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Polyaniline Membranes formed by 
Phase Inversion far Forward Osmosis 

Applications 

5 RELATED APPLICATIONS 

This application claims the benefit of priority to United States Provisional. Patent 
Application serial number 61/823,739, filed May IS, 2013, 

BACKGROUND 

it ts estimated that less than one percent of the world's entire wafer supply is 
10 accessible fresh water, which is becoming increasingly stressed. A process called low-

energy desalination has been proposed to augment {bis depleting fresh water supply, 
without requiring a large amount of energy as by current desalination by reverse osmosis 
(RO). Low energy desalination by forward osmosis (FO) exploits the natural process of 
osmosis to draw fresh water from seawater into a very concentrated solution when 

15 separated by a semi-permeable membrane. The solute in the concentrated solution is 
recoverable by various means such as low grade heat, and shift in solution temperature or 
acidity. The major hindrance in the development of this process is the lack of suitable 
membranes. 

20 purifying water via forward osmosis. 

SUMMARY 

In certain embodiments, the invention relates to a forward osmosis membrane, 
wherein the membrane consists essentially of a porous support material and a polymer 
layer; and the polymer layer comprises poiyamline. 

25 fa certain embodiments, the invention relates to a method of forming a membrane, 
comprising the steps of; 

"There exists a need for chemically- and thermally-stable materials capable of 

a. providing a first composition comprising polyaniline and. a polvaniline 
solvent; 

b. coating the first composition onto a porous support material; and 

30 c, contacting the porous support: material coated with the first composition with 
a polyaniline nonsolvent, thereby forming the membrane. 
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In certain embodiments, the invention relates to a method comprising passing a 

liquid composition through a membrane described herein, wherein the liquid composition 

comprises a solute and a solvent; and the membrane is substantially impermeable to the 

solute. 

5 BRIEF DESCRI PTION OF THE FIGURES 

Figure 1 depicts the water permeability (A), in ra/S Pa (left bar), and salt passage, 

in jig/s-(right bar), of various membranes without coatings. The experiments were run in FO 

mode (draw solution ::: 32 g/L NaCl; feed solution ::: Dl water; 20 X; flowrates ::: fill gpm), 

TUS PANi used was 65 kDa. PANi from Sigroa-Aidrieh. 

10 Figure 2 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 

in |ig/s (right bar), of various-membranes without coatings. The experiments were run in FO 
mode (draw solution = 32 g/L NaCl; feed solution = Dl water; 20 °C; flowrates «• 0.1 gpm). 

The PANi used was 65 kDa PANi from Santa Fe Science and Technologies. 

Figure 3 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 

15 in pg/s (right bar), of various membranes with or without post-treatment. The experiments 

were run in FO mode (draw solution » 32 g/L NaCl; feed solution m Dl water; 20 "C; 

flowrates ::: 0.1 gpm). Post-treatments: wet cure :::: water bath at 35 for 2 min; camphor-

sulfonic acid (CSA) treatment» 20 g/L CSA, pI-M.3,1 h; NaOH treatment ~ pH 12, .13 h. 

Figure 4 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 

20 in pg/s (right bar), of various membranes with or without post-treatment made with 

different easting blade heights. The experiments were run hi FO mode (draw solution - 32 

g/L NaCl; feed solution Dl water; 20 °C; flowrates ~ 0.1 gpm}. Post-treatment; wet cure 

water bath at specified temperature for 2 min. 

Figure 5 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 

25 in ug/s (right fear), of various membranes with or without post-treatment The experiments 

were run in FO mode (draw solution ~ 32 g/L NaCl; feed solution ~ Di water; 20 *€'; 

flowrates » 0.5 gpm). Post-treatments: CSA treatment m 100 mM CSA, pH-1,3, 1 h; 

NaOH treatment - pH 12, 13 h. 

Figure 6 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 

30 in }ig/s (right bar), of various membranes with or without post-treatment, made with 

different: easting blade heights. The experiments were run in FO mode (draw solution ::: 32 
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g/L NaCl; feed solution - Dl water; 20 °C; flowrates - 0..1 gpm). Post-treatments; CSA 
treatment - 100 mM CSA, pHM.3, i h; HC1 treatment - 10*3 mM HC1, plb-3, I h; MCI 
treatment::: 100 mM HC1, pB-1, 1 h. 

Figure 7 depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 
5 in ug/s (right bar), of various membranes made using different fabrics. The experiments 

were run m FO mode (draw solution - 32 g/L NaCl; feed solution = Dl water; 20 °C; 
flowrates = 0.1 gpm) 

Figure 8 and Figure 9 depict the water permeability (A), in m/S Pa (left bar), and 
salt passage, in. pg/s (right bar), of various membranes made using a different easting blade 

10 height. The experiments were run in FO mode (draw solution * 32 g/L NaCl; feed solution 
~ Dl. water; room temperature). 

Figure 10 depicts SEM images of the cross-sections of various membranes made 
using a different: casting blade height (left images •= 152 pm east height; right images ~ 102 
um blade height), (a) Scale bar::: 10 pm: (b) scale bar::: 1 pro. 

15 Figure II depicts the water permeability (A), in m/S Pa (left bar), and salt passage, 
in pg/s (right bar), of various membranes with or without post-treatment, and having 
different easting blade heights. The experiments were run in FO mode (draw solution ::: 32 
g/L NaCl; feed solution ~ Dl water; room temperature (about 23 ®C)). Post-treatments; 
CSA treatment» 100 mM CSA. pH~l.3t 1 h; NaOH treatment - pH 12, 13 h. 

20 Figure 12 tabulates the structural parameter, porosity, and SEM images of a PANi 
membrane of the invention as east, and after treatment; with HO. 

