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SELF-ASSEMBLED SURFACTANT STRUCTURES 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority to and the benefit of the filing of U.S. Provisional 

Patent Application Serial No. 61/347,317, filed May 21, 2010, entitled "Self Assembly of 

Hierarchical and/or Multiscale Materials Via Physical Confinement" and U.S. Provisional 

Patent Application Serial No. 61/415,761, filed November 19, 2010, entitled "Free Standing 

10 hierarchically Self Assembled Films". The specifications and claims thereof are incorporated 

herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention (Technical Field): 

15 Embodiments of the present invention employ biomimetic multiscale self assembly 

and materials such as membranes made therefrom, fabricated using batch and automated 

manufacturing, in various configurations, to enable aqueous separations and concentration of 

solutes. Embodiments of the present invention also relate to methods of multiscale self 

assembly and materials made therefrom where a surfactant mesostructure is preferably 

20 simultaneously self assembled and integrated with one or more materials by physical 

confinement between two or more discrete surfaces and/or by physical confinement on two or 

more sides. 

Description of Related Art: 

25 Note that the following discussion may refer to a number of publications by author(s) 

and year of publication, and that due to recent publication dates certain publications are not to 

be considered as prior art vis-a-vis the present invention. Discussion of such publications 

herein is given for more complete background and is not to be construed as an admission that 

such publications are prior art for patentability determination purposes. 

30 Membranes are used to separate ions, molecules, and colloids. For example, 

ultrafiltration membranes may be used to separate water and molecules from colloids which 
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are 2k Daltons or larger; ion exchange membranes may be used to separate cations and 

anions; and thin film composite membranes may be used to separate salt from water. These 

membranes all use the same separation physics. The permeability of the membrane to a 

specific class or classes of ions, molecules, colloids, and/or particles is much less than 

5 another class or classes of ions, molecules, colloids, and/or particles. For example, 

ultrafiltration membranes have pores of a specific size which prevents the crossover of 

molecules and particles of a specific size. This technique is known as size exclusion. 

Reverse osmosis membranes use solubility differences to separate molecules. In a typical 

thin film composite membrane, the water is three orders of magnitude more soluble than 

10 sodium chloride. The result is a material that has a >100:1 preference of water molecules to 

salt ions. In practical terms, the material filters water by rejecting 99.7% of sodium chloride. 

For most separation membranes the permeability of the membrane is defined as the 

ratio of solvent flux through the membrane in a given period of time to the area of membrane 

and the pressure applied to the membrane. Below is the equation governing the flux through 

15 a membrane 

Fte = P 
where AP is the pressure across the membrane, An is the osmotic pressure across the 

membrane and P is the membrane permeability. The permeability of a membrane is a 

function of the membrane structure parameter. The structure parameter is 

20 
„ T*£ 
f A/ —1 

& 

where S is the structure parameter, ; is the tortuosity, t is the thickness, and •= is the 

porosity of the membrane. Turtuosity is defined as the ratio of the distance between two 

points through the material to the minimum distance between the two points. Since the 

25 structure parameter is proportional to the permeability of the membrane, the tortuosity is 

proportional to the permeability. 

Membranes for separations are used in many configurations. For reverse osmosis 

(RO) and forward osmosis (FO) applications, they are often configured in spiral wound 

architectures, in which the membrane is wrapped around a hollow core. Water flows from 

30 the core into a membrane envelope and then back into the core. For pressure retarded 

osmosis (PRO), the membrane can also be in a spiral wound configuration. In PRO, water 
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under pressure flows into the membrane envelope, and the osmotic gradient across the 

membrane pulls more water into the membrane envelope. Membranes for RO, FO, and PRO 

can also be configured as hollow fibers. In hollow fibers, a hollow porous cylindrical 

membrane is manufactured. Water flows tangential to the membrane surface and the pores 

5 in the fiber enable separation. Membranes can also be manufactured as cartridges typically 

for the concentration of proteins, viruses, bacteria, sugar, and other biological materials. 

These membranes can come in cassettes that enable easy concentration of solutes. 

For the chloralkali process, batteries and fuel cells, the anode and the cathode are 

separated by an electrolyte. This electrolyte conducts cations or anions and blocks electrons, 

10 liquid anolyte, and/or catholyte. In some devices, the electrolyte is an ion exchange 

membrane. Typically, an ion exchange membrane will allow for the passage of either cations 

or anions but not both. Ion exchange membranes can be configured to allow for the passage 

of either both monovalent and divalent ions or only monovalent ions. Transport across the 

electrolyte of undesired solutes is known as Membrane Crossover. Membrane Crossover 

15 creates overpotential at the anode and/or the cathode, and reduces the current efficiency of 

the cell. Membrane Crossover is a limiting factor in many devices like direct methanol fuel 

cells, direct ethanol fuel cells, vanadium redox batteries, iron chrome batteries, flow batteries, 

etc. 

In biology, water drives a class of surfactants called lipids to self assemble in water 

20 creating a lipid bilayer which acts as a diffusion barrier into the cell. The permeability of 

model cellular membranes to water and various low molecular weight solutes has been 

measured. Typical measurements of the selectivity of a lipid bilayer are performed in 

aqueous suspensions using osmosis (a.k.a. forward osmosis). Also, the results of these 

experiments show that a lipid bilayer has greater permeability than commercial osmosis 

25 (a.k.a. forward osmosis) membranes. The model cellular membranes are phospholipids self 

assembled by water into structures called vesicles. A phospholipid has a hydrophilic head 

group and hydrophobic two fatty acid tails. A vesicle is a spherical, hollow, lipid bilayer 

between 30 nm and 20,000 nm in diameter. The lipid bilayer creates a physical barrier to the 

volume of water contained within the vesicle. A typical permeability experiment consists of 

30 two steps. The first step is to change the osmotic strength of a solute in the aqueous solution 

containing the vesicles. The second step is to measure the diffusion of the solute and/or 
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solvent across the lipid bilayer into or out of the vesicles. This experiment is similar to the 

industrial process of forward osmosis where water is extracted through a membrane using a 

highly concentrated brine solution. 

The results of these experiments show that the hydrophobic core of the bilayer 

5 separates various low molecular weight compounds. One mechanism is the sub nanometer 

porosity created by the interstices between the lipids in the bilayer and the hydrophobic core 

of the bilayer enable preferential selectively for water, protons, uncharged sub 100 molecular 

weight organics, and ions in that order. Also, fluctuations in the molecular structure of the 

bilayer enable faster than expected transport of water and protons. Furthermore, these 

10 experiments demonstrated control over selectivity via the chemical structure of the lipids 

used. Specifically, the separation characteristics of the lipid bilayer are dependent on the 

length of the lipid's fatty acid tails. 

SUMMARY OF THE INVENTION 

15 An embodiment of the present invention comprises a membrane comprising a 

stabilized surfactant mesostructure bonded to a surface of a porous support. The stabilized 

surfactant mesostructure is preferably stabilized with a material preserving an alignment of 

surfactant molecules. The material is optionally porous and the stabilized surfactant 

mesostructure optionally comprises lamellae which alternate with lamellae comprising the 

20 porous material. Alternatively, the material is optionally non-porous and the stabilized 

surfactant mesostructure optionally comprises hexagonally packed columns comprising 

circularly arranged surfactant molecules, each of the columns substantially surrounded by the 

non-porous material. The membrane preferably further comprises a material disposed 

between the stabilized surfactant mesostructure and the surface for preserving a hydrogen 

25 bonding network between surfactant in the stabilized surfactant mesostructure and the 

surface. The material preferably comprises a material selected from the group consisting of 

silanes, organics, inorganics, metals, metal oxides, an alkyl silane, calcium, and silica. The 

surface preferably has been oxidized, melted and resolidified prior to bonding of the stabilized 

surfactant mesostructure on the surface; in such case an average pore size at the resolidified 

30 surface is preferably smaller than average pore size in a bulk of the porous support. A pore 

size of the porous support is preferably sufficiently small to prevent a precursor solution to the 
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stabilized surfactant mesostructure from completely permeating the support prior to formation 

of stabilized surfactant mesostructure. The membrane optionally further comprises an 

additional porous structure disposed on a side of the porous support opposite from the 

surface for mechanically or chemically stabilizing the porous support. The stabilized 

5 surfactant mesostructure optionally comprises a transporter. The membrane optionally 

comprises a second porous support, wherein the stabilized surfactant mesostructure is 

sandwiched between the porous support and the second porous support. The membrane 

preferably comprises a tortuosity of less than approximately 1.09. The stabilized surfactant 

mesostructure preferably comprises a pore size between approximately 0.3 Angstroms and 

10 approximately 4 nm. The membrane preferably comprises a porosity greater than 

approximately 1%. The porous support preferably comprises plastic and/or cellulose. The 

porous support preferably mechanically stabilizes the stabilized surfactant mesostructure. 

The membrane optionally further comprises a second stabilized surfactant mesostructure 

bonded to a side of the porous support opposite from the surface. The membrane is optionally 

15 stacked with other same membranes, thereby forming a multilayer membrane. The surface of 

the stabilized surfactant mesostructure is optionally modified. The membrane optionally 

comprises an ion-exchange membrane and/or a gas diffusion layer, the membrane 

comprising a membrane electrode assembly or an electrolyte. 

Another embodiment of the invention is a method for producing a membrane, the 

20 method comprising modifying a surface of a porous support; wetting the modified surface with 

a first solvent; disposing a solution on the wetted surface, the solution comprising at least one 

surfactant and at least one second solvent, wherein the at least one surfactant is in the 

dispersed phase in the solution; confining the solution between two or more confining 

surfaces; and stabilizing the one or more surfactants to form a stabilized surfactant 

25 mesostructure on the surface of the porous support. The first solvent and/or the second 

solvent preferably comprises water. The solution optionally further comprises a precursor 

solute and/or a transporter. Disposing the solution and confining the solution are optionally 

performed substantially simultaneously. Confining the solution preferably comprises confining 

the solution between a surface of the porous support and at least one second surface. The at 

30 least one second surface is preferably selected from the group consisting of a groove sidewall, 

a roller, and a blade edge. Modifying the surface preferably comprises an action selected 
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from the group consisting of surface functionalization, surface grafting, covalent surface 

modification, surface adsorption, surface oxidation, surface ablation, surface rinsing, 

depositing a material on the surface, the material selected from the group consisting of 

silanes, organics, inorganics, metals, metal oxides, an alkyl silane, calcium, and silica, 

5 preserving a hydrogen bonding network between surfactant in the stabilized surfactant 

mesostructure and the surface, and oxidizing, melting and resolidifying the surface, and 

combinations thereof. The method is preferably performed as part of a mass production 

coating process. The method preferably further comprising controlling a thickness of the 

stabilized surfactant mesostructure. The solution optionally does not comprise an acid, a 

10 base or a hydrophilic compound. The at least one surfactant is preferably not removed from 

the solution after the solution is disposed on the surface. The method is optionally performed 

on both sides of the porous support. The method of optionally further comprises modifying a 

surface of the stabilized surfactant mesostructure, preferably utilizing surface functionalization, 

changing the hydrophobicity of the surface of the stabilized surfactant mesostructure, and/or 

15 methylating the surface of the stabilized surfactant mesostructure. The method may be 

repeated to form a multilayer membrane. The porous support preferably comprises plastic 

and/or cellulose. The method optionally further comprises disposing a second porous support 

on a surface of the stabilized surfactant mesostructure, thereby sandwiching the stabilized 

surfactant mesostructure between the porous support and the second porous support. 

20 Another embodiment of the present invention is a forward osmosis membrane 

comprising a permeability of greater than approximately 15 LM"2H"1 for a draw solution 

concentration of 10 wt% NaCI at 20 °C. The permeability is preferably greater than 

approximately 20 LM"2H"1 for a draw solution concentration of 10 wt% NaCI at 20 °C, and 

even more preferably greater than approximately 60 LM"2H"1 for a draw solution concentration 

25 of 10 wt% NaCI at 20 °C. The forward osmosis membrane preferably comprises a rejection of 

NaCI greater than approximately 96%. The forward osmosis membrane preferably comprises 

one or more surfactants. 

Another embodiment of the present invention is a device for performing separations, 

the device comprising an active layer which comprises one or more surfactants. The active 

30 layer preferably comprises one or more transporters. The device is preferably selected 

from the group consisting of a forward osmosis membrane or module, a reverse osmosis 
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membrane or module, a pressure retarded osmosis membrane or module, a hollow fiber 

membrane, a spiral wound membrane or module, a cartridge, a Tangential Flow Filter (TFF) 

cartridge, a plate and frame module, a tubular membrane, and a bag. The device preferably 

comprises a porous support coated on both sides with the one or more surfactants. The one 

5 or more surfactants preferably form a membrane mechanically stabilized on one or more 

porous supports. 

Objects, advantages and novel features, and further scope of applicability of the 

present invention will be set forth in part in the detailed description to follow, taken in 

conjunction with the accompanying drawings, and in part will become apparent to those 

10 skilled in the art upon examination of the following, or may be learned by practice of the 

invention. The objects and advantages of the invention may be realized and attained by 

means of the instrumentalities and combinations particularly pointed out in the appended 

claims. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated into and form a part of the 

specification, illustrate several embodiments of the present invention and, together with the 

description, serve to explain the principles of the invention. The drawings are only for the 

purpose of illustrating an embodiment or embodiments of the invention and are not to be 

20 construed as limiting the invention. In the drawings: 

FIG. 1 illustrates how the interstices between surfactant molecules in a lamellar 

phase can be used for separation. 

FIG. 2 illustrates how the interstices between surfactant molecules in a hexagonal 

phase can be used for separation. 

25 FIG. 3 illustrates how the interstices between surfactant molecules in an inverse 

hexagonal phase can be used for separation. 

FIG. 4 illustrates a process to localize surfactant mesophase thin film self assembly to 

the surface of a porous material. The result is a freestanding surfactant mesophases material 

adhered to a porous material. 

30 FIG. 5 shows an embodiment of a stabilized surfactant mesostructure thin film where 

the assembly was localized to the surface of a porous material. 
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FIG. 6 illustrates the physical confinement method used to create the displayed free 

standing surfactant templated membrane. 

FIG. 7 is a schematic of a biomimetic surfactant nanostructure assembled via 

physical confinement. 

5 FIG. 8 illustrates various configurations of two dimensional multiscale self assembly 

in accordance with embodiments of the present invention. 

FIG. 9 illustrates the effect of membrane material surface chemistry preparation on 

the flux and rejection levels of the resultant material. 

