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Polyaniline Membranes formed by
Phase Inversion for Forward Osmosis
Applications

3 RELATED APPLICATIONS

This apphcation claims the benefit of priosity to United States Provisional Patont

Application serial number 61/823,739, filed May {5, 2013,

It s estimated that less than one percent of the world’s eatire water sapply i

) accessible fresh water, which is becoming inereasingly stressed. A process called tow-
energy desabination has been proposed to augment this depleting fresh water supply,
without requiring 3 large amount of energy as by current desabination by reverse osmosis
{RO). Low energy desahination by forward osmosis (FO) exploits the natural process of

osmosis to draw fresh water from seawater o a very concentrated solution when
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L

separated by a semi-permeable membrane., The solute in the concenirated soletion s
recoverable by vanous means such as low grade heat, and shift i solution temperature or
acidity. The nwjor hindrance in the development of this process is the lack of suitable

membrangs.
There exists a noed for chomically- and thermally-stable materials capable of
20 purifying water via forward osmosis.
SUMMARY
In cortain embodiments, the mvention relates to a forward osmosis membrane,
wherein the membrane consists essentially of a porous support material and a polvmer

layer; and the polymer layer comprises polyvamime.

23 In certan embodiments, the invention relates to a method of fornung a membrane,
comprising the steps of
a. providing a first composition comprising polymubine and a polvaniline
solvent;
b, coating the first composition onto a porous support material; and
360 <. contacting the porous sapport material coated with the first compuosition with

a polyaniline nonsolvent, thereby fornuing the membrane.
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In certain embodiments, the invention relates to a method comprising passing a
Higuid composition through a membrane described herein, wheremn the Haquid composition
comprises a solate and a solvent; and the membrane & substantially impermesble to the

solute.
5 BRIEF DESCRIPTION OF THE FIGURES

Figure 1 depicts the water permeability (A), in m/S Pa {left bar), and salt passage,
i pg's (right bar), of various membranes without coatings. The experiments were run in FO
mnde (draw solution = 32 o/L NaCl; feed sohstion = DI water; 20 °C; flowrates = 0.1 gpm}.

The PANT used was 65 kDa PANI from Sigma-Aldrich.
1o Figare 2 depicts the water permeability (A), in sv'S Pa ({eft bar), and salt passage,
i pegds (right bar), of various membranes without coatings. The experiments were run n FO
mode (draw solution = 32 /'L NaCl; feed solwtion = DI water; 20 °C; flowrates = 0.1 gpm).

The PANI used was 63 kDa PANI from Santa Fe Scienee and Technologies.

Figure 3 depicts the water permeability {A), i mvS Pa {lcft bar}. and salt passage,

g
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i pgds (right bar), of various membranes with or without post-treatment. The experiments
were ran i FO mode (draw soletion = 32 gL NaCl; feed solotion = DI water; 20 °(;
Howrates = .1 gpuy. Post-treatments: wet cure = water bath at 35 °C for 2 min; camphor-

sulfonic scid {CSA) treatment = 20 g/L CSA, pH~1.3, 1 by NaOH weatment = pH 12, 13 1

Figure 4 depicts the water permeability (A), tn w/S Pa {left bar), and salt passage,

200w opgSs {nght bar), of various membranes with or without post-treatment, made with
different casting blade heights. The experiments were run in FO mode {(draw solution = 32

&L NaCl feed sohation = DI water; 20 °C; fowrates = 0.1 gpm). Post-treatment; wet cure

= water bath af specified temperature for 2 min.

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

2
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i ug's (right bar), of various membrancs with or without post-treatinent. The experiments
were nun in FO mode {draw solution = 32 g/l NaCl; feed solutton = DI water; 20
flowrates = (.1 gpm). Post-treatments:  CSA freatment = 10 mM USA, pH~13, 1 R
NaOH weatment = pH 12, 13 h

Figure 6 depicts the water permeability (A), in mw'S Pa (left bar), and salt passay
30 inopgfs (right bar), of various membranes with or without posi-treatment, made with

difforent casting hlade heighis. The experiments were run in FO mode (draw solution = 32
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'L NaCl; feed sohstion = DI water, 20 °C; flowrates = 0.1 gpm). Post-treatments: CSA
treatment = 100 mM CSA, pH~1.3, | h; HCI greatment = 107 mM HCL pH~3, 1 h; HCH
freatment = 100 mM HCL pH-~1, 1 b

Figure 7 depicts the water permeability {A), 1o 2§ Pa {eft bar), and salt passage,
in peds (right bar), of various membranes made uwsing differcnt fabrics. The cxperimonts
warg ran i FO mode (draw solation = 32 gl NaCly feed solation = DI water; 20 °C;

flowrates = (.1 gpm).

Figure 8 and Figure 9 depict the water permeabibity (A), i m'S Pa {deft bar), and
salt passage, in /s (night bar), of various membranes made using a different casting blade
beight. The experiments were na in FO mode (draw solation = 32 g/L NaCl feed solution

o=

= D water; room temperatere).

Figure 10 depicts SEM mages of the cross-sections of vavious membranes made
using a different casting blade height (feft images = 152 pm cast height; vight mmages = 102

um blade height). (&) Scale bar = 10 um; () scale bar = | um,

Figure 11 depicts the water pernreahibity (A), in oS Pa (left bar}, and salt passage,
m geds (nght bar), of varfous membranes with or without post-treatment, and having
different casting blade beights, The expertinents were run in FO mode {draw solution == 32
g/l NaCl; feed sohution == DI water; voom temperatare (about 23 °C)). Post-treatments:

CSA treatment = 100 mM CSA, pH~1.3, 1ty NaOH weatment = pH 12, 13 h

Figure 12 tabulates the structural parmmeter, porosity, and SEM imapes of a PAN:

membrane of the fnvention as cast, and after treatment with HCL
DETAILED DESCRIPTION
Overview

In certain embodiments, the invention relaies 0 the use of polyaniline {(PANY), a
super wettable matenial, to make a FO membrane that allows for high water permeability
while mamntatung high salt sclectivity. In preferred embodiments, the polvambine
membranes are formed by nonsolvent induced phase separation or phase inversion. In this
process, a polvmer dissolved i n solvent is cast onte a fabric, and immersed i a
nonsolvent. Upon immersion, the nonsodvent induces the polymer to precipitate to form the

menthrang.

