form”. As shown in
Figure 13a,b, we found that the surface of as-received porous alumina membrane reacts with hot
water (> 40 °C) and produces flower-like aluminium hydroxide (boehmite). Similar structure was
reported from the alumina film made from sol-gel method and this highly rough structure has
been also utilized for superhydrophobic surfaces’. In order to increase the stability in water, we
annealed the porous alumina membrane at 1000 °C for 10 h. The annealed membrane did not

show any surface structure transformation even after being immersed in boiling water for 2 h.

c d
500 . . . e 500 . . =
Before annealing After annealing &
400 | 1 400
)
)
c 300} 1 300
3 °
O 200} 1 200
®
®
100} {1 100 ®

90 20 30 40 50 60 70 80 o 0 20 30 40 50 60 70 80 90
20 (°) 20 (°)

Figure 13. a, b SEM images of bare (a) and annealed (b) alumina membrane surface after dipping in boiling
water for 2 h. Scale bar is 2 um in (a) and 400 nm (b), respectively. ¢, d XRD spectrum for bare (c) and
annealed (d) alumina membranes. Bare alumina reveals amorphous form while annealed one shows y-
alumina. Circles indicate peaks of y-alumina.
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This annealing step also greatly enhanced the chemical resistance to ammonium hydroxide which
was used to dissolve any residual photoresist. XRD spectra for the alumina membrane before and
after the annealing step are shown in Figure 13c,d where peaks corresponding to gamma-phase

alumina were detected prominently.

3.1.3. Effect of ammonium hydroxide
a b
c d
Figure 14. Photographs of hydrophilic side surface of membrane and water droplets on the surface before

(a, c) and after (b, d) UV exposure and rinsing with ammonium hydroxide solution. The droplet completely
spreads on the hydrophilic side after the treatment (d).

After silanization, the photoresist remaining in the nanopores was removed by acetone washing.
However, we found that residual photoresist prevented water from completely wetting the

hydrophilic part of nanopores. When this happens, the water meniscus is not formed at the
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boundary of hydrophobic and hydrophilic regions in the nanopores and therefore the
corresponding mass flux is low. Since the positive photoresist AZ 5214E acquires a carboxylic
acid group upon UV exposure and becomes soluble in base, both sides of the membranes were
exposed to UV (~200 W) for 4 min each after rinsing with acetone. The membrane was then
placed in a gently stirred bath with 3v/v% NH40H (ammonium hydroxide) aqueous solution for
30 min. Figure 14 shows that the residual photoresist on the- membrane was clearly washed away
by this treatment. This procedure yielded repeatable fluxes, unlike the case with partial removal

of photoresist in the absence of this treatment.

3.2. Verification of short hydrophobic nanopores

Several lines of evidence demonstrated the integrity of the fabricated membranes. After
immersion in an aqueous gold nanoparticle (~3 nm diameter in average) solution, the particles
were found to be excluded from regions that were exposed for surface modification, consistent
with exclusion of the liquid phase from the hydrophobic nanopores (Figure 15a). Figure 15a also
suggests the creation of sharp two-phase interfaces co-located at the position to which the
photoresist was originally-etched. Over 90% of the nanopores had gold nanoparticles adsorbed up
to the hydrophobic-hydrophilic houndaries, indicating good wetting of the hydrophilic surfaces.
When two different fluorescent dye solwtions were placed on either side of the membrane,
confocal microscopy revealed that the solutions did not mix, although the gap between the two
solutions was too small to be resolved (Figure 15b). Environmental scanning electron microscopy
under water vapor saturation conditions revealed that the top thin hydrophobic layer remained un-

wetted (Figure 15c).
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Figure 15. Verification of membrane integrity. a, SEM images of cross-section of nanopores after 2 h
plasma treatment (left) and after immersion of the fabricated membrane in 3 nm gold nanoparticle solution
(right) show co-localization of the nanoparticles with the extent of photoresist etching. Scale bar is 200 nm.
b, Confocal microscopy of the membrane exposed to two different fluorescence dye solutions (Alexa 633
and Alexa 488 in deionized water) on either sides of membrane reveals a distinct interface with lack of
mixing. Scale bar is 5 um. ¢, Environmental SEM image of fabricated membrane showing hydrophilic and
hydrophobic surfaces. Arrow indicates the non-wetted region appearing as a thin line corresponding to the
hydrophobic modification. Scale bar is 100 pm.
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3.3. Measurement of defect rates

a b —o—  Bare membrane
------ 1hr plasma treatment
0.1 ——  18hr plasma treatment

Current (mA)

TMKClI  membrane 1M KClI

Figure 16. a, Schematic diagram of setup for impedance measurement. Electrical potential is given V = V,
sin (2zff) with V= 20 mV, /= 50 mHz. b, Example of current profile for bare alumina membrane without
any treatment, fabricated membrane with hydrophobic nanopores made with 1 h and 18 h plasma etching,
respectively.

While the water should be transported as vapor-phase across the membrane, salt ions in feed
solution could leak to the DI water in permeate side through any defective (hydrophilic)
nanopores. Due to the large length of hydrophilic nanopore (~50 um), even small concentration
of salt ions in permeate side can induce high concentration polarization on the hydrophilic side of
the nanopores. From a simple diffusion-convection scenario, C; ~ C,exp(uL/Dgy) where C; and
C,, are concentration of salt ions at the meniscus location inside the nanopore and bulk DI water,
respectively, u is flow velocity in hydrophilic part of nanopores with length of L, Dy, is diffusion
coefficient of salt ions in water. In the typical experimental conditions, C; can be up to 10 — 20
times larger than the bulk concentration of salt ions in the permeate side, implying that the salt
concentration in the DI water must remain well below ~10 mM. Therefore if defects in the
membranes cause serious leakage of salt to DI water, C; may increase and become comparable to
that of draw solution and vapor flux would be reduced significantly. We quantified the defects on

the membranes using impedance measurement across the membranes (Figure 16a). AC electrical
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potential was provided through Ag/AgCl electrodes dipped in cells with 1 M KClI solution on

both sides of the membrane, and electrical resistance R® was estimated from the measured current

ITV2 dt _[712 dt .
as R° = Vg, /Iy, where V=42 T ad I = JT— with measurement time T.

Impedance of membrane with fully wetted nanopores was estimated from R;,

L _300
aAe

where conductivity of 1 M KCl @ ~ 10 S/m, orifice area 4 ~ 16.9 mm’, porosity & ~ 10%,

nanopore length L ~ 50 um. Direct measurement of R, was not possible due to the high

impedance of the solution between the membrane and the electrodes.

Since two menisci face each other across hydrophobic nanopores, the membrane can be viewed
as an electrical circuit consisting of a capacitor of capacitance Cuemp, and electrical resistance

component parallel to it. The frequency f of the applied AC electrical potential should be
sufficiently smaller than fy=1/R;_.C,.. to ensure that the measured impedance represents
electrical resistance without capacitive impedance. If we assume 1% of the pores are wetted, then
R, ~ 300 Q. If we also assume a length of hydrophobic nanopore / ~ 100 — 1000 nm,

Crooms ~ E,EO%E— ~ 20 — 200 pF with relative permittivity of air & ~ 1 and electric constant £ =

8.85 x 102 F/m. In the all impedance measurement conducted here, we used f = 50 mHz <<
1/R,_,C,.., ~ 107 — 10° Hz. A small amplitude of voltage (20 mV) was chosen to prevent any

nonlinear phenomena® and to avoid any significant electrowetting which may lead to merging of

two menisci®s.

Figure 16b shows the current vs. time curve for different membranes. The fraction of defective

e

(i.e. wetted) pores was estimated as Zz—li‘_;:‘-—' Generally, the membrane with longer
= Rsoliision

hydrophobic nanopores had fewer defects because as seen from the AR distribution in Figure 12,
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it has smaller chance of having nanopores with low AR that are more prone to wetting. The defect
rate turned out to be less than 1% for all cases and we would not expect any significant leakage.
During the all experiments described later, the concentration of salt ions in the DI water side was

also monitored by conductivity probe, which detected less than 0.1 mM KCI.
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Figure 17. a, Resistance change with time for a membrane with hydrophobic nanopores made by 12 h
plasma etching. b, Variation of the defect rate (i.e. fraction of wetted pores) with time.

3.4. Longevity of hydrophobic membrane

The longevity of hydrophobicity is crucial for practical applications such as fabrics”, self-
cleaning surfaces’, or water treatment”. Since the membranes fabricated from the procedures
developed here can be potentially applied for desalination™, it is important to keep track on the
hydrophobicity of the membrane for proper functionality. We monitored the wetting of the
membrane pores stored in 1 M KCI solution, by measuring the electrical resistance across the
membrane with time (Figure 17). The resistance of the membrane gradually decreased with time.
After 7 days, the membrane resistance decreased from about 20 kQ down to 5 k£, but the
fraction of wetted pores still remained less than 0.1%. In the present study, the diameter of the

nanopore is about 100 nm. For the smaller diameter with the same length of pores, the wetting
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will be more energetically unfavorable and therefore the longevity would be enhanced. Increasing
the longevity and durability of surface hydrophobicity’® even for use in extreme environments®’ is

an active area of research.
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Chapter 4. Characterization of vapor-phase transport using

y . 3
forward osmosis experiments

Although aqueous solutions on both sides of the membrane are not directly connected, water can
be transported across the membrane by evaporation and condensation. While the water vapor is
driven by the equilibrium vapor pressure difference, the modulation of the vapor pressure
difference directly depends on the applied and osmotic pressure difference across the membrane
(See Equation (17)). Therefore the effect of osmotic pressure on vapor flux is essentially the same
as the applied pressure but in the opposite direction. Due to the brittle nature of the alumina, the
fabricated membrane cannot sustain high mechanical pressures. We investigated the vapor-phase

transport by forward osmosis where water is drawn by draw solution based on the osmotic

Mass flux x 103
(kg/m?2s)
\
.
N
\

@/
draTw mamIrane soIroe g : :
solution (KCI) solution 0 20 40 60 80 100
Osmotic pressure (bar)

‘igure 18. a, Schematic diagram of forward osmosis experiment setup. The deionized water in the right
liffusion cell is drawn to the other cell with draw solution (KCl). Magnetic stir bars enhance mixing of
olutions and minimize concentration polarization. b, Measured mass flux through a membrane for
lifferent osmotic pressure differences using 0.2, 0.5, 1, 1.5, and 2 M KCl as draw solutions, at a
emperature of 25°C. Red dotted line is drawn as a guide for the eyes. Error bars represent +S.D. for three
lifferent measurements on one membrane.

pressure difference across the membrane”™’.

