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Polyaniline Membranes formed by
Phase Inversion for Forward Osmosis
Applications

3 RELATED APPLICATIONS

This apphcaton claims the benefit of prionty (o United States Provisional Patont

AppHeation senal nuimber £1/823,739, filed May 15, 2013,
BACKGROUND

It is cstimated that less than one percent of the world's entire water supply is

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

osmosis to draw fresh water from seawater o a very concentrated solution when
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separated by a semi-permeable membrane. The soluie i the concenwated solotion s
recoverable by vanous means such as low grade beat, and shift in solefion temperatie or
acidity. The major hindrance in the development of this process is the lack of suitable
membranes,

There exists a need for chomically- and thermally-stable materials capable of
20 purifing water via forward osmosis.

SUMMARY

In corain embodiments, the mvention relates to a forward osmosis membrane,

wherein the membrane consists essentially of a porous support material and & polymer

layer; and the polymer layer comprises polyvamiime.

25 In certain embodiments, the invention relates to a method of fornung a membrane,
comprising the steps of
a. providing a first composition comprising polyambine and a polyvanitine
solvent;
b, coating the first composition onto a porous support nwaterial; and
30 <. contacting the poross sapport material coated with the first composition with

a polyaniline nonsolvent, thereby forming the membrane.
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In certain embodiments, the fnvention relates to a method comprising passing a
Hgaid composition throegh a membrane described herein, wherein the liguid composition
comprises a solete and a solvent; and the membrane 15 substantially impermeable to the

solute.
BRIEF DESCRIPTION OF THE FIGURES

Figure 1 depicts the water permeability (A), in m/S Pa (left bar), and salt passage,
i pds (right bar), of various membranes without coatings. The expenntents were vun i FO
mnde (draw solution = 32 g/l Na(l; feed sobstion = DI water; 20 °C; flowrates = 0.1 gpm).
The PAN: used was 65 kDa PANI from Sigma-Aldrich.

Figare 2 depicts the water permeability {A), i av/'S Pa (feft bar), and salt passage,
i pegds (right bar), of various membranes without coatings. The experiments were run in FO
mode (draw solution = 32 /L. Na(l; feed sohuion = DI water; 20 °C; flowrates = 0.1 gpm).

The PANI used was 65 kDa PAN1 from Santa Fe Science and Technologies.

Figure 3 depicts the water permcability {A), m m/S Pa {Icft bar}, and salt passage,
i pgds (right bar), of various membranes with or without post-treatment. The experiments
were run i FO mode (draw soletion = 32 gl NaCl; feed solation = DI water; 20 °(;
Howrates = (.1 gpoy. Post-treatoients: wet cure = waler 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), in m/S Pa {deft bar), and salt passage,
wougds {nght har’_}, of various membranes with or without post-treatment, made with
different casting blade heights. The experiments were run in FO mode {draw solution =
/L. NaCl; feed sohation = DI water; 20 °C; flowrates = 0.1 gp). Post-treatment; wet cure

= ywater bath at specified temperature for 2 min.

Figure 5 depicts the water permeability (A}, in m/S Pa (Jeft bar), and salt passage,
i ug's (right bar), of various membranes with or without post-freatyent. The experiments
wore it in FO omode {draw solution = 32 @/l NaCly feed solution = DI water; 20
flowrates = (.1 gpm). Post-treatments;  CSA treatment = 100 mM CSA, pH~13, 1 K
NaOH weatment = pH 12 13 h

Figure 6 depicts the water permeability (A}, in oS Pa (left bar), and salt passa;
in pefs {right bar), of varous membrancs with or without post-freatment, made with

difforent casting blade heights. The experiments were run in FO mode (deaw sohution = 32
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'L NaCl; feed solution = DI water; 20 °C; flowrates = 0.1 gpm). Post-treatments: CSA
treatment = 100 mM CSA, pH~1.3, | by HCO teatment = 107 mM HCL pH~3, 1 h; HCH
freatment = 100 mM HCL pH~1, T h

Figure 7 depicts the water permeabality (&), 1o /S Pa (eft bar), and salt passage,
i peds (right bar), of varicus membrancs made using different fabnics. The experiments
were run i FO mode {draw solution = 32 g/t NaCl; feed solution = DU water; 20 °(;

flowrates = (.1 gpm}).

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

o

= P water; room temperafore).

Figure 10 depicts SEM images of the cross-sections of various membranes made
asing a different casting blade height (left images = 1532 pm cast height; vight mmages = 102

um blade height). {&) Scale bar = 10 gy () scale bar = § ym.