T
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In certain embodiments, the membranes of the mvention display good wettabiity
and tunmable morphology. Due to their desirable characteristics, the membranes of the
mvention may be used in many FO applications in addition to desalination, incleding
treatment of landfill leachate, production of emergency diinks, and concentration of

nutrients from treated sewage.
Definitions

As used herein, nomenclature for compoands, inchuding organic compounds, can be
given using common ngmes, IUPAC, JUBMB, or CAS recosumendations for nomenclature.
When one or more stercochenical features are present, Cahn-Ingold-Prelog rules for
stereochenustry can he emploved to designate stereochemical priovity, F47 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 nanung
conventions, or by commercially  avarlable software, such as CHEMDRA W™

{Cambnidgesoft Corporation, LLS.A).

As used m the specrfication and clamms, the singular forms "a", "an" and "the”

include plural references unless the context clearly dictates otherwise.

The term “comprising” as used herem will be anderstood to mean that the list
foltowing 1s now-exhaustive and may or may not include any other additional suitable ttoms,
for example one or more further featwe{s), component{s) andfor ingredient{s} as

appropriate.

Ranges can be expressed herein as from "about” one particular value, andior
“ahout” another particalar vahie, When such a range s exprossed, another aspect inclades
from the one particular value andfor to the other particalar value, Simitarty, when vakses are
expressed as approximations, by use of the antecedent "about.” it will be understood that
the particular value forms another aspect. It will be further understood that the endpoints of
cach of the ranges are significant both in relation 1o the other endpomt, and independently
of the other endpomt. It is also understood that there are a mumber of values disclosed
herem, and that cach value is also herein disclosed as "about” that particular value i
addition 1o the vahue ttself. For example, if the value "107 15 disclosed, then "abowt 107 15
also disclosed. it s also understood that each anit between two particudar wunits are also
disclosed. For example, if 10 and 15 are disclosed, then [E 12, 13, and !4 are also

disclosed.

Lo
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References n the specification and concluding claims to parts by weight of a
particelar element or component in a composition denotes the weight relationship between
the clement 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
weight of component X and 5§ parts by weight component Y, X and Y are prosent 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. 98} of a component, undess specifically stated to the contrary,
is based on the tofal weight of the formulation or composition in which the component s

ncluded.

The term “forward osmosis” (FO) sigmfies a process where the osmotic pressure
differential across a semipermeable membrance is the driving force for transport of water
through the membrane. The FO process results in concentration of a feed stream and

dilation of a highly concentrated streans (referred o as the draw solution).

"Insoluble” refers 1o a poorly solubilized solid m a specified hquid {1e, a
"nonsolvent™) such that when the solid and hguid are combined a hoeterogencous mixture
results. s recogmized that the solubility of an "msoluble” solid in a specified Hauid nught
not be zero but rather 8 would be smaller than that which is usefol m practice. The use of
the terms “seluble”, "insoluble”, "salubility” and the like are not intended to imply that only
a solid/iquid mixture s intended. For example, o statement that the additive 1s soluble i
waer 18 nol meant to unply that the additive must be a solid; the possibility that the additive

may be a Hguid s not excluded.

As used herein, the torm “moleadar weight™ (MW) refers w the mass of one

moleade of that substance, relative to the unified atomic mass unit u {equal to 1712 the

mass of one atom of carbon-{2).

As used herein, the torm “number average molecular weight” (M,) refers o te
common, mean, average of the molecular weights of the mdividual polymers. M, can be
deternuned by measuring the molecular weight of n polvmer molecules, summing the

wiights, and dividing by i My 15 caleulated by:
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wherein Ny is the manber of molecudes of molecalar weight My The number average
mofecolar weight of a polymer can be determined by gel permestion chromatography,

viscometry {Mark-Houwink equation), light scattering, analytical ultracentrifugation, vapor

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

As used herein, the ferm “weight average molecular weight” (M) refers o an

alternative measure of the molecular weight of a polymer. My, i3 caleulated by:

wheremn N; is the number of molecudes of molecular weight M. Intuitively, i the weight
average molecudar weight 18w, and a random monomer s selected, then the polymer ot
belongs to will have a weight of w, on average. The weight average molecular weight can
be determined by hight scattering, small angle nevtron scattering {SANS), Xeray scattering,

and sedimentation velocity.

As used herein, the terms “poiydispersity”™ and “polvdispersity index™ refer fo the

ratio of the weight average to the number average (MM

As used heremn, the ferm “polymer” refers o a relatively high molecular weight
organic compound, natural or synthetic, whose structure can be represented by a repeated
soall unif, the monomer (e.g., polycthylene, rubber, cellulose). Synthetic polymers are

typreatly formed by addition or condensation polymernization of monomers.

As used herein, the torm "salt” refors o an 1onic compound that is not a zwitterion.
This mav include sodium chloride {ivaditional table salt), other morganic salts, or salts in
which the anion{s), the cation(s), or both are organic, The term "saliy” means comprising at

least one salt,

"Supported” means a matertal i assembled on & second material such that the
second matenials imparts mechamcal stability to the first nwaterial without elininating all of

its functions.

