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FIGURE IQ

Water permeability NaCl rejection NaCl permeability

[L.prr1/m2.h.bar] (%L (cm2/sec)

BPS 40H 3.95 85.9 7.1 X 10—8

BPS 40N 0.53 98.] NA

PA 40H 0.76 95.3 1.] X 10-8

PA 40N 0.43 97.5 NA    
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FIGURE 1‘
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CHLORINE RESISTANT DESALINATION

MEMBRANES BASED ON DIRECTLY

SULFONATED POLY(ARYLENE ETHER

SULFONE) COPOLYMERS

BACKGROUND OF THE INVENTION

This application claims priority to US. Provisional Appli-

cation No. 60/759,550, the entire contents ofwhich are incor-

porated herein by reference. Without limiting the scope ofthe

invention, its background is described in connection with

poly (arylene ether) copolymers, oligomers, cross-linked

copolymers, multi-block copolymers, polymers, and mem-

branes having hydrophilic regions and hydrophobic regions.

STATEMENT OF FEDERALLY FUNDED

RESEARCH

This invention was made with US. Government support

under Contract No. DEFG 36-06G016038 awarded by the

Department of Energy, Contract No. PO3561 awarded by the

UTC Fuel Cell, and Contract No. N00014-05-l-077l

awarded by the Office of Naval Research. The government

has certain rights in this invention.

TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to the field of poly

(arylene ether) polymers, and more particularly to sulfonated

polyarylsulfone copolymers having hydrophilic regions and

hydrophobic regions.

The number ofpeople living without clean, piped water is

about 1 billion. Approximately 41% ofthe Earth’s population

(about 2.3 billion people) lives in water-stressed areas, and

that number is expected to grow to 3.5 billion by the year

2025. Water shortages not only threaten human life but also

limit economic development. Furthermore, diseases associ-

ated with untreated water kill more than 25,000 people every

day in developing countries. Chlorination is widely used to

disinfect and treat water and can help control biofouling of

membranes; however, reverse osmosis purification units are

chlorine-sensitive. Generally, a cellulose reverse osmosis

membrane can withstand a maximum of 1 ppm chlorine con-

centration for continuous use and 10 ppm for short periods. In

addition, the cellulose reverse osmosis membrane has a nar-

row pH range. Commercial composite membranes may func-

tion at a broader pH but cannot tolerate any chlorine. For

example, FIGS. 1A and 1B are graphs of the percent sodium

chloride rejection for commercial polyamide membranes

(membranes A-D) as a function of exposure to chlorine over

time (see T. Knoell, Ultrapure Water, April 2006, pp. 24-31).

The graphs show that commercially available polyamide

membranes can withstand about 1,000 ppm-hours of free

chlorine before exhibiting catastrophic loss of salt rejection.

As a result ofthis sensitivity to chlorine, the chlorine is often

removed in a step known as dechlorination before sending the

water to reverse osmosis purification units.
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There is a growing need for a water purification device that

can tolerate chlorinated feedwater. Although polymer mate-

rials are used in variety of filtration application including

purification of food and beverages, water treatment, pharma-

ceuticals preparations and in medical laboratories and diag-

nostics, commercially available membranes for water desali-

nation by reverse osmosis are derived from two basic classes

ofpolymers: cellulose acetates and polyamides. However, the

cellulose acetate membranes are susceptible to microbiologi-

cal attack, compaction at higher temperatures and pressures,

and are limited to a relatively narrow pH range.

As a result ofthe limitations ofcellulose acetate and polya-

mide materials, other polymer materials have been examined

that exhibit biocompatibility, solvent compatibility, high tem-

perature stability and reduced reactivity, e. g., polyetherether-

ketones polymers. These polymer materials led to the devel-

opment of sulfonated polymer desalination membranes

where the monomers are sulfonated after polymerization.

Although these post-polymerization sulfonated polymers

were chlorine tolerant, they suffered from undesirable side

reactions and a lack of manufacturing reproducibility. The

side reactions and reproducibility issues let to the withdrawal

of post-polymerization sulfonated desalination membranes

from the market.

For example, US. Pat. No. 4,992,485, entitled

“Microporous PEEK Membranes And The Preparation

Thereof,” teaches a microporous polyetheretherketone mem-

brane in the form of films and hollow fibers formed without

sulfonating the polyetheretherketone polymer. The ’485

patent also teaches a method of making membranes, fibers

and articles from solutions of polyetheretherketone in non-

sulfonating acid solvents. Solvents include methane sulfonic

acid and trifluoromethane sulfonic acid. Sulfuric acid may be

used as a diluent in non-sulfonating amounts. The polyethere-

therketone membranes are used as supports for composite

ultra filtration and reverse osmosis membranes.

Similarly, US. Pat. No. 4,419,486 entitled “Sulfonated

Polyaryletherketones,” teaches a polyaryletherketone poly-

mer which is a hydrophilic sulfonated polymer derived by

sulfonating a copolymer having the repeat unit where one is

sulfonated after sulfonation and substantially all the units B

remain non-sulfonated after sulfonation, e.g., sulfonation

uses a 98% w/w concentrated sulfuric acid solution.

However, the methods currently used in the art, i.e., post-

polymerization sulfonation, are plagued by side reactions and

degradation reactions that cause a lack of reproducibility.

These manufacturing reproducibility issues and inability to

prepare a product with flux/rejection capabilities equivalent

to aromatic polyamides led to withdrawal of sulfonated poly-

mer-based desalination membranes from the market.

SUMMARY OF THE INVENTION

The present inventors recognized a need for a chlorine-

tolerant reverse osmosis membrane that would control mem-

brane biofouling and eliminate the dechlorination steps. The
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present inventors recognized that a chlorine-tolerant reverse

osmosis membrane would allow higher feed pressure (i.e.,

higher flux) without biofouling, as the flux would no longer

have to be restricted to low feed pressure to prevent flux from

being greater than a critical value beyond which biofouling

occurs.

The present inventors recognized that although commer-

cial thin-film composite membranes have high water flux and

salt rejection, they lack chemical stability to oxidants (e.g.,

chlorine), have a high fouling rate due to surface roughness

and undergo biofouling due to a strong bacteria affinity. The

present inventors recognized a need for a membrane that

could resist different concentrations of chlorine and reduce

fouling, i.e., a chlorine-tolerant desalination (i.e., reverse

osmosis or nanofiltration) membrane.

Polyamide desalination membranes in general show

improved transport properties at given applied pressure and

stability over a wider range of pH compared to the cellulose

acetate membranes; however, these polyamide membranes

suffer from poor resistance to continual exposure to oxidizing

agents such as chlorine in desalination applications. The

present inventors recognized that sulfonated polymer mem-

branes may be used to improve chlorine tolerance.

The present inventors recognized that what was needed

was a new generation of desalination membranes for water

purification, e.g., sulfonated polymer membranes that have

high tolerance to the presence of chlorine in water and good

reproducibility in fabrication, e.g., lacking the synthesis

problems like chain scission and cross-linking that hampered

previous desalination membranes prepared by post-polymer-

ization sulfonation. The present inventors recognized the

need for a polymeric desalination membrane having sul-

fonated monomers that are directly polymerized into the

copolymer as opposed to the current methods of post poly-

merization sulfonation.

The present invention provides a polymeric membrane that

can withstand the addition of chlorine into water purification

systems such as reverse osmosis and nanofiltration. The

present invention provides a membrane that can accommo-

date chlorine and has a minimal effect on the membrane flux

and salt rejection rates. The present invention is effective in

filtering oily waters and water containing components such as

algae, organic contaminants and harmful trace metals like

arsenic.

The present invention provides a method of making a

hydrophilic-hydrophobic random copolymer by polymeriz-

ing one or more hydrophilic monomers and one or more

hydrophobic monomers. The present invention also provides

a method ofmaking hydrophilic-hydrophobic random multi-

block copolymer by polymerizing two or more hydrophilic

monomers into a hydrophilic random oligomer and two or

more hydrophobic monomers into a hydrophobic random

oligomer. The hydrophilic random oligomer and the hydro-

phobic random oligomer are then combined to form a hydro-

philic-hydrophobic random multi-block copolymer.