FIG. 10 shows the effect of concentration polarization of methanol on the flux through 

10 a biomimetic surfactant nanostructure 

FIG. 11 shows membrane thickness control via self assembly solution solute 

concentration and its effect on permeability. 

FIG. 12 shows membrane thickness control via physical confinement and its effect on 

permeability. 

15 FIG. 13 is a schematic of an embodiment of an automated roll to roll style process for 

manufacturing membranes. 

FIG. 14 shows the effect of annealing on membrane permeability. 

FIG. 15 shows the difference between symmetric and asymmetric membranes. 

FIG. 16 is a plot of the back diffusion of salt comparing a symmetric and an 

20 asymmetric free standing biomimetic surfactant nanostructure. 

FIG. 17 shows the effect of surface functionalization chemistry on membrane 

hydrophobicity. 

FIG. 18 shows a design for an embodiment of a cartridge using flat membranes for 

separation and concentration. 

25 FIG. 19 shows a design for an embodiment of a spiral cartridge used for 

concentration of solutes. 

FIG. 20 shows a design for an embodiment of a spiral cartridge used for purification 

of water. 

FIG. 21 illustrates the effect of pressure on the rejection levels of an embodiment of a 

30 membrane in accordance with the present invention. 

FIG. 22 illustrates the effect of a mechanical backing on the long term stability of an 
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embodiment of a membrane. 

FIG. 23 demonstrates the use of an embodiment of the membrane to concentrate 

methanol. 

FIG. 24 measures the effect of alcohol on various supports. 

5 FIG. 25 demonstrates the effect of an underlying support on the separation of ethanol. 

FIG. 26 demonstrates the use of an embodiment of the membrane to concentrate 

ethanol. 

FIG. 27 demonstrates NaCI rejection by an embodiment of the membrane. 

FIG. 28 demonstrates MgS04 rejection by an embodiment of the membrane. 

10 FIG. 29 shows a cross section of an embodiment of a multilayer membrane. 

FIG. 30 shows ethanol rejection of an embodiment of a 3 BSNS layer membrane. 

FIG. 31 shows butanol rejection of an embodiment of a 4 BSNS layer membrane. 

FIG. 32 shows the through plane conductivity, methanol permeability and stability of a 

biomimetic surfactant nanostructure. 

15 FIG. 33 is a schematic of a multiscale self assembled membrane used in an 

electrochemical cell. 

DETAILED DESCRIPTION OF THE INVENTION 

Definitions 

20 As used throughout the specification and claims, the following terms are defined as 

follows: 

"Amphiphile" means a molecule with both solvent preferring and solvent excluding 

domains. 

"Hydrophilic" means water preferring. Hydrophilic compounds and surfaces have 

25 high surface tension. 

"Hydrophobic" means water repelling. Hydrophobic compounds and surfaces have 

low surface tension. 

"Surfactant" means a class of amphiphiles having at least one domain which is 

hydrophilic and at least one domain which is hydrophobic. Systems that are engineered to 

30 work with surfactants can most likely work with all amphiphiles. 
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"Phospholipid" means the majority constituent of the cellular membrane. These 

molecules self assemble into vesicles in water and exist in the dispersed phase in a low 

surface tension solvent. 

"Lamellar" means comprising multiple layers or bilayers. 

5 "Mesophase" means a surfactant liquid crystal structure formed by the interactions 

between one or more solvents and one or more surfactants. 

"Micelle Phase" means a spherical phase of surfactants where the hydrophobic 

domains of the surfactants are hidden from the bulk solution inside the micelle. 

"Critical Micelle Concentration" means the concentration above which surfactants 

10 order into micelles. 

"Hexagonal Phase" means a two dimensional hexagonal arrangement of cylinders of 

surfactants where the hydrophobic domains of the surfactants are inside the cylinders. 

"Inverse" means a surfactant structure where the hydrophilic domains are on the 

inside of the structure. For example, a surfactant in oil forms an inverse micelle where the 

15 hydrophilic heads are hidden from the bulk solution inside the micelle. 

"Stabilized Surfactant Mesostructure" means a mesophase that maintains its 

structure after the removal of the solvents. 

"Self Assembled Surfactant Thin Film" means a film, typically less than or equal to ten 

microns in thickness, wherein one component of the film is a mesophase. 

20 "Biomimetic Membrane" means a single phospholipid bilayer comprising a 

transporter. 

"Biomimetic Surfactant Nanostructure ("BSNS")" means a lamellar stabilized 

surfactant mesostructure, which may or may not comprise a transporter, assembled on a 

porous support. 

25 "Transporter" means a molecule, complex of molecules, a structure, a protein, a 

zeolite, an ion channel, a membrane protein, a carbon nanotube, cyclodextrin, or any other 

structure that modulates the transport rates of a specific class of ions, molecules, complex of 

molecules, biological structures, and/or colloidal particles. 

"Free Standing" means surfactant template thin film where both sides of the film are 

30 addressable to solution and the film is not necessarily confined by physical barriers. 
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"Supported" means a material is assembled on a second material such that the 

second materials imbues mechanical stability to the first material without eliminating all of its 

functions. 

"Hollow Fiber Membrane" means a hollow porous cylindrical structure. This material 

5 is similar to a straw except it is porous. This material is typically used for aqueous 

separations. 

"Membrane/Semi Permeable Membrane" means a material used to separate specific 

classes of ions, molecules, proteins, enzymes, viruses, cells, colloids, and/or particles from 

other classes. 

10 "Mechanical Backing" means a solid or porous support used to increase the 

mechanical stability of a second material. 

"Concentration Polarization" means during filtration, local concentration of a 

compound at the surface of the membrane differs from the bulk concentration of the 

compound. 

15 "Reverse Osmosis" means a process that uses pressure to separate salt and water. 

"Forward Osmosis" means a process that uses an osmotic gradient to create water 

flux. 

"Pressure Retarded Osmosis" means a process that uses an osmotic gradient and 

pressure to capture energy from forward osmosis. 

20 "Membrane Crossover" means transport across an electrolyte of an undesirable 

molecular or ionic species. 

"Overpotential" means a reduction in a half electrochemical cell's potential from the 

theoretically expected value. Membrane Crossover can be a cause of overpotential of a half 

electrochemical cell. 

25 

Definitions of Material Preparation Methods 

The following methods were used to prepare surfaces for the assembly of surfactant 

templated sol-gel thin films. Each material was rinsed in water, ethanol, then dried before 

another further preparation. All materials were stored in water before use. UV light source 

30 was an ozone producing pen lamp from UVP. 

"Rinse Only" - Materials were not further treated after rinsing. 
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"UV Clean" - Materials were exposed to ozone producing UV light from a pen lamp 

for greater than 1 minute. After treatment, Materials were stored in water. 

"UV Clean Net" - Materials were exposed to ozone producing UV light from a pen 

lamp for greater than 1 minute. After treatment, materials were stored in water. Before self 

5 assembly solution deposition, a microporous mesh was placed between the solid surface and 

the membrane in the physical confinement cell. 

"H202 Boil" - Materials were rinsed in hot (> 20° C) hydrogen peroxide for one hour. 

"H202 Boil TEOS" - Materials were rinsed in hot (> 20° C) hydrogen peroxide for one 

hour. Then materials were soaked in stock silica solution, allowed to air dry for at least three 

10 hours, and finally cured at >80° C for more than three hours. 

"UV TEOS" - Materials were exposed to ozone producing UV light from a pen lamp 

for greater than 1 minute. Then materials were soaked in stock silica solution, allowed to air 

dry for at least three hours, and finally cured at >80° C for more than three hours. 

15 Surfactant Mesostructures 

Surfactant mesostructures may be used for separations in accordance with 

embodiments of the present invention. There are at least three independent mechanisms for 

separations using surfactant mesostructures. The first comprises using the interstices 

between surfactants in mesostructures. The interstices have several advantages for 

20 separations, including but not limited to low tortuosity, tunable pore size, tunable surface 

charge, and either apolar or polar pores. Furthermore, the thickness of surfactants in 

mesostructures is easy to control. The second mechanism is molecular transport through 

defects, enabling selectivity in the thin film. These defects can be on the molecular level (e.g. 

a missing molecule or a poorly fitting molecule) and/or on the macroscopic level (e.g. from 

25 wetting instabilities during deposition). The third mechanism is that the surfactant 

mesostructure can form pores itself via the entrapment of solvent during formation. After 

formation, solvent can be removed to enable transport or can remain, similar to a water wire 

in biology, to enable transport. Although this embodiment of the present invention is inspired 

by biological (e.g. cellular) membranes, it preferably does not comprise a biomimetic 

30 membrane, because the invention requires material nanoscience to stabilize the self 

assembled surfactant thin films and integrate them with devices. This embodiment of the 
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present invention is also preferably not a surfactant templated sol-gel material because it 

preferably uses the physical properties of the surfactant mesostructure to separate 

compounds rather than using the surfactant to create a desirable sol-gel structure. In other 

words, embodiments of the present invention preferably utilize the surfactant, and not an 

5 inorganic sol-gel structure such as silica or titanium dioxide, to form the structure of the 

stabilized surfactant mesostructure. Embodiments of the present invention comprise 

stabilized surfactant mesostructures, including but not limited to a lipid bilayer, for 

separations, including but not limited to osmosis. 

The desirable permeability and separation capability of a stabilized surfactant 

10 mesostructure is related to the simplest class of embodiments of this invention: a one 

dimensional crystal of surfactants assembled in the lamellar phase. One specific embodiment 

within this class is z-dimensional lamellae of lipid bilayers. The lipid bilayers use the energy 

penalty of molecules in the oil phase composed of the lipid tails to create a solubility barrier, 

limiting transport across the membrane. This mechanism can be modeled by the solubility 

15 diffusion model. Water and protons travel across the membrane through spontaneous pores 

which form in the membrane, as shown in FIG. 1. FIG. 1A is a side cross-sectional view of the 

lamellar bilayer surfactant structure. The hydrophilic domains of surfactants are represented 

by the black circles. The hydrophobic domains of the surfactants are represented by the two 

grey lines. The arrows show the path of molecules between the surfactants. FIG. 1B is a top 

20 view of the lamellar bilayer surfactant structure. The grey circles represent the surfactants. 

The black dots represent interstices between the surfactants which enable transport through 

the structure. 

This embodiment differs from classic biomimetic membranes where an ion channel 

and/or another transporter is included within the surfactant. In those systems, transport 

25 across the membrane is a function of the channel or transporter. This embodiment of the 

invention is a membrane which does not comprise a transporter or ion channel. Alternatively, 

other embodiments of the present invention may comprise one or more transporters, but are 

preferably multilayer and therefore not biomimetic membranes. 

X-ray diffraction measurements have established that the diameter of a lipid is 7.189 

30 A. Assuming that lipids in the plane are locally close packed and can be represented as 

circles, the diameter of a circle inscribed between the lipids is 1.112 A. For reference, a bond 
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length is typically between about 1.0 A and about 2.5 A. This enables the surfactant to 

perform size exclusion separations at the atomic level. In this class of embodiments, X-ray 

experiments have shown that the distance between two sides of a single bilayer is 

approximately 42.00 A. The maximum/minimum path length of a molecule through the single 

5 bilayer is approximately 45.59 A/42.00 A. The maximum path length occurs when the lipids of 

one layer sit on the interstices of the other lipid layer. Therefore, the tortuosity of a single 

bilayer is between about 1.09 and 1.00. In the minimum case for the self assembled 

mesophase, the tortuosity of the material is 1.00, by definition the minimum tortuosity 

possible. The tortuosity of the present membranes is preferably approximately close to the 

10 tortuosity of a single lipid bilayer. This enables the present membranes to have a structure 

parameter of preferably less than 0.5 mm, and more preferably less than about 0.1mm. 

Material science techniques preferably control the number of z-dimensional lamella to be from 

one to thousands. The effect on water transport of the sol-gel layer is negligible, because the 

porosity is high, the thickness is several molecules, and the tortuosity is near one. 

15 In the lamellar class of embodiments, the porosity of the lamellae can be controlled 

by using different sizes and shapes of surfactants and mixtures of surfactants. For example, 

the diameter of the interstitial pores between the surfactants is 15.5% of the diameter of the 

surfactants when the surfactants are modeled as a plane of circles. For example, a single 

chain surfactant has a smaller in-plane area than a lipid. The result is a membrane 

20 comprising smaller pores. In one embodiment, lamellae of lipid bilayers were assembled on a 

microporous support using a variety of methods included in this invention. As expected, when 

compared to current forward osmosis membranes, the stabilized surfactant mesostructure 

has higher permeability to water. In this embodiment, the surfactant is in the lamellar phase. 

This embodiment will be described in detail later. The result of this experiment is summarized 

25 in TABLE 1. As can be seen, the permeability of the stabilized surfactant mesostructure of 

the present embodiment is approximately five times greater than a typical commercial FO 

membrane. Thus the present invention can have a permeability of greater than 15 LM"2H"1, 

more preferably greater than 20 LM"2H"1, and even more preferably greater than 60 LM"2H"1 

for a draw solution concentration of 10 wt% NaCI at 20 °C. Further, for these membranes, the 

30 rejection of NaCI was greater than approximately 96%. 
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Membrane Permeability Draw Solution 

Concentration 

Commercial FO 

Membrane 

15 LM~2H~1 10 wt% NaCI 

Stabilized Surfactant 

Mesostructure 

75.5 LM"2H"1 10 wt% NaCI 

TABLE 1 

In cells, lipid membranes are used to enable selective transport into and out of the 

cell without the use of external pressure. Below is a summary of the experimentally 

5 measured permeability of water (TABLE 2), ions (TABLE 2) and small molecules (TABLE 3) 

across a lipid bilayer. Without ion channels, water permeates lipid bilayers faster than other 

ions and molecules. With gramicidin, an ion channel, water and monovalent ion permeability 

increases, resulting in enhanced separation efficiency of water from molecules and decreased 

selectivity of water from monovalent ions. The permeability of a membrane containing 

10 gramicidin was calculated from the flux (ml/min) of gramicidin at 10% density in a lipid bilayer. 