Certatn matevials, compounds, compositions, and components disclosed hevedn can
he obtained commeraially or readily synthesized using technigues generally knows to those
of skill in the art. For example, the starting materials and reagents used m prepanng the
disclosed compounds and compositions are etther avallable from commercial suppliers such

as Aldrich Chemical Co., {Milwaukee, Wis.), Acros Organies (Morris Plains, NJ.), Fisher

5
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Scientific (Pittsburgh, Pa ), or Sigma (St Lowis, Mo.) or are prepared by methods known to
those skifled m the art following procedures set forth in references sach as Fieser and
Fieser's Reagents for Organic Synthests, Vohumnes 1-17 (John Wiley and Sons, 1991)
Rodd’s Chenustry of Carbon Compounds, Volomes 1-5 and Supplemental volumes
{Elscvier Science Publishers, 1989); Organic Reactions, Volumes 1-40 (Johm Wiley and
Sons, 1991 Mareh’s Advanced Ovganie Chemistry, (fohn Wiley and Sons, <th Edition);

and Larock’s Comprchensive Organie Transformations (VCH Publishers Inc., 1989).

Linless otherwise expressty stated, it 13 in no way intended that any method set forth
hercin be construed as requiring that its steps be performed in a specific order. Accordingly.
where a method claim does not actually recite an order to be followed by us steps or it s
not otherwise specifically stated in the clabmg or descriptions that the steps are o be Hmited
to a specific order, 1tis m no way intended that an order be inferred, in any respect. This
holds for any possible non-express basis for interpretation, inchuding: matters of logic with
respect to arrangement of steps or operational flow: plain meamng derived from
grammatical organization or punctuation; and the number or tvype of cmbodiments

described in the specification.

Disclosed are the components to be used to prepare the compositions of the
invention as well as the composttions themselves to be used within the methods disclosed
heretn, These and other materials are disclosed herem, and i 1s undersiood that when
combinations, subsets, inferactions, groups, efc. of these materials are disclosed that while
specifie reference of cach various individeal and collective combinations and permatation
of these compounds cannot be explicitly disclosed, cach is specifically contemplated and
described heremn. For example, if a particular compound s disclosed and discussed and a
mumber of modifications that can be made to a mumber of molecules including the
compounds are discussed, specifically contomplated is each and every combination and
pernniiation of the compound and the modifications that are possible wiless specifically
indicated to the contrary. Thus, i a class of molecules A, B, and C are disclosed as well as
a class of molecules D, E, and F and an cxample of a combination molecule, A-D s
disclosed, then oven if cach is not individually recited cach is mdividually and collectively
contemplated meaning combinations, A-E, A-F, B-D, B-E, B-F, C-D, C-F, 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 aspeets of this application including, but not limited to, steps
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methods of making and osing the compositions of the invention. Thus, if there are a vaniety
of additional steps that can be performed it 1s understood that each of these additonal steps
can be performed with any specific embodiment or combination of embodiments of the

methods of the vention.

It is understood that te 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
that are velated to the disclosed structures, and that these stractures will typieally achieve

the same result,

Exemplary Mambranes

In a first aspect, the mvention refates to a polvanmiline-containing forward osmosis

nmembrane. In certain embodiments, the polvaniline membrane is made by phase mversion.

In cortain embodiments, the invention relates to any one of the mombranes
described herein, wherem the mombrane comprises a porous support material and a
polymer layer;, and the polymer layer comprises polyaniline.

In certain such cmbodiments, the wvention relates to any one of the membrancs
described herein, wherein the membrane consists essentially of a porons support material
and a polymer layer; and the polymer layer consists essentially of polyambne. In particalar

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

In certain embodiments, the invention relates to any one of the membrancs
deseribed hereinn, wherein the polymer layer comprises leacoemweraldine polvaniline,
cmeraldine polvambine, or permgraniline polyamibine. In certain such embodiments, the
invention refates to any one of the membranes described herein, wherein the polymer layer

is feucoemeraldine polyaniline, emeraldine polyamline, or pernigraniline polvaniline.

In certain owmbodiments, the invention relates to any one of the mombranes
desertbed heremn, wherein the polyamhne has a molecudar weight from about 30 kDa o
about 100 kDa. In certmn such embodiments, the molecular weight of the polyanihne is
about 40 kDa, about 45 kDa, about 530 kDa, about 55 kDa, about 60 kDa, about 65 ki,
about 70 kDa, about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa, preferably

about 63 kbDa.

ol ]
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In certain embodiments, the mwvention relates to any one of the membranes
described herein, wheremn the polymer fayer further comprises a dopant. The dopant may be

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

In certain embodiments, the nvention reltes 1o any one of the membrancs
deseribed berein, wherein the thickaess of the polvimer layer i from about 20 wum to about
120 ym. In certain such embodiments, the thickness of the polymer layer is about 30 pmy,
about 33 ym, about 40 wm, about 435 pm, about 50 am, about 55 pm, about 60 pm, about 63
uim, about 70 wim, about 75 wm, abowt KO pe, about 83 oy, abowt 90 am, abowt 95 jun, or

about 100 um. One way to estimate the thickness of the polymer layer s by SEM.

In certain embodiments, the invention relates to any one of the membranes
desertbed herein, wherein the poroas support material s a fabrie, such as a now-woven

fabric, ¢.g., a non-woven polvester 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, for example,

using a dead~-ond stirred coll (Sterlitech).

In certain erobodiments, the invention relates to any one of the membranes
deseribed herein, wherein the water permeability of the membrane 1s greater than about 1.5

Aei2 . . N e VIS el
x HY misePa, preferably greater than about 2.0 x 1077 mvsePa,

The salt rejection of the membrancs can be expressed in tarms of salt (NaCh)
passage. The salt passage of the disclosed membranes can be measured, for example, using

a dead-end stirred cell (Sterhitech).