DETAILED DESCRIPTION 

Owrview 

In certain embodiments, the invention relates to the use of polyaniline (PANi), a 
25 super wettable material, to make a FO membrane that allows for high water permeability 

while maintaining high salt selectivity, in preferred embodiments, the polyaniline 
membranes are formed by nonsolvent induced phase separation or phase inversion. In this 
process, a polymer dissolved in a solvent is east onto a fabric, and immersed in a 
nonsolvent. Upon immersion, the nonsolvent induces the polymer to precipitate to form the 

30 membrane. 
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In certain embodiments, the membranes of the invention display good wettability 

and (unable morphology. Due to their desirable characteristics, the membranes of the 

invention may be used in many FO applications in addition to desalination, including 

treatment of landfill leachate, production of emergency drinks, and concentration of 

5 nutrients from treated sewage, 

Defimtiom 

As used herein, nomenclature for compounds, including organic compounds, can be 

given using common names, SUP AC, iUBMB, or CAS recommendation® for nomenclature. 

When one or more stereochemical features are present, Cahii-fngold-Prelog rules for 

10 stereochemistry can he employed to designate stereochemical priority, lifZ specification, 

and the like. One of skill in the art can readily ascertain the structure of a compound if 

given a name, either by systemic reduction of the compound structure using naming 

conventions, or by commercially available software, such as CHEMDRAWUM 

(Cambndgesoffc Corporation, U.S.A.). 

15 As used in the specification and claims, the singular forms "a", "an" and "the" 

include plural references unless the context clearly dictates otherwise. 

The term "comprising" as used herein will be understood to mean that the list 

following is non-exhaustive and may or may not include any other additional suitable items, 

for example one or more further feature(s), components) and/or ingredient(s) as 

20 appropriate. 

Ranges can be expressed herein as from "about" one particular value, and/or to 

"about" another particular value, When such a range is expressed, another aspect includes 

from the one particular value and/or to the other particular value. Similarly, when values are 

expressed as approximations, by use of the antecedent "about" it will be understood that 

25 the particular value forms another aspect. It will be further understood that the endpoints of 

each of the ranges are significant both in relation to the other endpoint, and independently 

of the other endpoint. It is also understood that there are a number of values disclosed 

herein, and that each value is also herein disclosed as "about" that particular value in 

addition to the value itself. For example, if the value "10" is disclosed, then "about: .10" is 

30 also disclosed. It is also understood that each unit between two particular units are also 

disclosed. For example, if 10 and 15 are disclosed, then Id., 12, 13, and 14 are also 

disclosed. 

4 
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References In the specification and concluding claims to parts by weight of a 

particular element or component in a composition denotes the weight relationship between 

the element or component and any other elements or components in the composition or 

article for which a part by weight is expressed. Thus, in a compound containing 2 parts by 

5 weight of component X and 5 parts by weight component Y, X and Y arc present at a 

weight ratio of 2:5, and are present: in such ratio regardless of whether additional 

components are contained in the compound. 

A weight percent (wt. %} of a component, unless specifically stated to the contrary, 

is based on the total weight of the formulation or composition in which the component is 

10 included. 

The term "forward osmosis" (FO) signifies a process where the osmotic pressure 

differential across a semipermeable membrane is the driving force for transport of water 

through the membrane. The FO process results in concentration of a feed stream and 

dilution of a highly concentrated stream (referred to as the draw solution), 

15 "Insoluble" refers to a poorly solubiltzed solid in a specified liquid (i.e., a 

"nonsolvent") such that, when the solid and liquid are combined a heterogeneous mixture 

results. It is recognized that the solubility of an "insoluble" solid in a specified liquid might 

not. be zero but rather it would be smaller than that which is useful in practice. The use of 

the terms "soluble", "insoluble", "solubility" and the like are not intended to imply that, only 

20 a solid/liquid mixture is intended. For example, a statement that the additive is soluble in 

water is not meant to imply that the additive must be a solid; the possibility that the additive 

may be a liquid is not excluded. 

As used herein, the term "'molecular weight" (MW) refers to the mass of one 

molecule of that substance, relative to the unified atomic mass unit u (equal to 1/12 the 

25 mass of one atom of carbon-1.2), 

As used herein, the term "number average molecular weight" (M„) refers to the 

common, mean, average of the molecular weights of the individual polymers. Mtl can be 

determined by measuring the molecular weight of n polymer molecules, summing the 

weights, and dividing by n. M.„ is calculated by; 
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wherein Nj is the number of molecules of molecular weight M;. The number average 

molecular weight of a polymer can be determined by gel permeation chromatography, 

yiscomctry (Mark-Howwink equation), light scattering, analytical iiltracentrilugation, vapor 

pressure osmometry, end-group titration, and colligative properties. 

As used herein, the term "weight average molecular weight'' (M»-) refers to an 

alternative measure of the molecular weight off a polymer. Mw is calculated by: 

V. V-!/•• 

wherein N; is the number of molecules of molecular weight Mj. Intuitively, if the weight 

average molecular weight is w, and a random monomer is selected, then the polymer it 

10 belongs to will have a weight of w, on average. The weight average molecular weight can 

be determined by light scattering, small angle neutron scattering (SANS), X-ray scattering, 

and sedimentation velocity. 

As used herein, the terms "poiydispcrsity" and "poiydispersity index" refer to the 

ratio of the weight average to the number average (MWMB). 

15 As used herein, the term "polymer'" refers to a relatively high molecular weight 

organic compound, natural or synthetic, whose structure can be represented by a repeated 

small unit, the monomer (e.g., polyethylene, rubber, cellulose). Synthetic polymers are 

typically formed by addition or condensation polymerization of monomers. 

As used herein, the term "salt" refers to an ionic compound that is not a zwitterion, 

20 This may include sodium chloride (traditional table salt), other inorganic salts, or salts in 

which the anion(s), the cation(s), or both are organic. The term "salty" means comprising at 

least one salt. 

"Supported" means a material is assembled on a second material such that the 

second materials imparts mechanical stability to the first materia! without eliminating all of 

25 its functions. 