Figure 11 depicts the water permeabihity (A), in oS Pa (left bar}, and salt passage,
mogeds (nght bar), of various membranes with or withowt post-treatment, and having
different casting blade beights. The experiments were run in FO mode {draw solution == 32
g/l NaCl; feed sohution = DI water; room temperatore {abost 23 °C)). Post-treatrents:

CSA treatment = 100 mM CSA, pH~13, 1 hy NaOH weatment = pH 12, 13 1

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

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

1t certain embodiments, the rvention relaies o the use of polvaniline (PANY), g
super wettable matenial, to make a FO membrane that allows for high water pormeability
while mamtabuog high sslt sclectivity, In preforred embodiments, the polyamline
membranes are formed by nonsolvent nduced phase separation or phase inversion. In this
process, a polvmer dissolved v a sobvent 15 cast onfe a fabric, and omersed in a
nonsolvent. Upon immersion, the nonsolvent induces the polymer to precipitate to form the

menthrang.

il
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In certain embodiments, the membranes of the mvention display good wettabiity
and tunmable morphology. Dhie to their desirable characteristics, the membranes of the
mvention may be used i many FO applicattons m addition to desahnation, incleding
treatment of landfill leachate, production of emergency drnks, and concentration of

nutrients from treated sewage.

Definitions

As used hereiny, nomenclature for compoands, cluding organic compounds, can be
given uysing common names, {UPAC, IUBMB, or CAS reconumendations for nomenclature,
When one or more stereochenyical features are present, Cahm-Ingold-Prelog rules for
stereochenustry can be emploved to designate stereochenucal priovity, K7 specification,
and the tike. One of skill in the art can readily ascertain the structure of a compound if
givenn a name, ecither by systemic reduction of the compound sfructure usmng nanung
conventions, or by comwercially  available  software, such  as CHEMDRA W™

{Cambnidgesoft Corporation, LS. A0

As used i the specification and claims, the singular forms "a", "an" and "the”

include plural references unless the context clearly dictates otherwise,

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

appropriate.

Ranges can be expressed herein as from “abowt” one particular value, andior to
“ahout” another particalar value, When such a range i exprossed, another aspect mcludes
from the one particular value and/or to the other particelar value, Simifarty, when values are
expressed as approximations, by use of the antecedent "about,” 1t will be understood that
the particular value forms another aspect. It will be further understood that the endpoints of
cach of the ranges are signtficant both in relation to the other endpomt, and independently
of the other endpomt. It 15 also understood that there are a mumber of values disclosed
herem, and that cach value is also herein disclosed as "about” that particular value in
addition o the value itself. For example, if the value "107 s disclosed, then "abow 10" s
also discloged. it is also understood that each enit between two particudar wnits are also
disclosed. For example, if [0 and 15 are disclosed, then 11 12, 13, and !4 are also

disclosed.
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References mn the specification and conchuding claims to parts by weight of a
particalar element or component i a composition denotes the werght 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 § parts by wesght component Y, X and Y are present at a

weight ratio of 2.5, and are present in such ratio regardless of whether additional

componenis are contamed in the compound.

A weight percent (wt. 35) of a component, wadess specifically stated to the contrary,
is based on the tofal weight of the formulation or composition in which the component 8

ncluded.

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

dilation of a highly concentrated stream (referved o as the draw solution).

"Insoluble” refers 10 a poorly solubilized solsd m a specified hquid {1e, a
"nponsolvent™) such that when the solid and hquid are combined a heterogencous mixture
results. Bs recogmized that the solability of an "msoluble” solid in a specified liquid nught
not be zero but rather 8 would be simaller than that which is useful in practice. The use of
the terms “seluble”, “insaluble”, "solubility” and the like are not intended to tmply that only
a solid/iquid mixture 15 intended. For example, o statement that the additive 1s soluble
water 18 not meant to imply that the additive must be a solid; the possibility that the additive

may be a Hguid s not excluded.

As used herein, the tern “moleadar weight™ (MW} refers w the mass of one
molecde of that substance, relative to the unified atomic mass umit u {equal to 1712 the

mass of one atom of carbon-{2).

As used herein, the term “number average molecular weight™ (M) refers to the
common, mean, average of the molecular weights of the mdividual polymers. M, can be
deternmuned by wmeasuring the molecular weight of n polvmer molecules, sumnung the

weights, and dividing by n M, 1s cakenlated by:

3
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wherein N; is the manber of molecudes of molecelar weight My The nuamber average
molfecolar weight of a polymer can be determined by gel permeation chromatography,
viscometry {Mark-Houwink equation), hight scattering, analvtical ultracentrifugation, vapor

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

As used herem, the form “weight average molecudar weight” (M) refers to an

&

alternative measure of the molecular weight of a polymer. My, 5 caleulated by:

wherein N; is the number of molecudes of molecular weight M. Intuitively, i the weight
average molecudar weight 18w, and 2 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 neutron scattering (SANS), X-ray scattering,

and sedimenmation velocity.

As used herein, the terms “polydispersity” and “polydispersity index”™ refer to the

ratio of the weight average to the number average (M/M,).

As used heremn, the term “polymer” refers to a relatively high molecular weight
organic compound, natural or synthetic, whose structmre can be represented by a repeated
small wnif, the monomer (e.g., polycthylene, rubber, cellulose). Synthetic polymers are

typreally formed by addition or condensation polymerization of monomers.

As used herein, the term "salt” refers o an onic compound that is not a zwittenion.
This may include sodiam chloride {raditional table salt), other morganic salts, or salts in
which the anton(s), the cation(s), or botl are orgamic, The term "salty” means comprising af

least one salt,

"Supported” means a material s assembled on a second muaterial such that the
second matenials imparts mechameal stability to the first saterial without elinunating all of

its functions.