? This chapter can be referred to Lee et al.”
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4.1. Experimental setup

4.1.1. Forward osmosis

The membrane was mounted between glass diffusion cells (Permegear Inc.) with 7 mL volumes
on each side of the membrane. The diameter of the orifice where membrane is placed is 5 mm.
However, due to the slight misalignment of the two cells, the active transport area of the
membrane is somewhat reduced. While a non-treated alumina membrane is mounted between the
cells, we filled up the cells with Allura Red dye (analytical standard, 98% purity, Sigma Aldrich)
solution which stains the membrane surfaces. After the membrane was taken out, the overlapped
 stained area on each side of the surface was analyzed by ImageJ, from which the active transport
area was obtained as 15.7 mm® The custom made-diffusion cells have luer-slip ports. A
graduated 250-puL luer-tip glass syringe (Hamilton Co.) was mounted and bonded by melted
paraffin on the port of the cell containing the KCl draw solution to measure the volume change
(Figure 18a). Before each forward osmosis experiment, the cells were cleaned with piranha
solution and by sonication for 1 h. A camera was set up to acquire images of the syringe at
designated time intervals, from which the volume change was analyzed by Photoshop software. A
constant temperature sheath flow around the cells was maintained using a peristaltic pump
(Thermo Scientific) that circulated water from an external temperature-controlled water bath. The
hydrophobic side of the membrane was always mounted facing the draw solution to ensure
minimal concentration polarization. When solutions were introduced, hydrophilic side cell was
always filled to ensure the complete wetting of the hydrophilic part of the membrane and
nanopores. When the hydrophobic side cell (draw solution side) was filled, a large obvious air
bubble was usually formed. To remove the bubble, a small tubing attached to a syringe (3mL, BD
Syringe) was manually introduced to reach the bubble and the bubble was removed by gentle

suction using the syringe. Whenever a new solution was introduced, e.g., different salt



concentration, the cells were rinsed with the same solution at least twice to’ prevent any
contamination from residual previous solution. The temperature difference across the membrane
is negligibly small (See Appendix B). With a relatively high thermal conductivity of alumina (~
40 W/m-K), the temperature difference should be less than 10* °C and therefore the vapor
transport occurs in isothermal condition. In all experiments, solute concentration on the

hydrophilic side was low enough to ensure that concentration polarization was negligible.

4.1.2. Estimation of pressure inside nanopores

To prevent any bubble formation during the flux measurement, draw solutions and DI water were
partially degassed by heating on the hot plate. Given that volume of nanopores is less than 0.01%
of volume of air that can saturate the solutions, the concentration (pressure) of air in the
nanopores should be in equilibrium with that in the solutions. Due to the fact that the ratio of
solubilities of oxygen and nitrogen remain almost constant throughout the temperatures used in
our experimentswo, we assumed that the dissolved air concentration in the solutions is
proportionate to the dissolved oxygen concentration, which was measured by an oxygen indicator
(eDaq). This measures electrical currents generated by galvanic cell reacti;)n where the oxygen
diffused into the indicator from the solutions is consumed at cathode. To calibrate the electrode,
currents for a reference zero oxygen concentration were measured after boiling deionized water
followed by bubbling with nitrogen gas for 10 min, while the currents for reference solutions
saturated with air were measured at each temperature used in experiments. Oxygen
concentrations in the solutions were calculated from the measured current assuming a linear
relation of the oxygen concentration and the current. As a result, the average of the estimated air
pressure in the hydrophobic nanopores under conditions used in the experiments reported in this

work was 0.5 bar with +0.3 bar of maximum deviation.

65



4.2. Verification of vapor-phase transport

The flux of water across the membrane increased with increasing osmotic pressure difference
driving the flow, corresponding to increasing KCl concentration (Figure 18b). To confirm that
the water was transported as a vapor-phase, a non-volatile Allura Red dye (Sigma Aldrich) was
added to the deionized water side (2 mM). While the total volume of the draw solution was
increased by ~ 150 puL, UV-vis spectroscopy showed that the draw solution remained free of the
dye, corresponding to 99.90+0.025% rejection (Figure 19; error indicates S.D. for three different
membranes). Noting that the nanopore diameter is 71.8+23.9 nm which is much larger.than size
of Allura Red (~ 1.2 nm), point of zero charge of alumina is at a pH about 8-9'", and Debye
screening layer thickness corresponding to high KCl concentration (1 M) is small, this rejection
‘cannoi be attributed to electrostatic exclusion of the negatively charged Allura Red. In contrast, in
the absence of hydrophobic modification the alumina membranes rapidly allowed salt and the dye
to diffuse to the other side. These results confirm that water was transported as vapor-phase in the

fabricated membranes, while non-volatile substances were rejected.
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Figure 19. a, Forward osmosis experimental setup with diffusion cells containig 1M KCI draw solution
(left) and 2mM Allura Red dy in DI water (right). b, UV-vis spectra show rejection of Allura Red dye.
Black, 1 M KCI solution; red, Allura Red solution in 1 M KCI assuming zero rejection of dye mimicking
how the draw solution would look if water were transported without dye rejection; blue, actual draw
solution. d, 2 mM Allura Red solution in deionized water drawn across the membrane by the draw solution
(left), Allura Red solution in 1 M KCl assuming zero rejection of dye mimicking how the draw solution
would look if water were transported without dye rejection (middle), actual solution in draw solution cell
after experiment showing dye rejection (right).
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4.3. Effect of pore length on water transport

4.3.1. Behavior of mass flux for different pore aspect ratios

We investigated transport of water across membranes with different hydrophobic pore lengths
~using the same apparatus (Figure 18a). The flux decreased monotonically with increasing pore
length, corresponding to an increasing pore aspect ratio (Figure 20). For long pores, we expect
the flux to vary inversely with the pore length, therefore inversely with aspect ratio (AR) defined
as pore length divided by pore radius. While flux through the longer nanopores approaches this
inverse scaling (solid line in Figure 20c), the scaling breaks down for shorter nanopores,

suggesting the emergence of different phenomena governing transport.

To understand this behavior, we recall the mass flux 77 across a membrane with porosity &, as
derived in Equation (22) & (27) considering the difference in evaporation rates at the two

interfaces as the driving force across a series of transport resistances is as follows:

T SA (TA’PA’CA)_SB(TB’PB'CB)

m=¢g¢ ZR s

(39

The driving force 45 = S, — Sz depends on the equilibrium vapor pressure difference Pyapa —
Pypp governed by temperature 7, pressure drop P, and salt concentration C at each interface®.

For isothermal, osmosis-driven flow, 45 can be simplified from Equation (21) as:

MV,
S,~S, = /27:R3MT 5 (RS, (Dam) (40)
&

Here V,, is the molar volume of pure liquid water, P°,,, is the equilibrium vapor pressure of pure

water with a flat interface, and 411 is the osmotic pressure difference (411 = I1g — [1,) driving the

transport. Note that the sign of osmotic pressure difference here is defined such that osmotically
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driven flow is regarded positive. Given that the liquid phases are at ambient pressure, any Laplace

pressure drops across the menisci (<1 bar) cancel out and do not affect the flux of water.
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Figure 20. Scaling behaviour of the measured water flux. a, Schematic of resistance models for “short™ and
“long” nanopores. R;, interfacial resistance; R, transmission resistance; R;, hydrodynamic resistance. b,
Variation of mass flux with AR for different KCI concentrations of draw solution measured at 39.0+0.3°C.
¢, Scaling of the measured mass flux normalized by maximum flux (S,— Sz) with AR, Note that as AR
decreases, the normalized flux deviates from the solid line 2.12/AR corresponding to an inverse scaling
expected in the case of long pores, plotted for pressure inside nanopore, p, of 0.5 bar. The shaded area
indicates the possible range corresponding to 0.2 <p < 0.8 bar (See Section 4.1.2).

As defined in Section 2.3.2, £R = R, + 2R; in Equation 1 denotes the resistance to transport,
comprising i) a transmission resistance R, associated with vapor-phase transmission of molecules

across the nanopores; and ii) liquid-vapor interfacial resistances R; associated with reflection of
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molecules at the liquid-vapor interfaces (Figure 20a). The hydrodynamic resistance to flow in the

hydrophilic lengths of the nanopores is negligible.

R, = 1/n, where 7 is the transmission probability of a gas molecule starting from one end of a pore
to reach the other end'™. R, is dominated by collision of water molecules with pore walls in the
Knudsen regime*, but is influenced here to some extent by collisions with air molecules as the

103

mean free path of water molecules in air (60-100 nm) "~ is comparable to the nanopore diameter.