Certain materials, compounds, compositions, and components disclosed herein can 

be obtained commercially or readily synthesized using techniques- generally known to those 

of skill in the art. For example, the starting materials and reagents used in preparing the 

disclosed compounds and compositions are either available from commercial suppliers such 

30 as Aidrich Chemical Co., {Milwaukee, Wis.), Acres Organic® (Morris Plains, NJ.), Fisher 
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Scientific (Pittsburgh, Pa.), or Sigma (St Louis, Mo,) or are prepared by methods known to 
those skilled in the art following procedures set forth in references such as Fieser and 
Fieseifs Reagents for Organic Synthesis, Volumes 1-17 (John Wiley and Sons, 1995); 
Rodd's Chemistry of Carbon Compounds, Volumes 1-5 and Supplemental volumes 

5 (Elsevier Science 'Publishers, 1989); Organic Reactions, Volumes 1-40 (John Wiley and 
Sons, 1991); March's Advanced Organic Chemistry, (John Wiley and Sons, 4th Edition); 
and Larock's Comprehensive Organic Transformations (VCH Publishers Inc., 1989). 

Unless otherwise expressly stated, it is in no way intended that any method set forth 
herein be construed as requiring that its steps be performed in a specific order. Accordingly, 

10 where a method claim does not actually recite an order to be followed by its steps or it is 
not otherwise specifically stated in the claims or descriptions that the steps are to be limited 
to a specific order, it is in no way intended that an order he inferred, in any respect. This 
holds for any possible non-express basis for interpretation, including: matters of logic with 
respect to arrangement of steps or operational flow; plain meaning derived from 

15 grammatical organization or punctuation; and the number or type of embodiments 
described in. the specification. 

Disclosed are the components to be used to prepare the compositions of the 
invention as well as the compositions themselves to be used within the methods disclosed 
herein. These and other materials are disclosed herein, and it is understood that when 

20 combinations, subsets, interactions, groups, etc. of these materials are disclosed that while 
specific reference of each various individual and collecti ve combinations and permutation 
of these compounds cannot be explicitly disclosed, each is specifically contemplated and 
described herein. For example, if a particular compound is disclosed and discussed and a 
number of modifications that can be made to a number of molecules including the 

25 compounds are discussed, specifically contemplated is each and every combination and 
permutation of the compound and the modifications that are possible unless specifically 
indicated to the contrary. Thus, if a class of molecules A. B, and C are disclosed as well as 
a class of molecules D, E, and F and an example of a combination molecule, A-D is 
disclosed, then even if each is not individually recited each is indi vidually and collectively 

30 contemplated meaning combinations, A-E, A-F, B-D, B-E, B-F, C-'D, C-E, and C-F are 
considered disclosed. Likewise, any subset or combination of these is also disclosed. Thus, 
for example, the sub-group of A-E, B-F, and C-E would be considered disclosed. This 
concept applies to all aspects of this application including, but not limited to, steps in 
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methods of making and 'using the compositions of the invention. Thus, if there are a variety 

of additional steps that can be performed it is understood that each of these additional steps 

can he performed with any specific embodiment or combination of embodiments of the 

methods of the invention. 

5 ft is understood that the compositions disclosed herein have certain functions. 

Disclosed herein are certain structural requirements for performing the disclosed functions, 

and it is understood that there are a variety of structures that can perform the same function 

thai are related to the disclosed structures, and that these structures will typically achieve, 

the same result. 

10 .Exemplary Membranes 

hi a first aspect, the invention relates to a polyaiiilme-containing forward osmosis 

membrane. In certain embodiments, the polyaniline membrane is made by phase inversion. 

In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the membrane comprises a porous support material, and a 

15 polymer layer; and the polymer layer comprises polyaniline. 

In certain such embodiments, the invention relates to any one of the membranes 

described herein, wherein the membrane consists essentially of a porous support material 

and. a poiymer layer; and the polymer layer consists essentially of polyaniline. hi particular 

such embodiments, the membranes consist of only these two layers, 

20 In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the polymer layer comprises leucoemeraldine polyaniline, 

emeraldine polyaniline, or pernigranihne polyaniline. in certain such embodiments, the 

invention relates to any one of the membranes described herein, wherein the polymer layer 

is leucoemeraldine polyaniline, emeraldine polyaniline, or peraigranilme polyaniline, 

25 In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the polyaniline has a molecular weight from about 30 kDa to 

about 10# kDa, In certain such embodiments, the molecular weight of the polyaniline is 

about 40 kDa, about 45 kDa, about SO kDa, about 55 kDa, about 60 kDa, about 65 kDa, 

about 70 kDa, about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa, preferably 

30 about 65 kDa. 

8 
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In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the polymer layer further comprises a dopant The dopant may be 

an acid or a base, such as camphor sulfonic acid, hydrochloric acid, or sodium hydroxide. 

In certain embodiments, the invention relates to any one of the membranes 

5 described herein, wherein the thickness of the polymer layer is from about 20 p to about 

120 {Jim. In certain such embodiments, the thickness of the polymer layer is about 30 pm, 

about 35 pm, about 40 jua, about 45 pm, about 50 n®, about 55 um, about 60 Jim, about 65 

pm, about 70 urn, about 75 pm, about 10 pm, about 85 um, about 90 pm, about 95 pm, or 

about 100 pm. One way to estimate the thickness of the polymer layer is by SEM 

10 In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the porous support material is a fabric, such as a non-woven 

fabric, e.g., a non-woven polyester fabric 

The permeability of the membranes can be expressed in terms of the pure water 

permeability. The permeability of the disclosed membranes can be measured, lor example, 

15 using a dead-end stirred cell (Sterlifech). 

In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the water permeability of the membrane is greater than about 1.5 

x 10 2 m/s*Pa, preferably greater than about 2.0 x 10*"* m/s*Pa. 

The salt rejection of the membranes can be expressed in terms of salt (NaCl) 

20 passage. The salt passage of the disclosed membranes can be measured, for example, using 

a dead-end stirred cell (Sterhtech). 

In certain embodiments, the invention relates to any one of the membranes 

described herein, wherein the salt passage of the membrane is less than about 16 pg/s, less 

than about 14 pg/s, preferably less than about .12 pg/s, ever more preferably less than about 

25 10 pg/s. 