For the calculation, the area per lipid (the solvent), one molecule per 0.596 nm2, was used 

instead of the area per gramicidin (the solute). The area of gramicidin was 10% calculated as 

10% of the molecules in the bilayer. The permeability of potassium through the gramicidin 

containing membrane was calculated by assuming an 8:1 water to potassium ion 

15 stoichiometry. Sodium transport was calculated from potassium transport using the well 

known sodium to potassium conductivity ratio of 0.338. 
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Water 

Water w / 

10 ml% 

gramicidin 

Potassium 

Potassium 

w/ 

10 ml% 

gramicidin 

Sodium w / 

10 ml% 

gramicidin 

Chlorine Calcium 

Permeability 

(cm/sec) 
0.025 0.27 1.51 x10"10 3.38x10"2 1.00x10~2 2.80 x10"8 8.00 x10"15 

Permeability 

(L M-2H_1) 
900 9.72x103 5.44x10® 1.22x103 3.60x102 1.01x10 3 2.88x10"10 

TABLE 2 

Methanol Ethanol Butanol Urea Glycerol 

Permeability 

(cm/sec) 
1.20 x10"5 3.80 x10"5 1.20 x10"3 3.40x10® 6.20x10® 

Permeability 

(L M"2H"1) 
0.432 1.37 43.2 0.122 0.223 

TABLE 3 

5 

Different transporters may optionally be used to change selectivity. Transporters of 

interest include, but are not limited to, aquaporin for fast water permeation, chemically 

modified natural channels, some of which increase water permeability (e.g. 

desformylgramicidin), and/or chemically modified natural channels, some of which affect 

10 selectivity for specific ions and/or molecules (e.g. modified alpha hemolysin). Aquaporin and 

desformylgramicidin have greater than 100x increased water flux compared to gramicidin A. 

The difference in permeability of water versus other solutes makes lipid bilayers ideal for 

separation, particularly for low pressure applications. 

In another class of embodiments of the present invention, stabilized surfactant 

15 mesostructures are in either the hexagonal phase or the inverse hexagonal phase. In the 

hexagonal phase, the surfactants self assemble into a hexagonal lattice of cylinders with 

surfactant's hydrophobic domains hidden from the hydrophilic interstices' between the 

cylinders. This structure can be used for separations, as shown in FIG. 2. The hydrophilic 
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domains of surfactants are represented by the black circles. The hydrophobic domains of the 

surfactants are represented by black lines. FIG. 2A is a top view of hexagonal packing of the 

hexagonal phase. FIG. 2B is a side cut view of the hexagonal phase of the surfactants 

organized in a close packed configuration. In both FIG. 2A and FIG. 2B, the shaded grey area 

5 preferably comprises a solid, non-porous stabilization material, for example silica, an organic 

polymer, or a polymerizable group on some or all of the surfactants in the mesostructure. FIG. 

2C is a top down view of a single surfactant cylinder in the hexagonal phase. The arrows 

show the path of molecules between the surfactants. During assembly of the material, 

hydrophobic molecules can be solvated within the cylinder. After assembly, they can remain 

10 or be removed. Both methods enable transport through the material. FIG. 2D is a side cut 

view of one cylinder in the hexagonal phase. The arrows show the path of molecules between 

the surfactants. 

In the inverse hexagonal phase, they self assemble into a hexagonal lattice of 

cylinders with the surfactant's hydrophilic domains of the surfactants facing inward and the 

15 surfactant's hydrophobic domains facing outward from the cylinders towards the hydrophobic 

interstices. This phase may also be used for separations, as shown in FIG. 3. The 

hydrophilic domains of surfactants are represented by the black circles. The hydrophobic 

domains of the surfactants are represented by grey lines. FIG. 3A is a top view of hexagonal 

packing of the cylinders in the inverse hexagonal phase. FIG. 3B is a side cut view of the 

20 inverse hexagonal phase of the surfactants organized in a close packed configuration. In both 

FIG. 3A and FIG. 3B, the shaded grey area preferably comprises a solid, non-porous 

stabilization material, for example silica, an organic polymer, or a polymerizable group on 

some or all of the surfactants in the mesostructure. FIG. 3C is a top view of a single surfactant 

cylinder in the inverse hexagonal phase. The arrows show the path of molecules between the 

25 surfactants. During assembly of the material, hydrophilic molecules can be solvated within the 

cylinder. After assembly, they can remain or be removed. Both methods enable transport 

through the material. FIG. 3D is a side cut view of one cylinder in the inverse hexagonal 

phase. The arrows show the path of molecules through the surfactant cylinder. Both 

hexagonal and inverse hexagonal structures allow for the separation of molecules using the 

30 inside of the hexagonal cylinder. The size of the pores within the hexagonal cylinder can be 

controlled by at least two mechanisms. The first mechanism is the choice of surfactant(s) to 
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form the structure. Surfactants cannot perfectly pack to create porosity in the interstices 

between the hydrophilic surfactant heads or hydrophobic surfactant tails for the inverse 

hexagonal phase or hexagonal phase, respectively. As a model of imperfect packing, a 

cetrimonium bromide (CTAB) micelle is roughly 50 A in diameter but the length of an 

5 individual molecule is roughly 20 A. This suggest a molecule as large as 10 A in diameter 

could fit through the micelle. Because a slice of a surfactant cylinder in the hexagonal phase 

is a two dimensional micelle, it has the same porosity as a three dimensional micelle, 10 A. 

Examples of those molecules include linear molecules, for example but not limited to alkanes, 

alkenes, alkylenes, ethers, and esters, since the terminal methyl group has a diameter of 

10 roughly 3.14 A. In one embodiment, poor packing of the hydrophobic domains can be 

created by using one or more surfactants with large hydrophilic domains or large and/or 

branched hydrophobic domains. 

The second mechanism for controlling the size of the pores within the hexagonal 

cylinder is the cylinders within the structure (both hexagonal and inverse hexagonal) solvating 

15 a solution during self assembly. The solution may or may not be extracted after self 

assembly. Simple methods to extract the solvent include but are not limited to evaporation or 

rinsing after assembly. The amount and chemical composition of the solution defines the 

pore within the cylinders. For hexagonal phase mesostructures, a hydrophobic solution will 

be solvated in the interior of the hexagonal cylinders. Examples of hydrophobic solutions are 

20 alkanes, esters and ethers. For inverse hexagonal phase mesostructure, a hydrophilic 

solution will be solvated in the interior of the hexagonal cylinders. Examples of hydrophilic 

solutions are water, glycerol, ethylene glycol and other high surface tension solvents and any 

accompanying solutes. 

A single surfactant or a combination of surfactants may be chosen to engineer the 

25 selectivity of the surfactant mesostructure. For example, the chain length of the 

phospholipids has been shown to regulate transport across the membrane. Similarly, 

cholesterol is known to affect the structure of biological membranes. For example, a one mol 

to one mol mixture of a single chain cationic surfactant (e.g. CTAB) and an anionic surfactant 

(e.g Sodium dodecyl sulfate) will form a tight packed lamellar structure because the enthalpic 

30 penalty of packing all head groups is reduced due to the charge balance. The result is tighter 

packing of the surfactants within the lamellar layer compared to lipids. Alternatively, a single 
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or a mixture of surfactants could be used where the headgroups are like charged. The result 

is a looser packing of the surfactants within the lamellar layer compared to lipids. Size 

mismatch of surfactants can also be used to affect packing. For example, one surfactant (e.g. 

dimyristoyl phosphatidylcholine) could have two times the area of the other surfactant (e.g. 

5 CTAB). The resulting structure may not be able to achieve a close packed structure do to the 

imperfect sizes of the molecules. The result of non-close packed structure is lager interstitial 

pore size between the surfactants enabling greater flux and less selectivity compared to 

lipids. Many factors affect the final surfactant mesostructure, including but not limited to the 

ratio of diameters of the surfactant in the structure, the relative concentrations of each of the 

10 surfactants, the representative conic shape of the surfactants, the temperature, and the 

thermodynamics of the assembly of the structure. For example, the packing density of lipids 

is modulated by the inclusion of cholesterol. Cholesterol is a planar molecule that sits in the 

interstices of the bilayer, decreasing the interstitial space between molecules. The result is 

tighter packing of the surfactants within the lamellar layer compared to lipids. 

15 Embodiments of the present invention include methods to create macroscopic defects 

in surfactant nanostructures. In this class of embodiments, defects are created in the 

nanostructure during the assembly process. In one embodiment, the film is deposited too 

fast, creating stripe defects due to wetting instabilities. The size of these defects can be 

anywhere from about 1 nm to about 10,000 nm. 

20 Embodiments of the present invention include the use of surfactant mesophases 

other than lamellar, hexagonal, and inverse hexagonal mesophases to perform separations. 

Single surfactants can form several phases, including but not limited to the lamellar phase, 

hexagonal phase, cubic phase, inverse cubic phase, tubular phase, and micelle phase. 

Surfactants can be represented as conic sections. Surfactants have shapes like pie pieces, 

25 wedges, and cylinders. The shape and concentration of the surfactant(s) used directly affect 

the shape of the phase. Furthermore, mixtures of surfactants can be chosen such that 

surfactants will partition into specific phases. For example, cholesterol preferentially partitions 

into saturated lipid phase, and inverse cone surfactants (e.g. Didecyldimethylammonium 

Bromide and Dipalmitoyl Phosphatidylethanolamine) will preferentially partition into the cubic 

30 phase. The choice of a mixture of these can result in unique shapes and structures. The 

resulting surfactant phase can be lamellar, tubular, disordered, cubic, inverse cubic, or any 
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other shape. Surfactants can be stabilized by many techniques. Sol-gel chemistry can be 

used to stabilize surfactants. Stabilizing chemistries include silica, alumina, and titania 

formed from chemical precursors. Precursors can be alk-oxy precursors. For example, 

tetraethyl orthosilicate (TEOS) is a precursor to silica. Surfactants can also be stabilized by 

5 polymerizing groups attached to the surfactants. For example, surfactants comprising epoxy 

groups can be crosslinked to stabilize the mesostructure. 

This embodiment of the present invention is preferably not a surfactant templated sol-

gel material. Surfactant templated sol-gel materials use surfactant liquid crystal mesophases 

to create inverse replicas of desirable nanostructures. With surfactant templated materials, 

10 the surfactant is removed, typically via calcination at 400° C. Large classes of materials (for 

example plastics) are destroyed and/or damaged by the extraction protocols required to 

remove the surfactants. Instead, this embodiment preferably uses retained surfactant 

mesophases as an active layer to enable separations. Structures no longer require the high 

temperature, aggressive solvent extraction, and/or oxidation step to remove the surfactant, 

15 enabling the use of materials of the present embodiment with plastics. 

This embodiment of the present invention preferably uses a unique method to make a 

self assembled surfactant thin film. Typical surfactant templated sol-gel methods require one 

hydrophobic compound, one hydrophilic compound, the surfactant and a mixture of water and 

alcohol as a solvent. The hydrophobic compound typically comprises a metal precursor, i.e. 

20 tetraethyl orthosilicate (TEOS). The hydrophilic compound is typically an acid or a base. In 

contrast, in embodiments of the present invention, use of a hydrophilic compound is not 

required to form a self assembled surfactant thin film or stabilized surfactant mesostructure. 

Free Standing Surfactant-Templated Thin Films 

25 Self assembled surfactant thin films are difficult to assemble on porous films. The 

challenge with self assembly is that the energy difference between the ordered and 

disordered states is at most approximately 4.0 - 5.0 kcal per mol, the energy of a hydrogen 

bond. For comparison, the pi bond in a carbon-carbon double bond (the bond that is used in 

many polymer reactions) contains 63.5 kcal per mol. Therefore differences in the 

30 thermodynamics of assembly dramatically affect the formation of the final structure. For 

example, three Kelvin is one percent of the enthalpy of formation. An additional challenge is 
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that the materials are assembled in the solution phase. This presents a challenge when using 

porous materials since the solution will permeate the material. Once the solution permeates 

the porous media, the self assembly of the surfactants can be disrupted. Embodiments of the 

present invention include methods to localize the assembly of surfactant mesophases to 

5 prevent their disruption, methods to chemically prepare and/or modify surfaces to enable the 

creation of surfactant mesophases on desirable materials, and methods to enable the 

assembly of surfactant mesophases to create desirable structures and materials for all 

applications, including but not limited to separations. 

While embodiments of the present invention include the use of stabilized surfactant 

10 mesostructures for separations, the mechanisms, methods, and applications described in this 

invention area applicable to all self assembled surfactant thin films, including biomimetic thin 

films, surfactant templated sol-gel materials, hybrid biomimetic sol-gel materials, sol-gel 

templated thin films, and block co-polymers. The following is a description of other applicable 

self assembled thin film chemistries. 

15 Embodiments of the present invention involve the self assembly of surfactant 

templated nanostructures from solution in physical confinement by two or more discreet 

surfaces and/or on two or more sides, enabling the creation of a unique class of materials 

which preferably comprise one or more properties of the surfactant templated nanostructure. 

Example surfactant templated nanostructures can be self assembled via a physical 

20 confinement of a templating solution similar to those described by Brinker et al. (US Patent 

No. 6,264,741) and references therein. Solutions typically comprise at least one hydrophobic 

compound, one hydrophilic compound, and at least one amphiphilic surfactant. Classically, 

as solvent is removed, the solution may exceed the critical micelle concentration of the 

surfactant to induce the formation of the nanostructure in the physically confined volume. The 

25 solution may include initiators which are triggered via external electromagnetic field, 

temperature, and/or aging. After formation, the material can be washed to remove excess 

solution or to extract surfactant. Surfactant can also be removed via calcinations. In other 

words, as solvent evaporates, the silica condenses around the surfactant structure, producing 

a three dimensional inverse replica of the surfactant phase. This method enables pore sizes 

30 to be controlled, which is particularly useful for separations. 
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Structures formed by biosurfactants, (e.g. phospholipids) (see, for example, U.S. 

Patent Publication No. 2007/0269662) can be produced in a lamellar phase to block transport 

or via the incorporation of transport regulating molecules such as ion channels to define the 

pores of the material, typically without removing the surfactant. This structure is a biomimetic 

5 surfactant nanostructure ("BSNS"), which has a surfactant defined structure similar to 

previously described surfactant templated nanostructures, and optionally comprises the 

additional function of the surfactant phase partially or completely solvating structures that 

actively or passive regulate transport ("transporters") across the membrane. By co-

assembling these films with components of or into electrochemical cells as electrolytes, they 

10 have the potential to reduce 'crossover' of aqueous molecules and/or ions. By assembling 

these films between Nafion membranes, a free standing surfactant templated membrane can 

be created. Many molecules, macromolecular assemblies, polymers, proteins, etc are 

solvated and can act as transporters in a lipid bilayer. Any surfactant(s), including but not 

limited to natural lipids, may be used including surfactants used to purify proteins, membrane 

15 proteins and ion channels. The simple nature of this method enables simple scaling into 

commercial manufacture and existing post manufacture membrane process. Hierarchical 

structures produced according to the present invention have applications include optics, 

separations, fuel cells, energy storage, energy conversion, chemical manufacture, ion 

exchange, purification, electrochemistry, surface coatings, sequestration, biosensing for 

20 medical diagnosis and/or environmental monitoring, chemical and biological warfare agent 

sequestration, and actuator development. Physical confinement can be used to integrate 

BSNS's with size exclusion membranes, ion exchange membranes, gas diffusion layers, 

catalysts and/or other materials used in electrochemical cells, optionally via multiscale self 

assembly. 