4.3.2. Derivation of transmission probability for water molecules in a non-

rarified condition (Dusty-gas model)

The average nanopore diameter used in the experiments is 71.8 = 23.9 nm, which is in the same
range as the mean free path in vapor-air mixture under ambient pressure. Therefore, molecular
diffusion also plays a role in transport of molecules in addition to Knudsen diffusion. To take
molecular diffusion into account, we used the dusty-gas model to derive an effective transmission
probability across the nanopores. Dusty-gas model, which may be regarded as an extension of
Stefan-Maxwell diffusion model, is widely accepted for gas transport through poro.us media and
extensive reviews are available in literature'®'®, Stefan-Maxwell diffusion model equates the
friction force experienced by gas molecules due to interaction with other gas species molecules,
to the external driving forces such as (electro)chemical potential gradient'®. Dusty-gas model
models the interaction of gas molecules with porous medium such as pore wall or network as
stationary ‘dust’ particles, which introduces another source of friction force on the gas molecules
of interest. This model was experimentally verified by Remick and Geankoplis for binary'?’ and
ternary'® gas systems for diffusion of inert gases under uniform pressure (from Knudsen to

molecular diffusion regime) through bundles of cylindrical tubes. Since our membranes can be
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exactly regarded as bundles of nanopores, the dusty-gas model would also be valid in our case.
Under experimental conditions considered here, the ideal gas law is valid. Then the equation of

gas fluxes in porous media from dusty-gas model is given as'*:

= x,N,-xN, N ;
j=Lji D Dy RT RT $Diu

4

where R, is the universal gas constant, T is temperature, and ( is the viscosity of the gas mixture.
p denotes the total pressure, x; denotes the mole fraction of gas species i and 1‘7,. indicates average
molar flux of species i based on total cross-section including the transport medium. B, refers to
the permeability defined as 7 = —-(BO 14 )Vp where 7 is average velocity of the gas mixture
defined as flow rate divided by the total cross-section area, due to the pressure gradient. D, is the
effective diffusivity associated with friction between species i and j, while D;/ is Knudsen
diffusivity arising from interaction of species i with the medium (dust particles). Apart from the
concentration gradient, the last term in the parenthesis on right-hand side indicates contribution to
the flux from viscous flow driven by the total pressure gradient. Given that the membrane in this

work can be assumed to be a matrix comprising bundles of cylindrical pores, B, = £a’ /8 where

a and & denote radius of the cylindrical nanopores and membrane porosity, respectively.
D;=¢D; and D, =€D,, = %asﬁ. where Dj; is binary diffusivity of species i and j in free space,

and D, is the Knudsen diffusivity for cylindrical pore'®. Here, we assume that the gas inside the
nanopores consists of two gas species, i.e., air and water vapor. By comparison of vapor pressure
P.ap (T) ~ 3 — 20 kPa for 30 — 60 °C with atmospheric pressure, air can be treated as a majority
species and therefore the properties of gas mixture such as viscosity are assumed to be the same

as those of air. By substituting typical values of a ~40 nm, p < 1 bar, { ~ 1.8 x 10° Pa s, e~0.1,

_ 8RT B,
v N”ﬁM_ ~ 600 m/s with molecular mass M of water 1.8 x 10 kg/mol, gl;{) ~0.06 << 1.

iM
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Thus, we can neglect the contribution from viscous flow. Provided that air inside the nanopores is

stationary on average, the equation can be simplified further as:

U=x)h N __1g, @3)
D,, D, RT

14

where species 1 indicates water vapor, and 2 indicates air, while p; is partial pressure of species i.
Here, we used the relation N, = 1\71 | € , where Nj refers to the molar vapor flux based on cross-

section of pore only. The above equation then can be rearranged as:

Ve, =N |I2m L (44)
D, D,y

12

where c¢; is molar concentration of vapor, ie., p; = ¢; R, T. If we define an effective diffusivity

given a concentration gradient such that N, = —Deﬂ,Vc1 , the following relation can be deduced:

1 _l-x 1

; 45)
Dgﬂ' Dll DlM

where x; is the fraction of vapor pressure in the mixture. At low temperatures such that x; << 1,
the above equation can be simplified as 1/D = 1/D;, + 1/D, which is also called the Bosanquet

formula'®.

Evans et al.''? calculated transmission probability for porous media by Monte-Carlo simulation
and estimated the Knudsen diffusivity by equating mole flux calculated from the transmission
probability with the flux calculated from a typical diffusion equation with the Knudsen diffusivity.
Following their approach, transmission probability # of water molecules in the absence of air can

be expressed as:
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n%i}' =-D,,, Ve,

4D (46)
- 1M
=3

>

where Ac; is the vapor concentration difference between the both ends of a nanopore with length /,
such that Ve, = — Aci/l. We postulate that in the presence of air, an effective transmission

probability #.e can be obtained from the effective diffusivity D.yin Equation (45) as follows:
Ac, _
N,=-D,Vc =1, —4—‘0 , . : 47)

and therefore,

— _p° =
L= ol =_1__'_(1 Pmp/p)vl, 48)
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Figure 21. Transmission probability n'®'"! for Knudsen regime and modified transmission probability 7.s
for viscous regime. a =40 nm, M = 1.8 x 10? kg/mol, T =300 K, D}, =2.56 x 10° m%s and p = 1 bar are
used for the calculation
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where p is again the total pressure inside the nanopores, ranging from vapor pressure to
atmospheric pressure (1 bar). Note that if there is no air inside the nanopores, 7.s converges to 7,
which refers to purely Knudsen flow of water vapor. Figure 21 shows 7 and 7.y with a total
pressure of 1 bar as a function of AR (= //a). It is obvious that 7. is always smaller than »
because of additional transport resistance from scattering of water molecules by air molecules
present in the pore. It should be mentioned that it would be hard to justify the above treatment to
obtain 7.4 for very small AR (<1). The Knudsen diffusion coefficient in the dusty-gas model is
regarded as a rate of momentum transfer between the gas and the media. As the AR is reduced,
however, ballistic transport will be more pronounced where the gas molecules directly reach the
other side of the pore without colliding on the wall and therefore no momentum transfer would
occur. Therefore it would be the case that only the gas molecules having interaction with the wali
should be accounted for, to obtain the equivalent Knudsen diffusivity. The contribution of this

ballistic transport on the transmission probability can be calculated by Walsh’s approach'", i.e.,

_NIP+4d® -]

Noattistic = Tra el While the smallest AR of the nanopores tested in our experiments is 6.7 £+
+4a’ +

0.8, the contribution of ballistic transport to the total transmission probability is already less than
10% and decreases rapidly as AR increases. Therefore we expect that the above derivation is
applicable to all ranges of the ARs tested in this study. However, if nanopores with much smaller
ARs are considered, a different approach will need to be developed to come up with an equivalent
Knudsen diffusivity. In fact, even though fabrication of short nanopores is straight-forward from
our developed procedures, it would be challenging to prevent such nanopores from being wetted
by water, since wetting of the such short hydrophobic nanopores would be energetically more

favorable®.

74



4.3.3. Mass flux for large AR

With the effective transmission probability #.s, the flux normalized by theoretically maximum
flux is given as:
m 1 1

EAS B Rt+2Ri N L+2(1—6) .
Mg O

(49)

Since the condensation coefficient is independent of pore aspect ratio, the normalized flux for
large AR is determined by the asymptotic value of 7. As aspect ratio increases, it is expected
that the flux follows a typical diffusion equation with a constant diffusion coefficient.
Substitution of Equation (48) into Equation (49) leads to:
i 1 :
= — . (50)
eAS 1 (1-P,,(T)/p)ba, 2(1-0)

— l/
nt . mp) U

For very large AR, ;11——9 %-’- and hence,
a

h 1 2.12 \

lim — = === 51

ve>=gAS |3 (1-PS,(T)! p,)0a n AR (51
8 4D,,(T,p,)

where a = 359 nm, T = 312 K, and p = py = 0.5 bar are used. The normalized flux should be
proportional to 1/AR and this asymptotic line is shown in Figure 20c with lower and upper bound
for p = po + Ap, where Ap is uncertainty of pressure inside the nanopore and was obtained as 0.3
bar from Section 4.1.2. The asymptotic lines for lower (p = py + Ap) and upper (p = po — Ap)

bound are 1.88/AR and 2.41/AR, respectively.
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4.3.4. Mass flux for small AR

While transport for large AR is described by a constant diffusion coefficient and scales as AR,
ballistic transport occurs in shorter nanopores causing deviation from the AR™ relationship.
However, the deviation observed in Figure 20c could also arise from the liquid-vapor interface

that becomes significant for short nanopores (Figure 20a).

R; is governed by the probability that a water molecule impinging from the vapor phase
condenses into the liquid phase, called condensation (or mass accommodation) coefficient.
Under thermodynamic equilibrium, it equals the evaporation coefficient defined as the flux ratio
of molecules emitted (evaporated) from the liquid to that of molecules incident from the vapor
phase®. In our experiments, the net flux is less than 2% of the flux of impinging molecules from

the vapor phase. Therefore, we assume that the two coefficients are equal, denoted by o.

Equation (27) explains the monotonic increase of flux with temperature for membranes with a

fixed AR of 42.1+2.1 (Figure 22a), since Povap increases with temperature. The flux of water
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Figure 22. a, Dependence of the measured mass flux on temperature for AR = 42.1+£2.1. b, Temperature
dependence of total resistance for “long” pores with AR of 42.142.1 and for “short” pores with AR of
9.6+0.7. Dotted lines are linear fits to data averages to guide the eyes. Vertical error bars in all panels
represent +£S.D. corresponding to measurements on 3 to 5 different membranes for each data point.
Horizontal error bars in all panels represent £5.D. for AR as described in Appendix D.
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normalized by the driving force and membrane porosity depends only on transport resistance, i.e.,
m/eAS=1/ ZR . We find that for membranes comprising longer nanopores (AR = 42.1+2.1)

m/eAS is invariant with temperature (Figure 22b). However, for membranes with short
nanopores (AR = 9.620.7), rih/ €AS decreases with increasing temperature, indicating that ¥R =
R, + 2R; is temperature-dependent. While the transmission probability is only geometry
dependent'®, the observed behavior could reflect temperature dependence of o as some studies

suggest’> 13

. Any temperature dependence of R; will only affect transport across shorter
nanopores, as R; becomes negligible compared to R, for long pores. While these results suggest
that the liquid-vapor interface may play a role in the deviation from linearity observed in Figure

20c, we now turn our attention to clarify the magnitude of this effect.

4.4. Effect of interfacial resistance on water transport

To isolate the effect of the condensation coefficient, we normalized the flux by that expected for a
condensation coefficient of unity (i.e. R; = 0, Figure 23a). We find that the normalized flux
approaches unity for large AR (longer pores) where we expect the liquid-vapor interfaces to offer
minimal resistance, verifying that Equation (49) (which does not have any fitting parameters
when R; is negligible) accurately accounts for the transmission resistance. However, for small AR
the mass flux is significantly lower than that predicted for zero interfacial resistance, indicating a
condensation coefficient less than unity and a significant contribution of the interfacial resistance

to transport.

77



]
o

15 1.2
>
2 10 1 o 10
2 - =
@ - | X R e © —
g sor 8- é < 0.8
- E P £ og
E £ 0.5 i E .E.
[v] »n > 04
E J O 05MKCI K
2 0.3}/ O 1IMKCI 02 N
] O 2MKcl - o
0.2 : . . . 0.0 A ] .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Aspect ratio Aspect ratio

Figure 23. Regime of interface-governed transport. a, Mass flux normalized by the maximum mass flux
corresponding to zero interfacial resistance (R; = 0) for different concentrations of draw solution reveals a
marked departure at smaller aspect ratios. Temperature is 39.0+0.3 °C. Green line indicates ideal
normalized flux for & = | as a guide for the eyes. Black dotted line denotes the theoretically predicted
normalized mass flux for a condensation coefficient of 0.23. b, Ratio of interface resistance to
transmission resistance for different AR at a temperature of 39.0+0.3 °C, obtained from data shown in
panel a. Vertical error bars in all panels represent uncertainty combining S.D. of data points and the effect
of uncertainty in pressure inside the nanopores, p (See Appendix D). Each data point was obtained from
measurements on 3 to 5 different membranes. Horizontal error bars in all panels represent £S.D. for AR as
described in Appendix D.