In various embodiments, a membrane of the invention can have a pure water 

equilibrium contact angle of less than about 90" In certain such embodiments, a membrane 

of the invention can have a pure water equilibrium contact angle of less than about 80*. In 

still further embodiments, a membrane of the invention can have a pure water equilibrium 

30 contact angle of less than about 70°. in yet further embodiments, a membrane of the 

invention can have a pure water equilibrium contact angle of less than about 60°, In even 

9 
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further embodiments, a membrane of the invention can have a pure water equilibrium 
contact angle of less than about 50°, In still further embodiments, a membrane of the 
invention can have a pure water equilibrium contact angle of less than about 40®. In yet 
further embodiments, a membrane of the invention can have a pure water equilibrium 

5 contact angle of less than about 30°. in certain particular embodiments, a membrane of the 
invention can have a pure water equilibrium contact angle of about 20®, about 3#®, about 
31°, about 32c, about 33°, about 34°, about 35°, about 36* about 37c, about 38°, about 39°, 

or about 40°. Membrane surface contact angle measurements may be carried out, for 
example, with a KRUSS DSA .10 goniometer using the captive bubble .method, 

10 Compared to the commercially-available CTA FO membrane, the PANi membrane 
lias higher chemical and thermal stability. 

In certain embodiments, the invention relates to any one of the membranes 
described herein, wherein the water permeability of the membrane does not change 
significantly after being immersed in a solution at pH ~ 12 for .13 h. 

15 In certain embodiments, the invention relates to any one of the membranes 
described herein, wherein the salt selectivity of the membrane does not change significantly 
after being immersed in a solution at pH ::: 12 for S3 h. 

/•.xempiarv Methods of Matins 

In certain embodiments, the invention relates to any one of the membranes 
20 described herein, formed bv a process called nonsolvent induced phase separation or phase 

inversion, which forms a membrane with skin layer pores and sublayer macrovoids. 

In another aspect, the invention relates to a method of forming a membrane, 
comprising the steps of: 

a. providing a first composition comprising polyaniline and a poiyatiiike 
25 solvent; 

b. coating the first composition onto a porous support material; and 

c. contacting the porous support material coated with the first composition with 
a polyaniline nonsolvent, thereby forming the membrane. 

In certain embodiments, the method is a method of forming a membrane described 
30 herein. 

10 
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In certain embodiments, the invention relates to any one of the methods described 
herein, wherein the polyaniline solvent is selected from: N-methyl-2-pyrrol idone and 4~ 
methylpiperidinc, and mixtures thereof, in certain embodiments, the -polyaniline solvent is a 
mixture of N-methyl-2-pyiroljdone and 4-mefhylpiperidme. In certain such embodiments, 

5 the weight ratio of N-methyl~2-pyrrolidone to 4-methylpiperidine is from about 8:1 to about 
16:1, In certain particular embodiments, the weight ratio of H-methy.l-2-pyrroiidone to 4-
methylpiperidine is about 8:1, about 9:1, about 10:1, about 11:1, about 12:1, about 13:1, 
about 14; 1 i about 15:1, or about. 16:1, preferably about 12.5:1. 

In certain embodiments, the invention relates to any one of the methods described 
10 herein, wherein the concentration of polyaniline in the polyaniline solvent is from about 6 

wt% to about 18 wt%. In certain such embodiments, the invention relates to any one of the 
methods described herein, wherein the concentration of polyaniline m the polyaniline 
solvent is about 6 wt%, about 7 wti/% about 8 wt%, about 9 wt%, about 10 wt%, about 11 
wt%, about 12 wt%, about 13 wt%, about 14 wt%, about 15 wt%» about 16 wt%, about 17 

15 wt%. or about 18 wt%, preferably about 12 wt%, 

in certain embodiments, the invention relates to any one of the methods described 
herein, wherein the polyaniline is leucoemeraldine polyaniline, emeraldine polyaniline, or 
pernigranilme polyaniline. 

In certain embodiments, the invention relates to any one of the methods described 
20 herein, wherein the polyaniline has a molecular weight from about 30 kDa to about 100 

kDa. In certain such embodiments, the molecular weight of the polyaniline is about 40 kDa, 
about 45 kDa, about 50 kDa, about 55 kDa, about 60 kDa, about 65 kDa, about 70 kDa, 
about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa, preferably about 65 kDa. 

In certain, embodiments, the invention relates to any one of the methods described 
25 herein, wherein the porous support material is a fabric, such as a non-woven fabric, e.g., a 

non-woven polyester fabric. 

In certain embodiments, the invention relates to any one of the methods described 
herein, further comprising distributing the first composition substantially uniformly on the 
porous support material. Preferably, a casting blade set to a desired blade height is used to 

30 spread the first composition substantially uniformly across the porous support material 

In certain embodiments, the invention relates to any one of the methods described 
herein, wherein the polyaniline nonsolvent is water. In certain such embodiment, the 
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polyaniline nonsolvent is water at about 15 °€, about 16 X, about 17 X, about 18 X, 

about 19 X. about 20 X, about 21 X, about 22 X, about 23 X„ about 24 X, about 25 X, 

about 26 X, about 27 X, or about 28 X. Preferably, the polyaniline nonsolvent: is water at 

about 23 X. 

5 In certain embodiments, the method comprises immersing the porous support 

material coated with the first composition in the poiyamline nonsolvent 

In certain embodiment the method comprises contacting the porous support 

material coated with the first composition with, or even immersing it in, the polyaniline 

nonsolvent for a third period of time. In certain such embodiments, the third period of time 

10 is from about 15 min to about i h, such as about 15 min, about 30 min, about 45 min, or 

about! h, preferably about 30 min. 

In certain embodiments, the invention relates to any one of the methods described 

herein, wherein the method further comprises wet-curing the membrane. Preferably, wet* 

curing the membrane involves contacting the membrane with water at a first temperature 

15 for a first period of time. In certain such embodiments, the first period of time is from about 

1 min to about 10 min, such as about 1 min, about 2 min, about 3 min, or about 4 min, 

preferably about 2 min. In certain such embodiments,, the first temperature is from about 35 

X to about 100 X, such as about 35 X, about 50 X, about 75 X, or about 100 X, 

preferably about 50 X. 