In corigin owbodiments, the mvention relates to any one of the membranes
deseribed herein, wherein the sait passage of the membrane 18 fess than about 16 gefs, less
than about 14 pg's, preferably less than about 12 pgfs, ever more preferably less than about

10 ugds.

s

in various embodiments, a membrane of the iwvention can have a pure water
equilibriam contact angle of less than about 907, In certain such embodiments, a membrane
of the mvention can have a pure water equilibrivim contact angle of fess than about 30°, In
still further combodiments, @ membrane of the invention can have a pure water equilibrium

contact angle of less than about 70° In yet further cmbodiments, a membrane of the

invention can have a pure water equilibrivon contact angle of less than about 607 In even

9
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forther embodiments, 8 membrane of the invention can have & pure water equilibrivan
contact angle of less than abowt 507, In still further embodiments, a membrane of the
mvention can have a puwre water equilibrivm contact angle of less than about 40°. In vet
further embodiments, a membrane of the myvention can have a pure water cquilibnum
contact angle of less than about 30°. In certamn particular embodiments, & membrane of the
invention can have a pure water equibibrivan contact angle of about 207, about 30°, about
317, about 32°, about 33°, about 34°, about 357, about 367, about 37°, about 38°, about 39°,
or about 40°. Membrane surface contact angle measurements may be carried ouf, for
example, with a KRUSS DSA 1 gontometer using the captive bubble method.

Compared to the commercialiy-available CTA FO membrane, the PANI membrane
has higher chemical and thermal stability.

in certmn cmbodimenis, the invention relates to any one of the membranes
described berein, wherein the water permeability of the membrane does not change
sigmficantly after being immersed in a solution at pH = 12 for I3 h

In certain embodiments, the mvention relates to any one of the membrancs
described herein, wherein the salt selectivity of the membrane does not change sigmificantly

after belng wunersed w a solenon at pH = 12 for 13 b

Fxemplary Methods of Making

In cortain embodiments, the mvention relates to any one of the mombranes
deseribed herein, formed by a process called nonsolvent mduced phase separation or phase

wnversion, which forms @ membrane with skin fayer pores and sublayer macrovolds.

In another aspeet., the fnvention relafes fo a method of forming a membrane,

comypnising the steps oft

a. mroviding a first composition comprising polyaniline and a polyandme
solvent;

b. coating the first composition onte 3 porows support material; and

<. comtacting the porous support material coated with the first composition with

a polvamiline nonsobvent, thereby forming the membrane.

1t certain embodiments, the methad is 3 method of forming a mombrane described

herein.



WO 2014/186552 PCT/US2014/038155

L

10

20

fed
A

30

In certain embodiments, the invention relates to any one of the methods described
herein, wherein the polvaniline solvent is selected from Nemethyl-2-pyrrolidone and 4-
methyipiperidine, and mixtures thereofl In certam embodiments, the polyaniline solvent is a
mixture of N-methyl-2-pyrrolidone and 4-methylpiperidine. In certain such embodiments,
the weight ratio of N-methyl-2-pyrrolidone to 4-methylpiperiding is from about 8:1 to about
el In certain partcular embodiments, the weight ratio of N-methyl-2-pyrrolidone to 4-
methylpipenidine 13 about 8:1, about 924, about 11, about 11:1, about 12:1, about 131,

about 14:1, about 151, or about 1611, preferably abouwt 12.5:1.

{n coriain embodiments, the invention relates to any one of the metheds deseribed
herem, wherein the concenfration of polyanihine m the polyaniline solvent is from about 6
widh to aboat 18 wi%,. In certain such embodiments, the invention relates to any one of the
methods described herein, wherein the concentration of polyanihine m the polyvanihne
solvent is about 6 wi%e, about 7 wit¥, about 8§ wi¥s, about ¢ wi®h, gbout 10 wits, abowt 11
wita, about 12 wi%, about 13 wi, about 14 wi¥h, about 15 wi%, about 16 wtth, abouwt {7

wie, or about 18 wi%, preforably abowut 12 wit¥s,

in certain embodiments, the tnvention relates to gny one of the methods deseribed
herein, wherem the polyanihine is leucoemeraldine polyaniline, emeraldine polvaniline, or

permigrantline polvaniline,

In certain cmbodirpents, the mvention relates to any one of the methods described
herein, wherein the polvanihine has a molecular weight from abowt 36 kDa 1o about 180
kD, In certain such embodiments, the molecular weight of the polvaniline 5 about 40 kDa,

about 45 kDa, about 30 kDa, about 35 kDa, abowt 60 kba, about 65 kDa, sbout 74 kDa,
about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa, preferably about 65 kDa.

in certamn embodunents, the invention relates to any one of the methods deseribed
herein, wherain the porous support matenial 1s a fabrie, such as 8 now-woven fabnic, ¢, a
non~woven polvester fabric.

In certain embodiments, the vention relates to any one of the methods deseribed
herein, further comprising distributing the fivst compaosttion substantially uniformly on the
porous support material. Preferably, a casting blade sot to a desired blade height is used 10
spread the first composition sebstantially antormly across the poroes support matenal.

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

herein, wherem the polvaniine nonsolvent is water. In ceortain such ombodiment, the

i1
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polvanifine nonsolvent 18 water at about 15 *C, abowt 16 °C, about 17 °C, about 18 *C,
about 19 °C, about 20 °C, about 21 °C, about 22 °C, about 23 °C, abowt 24 "C about 25 °C,
abowt 26 “C, about 27 °C, or about 28 °C. Preferably, the polyantline nonsolvent is water at

about 23 ¥,

In certain embodiments, the method comprises wumersing the porous support

muaterial eoated with the first composition in the polvanitine nonsolvent.

In certain embodiment, the method comprises contacting the porous sapport
materiad coated with the first composition with, or cven tmmersing # in, the polvanifine
nonsolvent for a third period of time. In certain such embodiments, the third period of time
s from about 13 min to shoat 1 h, such as about 13 min, gbout 30 nun, about 45 min, or

about 1 h, preferably about 30 nun.