The present invention provides a method of making a

hydrophilic-hydrophobic random copolymer membrane by

forming a hydrophilic-hydrophobic random copolymer. The

hydrophilic-hydrophobic random copolymer includes one or
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more hydrophilic monomers having a sulfonatedpolyarylsul-

fone monomer and a second monomer and one or more

hydrophobic monomers having a non-sulfonated third mono-

mer and a fourth monomer. The sulfonated polyarylsulfone

monomer introduces a sulfonate into the hydrophilic-hydro-

phobic random copolymer.

The present invention also provides a hydrophilic-hydro-

phobic random copolymer membrane having one or more

hydrophilic regions and one or more hydrophobic regions.

The hydrophilic regions include a sulfonated polyarylsulfone

monomer and a second monomer, while the hydrophobic

regions include a non-sulfonated third monomer and a fourth

monomer. The sulfonated polyarylsulfone monomer intro-

duces a sulfonate into the hydrophilic-hydrophobic random

copolymer prior to polymerization.

The present invention also provides a method ofmaking a

chlorine tolerant hydrophilic-hydrophobic copolymer desali-

nation membrane. The membrane is made by forming a

hydrophilic-hydrophobic random copolymer having one or

more hydrophilic monomers and one or more hydrophobic

monomers and forming the hydrophilic-hydrophobic random

copolymer into a hydrophilic-hydrophobic copolymer desali-

nation membrane. The hydrophilic monomers include a sul-

fonated polyarylsulfone monomer and a second monomer,

while the hydrophobic monomers include a non-sulfonated

third monomer and a fourth monomer. The sulfonated pol-

yarylsulfone monomer introduces the sulfonate into the

hydrophilic-hydrophobic random copolymer and provides a

chlorine tolerant hydrophilic-hydrophobic copolymer desali-

nation membrane.

A water purification kit having a chlorine tolerant hydro-

philic-hydrophobic copolymer desalination membrane and a

set of instructions is also provided by the present invention.

The chlorine tolerant hydrophilic-hydrophobic copolymer

desalination membrane includes one or more hydrophilic

regions and one or more hydrophobic regions. The one or

more hydrophilic regions include a sulfonated polyarylsul-

fone monomer and a second monomer. The one or more

hydrophobic regions include a non-sulfonated third monomer

and a fourthmonomer. The sulfonated polyarylsulfone mono-

mer introduces a sulfonate into the hydrophilic-hydrophobic

random copolymer before polymerization.

A chlorine tolerant hydrophilic-hydrophobic multi-block

copolymer desalination membrane is provided by the present

invention. The chlorine tolerant hydrophilic-hydrophobic

multi-block copolymer desalination membrane includes a

hydrophilic random copolymer oligomer and a hydrophobic

random copolymer oligomer. The hydrophilic random

copolymer oligomer includes a sulfonated polyarylsulfone

monomer and a second monomer, while the hydrophobic

random copolymer oligomer includes a non-sulfonated third

monomer and a monomer. The hydrophilic-hydrophobic

multi-block copolymer desalination membrane is chlorine

tolerant and includes one or more blocks of the hydrophilic

random copolymer oligomer and one or more blocks of the

hydrophobic random copolymer oligomer.

The present invention provides a hydrophilic-hydrophobic

random copolymer desalination membrane having one or

more units having the structure:
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wherein X,Y, Z and R independently comprise an O, a S, a FIG. 7 is an image of a NMR spectrum of a BisSF oligo-

C, a F, C(CH3)2 group, a CF3 group, a C(CF3) group, a mer;

C(CF3)2 group, a C(CF3)(C6H5) group, a C(O) group, a C00 10 FIG. 8 is a synthesis scheme for BPSlOO hydrophilic oli-

group, a S(O)2 group, or a P(O)(C6H5) group, or a carbon- gomers;

carbon single bond. FIG. 9 is an image of a NMR spectrum of a BPSlOO

A chlorine tolerant hydrophilic-hydrophobic copolymer oligomer;

desalination membrane containing units ofthe following for- FIG. 10 is a synthesis scheme ofBisSF-BPSH multi-block

mula: copolymers;
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is also provided. FIGS. 11A and 11B are NMR spectrums ofa BisSF-BPSH

The present invention also provides a hydrophilic-hydro- hydrophilic-hydrophobic multi-block copolymer;

phobic random copolymer membrane for removing trace FIG. 12 is a NMR spectrum of BisSF-BPSH copolymers

metals (e.g., arsenic) having one or more hydrophilic regions with increasing block lengths;

and one or more hydrophobic regions. The hydrophilic 40 FIGS. 13A-13H illustrate different embodiments of the

regions include a sulfonated polyarylsulfone monomer and a sulfonated hydrophilic-hydrophobic random copolymer;

second nionornerS while the hydrophobic regions include a FIG. 14A iS a table comparing the properties of sulfonated

non-sulfonated third monomer and a fourth monomer. The hydrophilic-hydrophobic random copolymers, FIGS. 14B

sulfonated polyarylsulfone monomer introduces a sulfonate and 14C are structures 0f sulfonated hydrophilic-hydropho-

into the hydrophilic—hydrophobic random copolymer prior to 45 biC random copolymer and FIG. 14D iS a table comparing the

polymerization. properties of various copolymers;

FIG. 15A illustrates the general structure ofthe sulfonated

BRIEF DESCRIPTION OF THE DRAWINGS hydrophilic-hydrophobic random copolymer and FIGS. 15B-

15G are graphs characterizing the sulfonated hydrophilic-

For a more complete understanding of the features and 50 hydrophobic random copolymer;

advantages ofthe present invention, reference is now made to FIGS. 16A and 16B are graphs used to characterize salt

the detailed description of the invention along with the permeability of sulfonated hydrophilic-hydrophobic random

accompanying figures and in which: copolymer;

FIGS. 1A and 1B are graphs ofthe percent sodium chloride FIGS. 17A and 17B are schematics of sulfonated hydro-

rejection for commercial polyamide membranes as a function 55 philic-hydrophobic block copolymers; FIG. 17C to FIG. 17D

of exposure to chlorine over time; are atomic force microscopy images ofthe sulfonated hydro-

FIG. 2A is a synthesis schematic for hydrophilic-hydro- philic-hydrophobic block copolymers; and FIG. 17E is a

phobic random copolymers,while FIGS. 2B-2F are examples graph of the water and salt transport of sulfonated hydro-

of sulfonated hydrophilic-hydrophobic random copolymers; philic-hydrophobic block copolymers;

FIG. 3 is an apparatus for measuring salt diffusivity and 60 FIGS. 18A-18C are graphs that illustrate the effect of

solubility, from which salt permeability can be calculated; hydration on NaCl diffusivity, NaCl solubility and NaCl per-

FIG. 4 is a diffusion cell apparatus for direct salt perme- meability for sulfonated hydrophilic-hydrophobic block

ability measurement; copolymers having different chemical structures;

FIG. 5 is an illustration of a pulse sequence schematic for FIG. 19 is a tetrafunctional epoxy resin for cross-linking

PGSE NMR; 65 the BPS-xx copolymers;

FIG. 6 is a synthesis scheme for BisSF hydrophobic oligo- FIG. 20 is a schematic of the synthesis of phenoxide ter-

mers; minated BPS-xx copolymer;
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FIGS. 21A-21C are plots characterizing the phenoxide

terminated BPS-xx copolymer;

FIG. 22 is a graph characterizing water uptake as a function

if polymer structure;

FIG. 23 is a plot of the membrane performance under

continuous exposure to free chlorine for sulfonated hydro-

philic-hydrophobic random copolymer;

FIGS. 24A and 24B are graphs ofthe fouling ofa commer-

cial AG reverse osmosis membrane and sulfonated hydro-

philic-hydrophobic random copolymers ofthe present inven-

tion by proteins;

FIGS. 25A and 25B are graphs ofthe fouling ofa commer-

cial AG reverse osmosis membrane and sulfonated hydro-

philic-hydrophobic random copolymers ofthe present inven-

tion by oily water;

FIGS. 26A and 26B are graphs illustrating arsenic rejection

by sulfonated hydrophilic-hydrophobic random copolymer

membranes of FIG. 26C; and

FIG. 27 is a graph of the trade-off relationship between

permeate flux and NaCl passage for sulfonated polysulfone

membranes.