25 Although the use of natural lipids has been demonstrated for surfactant templated 

nanostructures which include transporters, other surfactants may optionally be used. For 

example, surfactants already used for purification of membrane proteins have the potential to 

simultaneously template nanostructures and embed ion channels. Other lipid mimetic 

surfactants could be used to increase stability, resistance or other physical properties of the 

30 resultant nanostructure. Examples of surfactants are Brij, sodium dodecylsuphate, anionic 

surfactants such as sodium laureth sulfate, perfluorooctanoate, perfluorooctanesulfonate, or 
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sodium dodecyl sulfate, cationic surfactants such as cetyl trimethylammonium bromide, or 

zwitterionic surfactants such as 1,2-di-0-tetradecyl-sn-glycero-3-phosphocholine. Any 

zwitterionic surfactant is of particular interest especially if the surfactant spontaneously self 

assembles into vesicles. 

5 Transporters of interest may comprise either natural or synthetic channels. One or more 

channels can be included in the surfactant templated nanostructure as transporters to control 

permeability, transport, and convert molecular gradients into other forms of energy. Channels 

can be passive to enable passive selective membrane transport (e.g. gramicidin), active to 

enable membrane transport against free energy potentials (e.g. rhodopsin), active to allow 

10 passive membrane transport under selective conditions (e.g. voltage gated channels), and/or 

active enabling molecular conversion using passive membrane transport (e.g. ATPase). 

Furthermore, Transporters can work in conjunction when activated by external stimuli 

including electromagnetic field, pressure, and chemical recognition. Transporters can actively 

drive transport against free energy gradients. Materials with biomimetic surfactant 

15 nanostructures assembled between porous surfaces are of particular interest for dialysis, 

separations, electrochemical cells, fuel cells, and batteries. These channels can create 

membranes with sub nanometer pore sizes for a variety of electrolysis applications including 

fuel cells. Non biological transporters can be included in biomimetic surfactant 

nanostructures including but not limited to carbon nanotubes. Many molecules, 

20 macromolecular assemblies, polymers, proteins, etc are solvated in a lipid bilayer. This class 

of structures can regulate transport across a lipid membrane via selective regulation of 

passive diffusion or active regulation. Active enzymes or synthetic variants could be included 

in the membrane to produce a high voltage batteries, chemo-electric energy conversion, 

photo-chemo energy conversion, and/or photo-electric energy conversion. 

25 Embodiments of the present invention utilize surface functionalization chemistry to 

enable and/or enhance the assembly of surfactant mesophases. Surface functionalization 

chemistry changes the surface property or properties of a material without changing the bulk 

properties. An example of surface functionalization chemistry is the chemistry to assembly a 

self assembled monolayer (SAM) of octadecyltrichlorosilane on a silicon wafer. The surface 

30 of the wafer becomes hydrophobic but the mechanical and optical properties remain the 

same. The interaction between the surfactant and the chemically modified surface drives the 
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self assembly and imbues stability to the thin film after assembly. This has been well studied 

in the assembly of a self assembled monolayer on a solid surface. For example, a single 

molecular layer of octadecyltrichlorosilane can be assembled on a silicon wafer to make the 

surface hydrophobic. Previous studies with surfactant bilayers (i.e. supported lipid bilayers) 

5 have demonstrated the effect of substrate preparation on the physical properties of the final 

material. Embodiments of the present invention enable the assembly of surfactant 

mesophases on solid and porous supports. Typical surface functionalization chemistries 

include surface grafting, covalent surface modification, surface adsorption, surface oxidation, 

surface ablation, and surface rinsing. Chemicals can be deposited in the liquid phase and/or 

10 the vapor phase. Molecules that can be covalently attached to a surface including but are not 

limited to silanes, organics, inorganics, metals, and metal oxides. Metal oxides are of interest 

because they can dramatically increase the surface tension of the material. For example, the 

assembly of an alkyl silane can make a hydrophilic surface hydrophobic. The surface 

modification can also enable the ordering and assembly of the surfactants. For example, 

15 calcium can enhances the assembly of surfactants; doping calcium into the supporting 

material can reduce the defects in the surfactant mesophase. For another example, silica can 

stabilize the hydrogen bonding network of lipids. In one embodiment, surface 

functionalization chemistry is used to coat a polyethersulfone ultrafiltration membrane with 

silica. The result is enhanced rejection of solute by the surfactant mesophase assembly, a 

20 result of enhanced assembly in the ordered, lamellar phase. 

Embodiments of the present invention utilize localization of the assembly of surfactant 

mesostructures, which is particularly useful for preventing the wetting of a porous surface by a 

self assembly solution. If the self assembly solution wets the porous surface, the 

mesostructure may be disrupted. One localization mechanism is to drive the surfactant 

25 solution through a phase change at an interface where assembly is to occur using the 

addition of solvent and/or solute. In one embodiment, the porous material is first substantially 

saturated with an aqueous solution (Solution 1). Second, a self assembly solution comprising 

TEOS, dimyristoyl phosphatidylcholine (DMPC), ethanol and water (Solution 2) is deposited 

on the surface. DMPC is preferably in the gas phase in Solution 2 as it is deposited on the 

30 surface. Solution 1 and Solution 2 mix at the surface of the porous material. The DMPC is 

driven to the lamellar phase due to the increase in water concentration. In this embodiment, 
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the self assembly of DMPC is preferably visualized by the solution rapidly increasing in 

viscosity and opacity. This process enables rapid self assembly and can be repeated to 

assemble multiple layers. For example, after the deposition of Solution 2, another coating of 

Solution 1 followed by Solution 2 could be applied. 

5 This mechanism is illustrated in FIG. 4. The porous support is wet by a solution 

(Solution 1). A subsequent Solution (Solution N) is introduced. Surfactants in Solution 1 or 

Solution N are driven through a phase change by the addition of Solution N and/or Solution 1 

respectively. After the assembly at one or more levels of the solute, a second set of solutions 

(Solution 1 and Solution N) can be introduced to repeat the process and/or add additional 

10 coats. Surfactant mesophase self assembly occurs at the interface between Solution 1 and 

Solution N. The final material is a free standing hierarchical material, preferably adhered to a 

support, that has some or all of the properties of both the self assembled surfactant 

mesostructure and the support. This technique is particularly useful for assemblies on porous 

supports. Examples of such properties that may occur in the resulting material include control 

15 of transport of ions and molecules, increase thin film durability, and/or protection and/or 

encasement of thin films with well known antimicrobial nanoparticles. 

In one embodiment, a porous membrane is wet with a polar solvent. In this 

embodiment, the polar solvent is Solution 1. The polar solvent may comprise water, ethylene 

glycol, glycerol or a mixture thereof. The polar solvent may or may be acidic or basic. 

20 Subsequently, an aliquot of self assembling solution in organic solvent is deposited. In this 

embodiment, the organic solvent is Solution N, which preferably comprises surfactants. In 

this specific embodiment, Solution N comprises 5 wt% tetraethyl orthosilicate (TEOS), 1 wt% 

DMPC in organic solvent. The organic solvent may comprise, but is not limited to, one or 

more alchohols, alkanes, esters, ethers, or a mixture thereof. At the interface of the two 

25 solvents, the surfactant is driven through a phase transition to form a surfactant 

mesostructure by the presence of Solution 1. Finally, the solvents evaporate driving the 

assembly of silica to stabilize the surfactant mesostructure at the interface between Solution 1 

and Solution N. FIG. 5 illustrates a slab model of the structure, a schematic of the structure, 

and a iimages of a hydrophilic Teflon membrane before (LEFT) and after (RIGHT) interfacial 

30 assembly. 
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The assembly within the self assembled film and the assembly of the thin film with a 

porous surface make this a multiscale self assembled material. As shown in FIG. 5, on the 

microscale is the assembly of the two films A and B. In this embodiment, A is a 

nanostructured thin film and B is a porous membrane. On the nanoscale is the assembly of 

5 alternating lamella of silica and lipid bilayers illustrated in both A and enlarged in C. Within the 

lipid bilayer is an optional ion channel, gramicidin (the beta ribbon structure in C). In the 

photograph, the left side is a membrane before coating and on the right side is a membrane 

after coating. The membranes are hydrophilic PTFE with 0.1 micron pores and are nominally 

47 mm in diameter. The yellow tint of the membrane on the right is from the natural color of 

10 the lipids, Soy PC (95%) from Avanti Polar Lipids (Alabaster, AL), used in the embodiment 

described above. 

Other methods can be used to localize the self assembly. Self assembly can by 

induced through changing one or more thermodynamic variables including temperature, 

pressure, volume and/or the number of molecules and/or by the application of 

15 electromagnetic field. External stimuli including optical energy, ultraviolet light, 

electrophoretic fields, and/or alternating current electric fields may direct the assembly to align 

molecules, pores, or channels. Both optical and electrical external fields can direct the 

assembly of model, colloidal systems. 

20 Physical Confinement Manufacturing Methods 

Embodiments of the present invention utilize physical confinement of a surfactant self 

assembly solution which preferably simultaneously templates the film structure, drives film 

assembly, and assembles the thin film with the surfaces used for physical confinement 

resulting in a single unique material. During physical confinement based self assembly, both 

25 multiscale assembly and hierarchical assembly can occur. In embodiments of the present 

invention, there can be many scales of assembly, such as self assembly on the nanoscale 

within the nanostructured thin film and self assembly on the macroscale between the 

nanostructured thin film and the surface(s) used for physical confinement. In embodiments of 

the present invention, there can be many levels of assembly including intermolecular 

30 assembly (e.g. surfactant-surfactant assembly), molecular assembly (e.g. silica 

condensation), material assembly (e.g. the thin film assembling with the surfaces), the 

-26-



WO 2011/146936 PCT/US2011/037605 

assembly based upon interaction of the surfactant with the solvent, and the assembly based 

upon the interaction of the surfaces with the self assembly solution. 

The interplay of the physical and chemical topology of the confining surfaces, the 

method used to induce assembly, and the mixture of the self assembling solution all can 

5 determine the final structure of the material. Unique classes of surfaces can be integrated 

with surfactant template nanostructures via the present invention, including but not limited to 

surfaces comprising one or more of the following characteristics: solid, porous, chemically 

layered (e.g. a thin film self assembled on a surface or a chemical spin coated on a solid 

surface), physically layered (e.g. one or more surfaces on top of a solid surface), comprising 

10 macroscopic features, comprising microscopic features, comprising non-radially symmetric 

surfaces, an inability to form a stable meniscus, more than two dimensions of physical 

features, and/or non homogeneous surface chemistry. Surfaces used for assembly can be 

designed for modification and/or removal after assembly without destroying the remaining 

material such that surfaces can be removed after assembly without complete annihilation of 

15 the material. Embodiments of the present invention preferably comprise robust methods to 

rationally design, simultaneously assemble, template and integrate surfactant templated 

nanostructures. Hierarchical assembly can produce materials in a single step that normally 

would require multiple steps, e.g. membrane electrode assemblies, sensors, or switches. 

Two important aspects of the assembly of self assembled surfactant thin films on 

20 porous plastic supports are the surface functionalization chemistry of the support and the 

interfacial polymerization method. Taken together with the physical confinement method, 

these enable the formation of the final material, a self assembled surfactant thin film at the 

surface of a porous plastic support. 

Embodiments of surfactant mesophases of the present invention can perform 

25 separations. The assembly method and the resulting biomimetic surfactant nanostructure are 

illustrated in FIG. 6. In this embodiment, two membranes or porous surfaces are prepared as 

supports for a self assembly solution using one of a variety of protocols, which are defined 

under "Material Preparations" in the examples section. Protocols of importance include but 

are not limited to surface cleaning with solvents, surface oxidation, and/or surface chemical 

30 deposition. The material was composed of two PES membranes integrated with a biomimetic 

surfactant templated sol-gel thin film. Two polyethersulfone (PES) membranes were soaked 
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in 18.2 MQ water then placed on two different planar Teflon pieces, used for physical 

confinement. An aliquout (~500ul) of 10 wt% of 10 mol DLPC: 1 mol gramicidin in stock silica 

solution was dispensed via micropipette on one of the PES membranes. The second Nafion 

membrane backed by Teflon was used to sandwich the BSNS solution between the two 

5 membranes, as shown in FIG. 6A. The pieces were allowed to sit together in contact. 

Samples were dried at room temperature for greater than one hour before being heated to 

80° C for over 3 hours. Finally, to model the assembly of a membrane electrode assembly, 

some samples were heated to over 130°C for 15 minutes. After cooling the samples slowly, 

the Teflon materials were removed to produce free standing membranes, as shown in FIG. 

10 6B. In this embodiment, Teflon was used for physical confinement. Alternatively, any solid 

surface can be used, including metal, plastic, ceramic, glass, and organic (e.g. wood). The 

membrane is 4 cm x 4 cm. The confinement simultaneously drives assembly and integrates 

the resultant film with the physical confining assembly. 

FIG. 7 is a schematic of the resulting biomimetic surfactant nanostructure structure in 

15 this embodiment: two supporting porous materials sandwiching a lamellar nanostructure with 

alternating silica layers and lipid bilayers. The material is a multiscale self assembled 

material. Microscale assembly is of the three films (A, B, and C). In this embodiment, A and 

C are porous membranes and B is a nanostructured thin film. Nanoscale assembly is the 

lamellar alternating silica layers and lipid bilayers (B and D). Within the lipid bilayer is the ion 

20 channel, gramicidin (the beta ribbon structure in D). Alternatively, only one of supporting 

porous materials (A or C) may be used. 

Physical confinement also enables the use of roll coating. A self assembly solution is 

sandwiched between a porous support material and a cylindrical roller. The temperature of 

the roller can be controlled to control the evaporation rate of the solution. The solution can be 

25 directly applied to the roller. The roller can be applied more than once to the self assembly 

solution on the porous material. The roller can push or pull the support material through one 

or more process steps. The sandwich enables an even deposition of material on the porous 

support material. 