In certain embodiments, the invention relates to any one of the methods described
herem, wherem the method further comprises wet-curing the membrane. Preferably, wet-
curing the membrane mvolves contacting the membrane with water at a first temperatwre
for a first pertod of time. In certain such embodiments, the first period of ttme 1s from about
1 min to about 10 min, such as about | min, about 2 wuin, about 3 nun, or about 4 nun,
preferably about 2 min. In certamn such smbodiments, the first tomperatars 13 from about 33
°C to about 100 *C, such as gbout 35 °C, about 30 °C, abowt 78 °C. or about 100°C,

preferably about 30 °C)

in cortain embodiments, the fnvention relates to any one of the metheds deseribed
herein, wherein the method further comprises post-treating the membrane. In certain such
embodiments, the method fuwrther comprises contacting the membrane with a chemical,
such as a dopant, for a second penod of time. In certain such combaodiments, is an acid or a
base, such as camphor sulfonic acid, hydrochlotic acid. or sodium hydroxide. Tn ceriain
such embodiments, the second pertod of fie 15 from abouwt 30 mn to about 20 h, such as
abont | hor about 2 h, preferably abowut 1 h. In centain such embodiments, the membrane is
confacted with the chemical (e, dopant) in a solution. Tn cortain cmbodiments, the pH of
the selution is from about | to abowt 14, such as about 1, abouwt 2, about 3, abowt 4, about 5,
about 6, about 7, about 8, about 9, about 16, abowt 11, about 12, abowt 13, or ghout 14,

preferably about | or about 3.
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Exemplary Methods of Lving

In another aspect, the nvention relates 1o 2 method comprising passing a lguid
composition through any one of the membranes disclosed heremn, wherem the liquid
composition comprises a solute and a solvent; and the mombrane is substantially

impermeable to the solate.

{n certain embodiments, the invention relates o any one of the methods described

herein, wherein the liguad composition is suitable for forward esmosis applications.

in certain embodiments, the invention relates to any one of the methods described
herein, wherein the hquid composition is salt water. In certain embodiments, the invention
relates to any one of the meothods deseribed hereln, wherein the liquid composition is
brackish water.

In certain cmbodiments, the invemtion relates o any one of the methods deseribed

herein, wherein the solate 1s a pathogen or a toxin.

in certain embodiments, the invention relates 1o any one of the methods deseribed
herein, wherein the method 18 used v various foreard osmosis applications, mchuding
concentration of mutricnts m treated sewage, concentration of RO brine, and treatment of

landfili leachate.

in cortain aspecets, the mvention relates to any one of the methods desertbed herein,
wherein the method 15 a method of producmyp desalinated water. In this low-cnergy
desalination process. the membrane can be esed fo draw watke from seawater info a
concentrated draw solution, and the draw solate recovered by variows means including by
fow grade heat {c.g., ammoniun bicarbonate solution). The process has the featwe of
inherently low fouling beeause of the forward osmosis first step, unhike conventional
reverse osmosts desalination plants where fouling 1s often a problem.

Another example of an application of this type may be found in "oioergency drinks,
“ or "hydration hags,” which use an ingestible draw solute and are intended for separation
of water from difate feeds. This allows, for example, the mgeston of water from surface
waters  {streams, ponds, puoddles, et} that may be oxpected o contain
pathogens or toxins that are readily rejecied by the FO membrane. With sufficient contact
tme, such water will permeate the membrane bag mto the draw solution, leaving the

gadesirable feed constituents behind, The dituted draw sohution may then be mpested
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divectly. Typically, the draw solutes are sugars soach as ghucose or fructose, which provide
the additional benefit of nutrition to the user of the FO device. A point of additional interest
with sach bags 1s that they may be readily ssed to recycle arine, greatly extending the
ability of a backpacker or soldier to survive in arid envirowments. This process may also, in
principle, be employed with highly concentrated saline feedwater sources such as seawater,

as one of the first mtended uses of FO with ingestible sohdes was for sarvival 1n life rafis &t

S¢a.
o cortain aspects, the mothod §s 2 method of the eatment of landfill leachate. For
exanyte, the method 5 used to draw water from the keachate fead (Lo, bguid compesttion)

wte a salme (Na(l) brine. The dituted brine is then possed through s RO process o produce

frosh water and 1 reugable brine concenirale.

In cogain embodimonts, the nwethod 15 8 methed of the concentration of food

products, such as fnat facs.
EXEMPLIFICATION

The mvention now being generally described, it will be more readily wderstood by
reference fo the faliiawing examyples, which are included merely for purposes of iHustration
of cottain aspeets and embodiments of the inveation, and are not tdended to limit the

mvention.

Example 1 — Formation of Polyanitline FOQ Membrane by Nonsolvemt Induced Phaxe

Separation

F 12 wtts polvaniline {65 kDa, Santa Fe Science and Technologies, Santa Fe, CA)
is dissolved mn 813wt N-methyl-2-pyrrohidone (Sigima-Aldrich, St-Loais, MO} and 6.5
wte d-methylpiperidine (Sigma-Aldrich) and stirred for at feast 2 days prior to casting.

,-‘ o

. Polvester fabric s taped onto a glass plate with electrical tape 1o ensure the fabric
lays flat.
A casting blade set to a desired blade height is used @ spread the polymer
solution wniformly across the fabwic.
4. The glass plate is wmmediately inmersed nto a room temperatore water bath,

which causes the polymer to precipitate onto the fabric
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5. The membrane s left in the coagulation bath for 30 minutes before being

transferred nto plastic bags filled with Milh-Q) water and stored in 47C until testing.