Certain matevials, compounds, compositions, and components disclosed hevein can
he obtained commeraially or readily synthesized using tochniques generally known to those
of skill in the art. For example, the starting materials and reagents used m prepanng the
disclosed compownds and compositions are either avaldable from commercial suppliers such

as Aldnich Chemical Co., {Milwaskee, Wis.), Acros Organics (Morris Plains, NJ.), Fisher

5
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Scientific (Pittsburgh, Pa ), or Sigma (St Louts, Moy or are prepared by methods known to
those skifled m the art following procedores set forth in veferences soch as Fleser and
Fieser's Reagents for Organie Syathesis, Volumes 1-17 (John Wiley and Sons, 1991 )
Rodd’s Chemistry of Carbon Compounds, Volomes 1-5 and Supplemental volumes
{Elsevier Science Publishers, 1989); Organic Reactions, Volumes 1-40 (Johm Wiley and
Sons, 1991 Mareh’s Advanced Orvganic Chenustry. (John Wiley and Sons, 4th Edition);

and Larock’s Comprehensive Organic Transformations (VCH Publishers Inc., 1989).

Linless otherwise expressly stated, 101 10 o 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 #s steps or it is
not otherwise specifically stated in the clatms or descriptions that the steps are to be Hmited
to a specific order, 1t is m 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! plam meamng derived from
gramynatical organization or punctaation; and the number or type of embodiments

described in the specification.

Phasclosed 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
heretn, These and other materials are disclosed herem, and i 1y wnderstood that when
combinations, subsets, inferactions, groups, efc. of these materials are disclosed that while
specifie reference of cach various individual and collective combinations and permutation
of these compounds cannot be explicitly disclosed, each is specifically contemplated and
described herem. For example, if a particular compound s disclosed and discussed and a
number of modifications that can be made to a number of molecules including the
compounds are discussed, specifically contomplated is cach and every combination and
permiation of the compound and the modifications that are possible wiless specifically
mdicated to the contrary. Thus, if a class of molecnles A, B, and C are disclosed as well as
a class of molecules D, E, and F and an example of a combinavon molecule, A-D s
disclosed, then even if cach is not individually recited cach is individually and collectively
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, e sub-group of &-E, B-F, and C-E would be considered disclosed. This

concept applies to all aspects of thus application including, but not limited to, steps m
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methods of making and esing the compositions of the invention. Thus, if there are a vanety
of additional steps that can be performed it s understood that cach of these additional steps
can be perfiemed with any specific embodiment or combination of embodiments of the

methods of the tvention.

It is understood that the compositions disclosed herein have cortain functions.
Disclosed herein are certain structural requirements for perfornung the disclosed functions,
and it Is anderstood that there are a variety of structures that can perform the same function
that are related w0 the disclosed struchiwes, and that these stractures will typieally achueve

the sgme result,

FExemplaey Mambranes

In a first aspect, the mvention relates to a polvamline-contaiming forward osmosis

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

In cortain embodiments, the mvention relates to any one of the membranes
described herein, wherem the membrane comprises a pordus support material and a
polymer layer; and the polymer layer comprises polyaniline.

In certain sach embodiments, the nvention relates to any one of the membrancs
described herein, wherein the membrane consists essentially of a porous support material
and a polymer layer; and the polymer layer consists essentially of polyambine. In particalar
such embodiments, the membrancs consist of only these two layers,

In certain embodiments, the invention relates 1o any one of the membranes
deseribed hereinn, wherein the polvimer layver comprises leecoemeraldine polvaniline,
cmeraldine polvambine, or permgraniline polvambne. In cerfam such cmbodiments, the
mvention refates 1o any one of the membranes described herain, wherein the polymer layer

is feucoemeraldine polyaniline, emeraldine polyvamline, or pemigraniline polyaniline.

In certain cmbodiments, the invention relates to any one of the mombranes
deseribed heremn, wherein the polyambine has a molecular weight from about 30 kDa o
about 100 kDa. In certan such embodiments, the molecular weight of the polyanihne is
about 40 kDa, about 45 kDa, abouat 50 kD, abeat 55 kDa, sbowt 60 kDa, about 65 kb,
about 70 kDa, about 75 kDa, about 80 kDa, about 83 kDa, or about 90 kDa, preferably

about 63 kbDa.

ol
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In certain embodiments, the fwvention relates to any one of the membranes
described herein, wheren the polymer laver further comprises a dopant. The dopant may be

an acid or a base, such as camphor sulfonte acid, hydrochloric acid, or sodiom hydroxide.

In certain embodiments, the invention relates 1o any one of the membrancs
deseribed berein, wherein the thickoess of the polvimer laver is from about 20 1am to about
120 wm. In certain such embodiments, the thickness of the polymer layer is about 30 um,
about 33 ym, about 40 wm, about 45 pm, about 56 pm, about 55 pum. about 60 wm, about 63
win, about 70 wim, about 75 um, about 8O g, about 83 um, about Y0 gm, about 95 jun, or

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

In certain embodiments, the mvention relates o any one of the membranes
deseribed herein, wherein the poroes support material is a fabne, such as a now-woven

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

The permeability of the membranes can be expressed i terms of the pure water
permeability. The parmeability of the disclosed membranes can be measured, for example,

using a dead-end stirred cell (Stertitech)

In certain embodiments, the mvention relates o any one of the membranes
deseribed heretn, wherein the water permeability of the membwane 1s greater than about 1.3

x 107 misePa, preferably greater than abowt 2.0 x 1077 nvgePa.