DETAILED DESCRIPTION OF THE INVENTION

While the making and using ofvarious embodiments ofthe

present invention are discussed in detail below, it should be

appreciated that the present invention provides many appli-

cable inventive concepts that can be embodied in a wide

variety of specific contexts. The specific embodiments dis-

cussed herein are merely illustrative of specific ways to make

and use the invention and do not delimit the scope of the

invention.

To facilitate the understanding of this invention, a number

ofterms are defined below. Terms defined herein have mean-

ings as commonly understood by a person ofordinary skill in

the areas relevant to the present invention. Terms such as “a”,

“an” and “the” are not intended to refer to only a singular

entity, but include the general class of which a specific

example may be used for illustration. The terminology herein

is used to describe specific embodiments ofthe invention, but

their usage does not delimit the invention, except as outlined

in the claims.

As used herein the term “molecule” is used to refer to a

combination of two or more atoms in a definite arrangement

held together by chemical bonds and is generally considered

the smallest particle of a pure substance that still retains its

composition and chemical properties.

In addition, the individual copolymers, subunits or poly-

mers may be substituted with one or more molecules, groups

or atoms. The number, position, location and type ofmodifi-

cation may be varied by the skilled artisan. The modifications

may include the addition of one or more of the following

groups: lower alkyl, alkenyl, amino, aryl, alkylaryl, halogen,

halo, haloalkyl, phosphoryl or combination thereof.

As used herein the term copolymer is defined as a polymer

that is derived from more than one species of monomer. As

used herein the term random copolymer is defined as a poly-

mer structure with the probability of finding a given mono-

meric unit at any given site in the polymer independent ofthe

nature of the neighboring units at that position. The term

random copolymer also encompassed the term random block

copolymers, which is defined as two discrete blocks of

copolymers where one or more ofthese blocks are composed

of a random copolymer segment. As used herein the term

block copolymers is defined as a polymer having a portion in

which the monomeric units have at least one constitutional or

configurational feature absent from the adjacent portions.
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As used herein the term BPS-XX is used to denote the

general sulfonated copolymer structure having a sulfonated

poly(arylene ether sulfone), where XX indicates the mole

percentage or mole percent, e.g., 10, 20, 30, 35, 40, 45, 50, 60

and 70 mol %. As used herein the term mole percent (% X) or

C(X) is defined as the concentration of a substance in a

mixture measured as moles of the substance per mole of

mixture.

In addition, the terms BPSH and/or BPSH-XX are used

interchangeably to denote the acidic form or H form of the

sulfonated random copolymer structure, where the sulfonate

group is associated with an H+. Alternatively, the terms

BPSNa, BPSN, BPSNa-XX and/or BPSN-XX are used inter-

changeably to denote the salt form or sodium form of the

sulfonated multi-block copolymer structure where the sul-

fonate group is associated with a Na+. For example, BPSH-50

is a sulfonated poly(arylene ether sulfone) copolymer (BPS)

in the H+ form (H) and indicates 50 mole percentage (50).

Current sulfonated polymer membrane for reverse osmosis

applications display stability over a pH range of about 4 to

about 1 l, with a high water flux and high chlorine tolerance.

However, the sulfonated polymer membranes suffer from

insufficient stability and performance characteristics mainly

due to the conventional post-sulfonation techniques. In addi-

tion, sulfonated polymer membranes are difficult to prepare

and lack structural reproducibility (e.g., excessive IEC can

lead to water solubility issues and/or high water flux but poor

salt rejection, while low IEC results in high rejection, but low

water flux). In addition, the heterogeneous sulfonation makes

it is difficult to predict water transport through the membrane

and control the membrane morphology.

The present invention provides a sulfonated copolymer

membrane, based on chemistry that is entirely different from

the conventional technology. The present invention uses

direct copolymerization of sulfonated monomer and other

monomers to produce a reproducible sulfonated copolymer

membrane that can be tailored for a specific purpose, e.g.,

reverse osmosis and nanofiltration. The present invention

overcomes the problems of conventional technology such as

molecular weight reduction during post-polymerization sul-

fonation. In addition, the resulting sulfonated polymer mem-

branes exhibit extraordinary high tolerance to chlorine attack,

which is in contrast to conventional commercial desalination

membranes such as polyamide and cellulose acetate mem-

branes.

Conventional desalination membranes (e.g., thin-film

polyamide and cellulose acetate) have poor tolerance to chlo-

rine, so water purification processes often include chlorina-

tion of feed water (to control biological components that

would biofoul the membranes) followed by dechlorination

(to protect the membranes) before feeding water to be purified

to desalination membranes. Chlorine is by far the most com-

mon and least expensive disinfectant in the water purification

industry because it is fairly persistent and relatively inexpen-

sive. Disinfection of water fed to desalination membranes is

required to inhibit membrane biofouling. The present inven-

tion provides a chlorine-resistant desalination membrane.

Therefore, the present invention provides desalinating and

purifying of chlorinated feed water without any steps to

dechlorinate the water prior to being fed to the membrane

units.

The present invention provides a method of producing

membranes that is highly reproducible, e. g., current polymers

can be readily prepared using a direct copolymerization of

sulfonated monomers, yielding very reproducible materials.

The present invention also provides increased efficiency and

is cost-effective. The highly chlorine tolerant membranes of
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the present invention allow the chlorination and rechlorina-

tion steps to be eliminated to significantly reduce the com-

plexities of these processes and improve the longevity of the

membranes. The resulting process reduces the cost of pro-

ducing pure water for commercial, agricultural, livestock and

human consumption applications.

The present invention allows tailoring of the transport

properties of these polymers by controlling the chemical

structure of the hydrophobic segments, resulting in versatile

membranes for applications such as nanofiltration and reverse

osmosis. In addition, the present invention provides mem-

branes exhibiting high flux, high salt rejection, high chlorine

tolerance and excellent anti-fouling properties. The present

invention provides desalination membranes in the form of

thin-film composite membranes and asymmetric membranes

that can produce high flux water with excellent purity. In

addition, the membranes may be scaled to quantities and

effective thicknesses relevant to industrial applications.

The present invention also provides a membrane for dehy-

dration applications. The polymer membranes of the present

invention are hydrophilic and allow water molecules to per-

meate more selectively in water-organic mixtures (e.g.,

removal of water from organic solvents (e.g., alcohols and

chlorinated hydrocarbons) using pervaporation).

The copolymers of the present invention provide random

copolymers that have a random copolymer structure with

monomers that are hydrophilic and hydrophobic. The hydro-

philic regions include sulfonated molecules (e.g., 3,3'—disul-

fonated-4,4'-dichlorodiphenylsulfone) that sulfonate prior to

polymerization and can exist in the H+ state or the Na+ state.

The hydrophobic regions include a non-sulfonated molecule

(e. g., 4,4'-dichlorodiphenylsulfone). As a random copolymer

the probability offinding a given monomer at any given site in

the polymer is independent of the nature of the neighboring

units at that position.

In addition, the random copolymer structure with mono-

mers that are hydrophilic and hydrophobic may be cross-

linked to form polymer films and/or membranes. In addition,

the random copolymer structure with monomers that are

hydrophilic and hydrophobic ofthe present invention may be

cross-linked to control the ionic group concentration. The

skilled artisan will recognize that by varying the degree of

cross-linking of the random copolymers, the polymers can

have very high concentrations of ionic groups (i.e., sulfonic

acid) without a high water uptake. The cross-linking of the

random copolymer structure with monomers that are hydro-

philic and hydrophobic of the present invention provides for

the manipulation ofthe water content and IEC independently.

For example, a copolymer membrane may be made cross-

linking random copolymer structure with monomers that are

hydrophilic and hydrophobic to form a high ionic group (i.e.,

sulfonic acid) concentration and moderate water uptake and a

relatively high permeability to produce high rejection via the

Donnan Exclusion effect.

FIGS. 2A, 2B 2C, 2D, 2E and 2F are images that illustrates

the structure of a hydrophilic-hydrophobic random copoly-

mer. FIG. 2A is a synthesis schematic of the synthesis of

hydrophilic-hydrophobic random copolymer. The hydro-

philic-hydrophobic random copolymer 2 has a hydrophilic

region 4 and a hydrophobic region 6. The hydrophilic region

4 includes the 3,3'-disulfonated-4,4'-dichlorodiphenylsul-

fone monomer 7 and a second monomer 8. Similarly, the

hydrophobic region 6 includes a third monomer 10 (in this

case a 4,4'-dichlorodiphenylsulfone) connected to a second

monomer 8. The hydrophilic region 34 includes X number of

repeats, while the hydrophobic region 6 includes l-X number

of repeats. The hydrophilic-hydrophobic random copolymer
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2 has a random structure with the probability of finding a

given monomeric unit at any given site in the polymer inde-

pendent ofthe nature ofthe neighboring units at that position.