20 in certain embodiments, the invention relates to any one of the methods described 

herein, wherein the method further comprises post-treating the membrane. In certain such 

embodiments, the method further comprises contacting the membrane with a chemical, 

such as a dopant, for a second period of time, hi certain such embodiments, is an acid or a 

base, such as camphor sulfonic acid, hydrochloric acid, or sodium hydroxide. In certain 

25 such embodiments, the second period of time is from about 30 min to about 20 h, such, as 

about 1 h or about 2 hf preferably about 1 h. In certain such embodiments, the membrane is 

contacted with the chemical (e.g., dopant) in a solution. lu certain embodiments, the pH of 

the solution is from about 1 to about 14, such as about 1, about 2, about 3, about 4, about 5, 

about 6, about 7, about 8, about 9, about 10, about II, about 12, about 1.3, or about 14, 

30 preferably about 1 or about 3. 

12 
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Exemplary Meihmls of Using 

In another aspect, the invention relates, to a method comprising passing a liquid 

composition through any one of the membranes disclosed herein, wherein the liquid 

composition comprises a solute and a solvent; and the membrane is substantially 

5 impermeable to the solute. 

In certain embodiments, the invention relates to any one of the methods described 

herein, wherein the liquid composition is suitable for forward osmosis applications. 

In certain embodiments, the invention relates to any one of the methods described 

herein, wherein the liquid composition is salt water. In certain embodiments, the invention 

10 relates to any one of the methods described herein, wherein the liquid composition is 

brackish water. 

In certain embodiments, the invention relates to any one of the methods described 

herein, wherein the solu te is a pathogen or a toxin. 

In certain embodiments, the invention relates to any one of the methods described 

15 herein, wherein the method is used in various forward osmosis applications, including 

concentration of nutrients in treated sewage, concentration of RO brine, and treatment of 

landfill ieachate. 

In certain aspects, the invention relates to any one of the methods described herein, 

wherein the method is a method of producing desalinated wafer. In this low-energy 

20 desalination process, the membrane can be used to draw water from seawater into a 

concentrated draw solution, and the draw solute recovered by various means including by 

low grade heat (e.g., ammonium bicarbonate solution). The process has the feature of 

inherently low fouling because of the forward osmosis first step, unlike conventional 

reverse osmosis desalination plants where fouling is often a problem. 

25 Another example of an application of this type may be found in "emergency drinks, 

" or "hydration bags," which use an ingestible draw solute and are intended for separation 

of water from dilute feeds. This allows, for example, the ingestion of water from surface 

waters (streams, poods, puddles, etc.) that may be expected to contain 

pathogens or toxins that are readily rejected by the FO membrane. With sufficient contact 

30 time, such water will permeate the membrane bag into the draw solution, leaving the 

undesirable feed constituents behind. The diluted draw solution may then be ingested 

13 
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directly. Typically, the draw solutes are sugars such as glucose or fructose, which provide 
the additional benefit of nutrition to the user of the FO device. A point of additional interest 
with such bags is that they may be readily used to recycle urine, greatly extending the 
ability of a backpacker or soldier to survive in arid environments. This process may also, in 

5 principle, be employed with highly concentrated saline feedwater sources such as seawater, 
as one of the first intended uses of FO with digestible solutes was for survival in life rafts at 
sea. 

In certain aspects, the method is a method of the treatment of landfill leachate. For 
example, the method is used to draw water from the leachate feed (i.e., liquid composition) 

10 rnto a sal ine (NaCl) brine. The* diluted brine is then passed through a RO process to produce 
fresh water and a reusable brine concentrate. 

In certain embodiments, the method is a method of the concentration of food 
products, such as fruit juice, 

EXEMPLIFICATION 

15 The invention now being generally described, it will be more readily understood by 
reference to the following examples, which are included merely for purposes of illustration 
of certain aspects and embodiments of the invention, and are not intended to limit the 
invention. 

Example 1 — Formation of Pofyaniiine FO Membrane by Nmsotvent Induced Phase 
20 Separation 

1.12 wt% polyaniline (65 kDa, Santa Fe Science and Technologies, Santa Fef CA) 
is dissolved in 8i,5wt% N-methyl-2-pyrrolidone (Sigma-Akirich, St-Louis, MO) and 6.5 
wt% 4-methylpiperidine (Sigma-Aldrich) and stirred for at. least 2 days prior to casting. 

2. Polyester fabric is taped onto a glass plate with electrical tape to ensure the fabric 
25 lays Oat. 

3. A casting blade set to a desired blade height is used to spread the polymer 
solution uniformly across the fabric. 

4. The glass plate is immediately immersed into a room temperature water bath, 
which causes the polymer to precipitate onto the fabric. 

14 
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5. The membrane is left in the coagulation bath for 30 minutes before being 
transferred into plastic bags filled with Milli-Q water and stored in 4°C until testing. 

Example 2 — FO Experiments 

General Method 

5 The membranes were tested in FO experiments which were conducted using a 
custom designed How cell made of polycarbonate with transparent acrylic windows on both 
sides for viewing. The flow channels on both sides of the membrane are 2.54-cm wide, 
7.62-cm long. and i-mm high. The draw solution was set. to flow co~currentiy with the feed 
solution, controlled independently by gear pumps (MicroPnmp A, Cole Parmer, Barrington, 

10 1L), and measured by rotameters (Bine White Industries Ltd, Huntington Beach, CA). The 
draw solution was placed on a balance (PI-2002, Denver Instruments, Bohemia, NY) to 
record its mass every 30 seconds to a computer, from which the water ilux was calculated. 
The conductivity of the feed solution was continuously monitored and recorded during die 
experiment with a calibrated conductivity probe (Cell constant: 10 cm" , Accumet XLS0, 

15 Fisher Scientific, Hampton, NH) immersed in the feed solution. Both the water flux and salt-
flux reached steady-state approximately 5 minutes into the experiments. The initial volume 
of both draw and feed solutions was one liter, and the experiment length of 30 minutes, less 
than 30 ml, of water permeated through, the membrane to the draw and less than 1 g of salt 
passed into the feed for all experiments conducted. Thus, within the duration of the 