The salt rejection of the membranes can be expressed i terms 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 oynbodiments, the mvention relafes to any one of the membranes
deseribed herein, wherein the salt passage of the membrane 15 fess than about 16 gefs, less
than about 14 pg's, preferably less than about 12 pg's, ever more preferably less than about

10 ugds.

I various embodiments, a membrane of the fnvention can bave a puwre watey
equilibriom contact angle of less than aboat 907, In certmn such embodiments, @ membrane
of the mvention can have a pwre water eqaphbrium contact angle of less than about 307 In
still further eombodiments, a membrane of the invention can have a pure water eguilibrism
contact angle of less than about 70°. In yet further embodiments, a membrane of the

imvention can have a pure water equilibrivan contact angle of less than about 607, In even

9
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forther embodiments, 3 membrane of the invention can have a pare water equilibrivun
contact angle of less than abowt 507 In still fwrther ewmbodiments, a membrane of the
mveation can have a puwre water equilibrium contact angle of less than aboat 40°. In vet
further embodiments, a membrane of the mvention can have a pure water cquilibnium
contact angle of less than about 30°. in certam particular embodiments, & membrane of the
invention can have a pure water equilibrihon contact angle of about 207, about 30°, about
317, about 32°, about 33°, about 34°, about 35°, about 36°, about 37°, about 38°, about 39°,
or about 40°. Membrane surface contact angle mcasurements may be carrted out, for

example, with a KRIISS 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 mombrancs
described berein, wherein the water permeability of the membrane does not change
sigmficantly after being immersed in a sohution at pH = §2 for I3 1

In certain embodiments, the mvention relates 1o any one of the membrancs
described hevein, wherein the salt selectivity of the membrane does not change sigmficantly

after being wmersed w a solaton at pH = 12 for 13 h.

Fxemplary Mechods of Making

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

wnversion, which forms a membrane with skin layer poves and sublayer macrovoids.

in another aspect, the swvention relates to a methed of forming 3 membrane,

compnising the steps oft

a. mroviding a first composition comprising polvaniline and a polyvanihne
sohvent;

b coating the first composition onto a poroas support material; and

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

a polvaniline nonsobvent, thereby forming the membrane.

1t certain embodiments, the method s & methad of forming a membrane described

herein.
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In certain embodiments, the invention relates to any one of the methods described
hereiny, wherein the polvamiline solvent s selected from Nemethyl-2-pyrrolidone and 4-
methyipipendine, and suxtures thereofl In certam embodiments, the polyaniline solvent is a
mixture of N-methyl-2-pyrrolidone and 4-methyipiperidine. In certam such embodiments,
the weight ratio of N-methyl-2-pyreolidone to 4-methylpiperidine is from about 8:1 to about
et In certain parucudar embodiments, the weight ratio of N-methyl-2-pyrrolidone to 4-
methylpipenidine s about &1, about 901, about 10:1, about 11:1, about 12:1, about 131,

about 14:1, about 151, or about 16:1, preferably abowt 12.5: 1

{n cortain embodiments, the invention relates to sny one of the methods deseribed
heremn, wherein the concentration of polyanthne m the polyaniling solvent is from about 6
widh to aboat 18 wi%. In certiin sach embodiments, the mvention relates to any one of the
methods described herein, wherein the concentration of polyaniine m the polyanihne
solvent is about 6 wite, about 7 wi¥, about 8 wi%e, about 9@ wiy, about 10 wit, about 11
wite, about 12 with, about 13 wit, about 14 wi¥s, about 15 wi%, about 16 wi¥h, about 17

wie, or about 18 wi%h, preferably about 12wt

in certain embodiments, the vention relates to gay one of the methods deseribed
herein, wherem the polyvaniline 15 leucoemeraldine polyaniline, emeraldine polvaniling, or

permigrantline polvaniline,

In certain cmbodients, the mvention relates to any one of the methods deseribed
herein, wherein the polvaniline has a molecular weight from abowt 30 kDa to about 100
kDa. In cortain such embodiments, the molecular weight of the polvaniline 15 about 40 kDa,

about 43 kDa, about 50 kDa, about 35 kDa, about 60 kDa, about 63 kDa, about 70 kDa,
about 75 kDa, about 80 kDa, about 85 kDa, or about 90 kDa, preferably about 65 kDa.

in certain embodunents, the inveotion relates to any one of the methods described
herem, wherein the porous support material s a fabric, such as a non-woven fabnic, ey, a
non-woven polvester fabric.

In certmin embodiments, the vvention relates to any one of the methods desertbed
herein, further comprising distributing the fivst composttion substantially uniformly on the
poroas support material. Preforably, a casting blade set wo a destred blade bheight is wsed 0
spread the first composition sabstantially untformiy across the porous support materal.