The hydrophilic-hydrophobic random copolymer 2 is

made through a nucleophilic aromatic substitution reaction

between precursors of the 3,3'-disulfonated-4,4'—dichlo-

rodiphenylsulfone monomer 7 and the second monomer 8

and the second monomer 8 and the third subunit 10. The

second monomer 8 may be a phenyl, a biphenyl, a bisphenyl,

a biphenyl connected through an intermediate atom or mol-

ecule, a substituted phenyl, biphenyl, 2-2-bis-phenylpropane

or a l,l-di(trifluoromethane)(diphenylmethane) (8a-d

respectively).

FIG. 2B represents a general sulfonated random copoly-

mer structure 2 containing a hydrophilic region 4 and a hydro-

phobic region 6. The hydrophilic region 4 contains a 3,3'—

disulfonated-4,4'-dichlorodiphenylsulfone monomer 7 and a

second monomer 8, while the hydrophobic region 6 contains

a second monomer 8 and a third monomer 10. For example,

the second monomer 8 may be a biphenyl 8b, a l,l-di(trif—

luoromethane)(diphenylmethane) 8d or 2-2-bis-phenylpro-

pane Sc, while the third monomer 10 may be a 4,4'-dichlo-

rodiphenylsulfone 10, a 2,6-dichloro-benzonitrile 1011 or a

4,4'-difluoro-triphenyl phosphine oxide 10b. It should be

noted that these structures and groups are illustrative and in

no way limit the actual structures that may be used as mono-

mers.

FIG. 2C illustrates a general formula for the sulfonated

random polymer of the present invention. The sulfonated

random copolymer structure 2 containing a hydrophilic

region 4 and a hydrophobic region 6. The hydrophilic region

4 is contains “X” repeats, while the hydrophobic region 6

contains “ l -X” repeats. The entire sulfonatedrandom copoly-

mer structure 2 is repeated. “11” times. The sulfonated random

copolymer structure 2 contains modification sites R1 to R9,

which may individually be atoms, molecules, compounds, or

bonds as desired by the skilled artisan.

For example, FIG. 2D illustrates a more specific example

of the sulfonated random copolymer structure 2. The sul-

fonated random copolymer structure 2 includes individual

molecules X, Y and Z, which may be independently a O, a S,

a C, a F, a CO group, a SO2 group, a CF2 group, a C(CF3)2

group, a C(CH3)2 group, a C00 group, a phenylphosphonyl

group, a 2,6-dichloro-benzonitrile group, a single bond or

other atom or group knownto the skilled artisan. For example,

the sulfonated random copolymer structure 2 may include a O

or S at the X position; a single bond, a C(CF3)2 group, a

C(CH3)2 group, a 800 group or a phenylphosphonyl group at

theY position; and a CO group, a SO2 group or a phenylphos-

phonyl group at the Z position. See specifically, FIG. 2E

whereY is a bond; X is an O and Z is a 802.

One specific example is shown in FIG. 2E, where given the

sulfonated random copolymer structure 2 containing a hydro-

philic region 4 and a hydrophobic region 6, X is an O, Y is a

single bond and Z is a SO2 group. The hydrophilic region 4 is

contains “X” repeats, while the hydrophobic region 6 con-

tains “ l -X” repeats. The entire sulfonated random copolymer

structure 2 is repeated “11” times. FIG. 2F is a general sul-

fonated-fluorinated random copolymer structure 2 that is

modified at the X position 12 by the addition ofan isopropy-

lidene unit 14; a hexafluoroisopropylidene unit 16; or a sul-

fone group 18. The corresponding copolymers are termed

BisAF-BPSH, 6FBisAF-BPSH, and BisSF-BPSH, respec-

tively. The hydrophilic region 4 is contains “X” repeats, while

the hydrophobic region 6 contains “l-X” repeats. The entire

sulfonated random copolymer structure 2 is repeated “11”

times.
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In addition, the random copolymer structures may be

modified by the addition or substitution ofone or more ofthe

following groups: lower alkyl, alkenyl, amino, aryl, alkylaryl,

halogen, halo, haloalkyl, phosphoryl or combination thereof.

In addition, the modification may be similarly modified with

one or more lower alkyl, alkenyl, amino, aryl, alkylaryl, halo-

gen, halo, haloalkyl, phosphoryl or combination thereof.

4,4'-Dihydroxydiphenyl sulfone (bisphenol-S) and decaf-

luorobiphenyl were obtained from Aldrich and dried under

vacuum before use. 4,4'-Dichlorodiphenylsulfone (DCDPS)

was obtained from Solvay Advanced Polymers and used as

received. 3,3'-Disulfonated-4,4'-dichlorodiphenylsulfone

(SDCDPS) was synthesized from DCDPS according to a

process reported elsewhere.12 4,4'-Biphenol was obtained

from Eastman Chemical and used as received. N—methyl-2-

pyrrolidone (NMP), purchased from Aldrich, was vacuum-

distilled from calcium hydride and stored under nitrogen.

Synthesis ofthe fluorinated hydrophobic BisSF oligomers.

Bisphenol-S (1.287 g, 5.142 mmol) was added to a three neck

round bottom flask equipped with a mechanical stirrer, a

condenser, a nitrogen inlet and a Dean-Stark trap. NMP (10

mL) was added to the flask and the mixture was dissolved.

Then KZCO3 (1.183 g, 7.20 mmol) was added, followed by 5

mL of cyclohexane. The reaction bath was heated to 150° C.

and kept at this temperature for 2 hours to dehydrate the

system. The reaction was cooled to 50° C. and decafluorobi-

phenyl (2.046 g, 6.124 mmol) was added. The bath tempera-

ture was raised to 110° C. and the reaction was allowed to

proceed at this temperature for 5 hours. The mixture was

precipitated into 200 mL of water/methanol (50/50 v/v) and

rinsed with water and methanol. The precipitated polymer

was dried under vacuum at 100° C.

Synthesis of the diphenoxide functional BPSIOO oligo-

mers. A three neck round bottom flask, equipped with a

mechanical stirrer, a condenser, a nitrogen inlet and a Dean-

Stark trap, was charged with biphenol (0.412 g, 2.213 mmol),

SDCDPS (0.912 g, 1.856 mmol), and 10 mL of NMP. The

mixture was dissolved, then K2CO3 (0.430 g, 3.12 mmol) and

5 mL of toluene was added. The reaction bath was heated to

150° C. to dehydrate the system. Then the bath temperature

was then slowly raised to 190° C. by the controlled removal of

toluene. The polymerization was allowed to proceed at this

temperature for 30 hours, and the resulting oligomerwas used

in the block copolymer synthesis without isolation.

Synthesis of the BisSF-BPSH block copolymer. The reac-

tion bath for the hydrophilic oligomer synthesis was cooled to

80° C., and the perfluoro hydrophobic oligomer (1.050 g,

0.350 mmol) was dissolved in 10 mL of NMP and added to

the same reaction flask. The bath temperature was raised to

110° C. and kept at this temperature for 4 days. The reaction

mixture was precipitated into 300mL ofisopropanol to obtain

a fibrous polymer. The product was stirred in deionized water

at 60° C. for 12 hours and in acetone for 12 hours, and dried

under vacuum at 120° C. for 24 hours.

The random copolymerization procedures for the well

dried monomers were similar for all the bisphenols, even

though the reactivities were different. A typical copolymer-

ization for all the sulfonated copolymers is described with the

BPA-40 system as an example. First, 1.2624 g (5.5 mmol) of

EPA, 0.9621 g (3.3 mmol) of DCDPS, and 1.0806 g (2.2

mmol) of SDCDPS (rapidly weighed) were added to a three

necked flask equipped with an overhead mechanical stirrer, a

nitrogen inlet, and a Dean-Stark trap. Potassium carbonate

(6.3 mmol, 0.88), and sufficient NMP (18 mL) were intro-

duced to afford a 20% (w/v) solid concentration. Toluene 9

mL; usually, NMP/toluene 2/1 v/v) was used as an azeotro-

ping agent. The reaction mixture as refluxed at 150° C. for 4
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hours to dehydrate the system. The temperature was raised

slowly to 190° C. by the controlled removal of the toluene.