The results demonstrate the existence of two transport regimes: The first regime occurs in large
AR pores in which the influence of condensation coefficient (and therefore interfacial resistance)
is negligible and mass flux is governed by the transmission resistance. The second regime
corresponds to small AR pores where the interfacial resistance is significant. The two regimes are
delineated by a dimensionless parameter ¢ = R/R, = ner (1 — 0)/o, given by the ratio of the
interfacial and transmission resistances. The effect of the liquid-vapor interface becomes
significant when y increases (Figure 23a,b). y has an interesting probabilistic interpretation.
When the interfacial resistance is negligible, the outward flux of molecules evaporated from the
interface must be S,. This flux constitutes molecules that have directly evaporated, and those that
have returned with probability » = (1 — 5.x) and have been reflected from the meniscus with
probability (1 — o). Considering one meniscus and assuming that the other is ideal (o = 1), the

outward flux from the first meniscus is simply given by

O'SA(1+r(l~0')+r2(1—0‘)2+...)=S,,I /(1+y). Hence, y << 1 is the condition for the outward
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Figure 24. Estimated condensation coefficients for different AR at a temperature of 39.0+0.3 °C, obtained
from data shown in Figure 23 panel a (a) and for different temperatures, obtained from flux measurements
on membranes with AR of 9.6+0.7 (b). Vertical error bars in all panels represent uncertainty combining
S.D. of data points and the effect of uncertainty in pressure inside the nanopores, p (See Appendix D).
Each data point was obtained from measurements on 3 to 5 different membranes. Horizontal error bars in
all panels represent =S.D. for AR as described in Appendix D.

flux from the meniscus to approach that for an ideal meniscus. When o = 1, the directly
evaporated flux equals the ideal flux and there is no contribution from reflection, but when o < 1,
a finite return probability (i.e. #err < 1) combined with reflection from the meniscus ensures a
close to ideal flux if Y <<1. Conversely, if we consider molecules incident on the meniscus, for

¥ << 1 molecules impinging on the meniscus either readily condense upon incidence when o = 1,
or if they are reflected when o < 1, they always return back to the meniscus (e << 1) and
condense. On the other hand, for ¥ >>1, impinging molecules cannot readily condense upon

incidence (o << 1), or the reflected molecules (o < 1) escape to the other side readily (7.¢= 1) so

that the chance of condensation on the meniscus is small.

While the interface can govern transport of water, the membrane permeance s / AI1 measured in
this study (see Figure 20c) for porosity ~10% is comparable to that of polyamide-based forward
osmosis membranes (~6.7x10” kg/m’s-bar)''*, which is ~10°-fold smaller than Poiseuille flow

through the unmodified membrane. However, vapor-phase transport provides high selectivity for
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non-volatile substances while potentially retaining flexibility in the choice of membrane material

for improving properties such as chemical resistance.

4.5. Revisit condensation coefficient of water

The experiments also enable estimation of the condensation coefficient (o) of water. The
measurement of condensation coefficient of water has been the subject of long debates and
disagreements for nearly a century. As explained in Section 2.2, condensation/evaporation
processes involve transfer of mass and heat simultaneously. The transfer of latent heat involved in |
mass transfer by condensation/evaporation and heat transfer through thermal accommodation
coefficient alter liquid surface temperature. The altered temperature field around the liquid
surface also affects conductivity and diffusivity of water vapor or carrier gas, if any, which again
changes rate of mass transfer*® ''> 'S, Therefore the heat and mass transfer are coupled through
the condensation coefficient and thermal accommodation coefficient. Since those coefficients are
not directly measurable, typically the rate of condensation or evaporation is experimentally
measured and the coefficients are estimated by fitting the curves from the coupled heat and mass

equations.

4.5.1. Literature on estimation of condensation coefficient

Various experimental methods have been employed to estimate the condensation coefficient (and

thermal accommodation coefficient) by measuring: 1) pressure or mass change during

120,121,

condensation/evaporation''> !'"1¥%; 2) heat transfer coefficient ; 3) droplet growth rates*>*”

12-1%4. 4) condensation rate of water isotope*” ',
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Direct measurement of pressure/mass change for estimation of the condensation coefficient were

performed relatively early'' """

, where the rate of evaporation/condensation at measured
surface temperatures was used to estimate the condensation coefficient. Although this method
requires accurate measurement of surface temperature, it is not trivial to control and assure the
accurate temperature in those apparatuses while latent heat transfer is present. The condensation

coefficient estimated by this method varies, €.g., 0.027 — 0.042 by Delaney et al.'”’, 0.04 by

Altym, 0.42 by Hickman''®, and 0.7 - 1.0 by Bonacci et al.'?

In the heat coefficient measurement method, water vapor is condensed on cooled surfaces,
typically copper, and the overall heat transfer coefficient is measured'>” !, The overall heat
transfer resistances can be decomposed into several components including conduction or
convection inside/outside in liquid/vapor phase, respectively, conduction resistance in metal,
condensation resistance, and so on. By modeling each resistance including the condensation
resistance, the condensation coefficient is deduced from the measured overall heat transfer
coefficient. Each resistance component such as condensate film or liquid flowing inside pipes,
condensate substrate, and so on can be modeled by known heat transfer relations, while the
condensation resistance involving condensation coefficient was modeled by Schrage'®® used in

120

Mills and Seban’s experiments © or modified formula used in Nabavian and Bromley’s

experiments'?!

. Given the measured overall heat transfer coefficient, the accuracy of condensation
coefficient depends on the relative magnitude of condensation resistance compared to the other
resistances. Therefore the other resistances should be minimized to obtain more accurate
condensation coefficient, which has not been trivial. Therefore the estimated condensation

coefficient had somewhat large uncertainties, e.g., 0.45 — 1.0 by Mills and Seban and 0.35 - 1.0

by Nabavian and Bromley, respectively.

Estimation of condensation coefficient (and also thermal accommodation coefficient) of water

based on droplet growth rate has been extensively carried out by many researchers***" 22 The
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size of water droplets inside a chamber with typically supersaturated water vapor is measured and
thermal accommodation coefficient and condensation coefficient are deduced by matching the
growth rate with existing theories involving the coefficients. The simplest theory was developed
by Maxwell'”’ for quasi-steady and diffusion-controlled evaporation from a single droplet in
continuum range where droplet size is much larger than the mean free path. The mass transfer
rate, and therefore determining the growth rate, is regarded to be equal to the diffusion rate based

on a constant diffusion coefficient and saturation vapor pressure right at the droplet surface, i.e.,
J.=D(p,-p..) R where j, is mass flux leaving the surface, D is diffusion coefficient of vapor

in surrounding gas, p, and p., are vapor density at the surface and ambient, respectively. For heat
transfer, analogous heat equation was derived. Fukuta and Walter'"® proposed improved mass and
heat transfer equations by matching the above Maxwell’s continuum flux with kinetic flux
(molecular bombardment rate based on kinetic theory) at a location one mean free path away
from the droplet surface. The heat and mass fluxes involve the thermal accommodation and
condensation coefficients with which portions of bombarding vapor molecules transfer heat and
mass, with rates corresponding to temperature and pressure at that location. Vietti and Schuster'?
pointed out that this Fukuta and Walter’s and other more modified theories do not match
experimental results for a broad range of pressure. Barrett and Clement'? mentioned that Stefan
flow, i.e., vapor flow due to mean flow of gas mixture (vapor and air), is not included in Fukuta
and Walter’s theory which could result in a slight error. Nevertheless, a number of experiments
have been carried out to estimate the condensation coefficient based on these theories. Gollub et
al.", Sageev et al.¥’, and Shaw and Lamb*® performed the growth rate measurement experiments
of water droplets in diffusion chambers where the size distribution of droplets were estimated by
light scattering. Chodes et al.'”> measured falling speeds of nucleated droplets and estimated grow
rate. In these experiments, the condensation coefficients of water were estimated by matching the

growth rate with Fukuta and Walter’s theory. Since the droplet growth theory predicting the

82



growth rate has two unknown variables, i.e., condensation and thermal accommodation
coefficients, the measured droplet growth rates cannot lead to a definitive set of the coefficients.
Thermal accommodation coefficient has to be decided to obtain the condensation coefficient and

the accuracy of thermal accommodation coefficient definitively affects the other. Chodes et al.'*

and Gollub et al."*® assumed thermal accommodation coefficient of unity, while Sageev et al.*’
and Shaw and Lamb* deduced it from separate experiments such as thermal relaxation time
measurement and freezing rate measurement, respectively. The estimated condensation
coefficients were 0.033 by Chodes et al., 0.12 by Gollub et al., and 0.06 by Shaw et al. while the

growth rate measured by Sageev et al. was insensitive to condensation coefficient which makes it

difficult to deduce the condensation coefficient.

Fuchs improved the Maxwell’s theory by introducing Stefan flow in case of binary mixture''®. In
order to maintain a uniform total pressure field, there must exist an equal and opposite pressure
gradient of carrier gas to that of vapor. Given that the carrier gas (typically air) is non-
condensable, the mean velocity of the carrier gas is zero, and therefore the carrier gas portion of
the mean flux of the mixture, i.e., x; (Ng + N,), should be equal and opposite to the diffusive flux
generated by the carrier gas gradient, where x; is mole fraction of the carrier gas and N, and N,
are mole flux of the carrier gas and the vapor, respectively. He also proposed a correction factor
to predict the heat and mass flux from rarified gas to continuum regimes as a function of Knudsen

131

number ~ . Wagner improved further the theory by taking into account the effect of temperature
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and composition gradient on heat and mass flow'*. In addition, Barrett and Clement
more accurate equations by including vapor enthalpy flux into the total heat flux. A
comprehensive review for the development of the these theories is available in literature by
Vesala et al.'*® Winkler et al. measured the rate of droplet growth nucleated from Ag nanoparticle

and compared the rate with that predicted by the theories developed in the above line*’. From that

the expected droplet growth rate based on their experimental conditions was highly sensitive to
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thermal accommodation coefficient and the prediction based on thermal accommodation
coefficient of unity was well matched with the experimental data, they concluded that the thermal
accommodation coefficient of water is unity, without a separate set of experiments to measure it
independently. Once the thermal accommodation coefficient was set as unity, the condensation
coefficient was estimated to be unity too, although the sensitivity of growth rate to the

condensation coefficient was small and seemed somewhat difficult to obtain unambiguous values.