20 experiment, dilution of the draw and concentration of the feed was safely assumed to be 
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Characterisation of Phase-Inverted PANi Membranes 

Table 1 
Visks» 
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€&orfw<&«*ty at $,liX.s S.20 psi 
R^;er:io-f- (%]•: $$%$., 2.00,2.IS, l.'i 

Effect of heating membranes without coatings 

5 PANi, CTA, PANi-PSl and PSf membranes were made and then heated at a 
specified temperature for a specified amount of time. The membranes were then tested as 
FO membranes (draw solution -32 g/L NaCl: feed solution ~:Dl water, 20 °C; flowrates ~ 
0.1 gpm). See Figure 1 and Figure 2, 

Effect of post-casting treatments on membranes 

10 PANi and CTA membranes were subjected to various post-treatments and then 
tested as FO membranes. The experiments were run in FO mode (draw solution ::: 32 g/L 
NaCl; feed solution ::: 01 water; 20 °C; flowrates ::: 0,1 gpm). Post-treatments; wet cure :::: 

water bath at 35 °C for 2 min: CSA treatment = 20 g/L CSA, pH-l .3, 1 h; NaOH treatment 
::: pH 12, 13 h, Desired ratios: water permeability ratio (A/ACTA) > 1; salt passage ratio 

15 (1VP*C7 k) < I. See Figure 3 and Table 2. 

Table 2: Comparison of properties of CTA and PANi membranes subjected to 
various post-easting treatments 

CTA mm 

C'Oi'KliS.iO'SS 
i w v m 

Ni5 im ?.;>• .... SJ Hi 
Wet Cut® %SC, &v?s«s 1.0 tis 
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{pH a 22 teun 10s ; *r 
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PANi membranes with two different- casting blade heights (152 juu and 102 j.tm| 
were made (.12 wt% PANi (65 kDa from SFST) in NMP with 4-MP; coagulation bath -
room temperature water; fabric substrate ::: from MaapHjO). These membranes and CTA 
membranes were subjected to various post-treatments. 

5 In one experiment, membranes were subject to wet-curing for 2 min at various 
temperatures. As exhibited m Figure 4, the phase-inverted membrane east at 152 pm 
becomes more permeable and more selective than the membrane casted at 102 pm dining 
wet-curing at high temperatures. This may be because the heat is annealing the skin layer 
pores of the thicker membrane while starting to anneal the skin and sub-surface pores of the 

10 thinner membrane, decreasing both water and salt permeability. The higher temperatures 
for the 152 |i.m membrane don't seem to increase the permeability or selectivity much more, 
so it might become impractical to try higher temperatures. The important fact to note is that 
the CTA membrane does not have the thermal stability of the PANi membrane, as higher 
wet cure temperatures decrease permeability significantly. 

1.5 In another experiment., membranes were subject to CSA or NaOH treatment. As 
exhibited in Figure 5, the PANi membrane casted at 102 pm post-treated with 1.00 mM for 
1 hour performs significantly better than the CTA membrane in terms of water permeability 
and NaCl selectivity. Interestingly, this effect is not observed for the -membrane casted at 
152 pm, which may indicate that the CSA is having an effect on the sub-skin layer pores 

20 rather than the skin layer pores. Note: Performance of membrane after 100 mM CSA 
treatment for I hour, followed by a 3-hour soak in a beaker of Dl water was A::: 2,3? x I0"tj 

m/s-Pa and Salt Passage™ 4.77 pg/s. This indicates that the CSA treatment is not easily 
leached out with water. Furthermore, a decrease in performance during the duration of the 
experiment was not observed, which indicates that the CSA treatment to the membrane is 

25 not re versible with 32g/L Nad solution cross-flow. 

Water contact angle measurements indicate that CSA post-treatment does not 
significantly affect the hydrophil.icity of PANi membranes. See Table 3. 

Table 3: Water contact angle (captive bubble) of various membranes 
Membrane Post-Treatment Water contact angle 

CTA 
None 53.67 * 7,06 

CTA 0.1 M CSA, 1 h 48,94 sfc 3,44 CTA 
0.1 M 1TC1,1 h 40.98 ± 1.63 

PANi-102 None 38.75 ±2.96 PANi-102 0,1 M CSA, 1 h 41.82*2.42 
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0,1 M HQ, ! 1 42,15 ± 2,0? 

PANi-152 
None 36.94 sfc 6.25 

PANi-152 0.1 VI CSA, 1 h 33.69.x 0.7.1 PANi-152 
ill M HQ ! h 49.81 ±5.39 

Another experiment was undertaken to determine whether CSA post-treatment: was 

improving the membrane performance, or whether the change was attributable solely to die 

pll of die post-treatment. As showing ia Figure 6, the HO at piT-l does improve the 

5 performance of the membrane* but does not increase the NaCl selectivity as much as CSA 

does. Furthermore, the pH of the post-treatment does seem to increase the selectivity, but 

more experiments are needed. 

The effect of HQ treatment on a membrane of the invention is summarized in 

Figure 12. Structure parameter changes were apparent; quantifiable changes in macrovoid 

10 morphology were not apparent. 

Effect of substrate on membrane performance 

The effect of nature of the substrate on membrane performance was examined. The 

original fabric substrate is from 'NanoHjO. A new fabric was tested - from Crane. To the 

naked eye, the Crane fabric appeared to be a non-woven fabric, with more void space than 

15 die Hanoi! ?.0 fabric. 

As can he seen in Figure 7, the identity of the fabric affects the membrane 

performance. The Crane fabric makes a much tighter membrane in terms of FO 

performance. 

Effect of casting blade height on membrane performance 

20 PANi membranes with two different casting blade heights (J52 pm and 102 pm) 

were made (12 wt% PANi (65 kDa from SFST) in NMP with 4-MF; coagulation bath :as 

room temperature water). Various post-treatments were used. Sec Figure 8» Figure 9„ and 

Figure 10. 

Membranes formed using a casting blade height of ICS pm begin to exhibit non-

25 uniformities on the membrane surface due to contact with the roughness of the fabric. 