The reaction was allowed to proceed for 16-35 hours, during

which time the solution became very viscous. The solution

was cooled to room temperature and diluted with enough

DMAc to allow easier filtering. After filtration with a filter

paper removed most of the salts, the copolymer was isolated

by coagulation in stirred deionized water. The precipitated

copolymer was also washed several times with deionized

water remove the salts and then extracted in deionized water

at 60° C. overnight. Finally, it was vacuum dried at 120° C. for

24 hours. Copolymers with other bisphenols and composi-

tions were prepared via similar procedures. The homopoly-

mer control from each respective bisphenol and DCDPS was

similarly recovered by simple dilution filtration and precipi-

tation in a methanol/water mixture (8/1 v/v) in a Waring

blender.

Membrane preparation. The salt form of the random

copolymers was redissolved in NMP to afford transparent

solutions with 5% solids, and then the solutions were cast

onto clean glass substrates. The films were dried for 2 days

with infrared heat at gradually increasing temperatures, and

then dried under vacuum at 110° C. for 2 days. The random

copolymers of the membranes were converted to their acid

form by boiling in 0.5 M H2804 for 2 hours, and were then

boiled in deionized water for 2 hours.

Molecular transport through desalination (i.e., reverse

osmosis (R0) or nanofiltration (NF)) membranes is diffusion-

controlled due to the non-porous nature of the membrane

selective layer. Transport through the membrane is typically

described using the solution-diffusion model, which has three

steps. In the first step, a molecule sorbs into the upstream (or

high pressure) face of the membrane. Then, in the second

step, the rate-determining step, the molecule diffuses down

the chemical potential gradient across the membrane. Finally,

the molecule desorbs from the downstream (i.e., low pres-

sure) face of the membrane. The governing equation for the

steady-state water flux in the solution-diffusion model is:

JW:LP(Ap—An) (1)

where JW is the water flux through the membrane, Ap is the

transmembrane pressure difference, and Art is the osmotic

pressure difference between the feed and the permeate. The

proportionality constant, LP, is the water permeability con-

stant, and it depends on the physical characteristics of the

membrane itself. LP is given by:

_ st (2)

”‘ RTl

where D is the water diffusivity in the membrane, S is the

water solubility in the membrane, V is the partial molar vol-

ume ofwater in the membrane, R is the gas constant, T is the

temperature at which the water flux is measured, and l is the

membrane thickness.

From equation 1, feed and permeate solution osmotic pres-

sure enters the expression for water flux. For an ideal solution,

with complete dissociation of salt ions, osmotic pressure is

given by:

n:CRT (3)

where at is the osmotic pressure, C is the ion concentration, R

is the ideal gas constant, and T is the solution temperature.

The ion concentration, C, is the number ofions in solution per

gram ofwater divided by the specific volume of water. Table

1 presents the osmotic pressures of several solutions pertinent
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to water treatment applications at 25° C. As seen in Table l,

the osmotic pressure of highly concentrated salt solutions is

significant. A large osmotic pressure in the feed solution

reduces the pressure driving force of the separation process

and becomes an important variable in the transport mecha-

nism.

TABLE 1

 

Concentration Osmotic

 

Solute (mg/L) Pressure (bar)

NaCl 2,000 1.6

NaCl 35,000 27.4

Brackish water 2,000-5,000 l-2.7

Seawater 32,000 23 .4

 

Unlike water flux, salt flux is independent of pressure.

Based on the solution-diffusion model, the steady-state salt

flux through the membrane is given by:

J: :B(Cfeed_ Cpermeate) (4)

where J5 is the salt flux through the membrane, Cfeed is the

feed solution salt concentration, and Cpermeate is the permeate

solution salt concentration. The difference between the feed

and permeate salt concentrations is the driving force for salt

transport through the membrane. The proportionality con-

stant, B, is the salt permeance of the membrane. In the solu-

tion-diffusion model, B is given by:

DSKS

z

(5)
 B:

where D5 is the salt diffusivity in the membrane, K5 is the salt

partition coefficient, and l is the membrane thickness. Salt

permeability, P5, is given by:

PS:D K
s s (6)

Salt transport is often characterized in terms of salt rej ec-

tion. Salt rejection, R, is defined by:

(7)Cpermeate
R(%)= 1—C— ><IOO%

feed

Salt passage is another term frequently used to characterize

the ability of a membrane to reject salt. Salt passage (in

percent) is 100—R(%).

Furthermore, water flux and salt flux are coupled. A mass

balance relates water flux to salt flux:

Cw Jw

7.

(3)

Cpermeate

where CW is the water concentration in the permeate, and

C is the salt concentration in the permeate.
permeate

Upon substituting equations 1 and 4 into equation 8 and

rearranging, an analytical expression for salt rejection as a

function ofintrinsic membrane properties and operating con-

ditions is obtained:
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L 9

imp—An) H

R = 3— ><IOO%

l LpA A+— —B(p 7r)

Equation 9 is useful for calculating the expected separation

performance of a membrane as a function of operating con-

ditions and intrinsic membrane permeability to salt and water.

An apparatus for measuring salt diffusivity, solubility and

permeability using kinetic desorption is shown in FIG. 3. The

apparatus 20 includes a container 21 in which a polymer

membrane 22 and stir bar 23 are first soaked in a solution 24

containing salt (e.g., 5 wt %) long enough for the membrane

22 to absorb an equilibrium amount of salt 25 from the sur-

rounding solution 24. Then, the surface of membrane 22 is

blotted with laboratory tissue (not shown), to remove any salt

25 on the surface of the membrane 22, and the membrane 22

is placed in a container with a known amount ofpure water 26

and a probe 27 (e. g., a conductivity sensor) that can measure

the concentration of salt 24 in the water 26. The solution is

stirred vigorously with the stir bar 24 positioned under the

baffles 28.

Because the polymer membrane contains dissolved salt

ions and the surrounding water does not, there is a gradual

release ofthe salt ions from the membrane due to diffusion of

the salt ions from the interior of the membrane to its surface

and then desorption of the salt ions from the membrane sur-

face into the surrounding solution, which is well-stirred to

keep the salt concentration uniform in the liquid surrounding

the polymer membrane. The salt concentration in the liquid

surrounding the membrane is detected by the conductivity

sensor. The release of the salt into the initially pure water

obeys the laws ofdiffusion. The mathematical analysis ofthis

experiment, which is used to extract salt solubility coeffi-

cients (i.e., salt partition coefficients) and salt diffusivity

coefficients, is described in the text by Crank (The Mathemat-

ics of Diffusion, Oxford University Press).

The salt permeability through the membranes can be deter-

mined from direct transport measurement using a custom-

made two-chamber diffusion cell seen in FIG. 4. The two-

chamber diffusion cell apparatus 30 includes a receptor

chamber 31 and a donor chamber 32 each having a stir bar 33

and 34 that are separated by a membrane 35. The receptor

chamber 31 includes a conductivity cell (or, equivalently, an

appropriate ion selective electrode) 36 and the donor chamber

32 includes a ground joint port for analysis 37. The two-

chamber diffusion cell apparatus 30 is surrounded by a water

jacket 38 and includes a cell clamp 39 and a tension knob 40.

The two-chamber diffusion cell apparatus 30 also includes

heat circulators 41 and 42 connected to the water jacket 38.

The volume ofthe receptor chamber 31 and the donor cham-

ber 32 is about 35 mL each. A membrane 35 is clamped

between the receptor chamber 31 and the donor chamber 32,

and one is filled with the salt solution of interest (e.g., NaCl

solution) and the other side is filled with deionized water. The

liquid onboth sides ofthe membrane 35 is stirred by magnetic

stirrers 33 and 34. The concentration of NaCl is measured

continuously by the conductivity cell or ion selective elec-

trode positioned in the receptor chamber. Salt permeability is

calculated from the following equation:
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(10)
Ln[1— ”Rm ][
m ”1_E

where oR(t) is the receptor conductivity at time t; oD(t) is the

donor initial conductivity; V is the donor and receptor vol-

umes (cm3); d is the membrane thickness (cm); A is the

membrane area (cm2); and P is the salt permeability (cm2

sec—1).