Example 2 — FO Experiments

General Method

The membranes were tested in FO experiments which were conducted using a
custom designed flow cell made of polyearbonate with transparent acrvlic windows on both
sides for viewing, The flow channcls on both sides of the membrane are 2.54-cm wide,
7.62-cm ong, and T-mm high. The draw solution was set to flow co~currently with the feed
solution, controlled mndependently by gear pumps (MicroPuamp A, Cole Parmer, Barringion,
IL), and measared by rotameters (Blue White Industries Lid, Hustington Beach, CA). The
draw solution was placed on a balance {PE2002, Dopver Instroments, Bobemia, NY} o
record its mass every 30 seconds to a computer, from which the water flux was caleudated.
The condactivity of the feed solution was continuoesly momitored and recorded during the
experiment with a calibrated conductivity probe (Celt constant: 10 e, Accumet XLSO,
Fisher Scientific, Hampton, NH) immersed in the feed solution. Both the water fhux and salt
flux reached steady-state approximately 5 mimutes into the experimoents. The initial volume
of both draw and foed solutions was one hiter, and the experiment length of 34 pinuates, loss
than 30 mi of water permeated through the mombrane to the draw and less than 1 g of salt
passed o the feed for all experiments conducted. Thus, withm the duration of the
experiment, dilution of the draw and concentration of the feed was safely assumed o be

neghigible,
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Characterization of Phase-Inverted PANI Membranes

Table 1

{\»Q RS }“‘E{

Effect of heating membranes without coatings

PANL, CTA, PANI-PSE and PST membranes were made and then heated at a
spectfied temperature for g specified amoud of time. The membranes were then fosted as
FO membranes (deaw solution == 32 ¢/, Na(l; feed solution = DT water; 20 °C; Howrates =

1.1 gpm). Sec Figore | and Figure 2.
Effect of post-casting treatments on membranes

PANI and CTA membranes woere subjected to various posttreatments and then
tested as FO membranes. The experiments were nm in FO mode {draw sohstion = 32 ¢/LL
NaCl; feed solution = DI water; 20 °C; flowrates = 0.1 gpm). Post-ireatments:  wet cure =
water bath at 35 °C for 2 min; CSA weatment = 20 g/L CSA, pH~1.3. 1 b; NaOH weatment
=pH 12, 13 h. Desired ravios:  water permeability ratio (A Apra) ™ 1 salt passage atio

{(P./Pora) < |, See Figure 3 and Table 2.

Table 2: Comparison of properties of CTA and PANI membranes subjected to
various post-casting freatments
CIA
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PANI membranes with two different casting blade hewghts (152 o and 12 pum)
were made (12 wih PANI (65 kDa from SFST) in NMP with 4-MP; coagulation bath =
room temperature water; fabric sabstrate = from NanoH>(0). These membranes and CTA
membranes were subjected to various post-treatments.

In one experiment, membranes were subject to wet-curing for 2 min at various

temperatures. As exiubited i Figure 4, the phase-inverted membrane cast at 152 ym
becomes more permeable and more sclective than the membrane casted ot 102 pm during
wet-curing at lugh womperatares. This meay be becasse the heat i annealing the skin laver
pores of the thicker membrane while starting to anncal the skin and sub-surface pores of the
thinner membrane, decreasing both water and salt permeability. The higher temperatures
for the 152 jon membrane don't seem to incrense the permeability or sclectivity nnich move,
50 it nught beeome impracticat to try higher temperatures. The tmportant fact to note 1 that
the CTA membrane does net have the thermal stagbility of the PANI membrane, as higher

wet cure temperatures deerease permeability significantly,

{n another experiment, membranes were sabject to USA or NaQH treatment. As
exhubited n Figure &, the PAN: membrane casted at 102 i post-treated with 100 mM for
1 hour performs sigmificantly better than the CTA membrane in terms of water permeability
and NaCl selectivity. Interestingly, this effect is not observed for the meomdwane casted at
152 um, which may indicate that the USA is having an effect on the sub-skin layer pores
rather than the skin laver pores. Note: Performance of membrane after {00 mM CSA
treatment for 1 howr, followed by a 3-how soak in a beaker of DI water was A= 237 ¢ 1079
ors-Pa and Sall Passages 4.77 pefs. This mdicates that the CSA treatment 15 not casily
teached out with water. Furthermore, a decrease in performance doning the duration of the
experiment was not obhserved, which indicates that the CSA treatment to the membrane is

not reversible with 32g/L NaCl solution cross-flow.

Water contact angle mcasurcments indicate that CSA post-treatment does not

sigraficantly affect the hydrophilicity of PANI membranes. See Table 3.

Table 3: Water contact angle {captive bubble) of various membranes

Membrane Post-Treatmeut Water contact angle
None 33672706
CTA OIMCSA Th 4894 % 3 44
0FMHCL L h 98 = 1 .63
s g None 3RT3 296
340 - —)
PANI-162 01MCSA. 1B A8 % 2
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OQIMHCL A 42 18+ 207

None 3694 2625

PANi-152 0IMCSA 1A 3369071
GIMHCI R 4981 =539

Another experiment was undertaken to determine whether CSA post-treatment was
pmproving the membrane performance, or whether the change was attnibutable solely to the

pH of the post-treatment. &s showing i Figere 6, the HUL at pH-1 does improve the

14

performance of the membrane, but does not merease the NaCl selectivity as muich as €SA
does. Furthermore, the pH of the post-treatment doos seem to increase the sclectivity, bt

more experiments are needed.

The effect of HCO treatment on a membrane of the mvention 15 summarized m
Figure 12, Structure parameter changes were apparent; quantifiable changes in macroveid

1 morphology were not apparent,
Effect of sabstrate on membrane performance

The offect of natwre of the sebstrate on membrane performance was examined. The
original fabric substrate 18 from NanoH:0. A new fabnic was tested ~ from Crane. To the
naked ove, the Cranc fabric appeared to be a non~woven fabric, with more voud space than

15 the NanoitlO fabric

As can be scen in Figure 7, the wlentity of the fabrie affects the membranc
performance. The Crane fabric makes a nweh tghter membrane i terms of FO

performance.
Effect of casting blade height on membrane performance

20 PANI membranes with two different casting blade heights {152 pm and 12 pm)
were made (12 wite PANI (65 kDa from SFSTY in NMP with 4-MP; coagulation bath =
room temperature water). Various post-treatiments were used. See Figure 8, Figure 9, and

Figure 10,

Mermbranes formed using a casting blade hewght of 102 g begin to extubit non-

]
g

aniformities on the membrane surface due o contact with the roughness of the fabuie.