FIG. 8 shows a several different physical confinement methods: confinement by two 

30 solid surfaces (A), confinement of the self assembly solution and two porous materials (B) 

and a prototype high-throughput device and system to assemble many materials with unique 
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chemistries simultaneously (C). The high-throughput device is a Teflon plate with holes in it 

and a solid piece of Teflon sandwiched a piece of Nafion. Surfactant templating solution was 

added to each well followed by a Nafion membrane and a piece of Teflon such that the Nafion 

was supported by Teflon. The material was self assembled in physical confinement using a 

5 multistep drying protocol. After assembly, the setup was disassembled to retrieve the new, 

freestanding membrane material. The center image is of the system during assembly. The 

right image is of the disassembled structure after assembly of the material. 

FIG. 8 illustrates several different examples of physical confinement of surfactant 

templated sol gel solution and the resulting materials. A surfactant templated sol gel solution 

10 was deposited on a freshly oxidized silcon wafer. Afterwards, a silica coverslip with a self 

assembled monolayer of octadecyltrichlorosilane was used to sandwich the solution between 

the two discreet surfaces. Once drying was complete, a thin film remained on the surface 

after the removal of the coverslip. FIG. 8A shows a hydrophobic and a hydrophilic surface 

sandwiching a surfactant templated sol gel solution. After drying the film, the hydrophobic 

15 surface was removed. The images are of the film after removal. 

FIG. 8B shows a schematic of another embodiment of a physically confining 

"sandwich". To assemble the membranes, two Nafion membranes were soaked in silica 

precursor solution then placed on two different planar Teflon pieces. An aliquout (~100jjl) of 

5 wt% BSNS solution was dispensed via micropipette on one Nafion membrane. The second 

20 Nafion membrane backed by Teflon was used to sandwich the BSNS solution between the 

two membranes. (Alternatively, in other embodiments the membranes may be supported by 

any solid surface or gas diffusion layers (GDLs) on a solid surface.) The surfaces were held 

together by alligator clips. Samples were allowed to dry at room temperature for greater than 

one hour before being heated to 80° C for over 3 hours. Finally, to model the assembly of a 

25 membrane electrode assembly, some samples were heated to over 130°C for 15 minutes. 

After cooling the samples slowly, the Teflon surfaces were removed to produce free standing 

membranes. 

The resulting membrane was stable to shear forces that are generated by rubbing the 

membrane with two fingers and to any strain forces induced by peeling with tweezers. No 

30 precautions were necessary to prevent the membranes from being damage during in typical 

laboratory typical of a Nafion membrane. The center image is of a typical sample membrane 
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without the surfactant in the templating solution after assembly. The final material is a 

translucent white. The right image is of a representative free standing BSNS after assembly 

with the surfactant in the templating solution. The yellow color of the membrane is unique to 

lipids assembled into a BSNS in physical confinement. Lipids evaporated on a surface do not 

5 yellow after a similar heat treatment. Due to the comparable periodicity of the surfactant 

templated nanostructure and the wavelength of visible light, the yellow color is likely a result 

of scattering from the lamellar nanostructure. These membranes were stable despite 

dehydration, up to 130° C heat treatment, and pressure treatment via two solid surfaces and 

alligator clips. 

10 FIG. 8C shows a modification of Fig 8B, illustrating a prototype high-throughput 

device and system to assemble many materials with unique chemistries simultaneously. A 

Teflon plate with holes in it and a solid piece of Teflon sandwiched a piece of Nafion. 

Surfactant templating solution was added to each well followed by a Nafion membrane and a 

piece of Teflon such that the Nafion was supported by Teflon. The material was self 

15 assembled in physical confinement using a multistep drying protocol. After assembly, the 

setup was disassembled to retrieve the new, freestanding membrane material. The center 

image is of the system during assembly. The right image is of the disassembled structure 

after assembly of the material. 

The following embodiments of the present invention demonstrate how surface 

20 functionalization chemistry enhances the assembly of the surfactant mesostructure, which 

can be observed by the improved rejection of solute. The surfactant mesophases are used 

as reverse osmosis membrane to separate methanol from water. FIG. 9 shows the effect of 

surface preparation techniques versus the flux and methanol rejection of the membrane. 

Here, performance is defined by two metrics: methanol rejection percentage and solution flux. 

25 Methanol rejection percentage is one minus the ratio of the permeate methanol concentration 

to the feed methanol concentration. The rejection percentage of 25% v/v methanol (Rej%) as 

a function of the Preparation Method of the porous surfaces used to support the free standing 

surfactant templated thin film is shown in FIG. 9A. Solution flux is the volume of solution per 

time for constant area through the membrane, shown for each preparation method in FIG. 9B. 

30 Three representative methods were examined: chemical cleaning (Rinse Clean), surface 

oxidation (UV Clean and H202Boil), chemical deposition (TEOS), and combinations thereof. 
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In this embodiment, the self assembly solution contained 10 wt% of 10 mol DLPC: 1 mol 

gramicidin in stock silica solution. In this embodiment, the self assembly solution was 

sandwiched by two 0.03 micron polyethersulfone (PES) membranes. The effective area of the 

membrane was 1.13 cm2. Separations were performed at 5 PSI. Methanol separation was 

5 not observed in control experiments with the stock PES membranes. Because the pore size 

of a PES membrane (30 nm) is much greater than the diameter of methanol (0.41 nm), 

rejection of methanol was not expected. Rejection of methanol (FIG. 9 samples: UV Clean 

UV Clean Net, H202 Boil, H202 Boil TEOS) demonstrates the surfactant mesophase 

membrane's ability to perform a small molecule reverse osmosis separation. 

10 Furthermore, FIG. 10 compares the flux of pure water and 25% w%/w% methanol in 

water through a single free standing biomimetic surfactant mesophase membrane, assembled 

from a 10 lipid wt% solution comprising 10:1 DLPC to Gramicidin between two PES 

membranes prepared using UV clean, at 5 psi - 15 psi. The >50% reduction in the flux of 

the 25 w%/w% methanolic solution vs. pure water flux at all pressures is a result of 

15 concentration polarization, an increase in solute (methanol) concentration at the membrane 

surface due to the selectivity of the membrane for water. Furthermore, as the flux increases 

with pressure, the relative difference between the flux of 25% w%/w% methanol solution and 

pure solvent (18.2 MQ water) increases. This is expected since the effects of concentration 

polarization are a function of membrane flux; that is, more methanol is accumulated at the 

20 surface when the flux of the solution through the membrane increases. 

Embodiments of the present invention use the conformal coating of self assembled 

surfactant thin films on hollow fiber membranes. Ultrafiltration and microfiltration membranes 

can be constructed as hollow cylinders. In the wall of the fiber are pores typically ranging in 

size from about 30 nm to hundreds of microns. In one embodiment, a hollow fiber is coated 

25 with silica using the H202 Boil TEOS method. The fiber is then rinsed with water. 

Afterwards, the fiber is filled with surfactant self assembly solution. After filling the fiber with 

surfactant self assembly solution it is sealed at both ends. The solvent is allowed to 

evaporate through the pores of the membrane. After heating for one day in an oven at 80° C, 

the inside of the fiber is preferably rinsed with water. The inside of the fiber is coated by the 

30 surfactant self assembled thin film. 
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Materials constructed in accordance with embodiments of the present invention 

preferably integrate a self assembled nanostructure and/or thin film with surfaces used for 

confinement; the resulting material then preferably has some or all of the properties of both 

the self assembled nanostructure and the surfaces. Examples of such surface properties that 

5 may occur in the resulting material include control of transport of ions and molecules, 

increase thin film durability, and/or protection and/or encasement of thin films. Surfaces used 

for assembly may be removed or modified after assembly without annihilating the material. 

Although theory suggests that surfactant templated nanostructures can produce 

useful structures for separations, the challenge of defect free assembly has prevented them 

10 from being so used. By employing one or more membranes to physically confine a surfactant 

templated nanostructure self assembled solution, the resultant selectivity of the final material 

can be a composite of the integrated membrane(s) and the nanostructured thin film. In one 

embodiment, a biomimetic thin film with high conductivity and high selectivity can be 

assembled on a Nafion film. Because of the thin nature of the film, the conductivity of the thin 

15 film is negligible compared to Nafion. The structure of the film makes the conductivity of other 

ions more difficult. The biomimetic thin film is a z-dimensional crystal of lipid bilayers and sol-

gel silica. Within each lipid bilayer is an ion channel, gramicidin. Because of the combined 

resistance of the resultant material, a short circuit through the membrane caused by a pinhole 

defect in the biomimetic film is not possible. Furthermore, the final material can be free 

20 standing, e.g. it can be handled, moved, manipulated and applied without additional the need 

for special techniques and/or equipment. Hierarchical structures produced in this method 

have applications in optics, separations, fuel cells, electrochemistry, surface coatings, 

sequestration, biosensing for medical diagnosis and/or environmental monitoring, chemical 

and biological warfare agent sequestration, and actuator development. 

25 There are many different configurations to physically confine a surfactant templated 

sol gel solution, such as those comprising self assembly of model colloidal systems. One 

configuration of physical confinement is introducing a surfactant self assembly solution 

between two or more discreet surfaces. One example is a surfactant sol gel solution 

sandwiched between two planar surfaces. One configuration of physical confinement is 

30 introducing a surfactant self assembly solution into a volume that has two or more sides. An 

example is a single folded surface, which has three interior sides: the top surface, the bottom 
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surface, and the surface of the fold. Another configuration is the physical confinement of a 

self assembly solution by a single surface with three dimensional topography, such as 

surfaces with no symmetric axes, molded surfaces, microfabricated surfaces, or etched 

surfaces. In this example, the sides of the single three dimensional surfaces confine the 

5 surfactant templated sol gel solution. 

In FIG. 11, BSNS membranes prepared from a stock and a diluted self assembly 

solution are compared. The stock membrane was prepared with a typical lipid solution 10 

wt% of 10 mol DLPC: 1 mol gramicidin in stock silica solution. A dilute membrane was 

prepared with a typical lipid solution 10 wt% of 10 mol DLPC: 1 mol gramicidin in stock silica 

10 solution diluted 1:1 v%/v% with ethanol. Both membranes were assembled between two PES 

membranes prepared via UV Clean. The effective area of the membranes was 2 cm2. With a 

lower concentration of BSNS self assembly solution and constant area of the supporting 

membrane and constant volume of the self assembly solution, there is less material to 

assemble into the BSNS film. The membrane produced with the diluted self assembly 

15 solution (UV Clean Dilution 1:1) behaves likes a thinner membrane compared to the 

membrane produced with the stock self assembly solution: it has lesser methanol rejection 

(FIG. 11 A) and greater solution flux (FIG. 11B) than a 10 wt% of 10 mol DLPC: 1 mol 

gramicidin in stock silica solution assembled between two PES membranes prepared via UV 

Clean (Standard Biomimetic surfactant nanostructure). 

20 In one embodiment of the present invention, the thickness of the resultant thin film is 

controlled by physical confinement of the membrane in a groove. A one dimensional cell is 

constructed preferably comprising at least one linear groove running the length of the cell. 

The membrane preferably sits flat at the bottom of the groove. The membrane is preferably 

first coated with water. Then, surfactant self assembly solution is placed on the membrane. 

25 The volume of the solution is preferably chosen such that it exceeds the height of the groove. 

The excess volume is then preferably removed with a blade, a straight edge and/or a roller. 

The thickness of the final film is determined by the depth of the groove and the solids 

contents of the surfactant self assembly solution. FIG. 12 shows the decrease in permeability 

of a membrane self assembled in physical confinement with a linear groove (Groove) 

30 compared to a membrane self assembled in physical confinement between a roller and a flat 

piece of Teflon (No Groove). Two 20 wt% DLPC solution were self assembled on a UV Clean 
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0.1 micron PES membrane. The solution was self assembled using the interfacial method 

and by physically confining the solution between a roller and the porous membrane. Before 

assembly, one membrane was placed at the bottom of a groove. The depth of the groove 

was half a millimeter. The result was an increase in the volume of self assembly solution that 

5 coated the membrane. The membranes were loaded into a dead end cartridge. The water 

permeability was measured at 5 PSI. When the water permeability was measured, the 

material that was assembled in the groove had a lower permeability than the material 

assembled on a flat surface. The increase in confining volume of the membrane self 

assembled in a groove results in a thicker stabilized surfactant mesostructure thin film. The 

10 increase in thin film thickness results in decreased thin film permeability. 

One potential confinement scheme comprises a surfactant templated thin film 

assembled into complex three dimensional geometries, such as the self assembly of colloids 

in physical confinement where one or more surfaces has asymmetric three dimensional 

topology (Yang et al, "Opal chips: vectorial growth of colloidal crystal patterns inside silicon 

15 wafers", Chem. Commun. 2000, 2507-2508). For example, a surface can be a molded 

polydimethylsiloxane (PDMS) surface with three dimensional topology, or alternatively an 

etched silicon wafer. The surfactant templated nanostructure preferably assembles 

preferentially in the groves due to solvent evaporation from between the sides of the three 

dimensional solid surface(s). This scheme templates and integrates the surfactant templated 

20 nanostructure with a three dimensional surface. Some embodiments comprise localize 

assembly within channels, and/or nanoscale patterns for microfluidic and optical applications, 

This architecture preferably gives the thin film the stability of the solid surface and the access 

to through transport that is not possible with other assembly methods. The preferable result 

is a multiscale self assembled material for which the surfaces protect and scaffold the 

25 nanomaterial and the nanomaterial adds a new functionality. 

Another physical confinement scheme combines chemical patterning with physical 

confinement to enable self assembly and patterning of the surfactant templated 

nanostructure. This scheme has been demonstrated to self assemble and pattern model 

colloidal systems (Brozell et al, "Formation of Spatially Patterned Colloidal Photonic Crystals 

30 through the Control of Capillary Forces and Template Recognition", Langmuir, 21, 2005, 

11588-11591). In this scheme, the thin film assembly is driven by the physical confinement of 
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two surfaces. One or more moieties on the chemically patterned surface(s) cause the thin 

film to be unstable. Post assembly, the thin film is destroyed in the unstable regions. In one 

example, a thin film could be assembled between a patterned wettability surface and a 

hydrophilic surface. There are many methods to pattern surface wettability. One example is 

5 to create a uniformly hydrophobic surface using a hydrophobic self assembling silane then 

selectively remove the silane with deep UV lithography. Two examples of hydrophobic 

silanes are octadecyltrichlorosilane (CH3(CH2)i7SiCI3, OTS) (90% Aldrich) and 

fluoroalkyltrichlorosilane (CF3 (CF2)ioC2H4SiCl3, 1,1,2,2, tetramethylene fluorodecyl 

tricholorosilane, FDTS). They are assembly by allowing a freshly oxidized surface to incubate 

10 in 2.5 mM solution (100 ml vol.) with anhydrous hexadecane (99% Sigma-Aldrich) or HPLC-

grade toluene (99% Sigma-Aldrich) is preferably used as the solvent. All silanisation 

reactions are preferably carried out in glass containers under nominally dry ambient 

conditions (relative humidity < 20%). After 60 min incubation, samples are preferably removed 

from the solution, the surface is rinsed extensively with chloroform and acetone, and dried 

15 under a stream of nitrogen. Silanes are preferably lithographically removed via a combination 

of short-wavelength UV lithography (187, 254 nm) using an ozone-generating medium 

pressure Hg lamp (UVP, Inc) enveloped in quartz sheath and a quartz lithographic mask with 

chrome features. Other methods for patterning wettability include micro contact printing. 