Condensation coefficient of water has been also estimated by measuring condensation rate of
water isotopes. Jamieson'® introduced a water jet into tritium-labeled steam and condensation
rate of steam on the water-steam interface was measured by radioactivity of the jet at the receiver.
While the condensed steam could re-evaporate when the jet is in contact with the steam for a long
time, the possibility of re-evaporation was minimized by increasing the jet speed. It was observed
that the radioactivity of the jet approached constant as the jet speed is increased, from which

condensation coefficient is estimated to be larger than 0.305. Li et al.*

performed a droplet train
experiment where droplets were injected into a chamber full of saturated vapor with trace amount
of D,O or H',0. The condensed émount of the isotopes were used to estimate thermal
accommodation and condensation coefficients. The thermal accommodation coefficient they
obtained is quite close to unmity while they found the condensation coefficient decreases with
temperatlire from 0.32 at 258 K to 0.17 at 280 K. Although there was a limitation on range of
temperature tested and the droplet velocities were high cdnesponding to an effective increase in

vapor temperature of 10-50 K, this is the first study up to our knowledge that clearly shows the

temperature dependency of condensation coefficient of water.

4.5.2. Estimation of condensation coefficient based on transport through

submicron length of hydrophobic nanopores
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Although condensation coefficient lower than 0.1 measured in very early experiments is probably
attributed to contamination of water surface®, the difficulty in accurately obtaining condensation
coefficient arises mainly from uncertainties in estimating heat and mass transfer resistances and

119, 134,135 since a local

the interfacial temperature in the presence of latent heat transfer
temperature gradient is created and vapor pressure is a strong function of temperature. In such
thermally non-equilibrium conditions, mass and heat transfer are coupled through condensation
coefficient and thermal accommodation coefficient as fitting parameters as reviewed in the
previous Section. There are two pathways for heat transfer from vapor to liquid-phase. While the
latent heat is transferred to liquid from vapor-phase during the condensation, the vapor molecules
impinging on the liquid surface can also transfer heat energy by thermal interaction with liquid-

phaée molecules, and may return back to the vapor phase corresponding to the condensation

coefficient less than unity.

While the thermal accommodation coefficient has been typically assumed as unity, the
experimentally measured values range from 0.7*° to 1** %', In addition, use of different heat
transfer models results in order-of-magnitude differences in the values of condensation
coefficient, since the fitting is not very sensitive to condensation coefficient making acquisition of
reliable values challenging® ** ' ' As reviewed in the previous Section, values of
condensation coefficient measured experimentally even in relatively recent studies (since 1986)
are scattered over almost two orders of magnitude (0.01 — 1) * %47 124 136 137 Milecular
dynamics simulations have also yielded different condensation coefficients depending on the

potentials used'*® '* and therefore those values hardly match with experimental ones.

Among the studies discussed in the previous Section, we pay special attention to two most recent
studies by a collaborative group who performed careful experiments under thermal equilibrium
conditions by tracing condensation of H'’,0 on fast-moving water droplets*’ and measuring

growth rate of droplet by nucleating on silver nanoparticles*®. However, the magnitudes and
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temperature dependency of condensation coefﬁéient were not consistent between the two
experiments. Although the reason was not clear, they conjectured that the condensation processes
and thus condensation coefficient could be altered by dynamics of growing surface of water
droplets'”’. The experiments by Winkler et al.** measured the condensation coefficient very far
from equilibrium at high rates of evaporation, whereas the other experiments by Li et al.*’
involved droplet velocities corresponding to up to 40 K deviations in vapor temperature from

equilibrium.,

In our experiments, the proximity of two water menisci with the submicron gap guarantees
accurate measurement of the condensation coefficient near equilibrium conditions (AT < 10°
4 °C). Control of the nanopore geometry also allows for accurate estimation of the mass transport
resistance, as verified by excellent agreement of Equation (44) with data in the case of
membranes with large AR (Figure 23a). We find that a condensation coefficient of 0.23 describes
the experimental results at 39.0°C for the entire range of AR (dashed line in Figure 23a). The
detailed procedures to estimate the condensation coefficient from experiments are shown in
Appendix D. The condensation coefficients estimated at each AR at 39.0°C agree for the small
AR pores, while the uncertainties are large at higher AR where the interfacial resistance has a
minimal impact on transport (Figure 24a). Condensation coefficients estimated at different
tgmperatureé for AR = 9.6+0.7 show a decreasing trend (Figure 24b), which qualitatively agrees
with a recent experimental study by Li et al.*’ As reviewed in the previous Section, they carefully
minimized temperature gradients by tracing the condensation of H,'’O on water droplets injected
into vapor at high speeds, although at temperatures below 7 °C and at speeds corresponding to a
vapor temperature elevated by ~10-50 K. Interestingly, the condensation coefficients match with

those in the present work if the temperature scale is shifted by ~40 K.

The experiments reported in our study overcome many of the major uncertainties involved in

measurement of the condensation coefficient, and demonstrate  that majority of water molecules
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incident on the liquid-vapor interface are reflected back into the vapor phase. Strictly speaking,
condensation coefficient measured here is an averaged value of that at the two interfaces. The
dependence of condensation coefficient on salt concentration, as well as ion types will be
discussed in the next Section. If their effects are negligible, that would indicate that our estimated

condensation coefficient is the correct value for pure water.

4.6. Effect of concentrations and type of salt on condensation coefficients

Since condensation occurs at the liquid-vapor interface, presence of foreign molecules other than
water at the interface could potentially alter the condensation coefficient. It is well-known that
organic impurities such as surfactants significantly reduce rate of condensation and in fact those
contaminants are one of the main factors that result in very low estimated values of condensation
coefficients in early experiments”®. In our study, special care was taken to prevent any
contamination. Before the measurement of flux, the diffusion cells were cleaned by piranha
solution and by sonication in deionized water for 1 h, while the membranes were dipped in
boiling deionized water and then thoroughly washed by deionized water. However, from the same
reasoning it is possible that presence of ions at the interface affects the rate of condensation. If so,
a concentrated solution should have a larger population of ions near the interface and we should
be able to see a concentration dependence of the condensation coefficient. To investigate this
hypothesis, a membrane comprising nanopores of average aspect ratio of 11.0 was used to
measure the mass flux drawn by 0.2, 0.5, 1, 1.5, and 2 M KClI soluﬁons at 25°C. The surface
tension of the water changes within 5% even at 2 M solution'*’. Condensation coefficients were
estimated through the same procedures stated in Appendix D. The resulting condensation

coefficients did not exhibit significant dependence on salt concentration (Figure 25).
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Another possible factor that could affect the condensation coefficient is type of salt ions. Recent
Molecular dynamics simulation studies revealed that molecules of high polarizability such as
heavier halogen anions, i.e., Br- and I tend to be accumulated at the liquid-vapor interface, while
lighter ones such as F~ and CI are depleted'*'. The anisotropic electrostatic field near at vapor-
liquid interface stabilize the highly polarizable ions, even compensating the partial solvation'** ',
This dense population of heavy ions near the interface may change interaction of impinging vapor
molecules with those in liquid phase. To investigate this possibility, we used two different draw
solutions, ie., 0.5 M KCl and 0.5 M KI, as model solutions comprising lighter and heavier
halogen anions. Forward osmosis experiments were performed at 30°C for membranes with an
average nanopore aspect ratio of 8.5, and condensation coefficients were estimated (Figure 26).
The two values were not statistically different from each other based on student t-test. These
results suggest that the type of salts and correspondingly the participation of ions near the surface

do not significantly affect the condensation coefficients compared to other uncertainties under the

experimental conditions employed in this work.
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Figure 25. Effect of salt concentration on condensation coefficients. Nanopores with average aspect ratio of
11.0 were used at 25°C. a, Mass flux for different KCI concentrations, normalized by membrane porosity
and by difference of evaporation rate across the membrane; b, Estimated condensation coefficients from the
measured mass flux. The error bars denote +S.D. including the effect of uncertainty in pressure inside the
nanopores, p (See Appendix D).
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Figure 26. Effect of interchanging of halogen ions on condensation coefficients. Nanopores with average
aspect ratio of 8.5 were used with draw solutions of 0.5 M KCI and 0.5 M KI, respectively, at 30°C. a,
Mass flux for different KCI concentrations, normalized by membrane porosity and by difference of
evaporation rates across the membrane; b, Estimated condensation coefficients from the measured mass
flux. The error bars denote +S.D. including the effect of uncertainty in pressure inside the nanopores, p
(See Appendix D). The condensation coefficients from KCI and KI are not significantly different based on
the Student t-test (p value > 0.05).

4.7. Effect of non-condensable gas on condensation of water

From previous experimental studies, it was observed that any trace-amount of non-condensable

gas near liquid/vapor interfaces, typically air, could reduce the rate of condensation
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significantly'* '**, Since the vapor flux moves toward the interface for condensation while the
non-condensable gas does not condense, the non-condensable gas accumulates near the interface
as a boundary layer. Apart from diffusion resistance due to the presence of the non-condensable
gas in the bulk, the relatively higher concentration of the non-condensable gas in the boundary
layer increases transport resistance and it also decreases relative humidity of the water vapor, and
therefore the rate of condensation decreases. The short length scale of the nanopore used in our
experiments leads to negligible thickness of boundary layer inside the nanopores. For example,
when typical experimental conditions such as binary diffusivity between vapor and air D, of
2.56 x 10” m%/s under 1 bar and at temperature of 300 K, mean flow velocity u of water vapor
~10 mm/s, the approximate boundary layer thickness ¢ can be obtained from scaling analysis, i.e.,
& ~ D/u ~ 2.56 x 10° m, which far exceeds the length of the nanopores. Therefore we assume that
the effect of the accumulation of air is negligible and the diffusion resistance which is already

considered in Section 4.3.2 is the dominant transport resistance,

90



Chapter 5. Conclusion

5.1. Summary

We have proposed a new approach for desalination of water using pressure-driven transport
through hydrophobic membranes. Pore diameters in the range of 10 nm are adequate to sustain
the applied pressure for desalination of seawater. Theoretical analysis of transport through these
membranes shows that the pore aspect ratio and the probability of condensation of water
molecules incident on the water meniscus are the key factors that determine the flux. The flux is
largely governed by condensation éoefﬁcient for short pores while the flux becomes independent
of the condensation coefficient and corresponds to Knudsen flux as the aspect ratio becomes
larger. The nanopore aspect ratio over which mérging of two interfaces is energetically
unfavorable is utilized as a design condition for nanopore membrane. Based on this criterion, the
analysis suggests that the proposed method has the potential to provide high flux membranes at
moderately elevated temperature with the added advantage of decoupling the material properties
from the transport properties, which may allow for the development of chlorine-resistant and high
boron rejection membranes. Further development of this technique may lead to improved

membranes for desalination by reverse osmosis.