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

herein, wherem the polvaniline nonsolvent is water. In cortain such ombodiment, the

i1
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pobvanifine 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  abeut 25 °C,
abowt 26 “C, about 27 °C, or about 28 °C. Preferably, the polyaniline nonsolyent is water at

about 23 7,

In certain embodiments, the method comprises numersing the porous suppott

material coated with the first composition in the pobvanitine sonsolvent.

In certain embodinment, the method comprises contacting the porous sapport
materiad coated with the first composition with, or cven trumersing # in, the polvanifine
nonsolvent for a third penod of time. In certain such embodiments, the third period of time
i from about 13 min to sboot 1 b, such as abowt 13 min, about 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 mvelves contacting the mombrane with watey at a fisst tomperature
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 min, about 3 min, or about 4 nun,

Y S - + Y ¥ ~ earfery e el ep it resyrie ™% nen ey - v §y 2 N -
preferably aboot 2 min. In cortn such smbodiments, the fivst tomperature 18 from about 338
°C to about 100 °C, such as about 35 °C, about 50 °C, about 75 °C. or about 100 °C,

preferably about 30 °C)

in cortain embodiments, the tnvention relates to any one of the metheds deseribed
heretn, wherein the method further comprises post-treating the membrane. In certamn such
embodiments, the method further comprises contacting the membrane with a chemical,
such as a dopant, for a second pensod of time. In certain such embodiments, is an acid or a
base, such as camphor sulfonic acid, hydvochloric acid, or sodiwm bydroxide. In cortain
such embodiments, the second pertad of time s from about 30 mwn to about 20 h, such as
abont | h or about 2 h, preferably about 1 h. In certain such embodiments, the membrane is
contacted with the chewieal {e.g., dopanf) 1 a solution. Tu certain ernbodiments, the pH of
the solution is from about | to about 14, such as about 1, abowt 2, about 3, abouwt 4, about 3,
about 6, about 7, about 8, about 9, about 1, abouwt 11, about 12, about 13, or about 14,

preferably about § or about 3.
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Exemplary Methods of Eving

In another aspect, the mvention relates to a method comprising passing a lquid
composition through any one of the membranes disclosed heremn, wheremn the hiquid
composition  comprises a solute and a solvent; and the membrane is substantially

impermeable to the solate.

in centain embodiments, the invention relates o any one of the methods describad

hercin, wherein the liguad composition is suttable for forward osmosis applications,

in certain embodiments, the invention relates to any ong of the methods deseribed
herein, wherein the hguid composition is salt water. In certain embodiments, the invention
relates to any one of the methods deseribed herein, wherein the Hquid composition 18
brackish water.

In certain cmboediments, the invention relates o any ong of the methods described

herein, whevein the solate s a pathogen or a toxin.

in certain embodiments, the invention relates to any one of the methods deseribed
herein, wherein the method 1 used 1 various forward osmosis applications, mchuding
concentration of nutricnts i treated sewage, concemtration of RO brine, and freatment of

landfili leachate.

in cortain aspecets, the invention relates (o any one of the methods deseribed herein,
wheremn the method 15 a method of producing desalinated water. In this low-energy
desalination process. the membrane can be esed to draw water from seawater info a
concentrated draw solution, and the draw solate recovered by various means including by
fow grade heat (o, ammonian bicarbonate solution). The process has the featwe of
inherently low fouling beeause of the forward osmosis first step, unbike conventional
reverse osmosts desalination plants where fouling 1s often a problem.

Another example of an application of this type may be found i "cimergency drinks,
“ or "hydration hags,” which use an ingestible draw solute and are intended for separation
of water from difote feeds. Thus alfows, for example, the ingesuon of water from surface
waters  {streams, ponds, paddles, etc} that may be oxpected o contain
pathogens or toxins that are readily rejected by the FO membrane. With sufficient contact
tme, such water will permeate the membrane bag into the draw solution, leaving the

gadesirable feed constituents behind. The ditated draw sohdion may then be mpested
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divectly. Typically, the draw solutes are sugars such as glucose or fructose, which provide
the additional benefit of mutrition 1o the user of the FO device. A point of additional interest
with sach bags 1s 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

L

principle, be employed with highly concentrated saline feedwater sources such as seawater,
as one of the first mntended uses of FO with ingestible sohdes was for survival in Life rafls at

S¢a,

o cortain aspects, the muothod 3s @ method of the seatment of landfill leachate. For
exanyte, the method s used to draw witter from the keachate foed (Lo, bauid compaosition}
Y nto a2 salime (NaClh) brine. The dihuted brine is then passcd through s RO procsss o producs

frosh water and 1 reugabhle Bine concenirate.

In codain embodiments, the onwthod 15 a mothod of the concentration of food

products, such as fnat fuca.

ENEMPLIFICATION

p—
k¥ 3

The mvention now being generally desertbed, 1t will be more readily wderstood by
reference to the following examples, which are tncluded merely for purposes of iflustration
of cottain aspeets and embodiments of the mvention, and are not bended fo lbait the

mvention.

Example 1 — Formation of Polyaniline FO Membrane by Noasolvent Induced Phase

20 Separation

F 12 wtts polvanilineg {65 kDa, Santa Fe Science and Technologies, Santa Fe, CA)
is dissolved mn 81.5wt% N-methvl-2-pyrrohdone (Sigma-Aldrich, St-Loais, MO} and 6.5
wite d-methyipiperidine (Sigma-Aldrich) and stirred for at feast 2 days prior to casting.