Decreasing demising rate, and decreasing the temperature of the coagulation bath 

(20 *C and 15 °C) do not seem to affect membrane performance. 

18 
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Hie membranes cast using different blade heights were subject to various post-

treatments. As is shown in Figure 11, the CSA treatment seems to make the membrane east 

at 102 j«n permeable and more selective to NaCl (exceeding CTA performance). Two 

different membranes east on two different days were tested, and similar results were 

5 obtained, showing reproducibility. 

The membranes east using different blade heights were subject to various wet-cure 

conditions. As is shown in Figure 4, it seems are though the CTA membrane is not as 

thermally stable as the PANi membrane. Interestingly, the membrane casted at 152 am 

becomes much more selective under heat treatment than the one east at 102 |im„ and even 

10 more permeable to water. From the cross-sectional SEM images (Figure 10), there are no 

significant differences morphologically except the thicknesses of the membrane. 

The membrane cast at 102 pm exceeds CTA performance after CSA treatment for 1 

hour. The membrane cast at 152 um can achieve approximately CTA performance (with 

slightly higher water permeability) after wet curing at 75 &C for 2 .nuns. 

15 A summary of performance data for membranes cast with different blade heights 

may be found in Table 4, 

Table 4 

Membrane Post-
Treatment 

Water 
Permeability 

(m/s-Pa) 

NaCl 
Permeability 

(ro/s) 

PANi-! 52 

None 1.28 x 10"' 1,59 X ur 

PANi-! 52 

0.1 M HQ, Ihr 1.50 x iff* 4.21 x ur3 

PANi-102 None 1.42 x MF* 4.90 x KC 

19 



WO 2014/186552 PCT/US2014/038155 

0.1M CSAs Lhr 1.23 x JO"5 2.13 x 10"' 

INCORPORATION BY REFERENCE 

All of the academic publications, U.S. patents, and U.S. published patent 
applications cited herein are hereby incorporated by reference in their entireties. 

5 EQUIVALENTS 

Those skilled in the art will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the specific embodiments of the invention 
described herein. Such equivalents are intended to be encompassed by the following claims. 

20 
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We claim: 

L A .forward osmesis membrane, wherein the membrane consists essentially of a 
porous support material and a polymer layer: and the polymer layer comprises polyaniline. 

2, The membrane of claim 1, wherein the polymer layer comprises leucoemeraldine 
5 polyaniline, emeraldine polyaniline, or pemigranihne polyaniline, 

3, The membrane of claim I or claim 2. wherein the molecular weight of die 
polyaniline is from about 30 kDa to about 1.00 kDa, 

4, The membrane of claim 1 or claim 2„ wherein the molecular weight of the 
polyaniline is about 40 kDa, about 45 kDa, about 50 kDa, about 55 kDa, about 60 kDa, 

10 about 65 kDa, about 70 kDa, about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa. 

5, The membrane of claim 1 or claim 2, wherein the molecular weight of the 
polyaniline is about 65 kDa. 

6, The membrane of any one of claims 1-5, wherein the polymer layer further 
comprises a dopant, 

15 7. The membrane of claim 6, wherein the dopatit is an acid or a base. 

8. The membrane of claim 6, wherein the dopant is camphor sulfonic acid or 
hydrochloric acid. 

9. The membrane of claim 6, wherein the dopan t is sodium hydroxide. 

10. 'The membrane of any one of claims 1-9, wherein the thickness of the polymer layer 
20 is from about 20 pm to about 120 pm. 

11. The membrane of any one of claims 1 -9, wherein the thickness of the polymer layer 
is about 30 pm, about 35 pm, about 40 pal about 45 pm, about 50 pm, about 55 pm, about 
60 pm, about 65 pm, about 70 pal, about 75 pm, about 80 pm, about 85 pm, about 90 pm, 
about 95 pm, or about 100 pm. 

25 1.2. 'The membrane of any one of claims 1-11, wherein the porous support material is a 
fabric, 

13. The membrane of any one of claims 1-1.1, wherein the porous support material is a 
non-woven fabric. 

21 
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14. The membrane of any one o.f claims 1-11, wherein the porous support material is a 

non-woven polyester fabric. 

15. The membrane of any one of claims 1-14, wherein the water permeability of the 

membrane is greater than about 1.5 x 10"'" rnVPa 

5 16. The membrane of any one of claims I-.14, wherein the water permeability of the 

membrane is greater than about 2.0 x 10*'" m/s*Pa. 

17. The membrane of any one of claims 1-16, wherein the salt passage of the membrane 

is less than about 16 ug/s. 

18. The membrane of any one of claims '1-16, wherein the salt passage of the membrane 

10 is less than about 10 ug^'v 

19. The membrane of any one of claims 1-18, wherein the pure water equilibrium 

contact angle of the membrane is less than about 90°. 

20. The membrane of any one of claims J-.18, wherein the pure water equilibrium 

contact angle of the membrane is about 20°, about 30% about 31°, about 32°, about 33°, 

15 about 34", about 35°, about 36°, about 37s. about 38°, about 39°, or about 40°. 

21. The membrane of any one of claims 1-20, wherein the water permeability of the 

membrane does not change significantly after being immersed in a solution at pH ™ 12 for 

13 h. 

22. The membrane of any one of claims 1-21, wherein the salt selectivity of the 

20 membrane does not change significantly after being immersed in a solution at pH ::: 12 for 

13 h. 

23. A me thod of forming a membrane, comprising the steps of: 

a. providing a first composition comprising polyaniline and a polyaniline 

solvent; 

25 b. coating the first composition onto a porous support material; and 

e. contacting the porous support material coated with the first composition with 

a polyaniline nonsolvent, thereby forming the membrane. 

24. The method of claim 23, wherein the method is a method of forming a membrane of 

any one of claims 1-22, 
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25. The method of claim 23 or claim 24, wherein the polyaniline solvent is selected 
from N-methyl-2-pytrolidone and 4-methylpiperidine, and mixtures thereof, 

26. 'The method of claim 23 or claim 24, wherein the polyaniline solvent is a mixture of 
N-methyl-2-pyrrolidorie and 4-methyIpi peridine. 