We experimentally investigated the transport of water across short hydrophobic nanopores
flanked by liquid-vapor interfaces. We fabricated osmosis membranes based on nanoporous
alumina consisting of nanopores of ~100 nm in diameter. By hydrophobic modification on part of
the inner surface of the nanopores, we created hydrophobic nanopores of tunable lengths. The
integrity of the fabricated membranes was proved by exclusion of gold nanoparticles in an
aqueous solution from the hydrophobic pore region, complete separation of two different dyes
across the membranes, and non-wetting of the thin hydrophobic layer. The measured electrical

impedance revealed defect rates less than 0.1 %.
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The fabricated osmosis membranes were characterized by forward osmosis experiments where
KCl was used as a draw solution. We verified vapor-phase transport across the membranes by
showing rejection of non-volatile dye while water was transported. Measurements of the osmotic
flow of water for different pore aspect ratios, osmotic pressures, and temperatures demonstrate
the existence of a mass transport regime governed by resistance of the liquid-vapor interface,
which is determined by interplay between the condensation coefficient of water and the
transmission resistance across the pores. To accurately estimate the role of each resistance, we
derived the effective transmission probability of water vapor based on dusty-gas model in the
presence of air, which was assumed to be non-condensable and therefore stationary. As predicted
in the theoretical investigation, the resistance of the interface is a governing factor for vapor
transport through nanopores of small length, while the resistance becomes negligible compared to

that of diffusion (transmission) for long nanopores.

We estimated the magnitude of the condensation coefficient of water at different temperatures
under isothermal conditions, and found that it decreases with increasing temperature. The
condensation coefficient showed no noticeable dependency on concentration and type of salt
considered in this study. These findings would also lead to better understanding and prediction of
mass transfer through nanofluidic devices, droplets and bubbles, biological components with two-
phase interfaces, and porous media. Beyond fundamental understanding, the accurate estimation
of the value of condensation coefficient will benefit solving engineering challenges. One example
is water management problem in Proton Exchange Membrane Fuel Cell (PEMFC) which has
been attracting attention for applications of alternative and environmental friendly power
generation and transportation'* '¥’. While poor maintenance of water contents in the membrane
resulting in flooding or drying impairs the performance'® a better prediction of water
concentration based on accurate condensation coefficient will lead to better maintenance of high

efficiency with time. We believe that this accurate value of condensation coefficient will lead to
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improvement of weather prediction such as cloud and smog formation'*, and of thermal

management appliéationslso as well.

5.2. - Large scale membrane fabrication for RO applications

Although we showed that this approach of desalination will allow high flux, high selectivity, and
material independence from transport property based on forward osmosis experiments, the
effectiveness for reverse osmosis needs to be proved. Currently the alumina-based membrane
with a thickness of 50 um is too brittle to sustain high pressure applied for reverse osmosis. In
addition, the flow rate through small area is difficult to measure reliably. Therefore a novel

membrane fabrication methodology for flexible and large-scale membranes should be explored.

The thin active layer consisting of delicate cylindrical nanopore geometry with such flexibility
could be manufactured using block-copolymers. Due to the simple realization and sophisticated
architecture of regular nanostructures in a large scale based on self-assembly nature'*''**, block-

copolymers have been extensively investigated and have found wide applications from drug

155, 156 157-159

, nanocomposite , nanoreactors'*® 16!

delivery , artificial muscles'® to nanoporous
membranes'®” '*. In particular, a number of fabrication studies of membranes consisting of
cylindrical nanopores have been reported where one type of block forms the membrane matrix
while the other block assumes cylindrical shapes that are later etched, leaving nanopores with
diameter down to ~ 10 nm'®"'®, Thin active layer consisting of hydrophobic nanopores on

supportive layer would be one promising way to fabricate the flexible vapor-trapping membranes

on a large scale.

The hydrophobic, vapor permeable active layers do not have to be regularly structured, as long as

the transport is equivalent to membranes with hydrophobic nanopores. Flows in porous media are
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ubiquitous in aquifer, oil reservoirs, soil and rock flows and have been one of the most common
classical fluid mechanics problems due to their importance in various applications from oil and
gas extraction, fuel cell, porous electrodes, biological flows, water treatment, and desalination'®
' For vapor transport, relatively random hydrophobic porous media should provide passages for
water vapor molecules similar to the more structured cylindrical pores explored here, although the
effective passage length would be longer due to the greater tortuosity. Nevertheless, porous media
are often relatively straightforward to fabricate compared to regular nénostructures and are
therefore more suited for mass production purpose. One possible way that is currently considered
is deposition of hydrophobic nanoparticles on hydrophilic supportive layer using electrophoretic
deposition (EPD)'">. PDMS coated silica nanoparticles with 14 nm diameter (PlasmaChem) have
been deposited on commercially available highly porous nylon membranes (Sterlitech) and
annealed for stabilization and robust bonding among the particles. The transmission probability of
vapor molecules through the porous layer created by the nanoparticles can be calculated from
Monte-Carlo simulation. We assume that the porous layer is randomly packed by identical
spherical nanoparticles, which results in porosity of 0.36 — 0.44'”°. The permeability predicted
from the Monte-Carlo simulations based on this configuration needs to be experimentally tested.
Currently, the control over uniformity of thin layer of nanoparticle deposition using EPD is not
optimized. While the thin layer should lead to higher vapor permeability, it also increases chance

of defects.

Not only for having thin active layer, but also for chlorine resistant membrane, hydrophobic
surface modification on membranes made of chlorine-resistant polymer such as Polyvinylidene
Fluoride (PVDF) may be one possible way for simple large area production. Typically PVDF
based membranes are hydrophobic. However, Elimelech’s group has carried out extensive works

on development of PVDF membranes that have tunable hydrophobicity and hydrophilicity'”.
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Hydrophobic surface modification on the surface of such hydrophilic PVDF membranes will be a

promising way of fabricating chlorine resistant, high flux, and flexible vapor-trapping membrane.

Finally, we are also now trying a novel fabricatior‘l process using two different silanes. This
process has been applied to relatively thick and rigid 2-inch circular membranes made of TiO,
nanoparticles (Sterlitech). Hydrophilic silane such as aminosilane is first deposited on the
nanoparticles at the surface of and inside the membrane. Then the top surface of membrane is
briefly exposed to air plasma to destroy the hydrophilic silane in the top layer, followed by
silanization using hydrophobic silane. This method seems most promising and simplest among
the fabrication approaches we have discussed. We are currently optimizing this fabrication

process with different silanes.

5.3. Boron rejection

As reviewed in Introduction, RO based seawater desalination does not satisfy the WHO guideline
for boron rejection (1 mg/L or less in permeate). Since boron exists as boric acid at neutral pH
and not as an ion, multiple stage RO at increased pH or dilution with boron-free water is typically
used to meet the guideline. Therefore one stage RO that can remove boron to a satisfactory level
will greatly simplify the process and save the operation and installation costs. In vapor-trapping
membrane, all volatile compounds will go through, including boric acid. The permeability is
approximately proportional to the equilibrium vapor pressure of each component, assuming that
the interface resistance is negligible compared to the transmission resistance. The equilibrium
vapor pressure of boric acid is typically ~ 10 times less than that of water. From the fact that
typical boron concentration of seawater is ~ 4.5 ppm'”, 10 times slower boron flux than water

vapor will easily meet the WHO guideline for boron concentration in the permeate.
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5.4. Limitations & Outlook

The vapor-trapping membranes have several limitations. First, from the principle of the
separation, the high selectivity of the membrane is applied only to non-volatile components.
Therefore if the contaminants are volatile, i.e., alcohol, they will permeate through the membrane
and additional pretreatment or post-treatment will be necessary to remove them before the feed is
introduced to the membrane or after reverse osmosis. As discussed in the boron rejection,
however, the flux of the volatile substances is approximately proportional to the equilibrium
vapor pressure assuming that the transmission resistance is dominant. Therefore reasonable and
even high selectivity can be realized especially for substances of low vapor pressure, i.e., boric

acid.

Second, the hydrophobic active layer should be extremely thin (< 100 nm) for a reasonable water
flux to compete with conventional RO membrane. Although the flux can be enhanced by
increasing membrane porosity, high porosity of membrane may be subject to mechanical
compression due to the large applied pressure, which eventually reduces the porosity. In addition,
in realistic sense, there is a high chance that large-scale membrane can be achieved by
incorporating randomly porous media. Therefore the corresponding high tortuosity will lead to
effectively long pathways for the vapor molecules to travel, increasing transmission resistance
given the same membrane thickness. However, as stated in the Section 5.2, novel fabrication
approaches for low cost, large scale, regular nanostructures will realize a competent vapor-
trapping membrane. One of the drawbacks of convéntional RO membranes is that the RO
membrane soften, creep, and fails at high temperatures and therefore typically operation above
45°C is not recommended'” ', Furthermore, the salt permeability increases 3 — 5 % with

increase of temperature of 1°C'”. In principle, the flux through vapor-trapping membranes is
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enhanced by higher temperature without compromising the selectivity. Although we found that
the condensation coefficient of water decreases with temperature and therefore that compromises
the enhancement of vapor pressure at high temperature, the vapor-trapping membrane certainly
has the advantage of tolerating high temperature fegd water, compared to conventional RO
membrane. The high temperature tolerance and chemical resistance may make the vapor-trapping
membrane suitable for high-temperature separation of corrosive solutions in industrial

applications such as separation of acids or hot salt solutions, concentration of sugar solutions, etc.