Patterned surfaces include those surfaces displaying a pattern of electrodes. 

20 This invention enables the assembly of self assembled thin films technologies, 

including but not limited to stabilized surfactant mesostructure thin films and surfactant 

templated sol-gel thin films, on many surfaces unable to be used with standard techniques of 

dip coating and spin coating. Many surfaces can be used for physical confinement, such as 

Teflon, plastic, acrylic, Nafion, ceramic, silica, silicon, a semiconductor, an oxide, gold, glass, 

25 metal, polymers, poly di-methyl siloxane (PDMS), molded polymers, membranes, poly 

carbonate membranes, size exclusion membranes, ion exchange membranes or graphite. 

These surfaces can be planar, radially or spherically symmetric (e.g. ball bearings), 

cylindrically symmetric (e.g. rollers), have two dimensional physical and/or chemical topology, 

and/or have three dimensional physical and/or chemical topology. A surface may be a roller 

30 or a press used in manufacturing. Surfaces can be layered, including one or more chemical 

and/or physical layers. Chemical layers include but are not limited to self assembled layers, 
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physically absorbed layers, and deposited layers (e.g. Langmuir Blodgett assembled layers or 

spin coated layers). Physical layers include but are not limited to: microporous surfaces, 

macroporous surfaces, layers with desirable electrical properties, and layers with desireable 

optical properties. 

5 Porous surfaces, such as Nafion (of any thickness, including but not limited to Nafion 

117), ion exchange membranes, carbon felt, carbon cloth, cellulose membranes, poly amide 

membranes, polyvinyl membranes, poly carbonate membranes, other membranes, gas 

diffusion layer, gas diffusion electrode, metals, Teflon, plastic, silica gels, Nafion, carbon 

cloths, UltrexTM (Membranes-International Ltd.), Neosepta® AHA membrane (Eurodia 

10 Industrie SA), size exclusion membranes, and/or gas diffusion electrodes can be used. For 

porous materials, the physical and chemical topology of the material and its pore size typically 

define the final structure and function of the material. Pores sizes can be either macroscale 

or microscale or both. A macroscale pore allows for the permeation of the surfactant through 

the material, preferably assembling the surfactant templated nanostructure within the 

15 membrane. A microscale pore structure typically prevents or limits the permeation of 

surfactant throughout the material, preferably assembling the surfactant templated 

nanostructure on or near the surface of the membrane. The pore size characterization 

(macropore vs micropore) is preferably defined by the physical chemistry of the surfactant, 

not the geometry of the pore. Surfactants have a coherence length. Thus, a material may 

20 have macroscale pores for one surfactant solution and microscale pores for a different 

surfactant solution. For example, lipids vesicles at 1 mg/ml concentration in aqueous 

conditions will self assemble on top of a colloidal crystal with 45 nm pores, in which case the 

surface is microporous. Triton-X, a different surfactant, will permeate a colloidal crystal with 

45 nm pores, in which case the surface is macroporous. 

25 Particular embodiments of this invention include the automated manufacturing of the 

surfactant self assembled thin films including stabilized surfactant mesostructures, biomimetic 

surfactant mesostructures and sol-gel templated mesostructures. This invention includes 

many automated or mass production manufacturing techniques for these films including spray 

coating, painting, inkjet printing, roll coating, reverse roll coating, blade coating, gravure 

30 coating, gap coating, immersion coating, curtain coating, metering rod coating, slot coating, 

air knife coating and knife coating. FIG. 13 illustrates a representative, but not limiting, 
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configuration of an automated system to manufacture self assembled thin films on 

membranes and other materials. Each Point, labeled with a letter A - H, may or may not be 

included in a manufacturing system. Point A is where the deposition of the self assembly 

solution occurs. Point B and Point C are pre and post processing steps respectively. In these 

5 steps the material may be subject to one, some, or all of the following: changes in 

temperature, exposure to an oxidative environment (e.g. ozone producing UV light, ozone 

gas), deposition of chemicals (e.g. to promote adhesion), chemical rinse or cleaning, the 

addition or removal of material, chemical etchants, pressure, and/or tension, etc. Point D is 

the material feed. This material can be anything including, but not limited to, a membrane, a 

10 PTFE membrane, a PES membrane, a PVP membrane, a plastic, carbon cloth, carbon felt, or 

any other material. Before assembly, the material can be washed in water and/or other 

solvents, temperature treated, placed in an ultra sonic bath, and/or have other molecules 

deposited on it. Point E is the final material. Material at this point can be, but is not limited to, 

a roll of membrane, a spiral membrane cartridge, or an intermediate point in a larger process. 

15 Point F is the material feed going through manufacturing. Point G is separate material being 

fed into the final material at Point E. Point H is a separate material which undergoes one, 

some, or all of the processing of the material in Point F and is fed into the material in Point E. 

In some instances, the material from either Point F or Point G will induce physical 

confinement of the self assembly material deposited on Point F and rolled into point E. The 

20 orientation of this device is only exemplary, and the elements may be re-arranged in many 

suitable orientations with respect to the vertical direction for carrying out the method steps 

shown. Additional conventional supports, such as guides, rollers, and the like, may be used 

to support, tension, turn, and/or twist the feed membrane and the biomimetic surfactant 

nanostructure. 

25 Certain embodiments of methods of the present invention comprise one or more 

annealing steps after the deposition of the surfactant self assembly solution. The addition of 

a specific solution enables some of the surfactant to escape from the ordered phase into the 

disordered phase. The solution is preferably chosen based on the phase diagram of the 

multi-component mixture which includes at least two solvents and the surfactant. The 

30 subsequent addition of a second specific solution and/or evaporation drives some of the 

surfactant into the ordered phase. The second solution is also preferably chosen from the 
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multi-component phase diagram such that the surfactant is driven into the desired ordered 

phase. The ordered phase of the surfactant after any of the annealing processes can be 

unique, and the surfactant can be in another phase within the material. The process may be 

repeated with all three or any combination of the steps one or more times. This process 

5 anneals the surfactant mesophase to remove defects and excess surfactant and/or to add an 

additional phase of surfactant. This annealing process is similar to the annealing of metal or 

glass to reduce the likelihood of material fracture. In FIG. 14, the permeability of two 

membranes are compared where the only difference is the annealing step. The membranes 

are UV Clean 20 wt% 10:1 DLPC to Gramicidin on 0.1 micron PES membrane. The 

10 permeability of the membranes was measured using a home built cross flow membrane test 

cell. The pressure drop across the cell was 55 PSI. The annealed membrane shows higher 

permeability with no loss in rejection to fluorescein salt. 

Embodiments of the present invention allow for the deposition on both sides of the 

material to create symmetric membranes. When the interfacial self assembly method is used, 

15 resulting in an asymmetric membrane; that is a membrane with a thin film on only one side. 

The process to deposit a self assembled surfactant thin film can be repeated on the other side 

of the porous material. A schematic comparing asymmetric and symmetric membranes is 

shown in FIG 15. In one embodiment, a UV Clean 20 wt% DLPC on 0.1 micron PES 

membrane was assembled. After curing the membrane for one day at 80° C, the process was 

20 repeated on the other side of the PES membrane. A forward osmosis experiment was 

conducted between two 10 L buckets of water. The conductivity of the feed was less than 1 

|jS / cm. The conductivity of the brine was 110 mS/cm. The solute in the brine was NaCI. 

The pressure drop was 5 PSI from the feed to the brine. The membrane area was 3 square 

inches and it was tested in a homebuilt cross flow test cell. As expected, the double-sided 

25 membrane demonstrated a lower diffusion rate of salt form the brine into the feed of the 

experiment, as shown in FIG. 16. 

Embodiments of the present invention comprise surface functionalization chemistry of 

the final material. Surfactants can be cationic, anionic, or zwitterionic. For reverse osmosis, 

this presents a challenge for salts since according to DLVO theory salt in solution will form a 

30 double layer at the membrane surface. The opposite is true for a hydrophobic surface in 

solution. There will be a decreased density of water at the surface resulting in a decreased 
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density of dissolved ions. Surface functionalization chemistry can render surfaces hydrophilic 

or hydrophobic depending on the application (e.g. forward osmosis versus reverse osmosis). 

In one embodiment of the present invention, the surface of the material is methylated 

with (CH3 CH20)(CH3)3Si to render the material hydrophobic. The result is a hydrophobic 

5 membrane with sub nanometer porosity for the extraction of low surface tension liquids, e.g. 

alkanes and alcohols, from water. In FIG. 17, several 10|jl drops were placed on a UV Clean 

20 wt% DLPC on 0.1 micron PES membrane (left sample) and a UV Clean 20 wt% DLPC on 

0.1 micron PES membrane which after assembly and curing was surface functionalized with a 

methylated silane (specifically, 600 microliters of 10 wt% ethoxy(trimethyl)silane) (right 

10 sample). The resulting material is more hydrophobic than the original material, as shown by 

the water drop spreading less on the treated hydrophobic membrane surface than on the 

untreated hydrophilic membrane surface. 

Self assembled thin films on porous supports can be used in many configurations for 

separations. FIG. 18 illustrates one embodiment of a flat sheet membrane cartridge 

15 configuration. In this configuration water flows perpendicular to the surface of the membrane. 

Water passing through the membrane (the permeate) has a lower concentration of solutes 

than the retentate (water remaining in the cartridge). (A) denotes the flow of the retentate and 

(B) denotes the flow of the permeate. (C and G) are a fitting or a combination of fittings 

holding the biomimetic surfactant nanostructure in place. (D) is an optional porous material 

20 supporting and/or structuring the biomimetic surfactant nanostructure. In some embodiments, 

this layer comprises metal washer, which is of particular importance in applications requiring 

the membrane to be backflushed and/or to prevent membrane leaking. (E) denotes the 

biomimetic surfactant nanostructure and (F) is an optional porous material to increase the 

mechanical stability of the biomimetic surfactant nanostructure. (H) is an optional outlet 

25 enabling flow or draining of rejected solution. All data presented in the Examples for this 

configuration were measured using a flat sheet membrane cartridge without a drain and/or 

rejection flow. 

FIGS. 19 and 20 illustrate embodiments of the invention used in spiral wound 

membrane cartridges. In this configuration, water flow is tangential to the membrane surface. 

30 For concentration applications (FIG. 19), solution can pass directly through the core on which 

the membrane is wound. The retentate (the solution within the core) is enriched as it travels 
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down the core and water selectively permeates tangentially through the spiral wrapped 

membrane. (A) denotes the flow of the retentate. (B) is the spiral membrane cartridge. (C) 

is the flow of the water being removed from the solution and (D) is the flow of the concentrate. 

(E) is a hollow core that is porous allowing for tangential flow. (F) denotes a membrane spiral 

5 comprising one or more layers. These layers may comprise a single piece or multiple pieces. 

Each layer can be identical or different. It is preferable to dispose a large pore mesh between 

the biomimetic surfactant nanostructure layers to distribute the pressure evenly across the 

biomimetic surfactant nanostructure surface. (G) is the direction of the flow of the removed 

water. For water purification and concentration applications (FIG. 20), the core preferably 

10 comprises a stop to prevent direct flow of feed solution. (A) denotes the flow of the retentate. 

(B) is a flow stop. (C) is the flow of the water being purified. (D and I) denote a solid layer to 

prevent the loss of water from the cartridge. (E) is the flow of rejected solution and (F) is the 

flow of purified water. (G) is a hollow core that allows for tangential water flow with a direct 

flow stop. The hollow core preferably comprises a pore size greater than 0.03 microns. (H) 

15 denotes the membrane spiral, which preferably comprises multiple layers. These layers may 

comprise a single piece or multiple pieces. Each layer can be identical or distinct. It is 

preferable to dispose a large pore mesh between the biomimetic surfactant nanostructure 

layers to distribute the pressure evenly across the biomimetic surfactant nanostructure 

surface. Water must flow through the membrane, and return into the core behind the stop, to 

20 be collected in the permeate. Rejected water falls out of the side. 

Other configurations than those presented including configurations with differing 

material orientation, flow direction, additional depositions of chemical, insertion of one or more 

electrodes, and/or additions of thin films may be preferable on an application specific basis. 

For example, to use of the biomimetic surfactant nanostructure for ion exchange applications 

25 or in a fuel cell, inserting electrodes on either side of the biomimetic surfactant nanostructure 

is typically required. 

Hollow membrane fibers may be used to filter water. The fibers enable greater 

permeability per element volume because the fibers have more surface area than the spiral 

wound elements. The ability of embodiments of the present invention to perform separations 

30 using surfactant mesophases, and the ability to form surfactant self assembling thin films on 

porous supports, enable the assembly of surfactant self assembling thin films on the inside 
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and the outside of a hollow fiber. To coat a hollow fiber membrane on the inside, the H202 

Boil TEOS protocol is preferably used to prepare the surface. Millipore water is preferably 

used to flush and pre-wet the fiber for interfacial assembly. Self assembly solution is then 

flushed through the inside of the fiber and preferably allowed to polymerize overnight. The 

5 ends of the fiber may optionally be blocked to prevent leaking of self assembly solution. To 

coat the outside of a fiber, the fiber preferably undergoes the same H202 Boil TEOS protocol. 

Then the fiber is flushed preferably coated with water. The outside of the fiber is then 

preferably coated with self assembly solution. One method to coat the outside of the fiber is 

to pull it through a circular orifice which contains self assembly solution. The self assembly 

10 solution is preferably allowed to polymerize overnight. 