Pulsed-Field Gradient Spin Echo Nuclear Magnetic Reso-

nance. Water self diffusion coefficients were measured using

a Varian Inova 400 MHZ (for protons) nuclear magnetic reso-

nance spectrometer with a 60 G/cm gradient diffusion probe.

A total of 16 points were collected across the range of gradi-

ent strength and the signal to noise ratio enhanced by coad-

ding four scans. The standard stimulated echo NMR pulse

sequence for PGSE NMR is shown in FIG. 5. The pulse

sequence schematic 46 includes observing the echo signal 48

and determining the echo signal intensity (A) 50 as a function

of the gradient strength. The diffusion coefficient (D) was

determined by fitting the data to equation 14, where A is the

NMR signal intensity (A) as a function ofgradient strength, y

is the gyromagnetic ratio (26,752 rad G‘1 s'1 for protons), 5 is

length of the gradient pulse, A is the time between gradient

pulse.15 ’16

A(g):A(0)€XP[-YZDg252(A-5/3)l (11)

Membrane samples of approximately 5 mm><15 mm><150

um were equilibrated in liquid water for at least 24 hours. The

samples were removed from the liquid water, blotted to

remove droplets, quickly inserted into the NMR tube, and

immediately measured over a span of about 5 min. Measure-

ments were repeated by reimmersing the sample in DI water,

waiting at least 30 minutes, and then repeating the transfer

and measurement process. Separate measurements were col-

lected with different times between the gradient pulses.

NMR spectroscopy and intrinsic viscosity. 1H and 19F

NMR analysis were conducted on a Varian Unity 400 spec-

trometer. All spectra were obtained from a 10% solution (w/v)

in a DMSO.d6 solution at room temperature. Intrinsic vis-

cosities were determined in 0.05M LiBrNMP at 25° C. using

a Cannon Ubbelholde viscometer.

Synthesis of telechelic oligomers and multi-block copoly-

mers. FIG. 6 is a schematic illustrating the synthetic scheme

for BisSF hydrophobic oligomers. The synthetic scheme 52

includes synthesis of multi-block or segmented copolymers

by the step or condensation polymerizations of telechelic

oligomers bearing appropriate end-groups and molecular

weights. As shown in FIG. 6, fluoro-terminal BisSF oligo-

mers 54 were obtained by polymerizing excess decafluoro-

biphenyl 56 and bisphenol-S 58. The reaction proceeded

readily reaction conditions 60 and at 110° C. thanks to the

highly reactive perfluorinated monomer.

FIG. 7 is an image of a 19F NMR spectrum of a BisSF

oligomer. The NMR spectrum image 62 ofBisSF oligomer 54

includes the peaks a-e which correspond to the positions

indicated on the BisSF oligomer 54. The M" ofthe oligomers

can be calculated based on the integrals of the peaks due to

main chains and end-groups, and were found to be in decent

agreement with the target values.

FIG. 8 is a reaction schematic for the synthetic scheme for

the formation ofBPSlOO hydrophilic oligomers. Fully disul-

fonated BPS-100 oligomers 64 were formed by the polymer-

ization of Biphenol 66 and SDCDPS 68 under conditions 70.

About a 1 to 2 mol % excess of SDCDPS 68 relative to the

calculated amount was usually used to compensate for its
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impurity, caused by the inevitable presence of salt and/or

water. FIG. 9 is an image 72 of a 1H NMR spectrum of a

BPS-100 oligomer 64. The image 72 indicated peaks for the

corresponding hydrogens on the BPS-100 oligomer 64.

FIG. 10 is a synthetic scheme of the synthesis of BisSF-

BPSH multi-block copolymers. The synthesis of a multi-

block copolymer 74 requires that the telechelic oligomers 54

and 64 be readily reactive toward each other and able to form

stable linkages under the reaction conditions 76. The use of

the highly reactive fluorinated oligomers 54 enables the block

copolymerizations to be conducted at a much lower tempera-

ture than the non-fluorinated systems (about 1 10° C. vs. about

180° C.). This helps minimize the possibility of the ether-

ether interchange process, which could lead to randomized

architectures.

FIGS. 11A and 11B are images of NMR spectra for the

BisSF-BPSH multi-block copolymer 74. FIG. 11A is an

image of a 19F NMR spectra 78 of a multi-block copolymer

74, while FIG. 11B is an image ofa 1H NMR spectra 80 ofa

multi-block copolymer 74. Here the peaks due to end-groups

in the cases ofBisSF and BPS 1 00 oligomers are not observed;

they either disappeared as in FIG. 11A or shifted as in FIG.

11B illustrating a high conversion ofthe coupling reaction. In

FIG. 11B, the small peak 82 at about 7.3 ppm is assigned to

the linkages between fluorinated and sulfonated blocks.

FIG. 12 is an overlaid image of a 1H NMR spectra of

BisSF-BPSH copolymers with increasing block lengths. The

image of the NMR spectrum 84 indicate BisSF-BPSH

copolymers with increasing block lengths 20K:20K 86; 15K:

15K 88; 10K28K 90; and 7K:5K 92. With the other peaks

normalized, it can be observed that, as the block lengths

increase, the intensity of the small peak 82 at about 7.3 parts

per million gradually becomes smaller. This is consistent with

the fact that, in multi-block copolymers, the longer the seg-

ments are, the smaller number oflinkages would exist in each

copolymer chain. Therefore, the hydrophilic and hydropho-

bic sequences were preserved and not randomized.

The block lengths, molar feed ratios, intrinsic viscosity and

ion exchange capacities (IEC) of the BisSF-BPSH copoly-

mers are summarized in Table 2. As reflected in the molar

ratios, an excess of the BisSF hydrophobic oligomer were

used in the syntheses of all the multi-block copolymers. It

seems that these coupling reactions of oligomers are more

tolerant to the stoichiometric imbalance than condensation

polymerizations of small monomers, because all the resulting

copolymers showed reasonable intrinsic viscosities and were

capable of forming tough and ductile membranes. Thus, the

feed ratios, as well as the block lengths, are variables that can

be tailored to certain extents in order to control the IEC and

hence the swelling behavior of the multi-block copolymers.

TABLE 2

 

Characteri ation ofBisSF-BPSH multi-block copolymers

Hydrophobic/

 

Hydrophilic Molar Feed 7] IEG by 1H

Block Lengths (g/mol) Ratio (dL/g)“ Target IEC NMR

5K:5K 1:0.59 0.64 1.3 1.31

7K:5K 1:0.86 0.92 1.3 1.33

7K:7K 1:0.57 0.85 1.3 1.20

15K:10K 1 0.84 0.75 1.3 1.25

17K:12K 1:0.77 1.00 1.3 1.32

15K:15K 10.63 1.26 1.3 1.45

20K:20K 1 0.60 0.89 1.3 1.41

 

“Measured at 25° C. 1n 0.05M LiBr/NMP
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Characterization of multi-block copolymer membranes.

The multi-block copolymers synthesized were characterized

on the basis ofwater uptake and self-diffusion coefficients of

water. For copolymers with similar hydrophobic and hydro-

philic block lengths (5K-5K, 10K-8K and 15-15K), water

uptake or the hydration number is found to increase with

increasing block lengths. The 17K-12K and 15K-10K

samples, for instance, show a significant decrease in water

uptake compared to the 15K-15K sample: the increased frac-

tion of the hydrophobic block length seems to restrict the

water absorption. Ion-containing copolymers are known to

phase separate into hydrophilic and hydrophobic domains.

The extent of phase separation has been found to increase

with increasing block lengths in the case of block copoly-

mers.9’1 8 The self-diffusion coefficient ofwater was found to

increase with increasing block lengths, with the 15K-15K

sample showing the highest value.

FIGS. 13A-13H are images that illustrates the structures of

sulfonated hydrophilic-hydrophobic random copolymers.