Lastly, it should be mentioned that the maintaining hydrophobicity is the critical factor to operate
the membrane. As shown in Section 3.3, the hydrophobicity of the silane-treated alumina
membrane surface degrades with time. Once the defect rates exceed a certain point, then the salt
leakage through the defects cannot be tolerable for reasonable drinking water salinity (< ~500
ppm). If the membrane is to be made of hydrophobic porous media, the Laplace pressure for the
smallest effective pore size should be larger than applied pressure to prevent wetting. Fabrication
of robust hydrophobic surface even in harsh condition is now a very active research area®’ and

further technological progress may help to address this issue.

In conclusion, we believe that this new approach for desalination would address, at least, some of
the current issues of reverse osmosis membranes and therefore lead to membranes with high
permeate flux, high selectivity, and high chlorine resistance. These improved membrane
properties are also expected to significantly advance other membrane-based separation
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technologies such as food processing'”, waste-water treatment'” as well as energy generation

technologies including pressure-retarded osmosis' ™.

97



98



Appendices

A. Effect of meniscus curvature on the transmission probability
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Figure 27. Resistance networks for estimating the effect of meniscus curvature on transmission probability
using the radiation heat transfer analogy. 4. 4., 45 and 4, denote the area of cross section of pore, pore
wall, menisci at feed and permeate sides, respectively. F,. and F,, indicate view factors between the two
menisci, and a meniscus and the pore wall, respectively, for flat interfaces. F,, Fj, and F,, denote view
factors between the menisci at feed and permeate sides, the meniscus at feed side and the pore wall, and
between the meniscus at permeate side and the pore wall, respectively, assuming that the meniscus on the
feed side is curved (maximum possible curvature at a contact angle of 120°) and that on the permeate side
is flat. F,. and F,, indicate view factors between the two menisci, and from a meniscus to the pore wall,
respectively, for flat interfaces. Fy,, Fj, and F,, denote view factors from the meniscus on the feed side to
that on the permeate side, from the meniscus on the feed side to the pore wall, and from the meniscus on
the permeate side to the pore wall, respectively, assuming that the meniscus on the feed side is curved
(maximum possible curvature at a contact angle of 120°) while that on the permeate side is flat.

The net mass flux may be affected by the meniscus curvature because the larger surface can emit
a larger number of molecules and the scattering between the meniscus and the pore wall fnay be
different compared with a flat meniscus. Clausing®® obtained integral equation for transmission
probability » of pore connecting two reservoirs with different pressures. Therefore # includes the
effect of variation of incidental rate and directions of molecules on the pore wall. When we use

heat radiation analogy to calculate the mass flux, we employ view factors F’s to obtain mass
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transport resistance across the pore instead of using #. However, this approach assumes a certain
mean pressﬁe (it is analogous to assuming that an insulating surface is at a uniform temperature)
along the entire length of the pore. This assumption is valid for short pores, but fails for longer
pores. The heat transfer analogy can account for meniscus curvature using view factors, and we
therefore compare the difference in transmission probability introduced by the curvature using the
heat transfer analogy. Figure 27 shows three different mass transport resistance networks for
small //a corresponding to pores with flat and curved menisci. The first case corresponds to flat
menisci and the exact transmission resistance obtained from #. The second case corresponds to
flat menisci and transmission resistance obtained using view factors from the heat transfer
analogy. The third case corresponds to a curvéd meniscus on one side and transport resistances

obtained using the heat transfer analogy.

Assuming contact angle of 120°, the aspect ratio at which meniscus at feed side touches the other
side is //a = 0.27. At this pore length, the difference of mass flux between the case employing #
(Figure 27a) and that using view factors (Figure 27b) is less than 0.1%. The mass flux for curved
meniscus configuration by using view factors (Figure 27¢) is about 3% larger than the former two
cases for o ranging from 0 to 1. The curvéd surface modestly increases the mass flux due to the
increased emission surface area, but it is offset by the altered view factors. This tendency is
similar whg:n la = 0.81, where the mass flux is slightly increased (~3.5%) compared to the case

using # with flat meniscus assumed.

When //a becomes larger, for example //a > 3, the difference between the mass fluxes obtained by
employing 7 and view factors for flat surfaces becomes larger. However, the mass fluxes for the
curved and flat surfaces by using view factors are still within 3%. Therefore it would be
reasonable to conclude that the effect of the curved surface on mass flux is negligible to within

5%.
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B. Temperature difference across a membrane incorporating vapor-trapping

nanopores

The membrane material and porosity are important considerations for minimizing the temperature
difference across the membrane. Membrane porosity is defined as the void fraction of the whole
membrane volume. Since the membrane considered here is assumed to have straight cylindrical
pores, the porosity is the same as the ratio of total cross section area of pores to membrane
surface area. Typically, commercial membrane porosity ranges from 20% to 60%. The mass flux
through the pore wil] increase with porosity, but the temperature difference between feed and
permeate sides will become larger due to the latent heat transfer by evaporation and condensation.
Then the vapor pressure at feed side will therefore decrease and it will reduce the vapor transport.
Conduction through the non-porous part on the membrane is needed for maintaining nearly
isothermal conditions. When the heat transfer by evaporation and condensation is balanced by
heat conduction through the membrane, we have:

mh |
AT = £ (52)

where A/1a and 4. are total membrane area and total area occupied by pores, respectively. m is
the mass flux per unit total area, which can be obtained from Equation. (22) and membrane
porosity. hy, is latent heat of vaporization of water, k is the thermal conductivity of the membrane
material, AT is temperature difference across the membrane, and / denotes membrane thickness or
the length of the pores. For example, the vapor pressure difference at 20°C across the membrane
by applying 50 bar on the feed side is 35 Pa. Based on polytetrafluoroethylene membrane of

181

thermal conductivity = of 0.27 W/m'K as one possible material with 40% porosity, 6 =1.0,a=5

nm, and /= 20 nm (note that (/@) = 3.1), the mass flux is 5.4 g/mzs when the salt concentration
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is 0.62 M NaCl. The temperature difference obtained by balancing heat conduction and latent
heat transport is 0.0016°C. This temperature difference reduces the vapor pressure difference by
0.7%. As another example, with a temperature of 50°C and the same pore radius, the vapor
pressure difference induced by the latent heat transport decreases by 2.9% at /= 20 nm, 3.9% at /
= 50 nm, 4.4% at /= 100 nm, and by 5.4% at / = 5um. Figure 28 shows the decrease in vapor
pressure difference for temperature of 50°C and the same o, salt concentration, and porosity as
pore radius and length vary with an aspect ratio larger than (/a)min. For a given pore length, the
decrease is smaller with smaller pore radius due to lower flux. Therefore membranes with smaller
pore size and length are more preferable. The maximum variation does not exceed 12.5% based
on a thermal conductivity of 0.27 W/mK, and is correspondingly lower for membrane materials
with higher thermal conductivities. In the present study, we therefore neglect the temperature

gradient effect and assume isothermal transport.

C. Estimation of average aspect ratio
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Figure 28. Decrease in vapor pressure difference across a membrane with thermal conductivity of 0.27
W/m-K. Applied pressure of 50 bar, temperature of 50°C, NaCl concentration of 0.62 M, condensation
probability of 1.0, and porosity of 40% are assumed. Dashed line indicates the vapor pressure difference
variation at minimum aspect ratio (/a)yin.
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SEM images of membrane surface provide porosity and equivalent diameters of nanopores. The
equivalent diameter for each nanopore was assumed to be the diameter of a circle having the
same cross-section area as the nanopore. From about 30 SEM images, the equivalent radii g; (half
the equivalent diameter, j = 1, ... , N; N ~ 3,000) were obtained and assumed to be representative

for the all membranes tested.

Membranes were fabricated in batches, with one membrane in each batch being reserved for
characterization. To obtain average AR for each batch after the same duration of plasma etching,
a reference membrane was broken and etch depths /; were measured at 5 — 10 different locations

from SEM images of membrane cross-section (see Figure 11d). After sets of ARs AR, =/ /q;

were created for each /;, equivalent average ARs ( AR;) were obtained such that the average of
calculated flux from all the individual nanopores with the corresponding ARs is matched with the
calculated flux from a membrane of average porosity & consisting of nanopores having an

equivalent AR; and an average radius @ as follows:

S ramaorcn)
=l = flux(AR:,7,€,6,T.C.p,), (53)

DA,

where fr(AR,.j,a :»0.T,C, po) is predicted mass flow rate from individual nanopore with AR; and

a;. po is the estimated average pressure inside the nanopores as stated in Chapter 4.1.2, i.e., pp =

0.5 bar. 4,,’s are areas of the membranes that were imaged and where pore diameter information
was gathered. ﬂux(ﬁ.-,ﬁ,s,o T,C, po) is the calculated mass flux with AR;, @ and &. Note that

the flux is also a function of condensation coefficient ¢ which is unknown. However any

reasonable selection of o (0.1 — 0.5) results in not more than 1% difference in the final value of

average AR (AR). With the other parameters remained the same, Newton-Rhapson iterative
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method was used to find AR, . Finally, the average of AR: was regarded as the average AR (E)

with corresponding standard deviation.

D. Estimation of the condensation coefficient

Condensation coefficients (¢) shown in Figure 23 were estimated as follows. To find the best-fit

value of o while taking into account the effects of concentration on the fluxes, all the measured
mass fluxes for each average AR (AR ) were divided by the corresponding osmotic pressure

differences, i.e., (A_R C,T)/ ATI(C,T) with fixed température T. Then, the predicted fluxes

for the same AR were also divided by the same osmotic pressure differences, i.e.,

Mo (ﬁ, a,&,C,T,0, p) | ATI(C,T) where p is estimated air concentration (pressure) inside the

nanopores, i.e., p = po + Ap where py = 0.5 bar and Ap = 0.3 bar. The best-fit o (o5) was identified

as the value that minimized sum of the squares of differences in those two values, i.e.,

min{_ Yy [mm,(ﬁ,a, £.CT,04.p, )/ ATI(C,T) - tity,, (E,C,T)/AH(C,T)T} . As a
AR,C membranes

result, o5 was obtained as 0.23 at 39.0°C (Figure 23a).