Certain methods in accordance with embodiments of the present invention stabilize 

the resulting thin film, allowing it better withstand mechanical deformation (tension and/or 

compression). Both mathematical models of lipid bilayer transport and experimental results 

confirm that solute permeability across a lipid bilayer decreases with increases in membrane 

15 thickness. For example, the negative correlation between lipid chain length and bilayer 

permeability has been experimentally measured. There are many ways to change membrane 

thickness including, but not limited to, lipid molecular structure (e.g. tail length, lipid class), 

mechanical tension, chemical swelling, chemical association, and/or lipid interdigitation. The 

same is true for stabilized surfactant mesostructure thin films. The effect of tension induced 

20 by normal surface pressure on a biomimetic surfactant nanostructure is demonstrated in FIG. 

21. The effect of pressure on rejection percentage. FIG. 21A is data for single free standing 

biomimetic surfactant nanostructure assembled from a 5 wt% lipid solution comprising 10:1 

DLPC to Gramicidin between two PES membranes prepared using the UV clean. FIG. 21B is 

data for a single free standing biomimetic surfactant nanostructure assembled from a 10 wt% 

25 lipid solution comprising 10:1 DLPC to Gramicidin between two PES membranes prepared 

using the UV clean. The rejection of methanol through biomimetic surfactant nanostructures 

decreases with pressure because of the lateral tension induced by the solvent flow through 

the membrane. By inserting a mechanical backing, for example a porous mesh (-0.1 mm 

pores manufactured by DelStar, El Cajon, CA) on a metal mesh (~5 mm pores) disposed 

30 behind a single free standing biomimetic surfactant nanostructure (which was assembled from 

a 10 lipid wt% solution contain 10:1 DLPC to Gramicidin between two PES membranes 
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prepared using UV clean with a methanol concentration of 20% w/w), the rejection of 

methanol reached steady state operation after approximately 40 minutes, as shown in FIG. 

22A. Furthermore, the flux of solution through the membrane slowed as a function of time, as 

shown in FIG. 22B, suggesting the ability to concentrate methanol within the retentate. 

5 Particular embodiments of this invention provide for the concentration of solutes via 

the membrane. Molecules, ions, and particles that are rejected by the membrane can be 

concentrated within the solute. One example method comprises configuring the membrane in 

a tangential flow apparatus. Particular embodiments of this invention can be used to 

concentrate methanol. As shown in FIG. 23, a volume (5.5 ml) of 20% w%/w% methanol 

10 solution (25 ml) was pumped through a single free standing biomimetic surfactant 

nanostructure, assembled from a 10 lipid wt% solution contain 10:1 DLPC to Gramicidin 

between two PES membranes prepared using UV clean. The membrane was backed with a 

millimeter sized porous mesh backed by a porous metal scaffold. A one inch metal washer 

was glued to the other side of the membrane with Devcon 5 minute epoxy. Flow rate was 

15 0.074 ml/min and the average pressure was 11.4 PSI. The membrane area was 1.13 cm2 

The membrane was orthogonal to solution flow in a homemade membrane cartridge. The 

sides of the membrane were glued to prevent leaking. The concentration of methanol in the 

retained solution increased by 5.3%, as expected from a mass balance given the initial 

methanol concentration of the feed solution and the measured methanol concentration of the 

20 permeate solution. 

Certain embodiments of this invention provide for the formation of biomimetic 

surfactant nanostructures using various types of porous materials. The rational design and 

integration of specific membrane supports for enhanced material stability is critical for 

separations of specific solutes because of the limitation of supporting materials including, but 

25 not limited to, chemical stability in solutes, mechanical stability in solutes, pore size, pore 

shape, cost, separation efficiency, and system compatibility. One limitation of separating 

solvents like alcohols, ketones, acetone, or benzene is the chemical stability of the supporting 

membranes. For example, PES dissolves in many organic solvents, including acetone, and is 

mechanically unstable in alcohols. The mechanical stability of PES, HI-PTFE (hydrophilic), 

30 and HO-PTFE (hydrophobic) differs in alcohol. Here, the mechanical stability of the 

membrane is defined as the expansion of the material in mixtures of alcohol. FIG. 24A shows 
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the expansion of a 5 cm x 1 cm piece of PES as a function of alcohol type and alcohol 

concentration. FIG. 24B shows the expansion of 5 cm x 1 cm pieces of HI-PTFE and HO-

PTFE membranes as a function of PTFE membrane type, alcohol type and alcohol 

concentration. Normalized to water, PES expands 6% in pure ethanol and pure butanol. 

5 Normalized to water, both HI-PTFE and HO-PTFE do not expand in pure ethanol and pure 

butanol. This makes both HI-PTFE and HO-PTFE ideal for use with small organic solvents. 

Expansion of the support induces a lateral tension on the biomimetic surfactant nanostructure, 

which reduces its performance. 

FIG. 25 compares two particular embodiments of the invention separating 25 ml of 10 

10 w%/w% aqueous ethanol solution from water. A single free standing biomimetic surfactant 

nanostructure was assembled from a 10 lipid wt% solution contain 10:1 DLPC to Gramicidin 

between two HI-PTFE membranes prepared using UV clean. The membrane was backed by 

both a millimeter sized porous mesh and a porous metal scaffold. As shown in FIG. 25B, this 

configuration demonstrates a 17.5% increase in rejection percentage at comparable pressure 

15 versus a single free standing biomimetic surfactant nanostructure was assembled from a 10 

lipid wt% solution contain 10:1 DLPC to Gramicidin between two PES membranes prepared 

using the UV preparation method (FIG. 25A). Both embodiments had a mechanical backing 

of porous sheet metal to stabilize the membrane. 

In certain embodiments of this invention, ethanol can be concentrated. In FIG. 26 the 

20 results of an ethanol concentration experiment are listed. A volume (7.4 ml) of 20.5% w%/w% 

ethanol solution (25 ml) was pumped through a single free standing biomimetic surfactant 

nanostructure, which was assembled from a 10 lipid wt% solution contain 10:1 DLPC to 

Gramicidin between two HI-PTFE support membranes prepared using UV clean. The 

membrane was backed by a millimeter sized porous mesh further backed by a porous metal 

25 scaffold. A one inch metal washer was glued to the other side of the membrane with Devcon 

5 minute epoxy. The membrane area was 1.13 cm2. Flow rate was 1.2x10"5 m 3/m2/sec with a 

pressure of 5 PSI. The pressure normalized flow rate was 3.48x10"10 m 3/m2/sec/Pa. The 

loss was 0.1 ml. The membrane was orthogonal to solution flow in a homemade membrane 

cartridge. The sides of the membrane were glued to prevent leaking. The ethanol 

30 concentration of the retentate increased by 2.4% over the initial ethanol concentration as 

expected from the mass balance given the measured ethanol concentration of the permeate. 
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In certain embodiments of this invention, aqueous NaCI can be separated from water, 

as shown in FIG. 27. The material was 10 wt% Soy PC (95%) from Avanti Polar Lipids 

(Alabaster, AL) in standard silica solution assembled between two UV cleaned PES 

membranes (0.030 micron pores). . The volume of the NaCI solution was 233 ml with a 

5 conductivity of 15.4 mS/cm. Conductivity was measured using a Horiba B-173 conductivity 

meter. The membrane was backed by both a millimeter sized porous mesh and a porous 

metal scaffold. The area of the membrane was 1.13 cm2. The pressure was 5 psi. 

In certain embodiments of this invention, aqueous MgS04 can be separated, as 

shown in FIG. 28. The membrane was 30 wt% Soy PC (95%) from Avanti Polar Lipids 

10 (Alabaster, AL) in stock silica solution assembled between two UV cleaned PES membranes 

(0.030 micron pores). The volume of the MgS04 solution was 13.2 ml with an initial 

conductivity of 9.0 mS/cm. The final conductivity was 9.2 mS/cm. Conductivity was 

measured using a Horiba B-173 conductivity meter. The membrane was backed by both a 

millimeter sized porous mesh and a porous metal scaffold. The area of the membrane was 

15 1.13 cm2. The pressure was 5 psi. 

Multilayer Membranes 

Embodiments of the present invention comprise multilayered membranes. Multilayer 

membranes preferably alternate lamellar layers of self assembled material and support 

20 material. In one exemplary embodiment is illustrated in FIG. 29. Two solid surfaces (A) 

sandwiched alternating layers of porous material (B) and surfactant templated sol-gel self 

assembly solution (C). Specifically, HI-PTFE membranes were prepared via H202Boil TEOS 

and rinsed in 18.2 MQ water. After HI-PTFE membrane preparation, alternating layers of 

membrane and 400 microliters of BSNS solution were constructed on a solid surface with the 

25 first final layers being H202 Boil TEOS HI-PTFE membranes. The three stack membrane was 

sandwiched by another solid surface, dried at room temperature for more than one hour, and 

then dried at 80° C for more than three hours. The resulting membrane was glued to a 

mechanical backing. The confinement simultaneously drives assembly and integrates the 

resultant film with the physical confining assembly. 

30 In an example of a multilayered membrane, a three BSNS layer free standing 

biomimetic surfactant nanostructure was assembled using 10 lipid wt% solution containing 
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10:1 DLPC to Gramicidin. The porous material was four HI-PTFE membranes prepared using 

the UV preparation method (H202Boil TEOS and rinsed in 18.2 MQ water). After preparation, 

alternating layers of H202Boil TEOS HI-PTFE membrane and BSNS solution were placed on 

a solid surface with the final layers being H202Boil TEOS HI-PTFE membranes. The stack of 

5 membranes was sandwiched by another solid surface, dried at room temperature for more 

than one hour, and then dried at 80° C for more than three hours. The resulting membrane 

was glued to a mechanical backing. The area of the membrane was 6.16 cm2. A separation 

of 10% w%/w% ethanol solution was performed at 2.5 PSI. The multilayered membrane 

rejected ethanol at an average of 80.5%, as shown in FIG. 30, and demonstrated nearly 

10 constant water flux for more than 200 minutes, as shown in FIG. 30B. 

The physical properties of embodiments of multilayered membranes can be 

fundamentally and non-trivially different than multiple single membranes stacked in series. 

The separation of a multi-layered material shows improved performance over a single layer 

membrane material and a calculation of the performance of three single layer membranes in 

15 series. Below is a table comparing the rejection and the flux of a single layer (Single Layer), 

three single layers in series (Three Single Layers), and a triple multilayer (Triple Multilayer). 

For the calculation of the Three Single Layer, the pressure was calculated by multiplying the 

pressure for one layer by the number of layers, the flux was calculated by dividing the flux for 

one layer by the number of layers, and the rejection percentage was calculated by raising one 

20 minus the rejection percentage to the number of layers then subtracting that number from one. 

The pressure, flux and rejection of the multilayered membrane are better than projected for 

membranes in series. This may be attributed to the differences in assembly conditions 

between the single layer (where each porous material has a solid surface on one side) and 

the multilayer (where all but two porous materials do not have a solid surface on either side). 
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Number 

of Layers Pressure 

Flux 

(mA3/mA2/sec/Pa) 

Ethanol 

Rejection (%) 

Single Layer 1 .5 1.50 x10"10 22% 

Three Single 

Layers 3 2.5 5.00 x10"11 53% 

Triple Multilayer 3 5 2.33 x10"11 80% 

TABLE 4 

5 In one embodiment of a multilayer membrane, a four biomimetic layer membrane was 

assembled using 10 lipid wt% solution containing 10:1 DLPC to Gramicidin. The porous 

material was five HI-PTFE membranes prepared using the UV preparation method (H202 Boil 

TEOS and rinsed in 18.2 MQ water). After preparation, alternating layers of H202Boil TEOS 

HI-PTFE membrane and BSNS solution were placed on a piece of Teflon with the final layers 

10 being H202 Boil TEOS HI-PTFE membranes. The stack of membranes was sandwiched by 

another solid surface, dried at room temperature for more than one hour, and then dried at 

80° C for more than three hours. After drying, the resulting membrane was glued to a 

mechanical backing. The sample area was 6.15 cm2. A separation of 5% w%/w% butanol 

solution was performed at 25 PSI (blue) and 10 PSI (red). Flux and rejection data is shown in 

15 FIG. 31. The lines with diamonds refer to the axis on the left (flux). The lines with squares 

refer to the axis on the right (Rejection Percentage). 

Electrochemical and Related Applications 

TABLE 5 compares the selectivity of a Nafion membrane versus a calculation for a 

20 free standing BSNS comprising 10 mol% gramicidin, a transporter. The values listed for 

Nafion are from the literature. The values listed for the BSNS are based on calculations 

parameterized by experimental measurements. The proton and methanol conductivity of 

each lipid bilayer was modeled using parameters from single channel gramicidin conductivity 

measurements and giant unilamellar vesicle ('GUV') experiments respectively. Proton 

25 conductivity was determined to be 602.6 S per cm2 and methanol permeability was 
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determined to be 1.2 x 10~5 cm/sec per bilayer. The BSNS equivalent circuit was the 

equivalent circuit of 100 lipid bilayers in parallel, roughly a one micron thick material. Proton 

conductivity and methanol permeability were divided by the total number of layers in 

accordance with the equivalent circuit model of a lipid bilayer. As such, these values 

5 represent an estimate of the performance of a direct methanol fuel cell (DMFC) constructed 

using this BSNS. Membrane crossover in a typical DMFC requires dilution of methanol to 3 M 

- 4 M at the anode and reduces fuel cell power density (W cm"2) by roughly -50%. However, 

for the BSNS described above, we predict a 1733X decrease in methanol permeability and a 

5.93x10"8 decrease in polyvalent cation permeability versus Nafion. The resulting DMFC 

10 would be approximately 50% more efficient and could operate on 'neat' methanol. 