FIG. 13A represents a general sulfonated hydrophilic-hydro-

phobic random copolymer 2 containing a hydrophilic region

4 and a hydrophobic region 6. The general sulfonated multi-

block copolymer 2 may be modified by the skilled artisan to

incorporate various groups listed herein. The hydrophilic

region 4 is contains “x” repeats, while the hydrophobic region

6 contains “1-X” repeats. For example, “x” may be between

about 0.2 and about 0.6. The entire sulfonated hydrophilic-

hydrophobic random copolymer 2 is repeated “11” times. The

sulfonated hydrophilic-hydrophobic random copolymer 2

may be called a sulfonated poly(arylene ether benzonitrile) or

“PAEB-XX,” where XX indicates the mole percentage, e.g.,

10, 20, 30, 35, 40, 45, 50, 60 and 70 mol %.

FIG. 13B represents a general sulfonated hydrophilic-hy-

drophobic random copolymer 2 containing a hydrophilic

region 4 and a hydrophobic region 6 (also a sulfonated poly

(arylene etherbenzonitrile or “PAEB-XX”)) and includes XX

that indicates the mole percentage, e.g., 10, 20, 30, 35, 40, 45,

50, 60 and 70 mol %. The sulfonated hydrophilic-hydropho-

bic random copolymer 2 may be modified by the skilled

artisan to incorporate various groups listed herein. The hydro-

philic region 4 is contains “X” repeats, while the hydrophobic

region 6 contains “1—X” repeats. For example, “X” may be

about 0.35. The entire sulfonated hydrophilic-hydrophobic

random copolymer 2 is repeated “11” times. In addition, the

amount offluorination ofthe polymer canbe controlled by the

amount of fluorinated monomer. For example, the amount of

biphenol and 1,1-di(trifluoromethane)(diphenylmethane)

can be used to control the amount of fluorination in the

copolymer.

FIG. 13C represents a sulfonated hydrophilic-hydrophobic

random copolymer 2 containing a hydrophilic region 4 and a

hydrophobic region 6. The sulfonated hydrophilic-hydropho-

bic random copolymer 2 may be modified by the skilled

artisan to incorporate various groups listed herein. The hydro-

philic region 4 is contains “x” repeats, while the hydrophobic

region 6 contains “x—l” repeats, e.g., “x” may be between

about 0.2 and about 0.4. The entire sulfonated hydrophilic-

hydrophobic random copolymer 2 is repeated “11” times. The

general sulfonated hydrophilic-hydrophobic random copoly-

mer 2 may be called a sulfonated poly(arylene ether sulfone)

or “BPS-XX,” where XX indicates the mole percentage, e.g.,

10, 20, 30, 35, 40, 45, 50, 60 and 70 mol %. In addition, the

molecule may be in the acidic form or the salt form as needed.

FIGS. 13D-13E represents a general sulfonated hydro-

philic-hydrophobic random copolymer 2 containing a hydro-

philic region 4 and a hydrophobic region 6. The sulfonated

hydrophilic-hydrophobic random copolymer 2 ofFIGS. 13D
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and 13E are abbreviated as “PA-XX” and “BPS-XX” respec-

tively, where XX indicates the mole percentage, e.g., 10, 20,

30, 35, 40,45, 50, 60, and 70 mol %.

FIG. 12F represents a sulfonated hydrophilic-hydrophobic

random copolymer 2 containing a hydrophilic region 4 and a

hydrophobic region 6 that may be used to form a membrane

useful in the removal of arsenic. The general sulfonated

hydrophilic-hydrophobic random copolymer 2 may be modi-

fied by the skilled artisan to incorporate various groups listed

herein. The hydrophilic region 4 is contains “x” repeats, while

the hydrophobic region 6 contains “1—X” repeats. The entire

sulfonated hydrophilic-hydrophobic random copolymer 2 is

repeated as necessary. The sulfonated hydrophilic-hydropho-

bic random copolymer 2 may be called a sulfonated poly

(arylene ether sulfone) or “BPS-XX,” where XX indicates the

mole percentage, e.g., 10, 20, 30, 35, 40, 45, 50, 60 and 70 mol

%. In addition, the molecule may be in the acidic form or the

salt form as needed. FIGS. 13G and 13H represents copoly-

mers that have been modified by the substitution or addition

of other atoms (e.g., fluorine) to the sulfonated hydrophilic-

hydrophobic random copolymer. FIG. 13G is a BisSF-BPSH

multi-block copolymer structure.

Determination of water uptake. The water uptake of all

membranes was determined gravimetrically. First, the mem-

branes were soaked in water at 25° C. for 2 days after acidi-

fication. Wet membranes were removed from the liquid water,

blotted dry to remove surface droplets, and quickly weighed.

The membranes were then dried at 120° C. under vacuum for

at least 24 hours and weighed again. The water uptake of the

membranes was calculated according to equation (12) where

massdry and masswet refer to the mass of the dry membrane

and the wet membrane, respectively.

_ (masswg, — massdw) /MWH20 (12)

[EC X massd,y

The hydration number (A), number of water molecules

absorbed per sulfonic acid, can be calculated from the mass

water uptake and the ion content of the dry copolymer as

shown in equation (13), where MWHZO is the molecular

weight of water (18.01 g/mol) and IEC is the ion exchange

capacity of the dry copolymer in equivalents per gram.

masswg, — massd,y (13)

water uptake % = X 100

massd,y

The water uptake and intrinsic viscosities of the various

mol. percent (20-60%) disulfonated poly(arylene ether ben-

zonitrile or “PAEB-XX” are listed below, with XX as the

degree of disulfonation.

 

Water uptake of the Salt form

Copolymer PAEB-XX in (weight percent) Viscosity (dL/g)

 

PAEB-20 10 1.9

PAEB-35 20 0.8

PAEB-45 40 0.8

PAEB-60 NA 0.9

 

FIG. 14A is tables comparing the properties of sulfonated

hydrophilic-hydrophobic random copolymer in the acid form

(H) and the salt form (N). The sulfonated hydrophilic-hydro-

phobic random copolymer includes BPSH 40 in FIG. 14B and
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PAH 40 in FIG. 14C. The structure ofBPSH-40 and PAH-40

are illustrated the acid form. The salt form is not shown. The

table in FIG. 14A compares the water permeability, NaCl

rejection, and NaCl permeability ofthe acid and salt versions

ofthe BPS 40 and PA 40. FIG. 14D is a table that compares the

water permeability, rejection, and permeability ofthe various

percentages of cellulose acetate, aromatic polyamide and the

acidic and the salt (i.e., NaCl) form of the sulfonated hydro-

philic-hydrophobic random copolymer.

FIGS. 15A-15G contains various plots and graphs used to

characterize sulfonated poly(arylene ether sulfone) or “BPS”

molecules of different mole percents. For example, the basic

structure of the sulfonated hydrophilic-hydrophobic random

copolymer BPS-XX is illustrated in FIG. 15A. The charac-

teristics of the sulfonated hydrophilic-hydrophobic random

copolymer are illustrated in FIG. 14B, a graph of water per-

meability versus percent water uptake; FIG. 15C, a graph of

percent water uptake versus IEC; FIG. 15D, a graph ofwater

permeability versus percent sodium chloride rejection versus

ion exchange capacity (“IEC” for sulfonated hydrophilic-

hydrophobic random copolymer “BPS” molecules of differ-

ent mole percents 20, 30 and 40; FIG. 15E, a graph ofwater

permeability for various “BPS” molecules of different mole

percents 20, 30 and 40; FIG. 15F, a chart of the NaCl diffu-

sivity for various sulfonated hydrophilic-hydrophobic ran-

dom copolymer “BPS” molecules of different mole percents

30, 35 and 40; and FIG. 15G, a chart ofNaCl solubility (i.e.,

partition coefficient) for various sulfonated hydrophilic-hy-

drophobic random copolymer “BPS” molecules of different

mole percents (i.e., 30, 35 and 40) of sulfonated monomer.

The sulfonated hydrophilic-hydrophobic random copoly-

mer may be compared by examining the NaCl diffusivity,

solubility and permeability before and after chlorine expo-

sure, as seen in Table 3. Table 3 compares sulfonated hydro-

philic-hydrophobic random copolymer (BPS) having differ-

ent mole percents 35 and 40 (e.g., BPS-35 and BPS-40) in

both the acid form (H) and the salt form (N).