Deoreasing denixing rate, and decreasing the fomperature of the coagulation bath

L=

{20 °C and 13 °C) do not seem to affect membrane performance,
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The membranes cast using different blade heights were subject to vanous post-
treatments. As is shown in Figure 11, the CSA geatment seems to make the membrane cagst
at 102 pm permeable and more selective to Nall {exceedmyg CTA performance). Two
different membrancs cast on two different davs wore tested, and similar results were

obtained, showing reproducibility.

The membranes cast using different blade heights were subject to various wet-cure
conditions. As 15 shown in Figwre 4, 1t seems are though the CTA membrane is not as
thermally stable as the PANG membrane. Interesungly, the moembrane casted at 152 wm
becomes much more selective under heat treatment than the one cast at 102 pm. and even
more permcable to water, From the cross-sectional SEM images (Figure 14, there are no
significant differences morphologically except the thicknesses of the membrane,

The membrane cast at 102 ym exceeds CTA performance after CSA treatment for |
howr. The membrane cast at 152 wm can achieve approximately CTA performance {with
stightdy higher water permeability} after wet curing at 73 °C for 2 mins.

A supwnary of performance data for membranes cast with different blade heights

miy be found in Table 4,

Table 4
Post- Water Na(l
Membrane Freatment Permeability  Permeability
S {m/s-Pa) {mis)
None 123 x10” 150 07
PANI-152
OAMHCY, e 21 % 107
PANi-102 one 80 x 107

19
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O.IMCSA, thy 123x 107 213x 107

INCORPORATION BY REFERENCE
All of the acadeprc publications, US, patents, and U5, published patent
applications cited herein are hereby mcorporated by reference in their entireties,
5 EQUIVALENTS

Those skilled in the art will recognize, or he able to ascertain using no more thaa
routing experimentation, many cquivalents to the specific embodiments of the invention

described herem. Such equivalents are intended to be encompassed by the following elaims.

20
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We claim;

1. A forvard osmosis membrane, wherein the membrane consists essentially of a

porous support material and a polymer layer; and the polymer layer comprises polyamiline.

2. The mombrane of claim 1, wherein the polymer layer comprises leucoemeraldine
5 polyambine, emeraldine polvaniline, or pernigranifine polyanihine,

3. The membrane of clanm 1 or claim 2, wheremn the mweolecalar weight of the

polvaniiine s from about 30 kDa to about 100 kDa.

4. The membrane of claim 1| or claim 2, wherein the molecular weight of the

polyaniline 18 about 40 kDa, about 45 kDa, about 30 kDa, about 35 kDa, about 68 kDa,
) about 63 kDa, about 70 kDa, about 75 kDa. about 80 kDa, about 85 kDa, or about 90 kDa

k3 The membrane of claim 1 or claim 2, whercin the molecular weight of the

polvanifine 1s about 635 kDa.

6. The membrane of any one of claims 145, wheremn the polymer layer further

comprises a dopant.

15 7 The membrane of claim 6, whercin the dopant is an and or a base.
8. The membrane of clgim 6, wherein the dopant is camphor sulfonic acid or

hydrochioric acid.
9, The membrane of claim 6, wherein the dopant 15 sodnen hydroside.
10, The membrane of any one of claims 1-9, wherein the thickness of the polymer layer
20 is from about 20 um to about 120 umu
1, The membrane of any one of claims 1-9, wherein the thickngss of the polymer layer
1s about 30 pun, about 35 wim, about 40 pm, abowt 45 pum, about 30 um, about 35 pm, shoat
6} um, about 65 wan, about 70 pry, about 75 pm, about 80 wm, abowt 83 um, aboat 90 wm,
about 95 gan, or about 100 pm.
25 120 The membrane of any one of clams 111, wherein the porous support material is a
fabric.
13, The membrane of any one of chaims 1-11, wherein the porous support material is a

non-woven fabric,
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14, The membrane of any one of chuns 1-11, wherein the porous support matertal 1s a
non-woven polvester fabric,
15, The membrane of any one of claims -4, whercin the water permeability of the
membrane is greater than about 1.5 x 1077 mfsPa
5 16, The membrance of any onc of claims 1-14, wherein the water permeabulity of the
. ‘ - ) .

membrang is greater than about 2.0 x 107 misePa.
17, The membrane of any one of claims 1-16, wherein the salt passage of the membrane
is fess than about 16 pgfs.
IR, The membrane of sy ome of claims 1-16, wherein the salt passage of the membrane

H}  is less than about 10 ugfs.
19, The membrane of any one of clums 1-18, wherein the pure watey equilibrium
contact angle of the membranc iy less than about 98,
20 The membrane of any one of clamms 1-18, wherein the pure water equilibrium

contact angle of the membrane i aboat 207, about 30°, abouat 31°, abowt 32°, about 33°,

o
i

about 347, sbout 35°, sbout 367, sbout 37°, about IR, aboat 39°, or about 407,

21, The membrane of any one of claims 1-20, wherein the water permeability of the
membrane does not change sigaificantly after bemng mwunersed n a sohuion at pH = {2 for
13k

22, The mombrane of any ome of claims 1-21, wherein the salt selectivity of the
20 membrane does not change significantly after being smmersed i a solution at pH = 12 for
13 h

23, A method of forming a membrane, comprising the sieps off

a providing a first composiion comprising polyvanitine and a polyanihine
solvent;
a5 b. coating the first composition onto a porous support material: and
c. contacting the porous support material coated with the first composition with

a polvaniling nonsolvent, thereby forming the membrane.