Nafion 117 Predicted BSNS Ratio BSNS to Nafion 

Thickness -100 jim -1 jim .001 

Conductivity (S) 
7.5 S/ cm2 

(Lee W ef al) 
6.026 S/cm2 .803 

Methanol 

Permeability (P) 

2.08 x 10"4 cm / sec 

(Lee W ef al) 
1.2 x 10~7 cm / sec 5.7 x 10~3 

Polyvalent Cation 

Permeability 

5.93 x 10~8 cm2 / sec 

(Xia J et al) 
>10"16 cm2/sec 1.69 x 10~7 

TABLE 5 

Biomimetic surfactant nanostructures, some comprising Gramicidin, were self 

assembled between two Nafion membranes as described in Figure 8. The BSNS self 

15 assembly solution comprised lipids (Lipid 5, Lipid 1, Lipid 2, 5 wt% DLPC, 10 wt% DMPC), 

comprised lipids and gramicidin (Gram 4, 10 wt% 10 DMPC: 1 Gram), or comprised neither 

lipids nor gramicidin (Silica, Silica 1, Silica 2). Transporter materials were characterized by 

through plane conductivity measurements. Through plane conductivity was measure by 

sandwiching the membrane between two steel plates -1 cm2 and measuring the resistance 

20 with an ohm meter. Membranes and steel plates were stored in specific concentrations of 

acid for at least 2 minutes before measurement. FIGS. 32A-32C compare the conductivity of 

a control and three free standing BSNS hierarchical membranes with and without a 
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transporter. In FIGURE 32A, the through plane resistance of the three types of membranes: 

Silica (lipid free), Lipid 5 (transporter Free), and Gram 4 (transporter including) were 

compared at various concentrations of sulfuric acid. We measured a 6.375X increase in 

resistance for the transporter-free BSNS membrane (Lipid 5) versus the transporter-including 

5 BSNS membrane Gram 4. As expected from experiments with vesicles in solution, this result 

demonstrates that the inclusion of the transporter Gramicidin in the BSNS increases the 

conductivity of the biomimetic surfactant nanostructure. Furthermore, the resistance of the 

control membrane (silica) was comparable to the transporter containing BSNS (Gram 4) at 1 

M sulfuric acid. Therefore resistance was membrane-limited, not transporter-limited. When 

10 compared to TABLE 5, this suggests that the thickness of the BSNS layer is less than 1 

micron. 

Stability of these materials in acidic and high concentration alcohol is important for 

fuel cell applications. The conductivity of the membranes was maintained over approximately 

one day despite storing the samples in either pure (neat) methanol (FIG. 32B) or 1 M H2S04 

15 (FIG. 32C). As shown in FIG. 32B, after day 1, there is a dramatic increase in resistance, 

suggesting material failure. In FIG. 32C, two surfactant free materials (Silica 1, Silica 2) and 

one surfactant containing material (5 wt% DLPC) were stored in 1 M sulfuric acid. After three 

days, the resistance of the surfactant containing material has not significantly changed. This 

suggests that the material has remained assembled despite the corrosive environment. This 

20 stability suggests that materials according to this embodiment may be useful for electrolysis, 

separations and fuel cell applications. 

For direct methanol fuel cells and molecular separations, a reduction in the 

permeability of methanol through a membrane is important. This embodiment, a free 

standing BSNS, has a 4x decrease in methanol permeability compared to Nafion. Methanol 

25 permeability was measured by separating methanol with a either a Nafion 117 or a free 

standing BSNS, in equal volumes of 18.2 MQ Millipore water and a high concentration 

aqueous (18-23 Brix) methanol solution. The methanol concentration of the initially pure 

water was measured as a function of time using a Atago 4436 PAL-36S Digital Pocket Methyl 

Alcohol Refractometer. The permeability coefficient relates the flux to the concentration 

30 gradient using the following equation 

-48-



WO 2011/146936 PCT/US2011/037605 

/ = —sr *- = PM 
at ,« 

where J is the flux (cm2 sec"1), P is the permeability (cm/sec), AC is the concentration 

gradient (Brix), V is the volume of one side, and A is the interfacial area. The ratio of volume 

5 to area for the permeability cell was 0.3 cm. The concentration gradient (AC) versus time 

(as shown in FIGURE 32D) was fit to a single exponential with a rate coefficient k. The 

permeability was calculated using 
SF - -- W 

where P is the permeability (cm/sec), V is the volume of one side (cm3), A is the 

10 interfacial area (cm2), and k (sec1) is the rate constant from the fit. The methanol permeability 

was measured for three Nafion 117 membranes, a biomimetic nanostructured membrane not 

comprising a transporter, and a biomimetic nanostructured membrane comprising a 

transporter. For the Nafion 117 membranes, the average methanol permeability coefficient 

over three experiments was 1.2 x 10~4 cm sec"1. This is in close agreement with the Nafion 

15 117 methanol permeability value in TABLE 5. For the sample embodiments of the invention, 

the average methanol permeability was 0.3 x 10~5 cm sec"1. Despite the inclusion of the 

transporter in the BSNS (10 wt% 10 DMPC: 1 Gram), the permeability coefficient was the 

same as the transporter-free BSNS (10 wt% DMPC). As expected from experiments with 

vesicles in solution, this result demonstrates that the inclusion of Gramicidin in the BSNS 

20 does not increase the methanol permeability of the biomimetic surfactant nanostructure. 

Thus the lipid structure is preserved despite the inclusion of the transporter. The methanol 

permeability was reduced by a factor of four for the invention versus Nafion 117. 

Embodiments of the present invention may be used as an electrolyte, membrane 

electrode assembly, or electrochemical cell for electrochemistry; one configuration is 

25 illustrated in FIG. 33. The high conductivity and low crossover of biomimetic surfactant 

nanostructures make them desirable as electrolytes for liquid fed fuel cells and batteries. 

Biomimetic surfactant nanostructure 3330 is disposed between gasket layers 3320 and anode 

flow plate 3310 and cathode flow plate 3340. Either or both of the flow plates optionally 

comprise a serpentine graphite plate. The plates may be different. The integration of a 

30 BSNS containing passive transporters, or alternatively a stabilized surfactant mesostructure, 

with one or more Nafion membranes to create a free standing membrane preferably 
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comprises greater selectivity than current industrial membranes. This has an important 

application for both fuel cells and batteries where membrane "crossover" of fuel or electrolyte 

reduces efficiency and energy storage capacity. Biomimetic surfactant nanostructure 3330 

may optionally comprise a multiscale self assembled membrane electrode assembly (MEA), 

5 which may optionally comprise one or more of the following: the catalyst, the membrane, the 

gas diffusion layer (GDL), and/or a carbon paper. The sandwiched portion of the MEA is the 

surfactant templated nanostructure produced using physical confinement. The membrane 

may be supported by any solid surface or GDL on a solid surface. A complete membrane 

electrode assembly (MEA) comprising a catalytic layer on the GDLs may be produced in a 

10 similar method. Alternatively, this device could comprise an electrolyte for a battery if a 

conductive ion exchange membrane is substituted for the GDL. 

Similarly, redox flow batteries, such as vanadium ion redox batteries (VRB), have 

reduced efficiency due to membrane crossover of aqueous redox ions. The elimination of 

crossover in redox flow batteries by using the above BSNS would enable a battery with an 

15 efficiency >90%, similar to lithium ion batteries, which do not suffer from electrolyte crossover. 

A similar configuration could be used for separations such as urea removal, dialysis, 

desalinization, distillation, alcohol purification and the chloro-alkali process. 

Materials made in accordance with embodiments of the present methods may be 

suitable for use: as a membrane in a membrane electrode assembly for direct methanol fuel 

20 cells, as a membrane electrode assembly for fuel cells, as a membrane in a membrane 

electrode assembly used for biofuel cells, as a membrane in a membrane electrode assembly 

used for an electrochemical cell, in active devices and smart devices via synergies of 

channels, in chloro - alkali cells, in electrochemistry, in chemical manufacture, and/or in 

enzymatic conversion of molecules. 

25 Although the invention has been described in detail with particular reference to the 

described embodiments, other embodiments can achieve the same results. Variations and 

modifications of the present invention will be obvious to those skilled in the art and it is 

intended to cover all such modifications and equivalents. The entire disclosures of all patents 

and publications cited above are hereby incorporated by reference. 
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CLAIMS 

What is claimed is: 

5 

1. A membrane comprising a stabilized surfactant mesostructure bonded to a 

surface of a porous support. 

2. The membrane of claim 1 wherein said stabilized surfactant mesostructure is 

10 stabilized with a material preserving an alignment of surfactant molecules. 

3. The membrane of claim 2 wherein said material is porous and said stabilized 

surfactant mesostructure comprises lamellae which alternate with lamellae comprising said 

porous material. 

15 

4. The membrane of claim 2 wherein said material is non-porous and said 

stabilized surfactant mesostructure comprises hexagonally packed columns comprising 

circularly arranged surfactant molecules, each of said columns substantially surrounded by 

said non-porous material. 

20 

5. The membrane of claim 1 further comprising a material disposed between 

said stabilized surfactant mesostructure and said surface for preserving a hydrogen bonding 

network between surfactant in said stabilized surfactant mesostructure and said surface. 

25 6. The membrane of claim 5 wherein said material comprises a material 

selected from the group consisting of silanes, organics, inorganics, metals, metal oxides, an 

alkyl silane, calcium, and silica. 

7. The membrane of claim 1 wherein said surface has been oxidized, melted 

30 and resolidified prior to bonding of said stabilized surfactant mesostructure on said surface. 
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8. The membrane of claim 7 wherein an average pore size at said resolidified 

surface is smaller than average pore size in a bulk of said porous support. 

9. The membrane of claim 1 wherein a pore size of said porous support is 

5 sufficiently small to prevent a precursor solution to said stabilized surfactant mesostructure 

from completely permeating the support prior to formation of stabilized surfactant 

mesostructure. 

10. The membrane of claim 1 further comprising an additional porous structure 

10 disposed on a side of said porous support opposite from said surface for mechanically or 

chemically stabilizing said porous support. 

11. The membrane of claim 1 wherein said stabilized surfactant mesostructure 

comprises a transporter. 

15 

12. The membrane of claim 1 further comprising a second porous support, 

wherein said stabilized surfactant mesostructure is sandwiched between said porous support 

and said second porous support. 

20 13. The membrane of claim 1 comprising a tortuosity of less than approximately 

1.09. 

14. The membrane of claim 1 wherein said stabilized surfactant mesostructure 

comprises a pore size between approximately 0.3 Angstroms and approximately 4 nm. 

25 

15. The membrane of claim 1 comprising a porosity greater than approximately 

1%. 

16. The membrane of claim 1 wherein said porous support comprises plastic 

30 and/or cellulose. 
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17. The membrane of claim 1 wherein said porous support mechanically 

stabilizes said stabilized surfactant mesostructure. 

18. The membrane of claim 1 further comprising a second stabilized surfactant 

5 mesostructure bonded to a side of said porous support opposite from said surface. 

19. The membrane of claim 1 stacked with other membranes of claim 1, thereby 

forming a multilayer membrane. 

10 20. The membrane of claim 1 wherein a surface of said stabilized surfactant 

mesostructure is modified. 

21. The membrane of claim 1 comprising an ion-exchange membrane and/or a 

gas diffusion layer, said membrane comprising a membrane electrode assembly or an 

15 electrolyte. 

22. A method for producing a membrane, the method comprising: 

modifying a surface of a porous support; 

wetting the modified surface with a first solvent; 

20 disposing a solution on the wetted surface, the solution comprising at 

least one surfactant and at least one second solvent, wherein the at least one surfactant is in 

the dispersed phase in the solution; 

confining the solution between two or more confining surfaces; and 

stabilizing the one or more surfactants to form a stabilized surfactant 

25 mesostructure on the surface of the porous support. 

23. The method of claim 22 wherein the first solvent and/or the second solvent 

comprises water. 

30 24. The method of claim 22 wherein the solution further comprises a precursor 

solute and/or a transporter. 
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25. The method of claim 22 wherein disposing the solution and confining the 

solution are performed substantially simultaneously. 

5 26. The method of claim 22 wherein confining the solution comprises confining 

the solution between a surface of the porous support and at least one second surface. 

27. The method of claim 26 wherein the at least one second surface is selected 

from the group consisting of a groove sidewall, a roller, and a blade edge. 

10 

28. The method of claim 26 wherein modifying the surface comprises an action 

selected from the group consisting of surface functionalization; surface grafting; covalent 

surface modification; surface adsorption; surface oxidation; surface ablation; surface rinsing; 

depositing a material on the surface, the material selected from the group consisting of 

15 silanes, organics, inorganics, metals, metal oxides, an alkyl silane, calcium, and silica; 

preserving a hydrogen bonding network between surfactant in the stabilized surfactant 

mesostructure and the surface; and oxidizing, melting and resolidifying the surface. 

29. The method of claim 22 performed as part of a mass production coating 

20 process. 

30. The method of claim 22 further comprising controlling a thickness of the 

stabilized surfactant mesostructure. 

25 31. The method of claim 22 wherein the solution does not comprise an acid, a 

base or a hydrophilic compound. 

32. The method of claim 22 wherein the at least one surfactant is not removed 

from the solution after the solution is disposed on the surface. 

30 

33. The method of claim 22 performed on both sides of the porous support. 
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34. The method of claim 22 further comprising modifying a surface of the 

stabilized surfactant mesostructure. 

5 35. The method of claim 34 wherein modifying the surface of the stabilized 

surfactant mesostructure comprises utilizing surface functionalization, changing the 

hydrophobicity of the surface of the stabilized surfactant mesostructure, and/or methylating 

the surface of the stabilized surfactant mesostructure. 

10 36. The method of claim 22 repeated to form a multilayer membrane. 

37. The method of claim 22 wherein the porous support comprises plastic and/or 

cellulose. 

15 38. The method of claim 22 further comprising disposing a second porous 

support on a surface of the stabilized surfactant mesostructure, thereby sandwiching the 

stabilized surfactant mesostructure between the porous support and the second porous 

support. 

20 39. A forward osmosis membrane comprising a permeability of greater than 

approximately 15 LM"2H"1 for a draw solution concentration of 10 wt% NaCI at 20 °C. 

40. The forward osmosis membrane of claim 39 wherein the permeability is 

greater than approximately 20 LM"2H"1 for a draw solution concentration of 10 wt% NaCI at 20 

25 °C. 

41. The forward osmosis membrane of claim 39 wherein the permeability is 

greater than approximately 60 LM"2H"1 for a draw solution concentration of 10 wt% NaCI at 20 

°C. 

30 
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42. The forward osmosis membrane of claim 39 comprising a rejection of NaCI 

greater than approximately 96%. 

43. The forward osmosis membrane of claim 39 comprising one or more 

5 surfactants. 

44. A device for performing separations, the device comprising an active layer 

which comprises one or more surfactants. 

10 45. The device of claim 44 wherein the active layer comprises one or more 

transporters. 

46. The device of claim 44 selected from the group consisting of a forward 

osmosis membrane or module, a reverse osmosis membrane or module, a pressure retarded 

15 osmosis membrane or module, a hollow fiber membrane, a spiral wound membrane or 

module, a cartridge, a Tangential Flow Filter (TFF) cartridge, a plate and frame module, a 

tubular membrane, and a bag. 

47. The device of claim 44 comprising a porous support coated on both sides 

20 with said one or more surfactants. 

48. The device of claim 44 wherein said one or more surfactants form a 

membrane mechanically stabilized on one or more porous supports. 

25 
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