In Figure 23a, mass flux 7# was normalized by that with zero interface resistance, i.e., m,__,.
While we use m=r,, and M, =M 44, , the normalized value m,, /m ., ., has

uncertainties due to the uncertainty in p. The uncertainty in m, /m ., .., , ie,

A(mm /Mg, ,,1) was estimated as follows. For each AR and C at T = 39.0°C, standard

deviation of measured mass flux was regarded as an uncertainty, Arm___, about the mean value of

measured mass flux, m,,, . Uncertainty of m 4, 5, i€, AM .., Was estimated as a
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maximum value of differences between model prediction at p = py and p = py = Ap, ie.,
Ay, gmt =max{|mxmdel.a=l,p=po —mnndcl,a=l,p=p—Ap|’ |mmodel,0'=1,p=pg _mmodcl,a=l.p=p+Ap|} . Since both

. . . . . . 182
m,,,, and M. .. .-, are dependent on p, the uncertainty of #,,, /1,4, 5. can be estimated as™:

A M —_ M yoas . A’nmea: + A’andel. o=1
mmodel. o=l mm(xhl, o=1,p=p, mmea: mmodel, o=1,p=p, ( 5 4)
= A'nm: + M s Aml!ndel. o=1
- 22
mmodel, o=1,p=p, mmodel. o=1,p=p,

Note that the first term in the right-hand side represents the standard deviation of ., /1,4 oo

for Ap = 0. Figure 29b (same as Figure 23a) shows the distribution of m,, /. .., taking

into account the uncertainty of p, while Figure 29a,c depict the two extreme cases corresponding

to p = 0+0.0 bar and p = 1+0.0 bar, respectively.

The uncertainty of y =R, /R, =0.5(n‘1‘,=1/ n‘z—l) was estimated in the same way. The mean

values 7 ’s for each AR were obtained as:

v =(_L)=05|i( mm.odel, g=1 ]_1], . (55)
M eas

where (mmodel, onl /mm) is the mean value of M,y oo, / M, for different concentrations

~»

with the same AR. As shown in Equation (54), because both Mool o= a0d 11, are dependent

on p, the uncertainty of ., 5. / 1M,,,, is:

A( mmodel, a=1 ) = A(mmodel, o=1 /AH) - ( mmode\, o=1 )I:I A(mmaas /AH)l -+

. /Al i Mgy | AL |

meas

A(”‘lmodel, o=1 /An)l] (56)
/ ALl|

mmodel, o=Lp=p,
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Note that m/AIl is independent of concentration. Figure 29¢ (same as Figure 23b) shows the

distribution of y where the uncertainties from p are introduced, compared to Figure 29d,f for p

= 0 and p = lbar, respectively, without including the uncertainty in p.

For calculating o at each AR shown in Figure 23c, an iterative method was first used until

condensation coefficients assuming Ap = 0, ie, o¢’s were found to match

mml(TR,E,s,C,T.ao,po)/Al'[(C,T) with rh,m(ﬁ,C,T)/AH(C,T). These o values were
obtained for different concentrations in 3 — 5 different membranes with the same AR .
To include the effect of uncertainty in p, mass flux n’z=n’1(ﬁ,h‘,£,C, T,0, p) for fixed

temperature can be expressed as a following function:

=g(0p.x,), 57

where x; are the other fixed variables. If we express o as a function of the other variables, i.e.,

o=f (% p) , the differential of o is given as follows:

c A g iame
do = a(m/AH)d(m/AH)+ 3 dp. (58)

Since we defined o, as condensation coefficient obtained by assuming p = py, the first term in

right-hand side is equivalent to doo. Therefore the above equation can be modified further as:

do =do,

_a(m/m)[a(m/m)]"dp, (59)

ap 06

where cyclic chain rule was used. Since m/All and p are now independent variables, o, and p

are also independent to each other. Then the uncertainty of g, i.e., Ao, can be estimated as®'*:
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AG= (Aao)’+{a('"a’p‘m)[a(";’o AH)]_IAp} . (60)

The partial derivatives are evaluated at p = po and 0 =&, where & and Aoy are the mean value

and standard deviation of g, for each AR, respectively. The distributions of o including the error

propagation from uncertainty of p are shown in Figure 29h (same as Figure 23c). It can be

noticed that the change in As becomes more significant for larger AR because the effect of

uncertainty in transmission resistance is more prominent in long nanopores.

The o values for different temperatures were obtained in the same way based on the data

measured with 1 M KCl and average AR of 9.6 + 0.7. An iterative method was used again to find

the distribution of o¢’s that match mmmd(ﬁ,a,e.C,T,c,po)/AH(C,T) with

M (EC ,T)/ AH(C ,T) for different temperatures (Figure 23c). Then, the uncertainty of ¢

including the uncertainty in p was included in the same way as above, and the distributions of ¢’s

are shown in Figure 29k (same as Figure 23d).
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E. Alternative fabrication method for short hydrophobic nanopores

Short hydrophobic nanopores may be fabricated in an alternative way. Anodized aluminum oxide
(AAO) membranes can be again chosen as the template for fabrication of hydrophobic
membranes. Since chemical bonds are formed between thiol group and gold'*®, the entrance
region of the pores was coated with gold and modified with hydrophobic self-assembled

alkanethiol monolayers.

The degree of hydrophobicity on the top of the monolayer is determined by the type of tail group
(-CH,, —-CH;, —CF,, —CF,H, —CF;), with —CF; possessing the lowest surface energy' . We
selected the hydrophobic perfluorodecanethiol (Sigma Aldrich) which has a fluorocarbon tail

group for modification of the AAO membrane.

Fabrication of a thin hydrophobic membrane was realized by deposition of gold to a certain depth
of the nanopores of the AAO membrane and by formation of self-assembled monolayer on the
gold. The AAO membranes were placed on a rotating mechanism of a windup spring clock. Then
the rotating mechanism was mounted inside the chamber of electron beam evaporator with a
certain slant angle. In that way, evaporated metal can be deposited only near at the entrance of the
pores (Figure 30a). About 5 nm thick titanium was evaporated first on the membrane as an
adhesion layer and then 5 nm thick gold was deposited. The hydrophobic pore length and
therefore hydrophobic membrane thickness could be determined by controlling the slant angle.
Here, the slant angle ¢ was chosen as 20° for the gold-coated depth of about 600 nm, i.c., 200

nm/tan 20° = 600 nm).

The gold-coated membranes were rinsed thoroughly with ethanol for about 20 minutes, and
placed for 24 hours in 1 mM perfluorodecanethiol solution in ethanol allowing for formation of
gold-thiol bond and self-assembled monolayers (Figure 30b). This procedure resulted in a

membrane that was hydrophobic on one side and hydrophilic on the other side. The same self-
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assembled monolayer on plane gold-coated glass slides yielded an advancing contact angle of

approximately 108° (Figure 30c).

We did not continue to use this alkanethiol self-assembled monolayers for hydrophobic surface
modification because thiol-Au bonds are prone to oxidation in an ambient condition'®. In fact,
we observed that the hydrophobicity of the alkanethiol-treated membranes was degraded within a

week and therefore it was difficult to maintain high quality hydrophobicity.

a

nanopore

b

Perfluorodecanethiols
CF,(CF,),CH,CH,SH

Figure 30. Fabrication method using alkanethiol self-assembled monolayers. a, E-beam evaporation of gold
on rotating membrane with an angle 0. b, Schematic diagram of self-assembled monolayers formed based
on thiol-gold bonding. ¢, Water droplet on the fabricated membrane
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F. Alternative defect characterization method

Apart from electric impedance measurement, we also used a calcium ion binding fluorescent dye
(Fluo-4 from Invitrogen Inc.) to characterize the defects. Fluo-4 is negatively charged salt and is
used as a calcium indicator since the fluorescent light intensity is increased by a factor >100 upon

binding to a calcium ion.

As shown in Figure 31a, two different solutions were introduced on either side of the hydrophobic
membrane. On the top side, the solution was 0.5 mM Fluo4 and 0.5 mM
ethylenediaminetetraacetic acid (EDTA) in deionized water whereas the solution on the bottom
side was 10 mM CaCl,. In the presence of an electrical field across the membrane, the Fluo-4 and
Ca®" ions can be driven across the membrane to bind together or driven away from the membrane
to be depleted and separated from each other depending on the direction of the electrical field. By
capturing the light intensity modulation under an AC voltage applied across the membrane, the
locations of defects (i.e., open pores) could be determined. In the experiments, amplitude of 1V
and frequency of 0.2 Hz were applied across the membranes through Ag/AgCl electrodes (Figure

31a, b).

Figure 31c and e shows the fluorescence images when AC voltage was applied on a ‘leaky’ and
‘low defect’ membranes, respectively. Fluorescent spots with intensity modulated at 0.2 Hz were
clearly observed where Fluo-4 and Ca®* were driven through the defective wetted pores b).f the
AC voltage bias. Fourier transform for the fluorescent light intensity was performed to detect the
defective area and construct maps of defects where Fourier coefficient corresponding to the

applied AC field frequency are larger than a certain threshold (Figure 31d and f).

Figure 31g indicates a time sequence of fluorescent light intensity change at a certain spot. The
period of peak to peak response is 5 seconds and is exactly same as the period of the applied AC

voltage. It can be also observed that the overall intensity increased with time. It may be attributed
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to that a portion of Fluo-4 and Ca®* diffuse to the other side far enough or bind together such that
their flux is lower when the voltage is reversed, resulting in a net accumulation of fluorescence in
each cycle. Based on these experiments, the ratio of wetted pores to functional pores was
estimated to be less than 1%. Defect-free areas with dimensions in the range of 100-200 um were

observed, which is sufficient for measurement of transport characteristics of these membranes.
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Figure 31. Defect characterization using Fluo-4. a, Schematic diagram of setup with a membrane. 0.5 mM
Fluo-4 solution on the top side and 10 mM CaCl, solution on the bottom side are placed under AC electric
field. b, Snapshot of the experimental setup on fluorescence microscope. ¢, Fluorescence image of ‘leaky’
membrane. d, Corresponding Fourier transformed map for fluorescence light intensity. e, Fluorescence
image of ‘low defect’ membrane. f, Corresponding Fourier transformed map for fluorescence light

intensity. g, Time trace of fluorescence light intensity normalized by a maximum intensity at a specific
‘leaky’ pore.
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