2. Polycster fabuie is taped onto a glass plate with electrical tape to cusure the fabric

b
S

lays flat.

3. A casting blade set to a desired blade height is used © spread the polymer

solution uniformly across the fabric,

4. The glass plate s wmediately immersed nto a room temperature water bath,

which causes the polymer to precipifate onto the fabric,
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5. The membrane is left in the coagulation bath for 30 mimstes before being

transferved into plastic bags flled with Milli-0) water and stored in 45C unul 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 acrvhic windows on both
sides for viewing. The flow channels on both sides of the membrane are 2.54-om 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 (MicroPump A, Cole Parmer, Barnington,
1LY, and measared by rotameters (Blue White Industries Lid, Huntington Beach, CA). The
draw solution was placed on a balance (P1-2002, Denver Instraments, Bobomia, NY} fo
record its mass every 30 seconds to 8 conputer, fromy which the water flux was caloudated.
The conductivity of the feed solution was contimuonsly momtored and recorded during the
experiment with a calibrated conductivity probe (Celf constant: 10 am™, Acewmet XLSO,
Fisher Scientific, Hampton, NH) immersed m the feed solution. Both the water flux and salt
flux reached steady-state approximately 5 mimites into the experiments. The nitial volume
of both draw and feed solutions was one bitgr, and the experiment length of 30 adnutes, less
than 30 ml of water permeated through the membrane o the draw and less than 1 g of salt
passed o the feed for all experiments conducted. Thus, within the dwation 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

R e
AERAUY SR

Effect of heating membranes without coatings

PANL, CTA, PANIPSE, and PSE moembranes were made and then heated ot a
specified temperature for a spooified amowd of time. The nembranes were then fosted as
FO membranes (deaw solution = 32 g/l NaCl: feed solution = DI water; 20 °C; fowrates =
1.1 gpm). See Figure | and Figure 2.

Effect of post-casting freatnrents on membranes

PANI and CTA membranes were subjected o various post-treatments and then
tested as FO membranes. The experiments were n i FO mode {draw sohstion = 32 ¢/L

NaCl; feed sodution = DI water; 20 °C; flowsates = 0.1 gpm). Post-treatments:  wet cupg ==

water bath at 35 °C for 2 min; CSA weatment = 20 /L CSA, pH~1.3, 1 b NaOH wreatment

o) > 1o salt passage ratio

=
ped

=pH 12, 13 b Desired ratios:  water permeability ratio {4/
{P./Peya)< b See Figure 3 and Table 2.
Table 2: Comparison of properties of CTA and PANI membranes subjected to

various post-casting freatments
TI& N
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PANI membranes with two different casting blade heights {152 m and 12 pom)
were made (12 wih PANY (63 kDa from SFSTY in NMP with 4-MP; coagulation bath =
room temperange water; fabric substrate = from NanoH»(0). These membranes and CTA
membranes were subjected 10 various post-treatments.

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

temperatases. As oxhubited m Figure 4, the phase-inverted membrane cast at 132 ym
becomes more permeable and more selective than the membrane casted at 102 ym during
wet-curing at high emperatares. This may be becmsse 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 scem 1o inerease the permeability or selectivity nuach move,
s it nught beeome impractical to try higher temperatures. The mportant fact to note 1s that
the CTA membrane does not have the thermal stability of the PANI membrane, as higher

wet cure temperatures deercase permeabiiity significantly,

{n another experiment, membranes were subject to C8A or NaOH treatnent, As
exhubited in Figure 8, the PAN: membrane casted at 102 pm 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 mendwane casted at
152 um, which may indicate that the USA 15 having an cffect on the sub-skin layer pores
rather than the skin laver pores. Note: Performance of membrane after 100 mM CSA
treatment for 1 howr, followed by a 3-how soak in a beaker of DI water was A= 237 x 10V
ors-Pa and Sall Passages 4.77 pg's. This mdicates that the CSA treatment 18 not casily
leached out with water. Furthermore, a decrease mn performanee during the duration of the
experiment was not ohserved, which indicates that the CSA treatment to the membrane is

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

Water cotact angle mcaswrements indicate that CSA post-treatment does not

sigraficantly affect the hvdrophilicity of PANI membranes. See Tahle 3.

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

Membrane Post-Treatment Water contact angle
None 33687706
CTA OIMCSA 1k 48,94 & 3.44
UIMHCL 1A 4095 1.63
e b None RT3 5296
FANE G2 Fearam -
PANI-10 GIMCSA T N ard
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OQIMHCL YA 42 18 £ 207

None 3694 2625

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

Another experiment was undertaken to determine whether CSA post-treatment was
improving the membrane performance, or whether the change was attributable solely to the
pH of the post-treatment. As showing i Figare 6, the HOL at pH-1 does improve the
performance of the membrane, but does not merease the NaCl selectivity as mwch as €SA
does. Furthermore, the pH of the post-frcatment does seem to increase the sclectivity, bwt

more experiments e needed.