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

any one of clagns 1-22,
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25, The method of claim 23 or clum 24, wherein the polvaniline solvent is selected

from N-methyl-2-pyrrolidone and 4-methyipipenidine, and mixtores thereof.

20, The method of claim 23 or claim 24, wherein the polyaniline solvent is a mixture of
N-methyl-2-pyrrolidone and 4-methyipiperidine,

27, The method of claim 26, wherein the weight ratio of N-methyl-2-pyrrolidone to 4-

methyipiperidine 1s from abowt 811 o about 16: 1

28, The method of claim 26, whergin the weight ratio of Nemethyl-2-pyvrrolidonge to 4-
methyipiperidine is abowt &1, about 9:1, about 10:1, abowt 11:1, about {2:1, about 13:1,

about 14:1, about 15:1, or abowut 16:1, preferably about 12.5:1.

29, The method of any one of claims 23-28, wherein the concentration of polvaniling in

the polvaniline solvent 1s from about 6 wi% to about 18 wi%.

30, The method of any one of claims 23-28, wherein the concontration of polyanihing in
the polvamiline solvent is abmrt & wite, about 7 wilh, about § wite, about 9 withs, about 10
wite, about 11 wtde, about 12 wi¥h, about 13 wi%, about 14 witts, about 13 wi%s, abowt 16
wi%, abouwt 17 wit, ov aboat 18 withe.

31, The method of any one of claims 23-28, whercin the concentration of polvaniline m
the polyaniling solvent is about 12 with.

32, The metheod of anv cae of claims 23-31, wherein the polyaniline is feuccemeraldine
polyanidine, emeraldine polvamiline, or pemigraniline polyaniline.

33, The method of any one of claims 23-32, wheretn the molecalar weight of the
polyamiine is from about 30 kDa to about 100 kDa.

34, The swethod of any one of claims 23-32, wheremn the molecular weight of the
polyaniime s about 40 kDa, about 45 kDa, about 50 kDa, about 55 kDa, abowt 60 kD,
about 68 kDa, about 70 kDa, about 75 kDa, about 80 kDa. about 85 kDa, or about 30 kDa.

35, the method of any one of claims 23-32, wherein the molecular weight of the

palyamline i3 about 63 kDa,

36, The methed 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

non-woven fabric.

o]
s
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38 The method of any one of claims 23-35, wherein the porous support material 15 a

non-woven polyvester fabric,

39, The method of any one of claims 23-38, further comprising distributing the first

composition substantially untformiy on the porous support naterial.

5 40, The method of claim 39, wherein a casting blade set to a desired blade height is
gsed to spread the first composition substantially oniformly acvoss the porows sapport
niaterial.

4. The method of any one of claims 23-40, wherein the polvaniline nonsolvent is
Water.

Hy 42, The wmethod of any one of clamns 2340, wherein the polvamitioe nonsolvent is water
at about 15 *C, about 16 °C_ about 17 °C, about 18 °C, about 19 *C, about 20 *C, about
21 °C, about 22 °C, abowt 23 °C, abowt 24 *C about 23 “C, about 26 °C, abowt 27 °C, or

about 28 “C.

43, The method of any one of claims 23-46), wherein the polyaniline nonsolvent s water

P
K 03

at about 23 *C.

44, The method of any one of claims 23-43, wherein step ¢ comprises contacting the

porous sapport material coated with the first composition with the polvamiime nonsolvent

for a third peried of time,

45. The method of any one of clabms 2343, wherein step ¢ comprises immersing the
200 porous support matersal coated with the first composition in the polvaniline nowsolvent for

3 third period of time.

46, The method of claim 44 or claim 45, wherein the third period of tme is from about

13 minnto about 1 h.

47, The method of claim 44 or claim 45, whercin the third period of time i about 13
2% min, about 30 min, abowt 43 min, or about 1 h.

48 The method of clam 44 or claim 45, wherein the third perniod of time 15 about 30

un.

49, The methed of amy ong of claims 23-4%, further conmprising contacting the

membrane with water at a first temperature for a first period of thue.
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30. The method of claim 49, wherein the first pertod of time 15 from abowt | mimn to
about 10 min.
51, The method of claim 49, wherein the first period of time is about | sain, about 2

min, abowut 3 min, or about 4 nun.

32 The methad of claim 49, wherein the first period of tme 15 about 2 min,
33 The method of any one of claims 49-32, wherem the first temperature is from about

34, The wethod of any one of clams 494532, wherein the first temperature s about 33

=, about 3G 7, about 73 °C, or abowt 100 °C.

35, The method of any one of clatms 49-32, wherein the first temperature is about 50
C.

(43

56, The method of any one of claims 23-53§, further comprising contacting the

membrane with a chemical for a second pertod of time,
57, The method of claim 36, wherein the chenueal is an acid or a base.

38 The method of clamm 56, wheremn the chemical s camphor sulfomie acid or

hydrochioric acid.

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

6. The mcthod of any one of claims 36-539, wherein the sceond period of time s from
about 30 min to about 26 h.

61, The methed of any one of clabms 36-349, wherein the second peried of fime s abowt
1 'hor about 2 h

62.  The method of any one of claims 36-39, wherein the second period of time is about
Ih

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

4. The method of claim 63, wherein the pH of the solistion is from about | 1o about 14
63, The method of claim 63, whercin the pH of the solution s about |, about 2, abowt 3,
about 4, about 5, about &, about 7, about 8, about 9, about 16, about 11, about 12, ahout 13,

or about {4

i~
A
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66, The method of claim 63, wherein the pH of the solotion is about 1 or abowt 3.

67, A method comprising passing a liquid composition through & membrane of any one
of clatms 1~22, wherein the hiquud 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 Hquid composition 15 salt water.
69, The method of claim 67, wherein the Bauid composition s brackish water.

7). The method of any one of clatims 67-69, wherein the solute is a pathogen or a toxin.