5 27. The method of claim 26, wherein the weight ratio of N-snetbyl-2-pyrrof idoae to 4-
meihylpiperidine is from about 8:1 to about 16; 1. 

28, The method of claim 26, wherein the weight ratio of N-methyl-2-pyrrolidone to 4-
niefhySpiperidine is about 8:1, about 9:1, about 10:1, about 11:1, about 12:J, about 13:1, 
about. 14: l, about 15:1, or about 16:1, preferably about 12.5:1. 

10 29. The method of any otic of claims 23-28, wherein the concentration of polyaoifmc in 
the polyaniline solvent is from about 6 wt% to about 18 wt%. 

30, The method of any one of claims 23-28, wherein the concentration of polymiitne iti 
the polyaniline solvent is about 6 wt%, about 7 wt%, about 8 wt%, about 9 wt%, about 10 
wt%, about 11 wt%, about 12 wt%, about 13 \vt%, about 14 vu"». about 15 wt%, about 16 

15 wt%, about 17 wt%, or about 18 wt%. 

31, The method of any one of claims 23-28, wherein the concentration of polyaniline in 
the polyaniline solvent is about 12- wi%. 

32, The method of any one of claims 23-31, wherein the poly aniline is leucoemeraldine 
polyaniline, emeraldine polyaniline, or pemigraniliue polyaniline. 

20 33. The method of any one of claims 23-32, wherein the molecular weight of the 
polyaniline is from about 30 kDa to about 100 kDa. 

14. The method of any one of claims 23-32, wherein the molecular weight of the 
polyaniline is about 40 kDa, about 45 kDa, about 50 kDa, about 55 kDa, about 60 kDa, 
about 65 kDa, about 70 kDa, about 75 kDa, about SO kDa, about 85 kDa, or about 90 kDa, 

25 35. The method of any one of claims 23-32, wherein the molecular weight of the 
polyaniline is about 65 kDa, 

36. The method of any one of claims 23-35, wherein the porous support material is a 
fabric. 

37, The method of any one of claims 23-35, wherein the porous support material is a 
30 non-woven fabric. 

23 
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38. 'The method of any one of claims 23-35, wherein die porous support material is a 
non-woven polyester fabric, 

39. The method of any one of claims 23-38, further comprising distributing the first 
composition substantially uniformly on the porous support material 

5 40. The method of claim 39, wherein a easting blade set to a desired blade height is 
used to spread the first composition substantially uniformly across the porous support 
material. 

41. The method of any one of claims 23-40, wherein the polyaniline nonsolvent is 
water, 

10 42, The method of any one of claims 23-40, wherein the polyaniline nonsolvent is water 
at about 15 *C, about 1.6 °C about .17 *€, about 18 aC, about 19 *C, about 20 *C, about 
21 °C, about 22 °C, about 23 °C, about 24 °C, about 25 °C, about 26 "C, about 27 °C, or 

about 28 '€. 

43. The method of any one of claims 23-40, wherein the polyaniline nonsolvent is water 
15 at about 23 °C. 

44. The method of any one of claims 23-43, wherein step c comprises contacting the 
porous support material coated with the first composition with the polyaniline nonsolvent 
for a third period of time, 

45. The method of any one of claims 23-43, wherein step c comprises immersing the 
20 porous support material coated with the first composition in the polyaniline nonsolvent for 

a third period of time. 

46. The method of claim 44 or claim 45, wherein the third period of time is from about 
15 min to about 1 h, 

47. The method of claim 44 or claim 45, wherein the third period of time is about 15 
25 min, about 30 min, about 45 min, or about 5 h. 

48. The method of claim 44 or claim 45, wherein the third period of time is about 30 
min. 

49. The method of any one of claims 23-48, further comprising contacting the 
membrane with water at a first temperature for a first period of time. 
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50. The method of claim 49, wherein the first period of time is from about I rain to 
about 10 rain. 

5.1. The method of claim 49, wherein the first period of time is about 1 mm. about 2 
min. about 3 min, or about 4 min. 

5 52. The method of claim 49, wherein the first period of time is about 2 min. 

53. The method of any one of claims 49-52, wherein the first temperature is from about 
35 "'C to about 100 

54. The method of any one of claims 49-52, wherein the first temperature is about 35 
aC. about 50 °C, about 75 °C, or about 100 °€. 

10 55. The method of any one of claims 49-52, wherein the first temperature is about 50 
°C 

56, The method of any one of claims 23-55, farther comprising contacting the 
membrane with a chemical for a second period of time, 

57. The method of claim 56, wherein the chemical is an aeid or a base. 

15 58. The method of claim 56, wherein the chemical is camphor sulfonic acid or 
hydrochloric aeid. 

59. The method of claim 56, wherein the chemical is sodium hydroxide. 

60. The method of any one of claims 56-59, wherein the second period of time is from 
about 30 rain to about 20 It. 

20 61, The method of any one of claims 56-59, wherein the second period of time is about 
1 h or about 2 h. 

62. The method of any one of claims 56-59, wherein the second period of time is abou t 
1 h. 

63. The method of any one of claims 56-62, wherein the membrane is contacted with 
25 the chemical in a solution. 

64. The method of claim 63, wherein the pH of the solution is from a bout 1 to about 14 

65. The method of claim 63, wherein the pH of the solution is about I, about 2, about 3, 
about 4, about 5, about 6, about ?, about 8, about 9, about 10, about 11, about 12, about 13, 
or about 14 

25 
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66. The method of claim 63, wherein the pH of the solution is about 1 or about 3, 

67, A method comprising passing a liquid composition through a membrane of any one 
of claims 1-22, wherein the liquid composition comprises a solute and a solvent; and the 
membrane is substantially impermeable to the solute. 

5 68. The method of claim 67, wherein the liquid composition is salt water. 

69. The method of claim 67, wherein the liquid composition is brackish water. 

70. The method of any one of claims 67-69, wherein the solute is a pathogen or a toxin. 