The effect of HO treatment on a membrane of the mvention 1s summarized m
Figure 12, Structure parameter changes were apparent; quantifiable changes in macrovoid

morphology were not apparent.
Effect of sabstrate on membrane performance

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

the NanoH:0 fabrie,

-

As can be scen in Figure 7, the wlootity of the fabric affects the membrane
performance. The Crane fabric makes a sweh tighter membrane m terms of FO

performance.
Effect of casting blade height on membrane performance

PANI membranes with two difforent casting blade heights (132 um and 102 um)
were made (12 wite PANL (65 kDa from SFST) i NMP with 4-MP; coagulation bath =
room temperature water). Varous post-ireatimnents were used. See Figure 8, Figure 9, and

Figure 10,

Mernbranes formed using a casting blade height of 102 g begin to extubit non-
aniformitics on the membrane surface due to contact with the roughness of the fabric.

DPeoreasing demixing rate, and decreasing the temperature of the coagulation bath

L=

{20 °C and 15 °C) do not seem to atfect membrane perforsance.
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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 greatment seems to miake the membrane cast
at 102 pm permeable and more selective to NaCll {exceeding CTA performance). Two
different membrancs cast on two different days wore tested, and similar results were

obtained. showing reproducibility.

The membranes cast using different blade heights were subject to various wet-cure
conditions. As s shown in Figure 4, i@t seems are though the CTA membrane is not as
thermally stable as the PAND membvane. Interestingly, the membrane 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 oross-sectional SEM images (Figure 10}, there are no
significant differences morphologically except the thicknesses of the membrane,

The membrane cast at 102 wm 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 75 °C for 2 mings.

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 Tr t:imt Permeability . Permeability
Hreatae (m/s-Pa) (mis)
None 128x 107 BRECPSTE
PANI-152
OAMECY e 150 % A2k 107
PANI-102 None 42k 90 x 107
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INCORPORATION BY REFERENCE
All of the academic publications, US. patents, and US. published patent
applications cited herein are hereby ncorporated by reference in their entiretios,
EQUIVALENTS
Those skilled in the art will recognize, or be able to ascertain using no morg than
routine experimentation, many cquivalents o the specific embodiments of the wvention

described herem. Such equivalents are intended to be encompassed by the following claims.
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We claim;

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

porous support material and a polymier laver; and the polymer laver comprises polyamiine,

2. The membrane of claim 1, whercin the polvmer layer comprises leuccemeraldine

5 polyanibine, emeraldine polyaniline, or pernigraniline polyvantling,

3. The membrane of claim 1 or claim 2, wherem the mwolecular weight of the

polvantime s from about 30 kDa to abowut 100 kDa.

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

polyaniline s about 40 kDa, about 45 kDa, about 34 kDa, abouwt 55 kIa, about 60 ks,
1} about 63 kDa, about 70 kDa, about 75 kDa, about 80 kDa, about 83 kDa, or about 90 kDa.

3 The membrane of clam 1 or olabm 2, wherein the molecular weight of the

polvanifine 13 about 65 kDa.

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

comprises a dopant.

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

hydrochlonc acid.
9, The membrane of clm 6, wherein the dopant s sodien hydroside.
10, The membrane of any one of claims 1-9, wherein the thickness of the polymer laver
20 is from about 20 pm to abowt 120 pm
1, The membrane of any one of claims 149, wherein the thickness of the polymer layer
1s about 30 e, about 35 wm, about 40 pmy, abowt 45 um, about 3¢ um, about 35 um, abowt
61} um, about 65 wan, about 70 pmy, abowt 75 um, about 8O pm, about 83 um, about 90 m,
about 95 ga, or about T pm.
25 120 The membrane of any one of clums 1-11, wherein the porous support matertal is a
fabric.
13, The membrane of any one of claims 1-11, whercin the porous support material is a

non-woven fabric,
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14, The membrane of any one of clasms 1-11, wherein the porous support material 1s a

non-woven polyester fabrie.

15, The membrane of any one of claims §-14, wherein the water pormeability of the

membrane is greater than about 1.5 x 1077 mfsPa

35 16 The membrane of any one of claims 1-14, wherein the water permeabubity of the

3 . -3 i i
memhrane 1s greater than abowt 2.0 x W5 misePa.

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

is fess than about 16 pgfs.

I8, The membrane of mny one 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 clams 1418, wherein the pure water cquilibrium

contact angle of the membrane i fess than about 98,

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

1%

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

LT

7. about 38%, about 39°, or about 407,

o
i

about 347 about 35°, about 36%, about 3
21, The membrane of any one of claums 1-20, wherein the water permeability of the
membrane does not change significantly after being inunersed in a solution at pH = 12 for
13k

22, The mombrane of any ong of clamms 1-21, wherein the salt sclectivity of the
20 moembrane does not change significantly after being tmmersed in a solution at pH = 12 for
13 h

23, A method of forming 2 membrane, comprising the steps of

a providing a first compostion comprising polyaniline and a polyanihine
solvent;
a5 b. coating the first composition onto a povous 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, wherein the method is a method of forming a membrane of

any one of clasny 1-22,
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25, The method of claim 23 or claim 24, wherem the polyvaniline solvent 15 sefected

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

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

27, The method of clatm 26, wherein the weight ratio of Nemethyl-2-pyrrolidone to 4-

methyipipenidine 1 from about 811 to about 16:1

28, The method of claim 26, wherei the weight ratio of Nemothyl-2-pyvivolidone to 4-
methyipiperidine is abowt 8:1, abowt 901, about 10:1, abowt 11:1, about {2:1, about 1311,

about T4 1, about 15:1, or about 16:1, preferably about 12.5:1.

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

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

30, The method of any one of claims 23-28, wherchis the concentration of polyantline in
the polyvaniline sobvent is about 6 wits, about 7 wils, about § wite, abmu 9 wits, aheout 10

“1

wits, about 11 wit¥, about 12 wi¥, about 13 wi%, about 14 with, abowt 15 wi%, about |
wi%, about 17 with, ov aboot 18 wie,

37

31, The method of any one of claims 23-28, wherein the concentration of polvaniline in
the polyaniling solvent 1s about 12 wite.

-

32, The methed of anv one of clatms 23-31, wherein the polyaniline is feuccemeraldine

polyanidine, emeraldine polvamline, or pemigraniline polvaniline,

33, The method of any one of claims 23-32, wheremn the molecslar weight of the

polyamiline is from about 30 kDa to about 100 kDa.

3, The swethod of any one of claims 23-32, whercin the molecular weight of the
polvaniling s about 40 kDa, about 45 kDa, about 50 kDa, about 55 kDa, abowt 60 kDg,
about 638 kDa, about 70 kg, about 75 kDa, about 80 kDa, about 85 kDa, or about 80 kDa.

~n

35, The mcthod of anyv onc of clamns 23-32, wherein the mudlecular weight of the

palyamline is about 635 kDa,

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

B

37, The wmethod of any one of claimg 23-35, wherein the porous support materiad is a

nom-woven fabric.
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38 The method of any one of claims 23-35, wherein the porous support material 1s a

non-woven polyester fabrie.

39, The method of any one of clums 23-3%, further comprising distributing the first

composition substantially uniformly on the porous support material.

4. The method of claim 39, wherein a casting blade set to a desired blade height is
ased to spread the first composition substantially aniformiy across the poross sepport

material.

41, The method of any one of clamms 23-3), wherem the polvaniline nonsolvent is

WAy,

42, The method of any one of claims 23~-30, wheremn the polvaniline nonsolvent is water
at about 15 °C, about 16 °C, about 17 °C, about 18 °C, about 19 *C, abowt 20 *C, about
21 °C, about 22 °C, abowt 23 °C, abowt 24 *C, about 258 *C, about 26 °C, about 27 °C, or

about 28 *C.

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

at about 23 *C.

44, The method of amy one of claims 23-43, whereint step © comprises contacting the
porous sapport nxaterial coated with the first composition with the polvanitine nonsolvent

for a third period of time,

45. The method of any one of claims 2343, wherein step ¢ comprises immersing the
porogs support matersal coated with the first composition i the polvanihine nonsolvent for
a third period of time.

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

18 mintoabout 1 h,

47.  The method of claim 44 or claim 45, wherain the third period of tme s about 158

min, about 30 min, sbowt 45 min, or about 1 b,

48 The method of claim 44 or claim 435, whercin the third period of thue s about 30
nun.

“4

49, The methed of anvy one of clabms 23-4¥, further comprising contacting e

membrane with water at a first temperature for a first period of time.
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30. The method of claim 49, wherein the first peviod of time is from abowt 1| mmn to
about 10 min.
51, The method of claim 49, wherein the first period of time is about 1 aun, about 2

min, about 3 min, or about 4 pun.

32 The methad of claim 49, wherein the first period of time 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 claims 49-532, wherein the first temperatare s about 38
=, about 3G 7, about 73 °C, or about 100 °C.

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

(43

56, The method of any one of claims 23-8§, further comprising contacting the

membrane with a chemiceal for a second penod of time.
7. The method of claim 36, whevein the chenueal 15 an acud or a base.

38 The method of clasm 56, wherein the chemical 1s camphor sulfomse acd or

hydrochioric acid.

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

6. The mcthod of any one of claims 36539, whercin the sccond period of time 13 from
about 30 min to about 26 h.

61, The methed of any one of clams 56-39, wherein the second perted of time s abowt
1 horabout 2 h

62.  The method of any one of clatms 56-38, wherein the sccond period of time s about
Ih

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

64, The method of claim 63, wherein the pH of the solution is from about 1 to about 14
65, The method of claim 63, wherein the pH of the solution is about 1, about 2, about 3,
sbout 4, about 8, about &, about 7, about 8, about 9, about 10, about 11, about 12, about 13,

or about 4

i~
LAy
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66, The method of elaim 63, wherein the pH of the solation is abowt | or abowt 3.

67, A nmethod comprising passing a hgquid composition through a membrane of any one
of clatms 1~22, wherein the hquid composition comprises a solute and a solvent; and the

membrane is substantially impermeable to the solute.
68, The method of claim 67, wherein the hquid composition is salt water.
a9, The method of claim 67, wherein the figquid composition is brackish water.

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