 

 

TABLE 3

Diffusivity Permeability

D x 106 Solubility P x 106

(cm2/sec) K (cm2/sec)

ACID FORM

BPS 40H (control) 4.2 0.28 1.2

BPS 40H (pH = 4,1000 ppm Cl)* 4.3 0.29 1.3

BPS 40H (pH =10, 1000 ppm CI) 4.2 0.28 1.2

BPS 35H (control) 1.4 0.064 9.0

BPS 35H (pH = 4,1000 ppm Cl)* 1.6 0.063 10.1

BPS 35H (pH =10,1000 ppm 1.4 0.063 8.8

Cl)*

Na+-SALT FORM

BPS 40N (control) 1.8 0.11 2.0

BPS 40N (pH = 4,1000 ppm CI) 2.0 0.15 3.0

BPS 40N (pH =10, 1000 ppm CI) 1.9 0.13 2.5

BPS 35N (control) 3.5 0.033 1.2

BPS 35N (pH = 4,1000 ppm Cl)* 3.7 0.036 1.3

BPS 35N (pH =10, 1000 ppm 3.6 0.034 1.2

c1)*

 

In addition, the sulfonated random copolymers may be

compared by examining the dry and wet densities, the water

uptake and the hydration, as seen in Table 4. Table 4 compares

sulfonated hydrophilic-hydrophobic random copolymer

(BPS) having different mole percents 20, 30, 35 and 40 (e.g.

BPS-20, BPS-30, BPS-35 and BPS-40) in both the acid form

(H) and the salt form (N).
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TABLE 4

Dry density“ Wet densityl7 Water Hydration“

(g/Cm3) (g/CIH3) uptakec (%) (%)

BPS 20N 1.324 1.338 4.5 4.3

BPS 30N 1.349 1.331 9.1 8.4

BPS 35N 1.353 1.324 12.3 11.0

BPS 40N 1.358 1.312 17.3 14.8

BPS 20H 1.353 1.288 18.1 15.3

BPS 30H 1.370 1.277 30.7 23.5

BPS 35H 1.386 1.262 39.7 28.4

BPS 40H 1.420 1.229 59.5 37.3

 

where the dry densities is at 25° C. and the wet densities is at

250 C. The percent water uptake is given by the equation

wgdoo

dry

and the percent hydration is given by the equation

Wwer — Wdry * 100

dry

FIGS. 16A-16B are graphs used to characterize salt per-

meability of sulfonated poly(arylene ether sulfone) “BPS”.

FIG. 16A shows data used to determine salt permeability

coefficients. The graphs show that the salt permeability trend

is Na2SO4<MgSO4<NaCl<KCl>MgC12<CaCl2 and the salt

rejection trend is

Na2SO4>KCl>NaCl>MgSO4>MgC12>CaC12.

The present invention also provides a hydrophilic-hydro-

phobic multi-block copolymers shown in FIG. 17A is a

block-sulfonated poly(arylene ether sulfone) and FIG. 17B is

a block-polyimide copolymer. The hydrophilic-hydrophobic

multi-block copolymers includes the hydrophilic block-sul-

fonated poly(arylene ether sulfone) copolymer and the hydro-

phobic block-polyimide copolymer. The polymers may have

repeating subunits m and n, where m and n are between 0.01

and 19 ormore,e.g.,0, 1,2, 3,4, 5, 6,7, 8, 9, 10, 11, 12, 13,

14, 15, 16, 17, 18, 19 or more. The block-sulfonated poly

(arylene ether sulfone) of FIG. 17A may be combined with

the hydrophobic block-polyimide copolymer of FIG. 17B

(under conditions of NMP 180° C., 1) Benzoic acid for 24

hours and 2) Isoquinoline for 24 hours) to produce a (poly

arylene ether sulfone),C (polyimide)y polymer. Although, the

specific imide is given as an example, the skilled artisan will

know that other imides may be selected to yield the desired

polymer. The image of the hydrophobic block-polyimide

seen in FIGS. 17C and 17D are magnified and the scale given.

From the images of the hydrophilic and hydrophobic regions

can be seen in the images of FIGS. 17C and 17D. The water

and salt transport in hydrophilic-hydrophobic multi-block

copolymers may be examined by comparing the water per-

meability and the water uptake as seen in the graph of FIG.

17E and Table 5.
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TABLE 5
 

Water

uptake (%)

Water permeability

(L- urn/(m2 -h - bar))

 

BPSH-Pl (acid) 10.0 51.4

BPS 40H (acid) 4.0 59.5

BPSH-Pl (salt) 2.1 15.2

BPS 40N (salt) 0.9 17.3

 

FIG. 17E is a graph of the water and salt transport in the

hydrophilic-hydrophobic multi-block copolymers includes

the hydrophilic block-sulfonated poly(arylene ether sulfone)

copolymer and the hydrophobic block-polyimide copolymer

using a Dead-end cell, Feed Pressure.

Similarly, the water and salt transport can be examined in

sulfonated hydrophilic-hydrophobic random copolymer

(BPS) having different mole percents 30, 35 and 40 (e.g.,

BPS-35 and BPS-40) in both the acid form (H) and the salt

form (N) by comparing the percent water uptake, the water

permeability and NaCl salt permeability constant as seen in

Table 6.

 

 

TABLE 6

Water cm3/

Polymer uptake (%) (cm2 1] sec - bar) BS cm/sec

BPS 40H 59.5 4.9 x 1075 9.1 x 1075

BPS 40N 17.3 7.1 x 10*6 7.1x10’6

BPS 30H 30.7 2.5 x 10*5 2.5 x 10*5

BPS 30N 9.1 3.8x10’6 3.8x10’6

PAEB 35H 26.1 1.7 ><10’5 3.3 ><10’5

PAEB 35N 12.3 5.3 ><10’6 5.3 ><10’6

Cellulose NA 9.9 x 10*6 6.9 x 10*6

Acetate

Aromatic NA 2.4 x 1075 1.7 x 10*6

Polyamide

 

Where the AW is the water permeability constant given by

JW:AW(AP—An) and BS is the salt permeability constant given

by JS:BS(Cf—Cp). The state of water in sulfonated poly

(arylene ether sulfone) for the sulfonated poly(arylene ether

sulfone) given the structure found in FIG. 13E is shown in

Table 7.

TABLE 7
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NaCl permeability for sulfonated poly(arylene ether sulfone)

of different compositions and structures. As the chemical

structure changes, the amount of water that the polymer

absorbs changes. FIGS. 18A, 18B and 18C compare the prop-

erties of sulfonated hydrophilic-hydrophobic random

copolymer (BPS) having different chemical structures, dif-

ferent compositions and different mole percents (e.g., BPS-

35 and BPS-40). In addition, both the acid form (H) and the

salt form (N) sulfonated hydrophilic-hydrophobic random

copolymer are examined. Hydration (H) is essentially the

volume fraction of water absorbed by the polymer. The

graphs of FIGS. 18A, 18B and 18C illustrate that the NaCl

diffusion coefficients, partition coefficients, and permeability

coefficients depend significantly on the amount ofwater that

the polymers absorb.

FIG. 18A is a graph that illustrates the effect of hydration

onNaCl diffusivity for sulfonated poly(arylene ether sulfone)

of different compositions and chemical structures. FIG. 18B

is a graph that illustrates the effect of hydration on NaCl

solubility for sulfonated poly(arylene ether sulfone) ofdiffer-

ent compositions and chemical structures. FIG. 18C is a

graph that illustrates the effect of hydration on NaCl perme-

ability for sulfonated poly(arylene ether sulfone) of different

compositions and chemical structures.

In addition, the present invention provides the use of a

tetrafunctional epoxy resin (e.g., Tetraglycidyl bis-(p-ami-

nophenyl)methane as seen in FIG. 19) for cross-linking the

BPS-xx copolymers. The skilled artisan will recognize other

compounds may be used for cross-linking with other func-

tional groups and it is not necessary for the functional groups

to be identical. The present invention provides cross-linking

units that are thermally stable without the need for endcap-

ping the BPS copolymer.

FIG. 20 is schematics of the synthesis of phenoxide termi-

nated BPS-xx copolymer. The biphenol 94, the 4,4 dichloro

diphenyl sulfone 96, and the disodium 3,3'—disulfonate-4,4'—

dichlorodiphenyl sulfone 98 are mixed under reaction condi-

tions 100 to form the salt form of the hydrophobic block-

polyimide copolymer 102. The polymer 102 may include

repeating units x and l-x. The polymer 102 is then treated

 

Ion Exchange No. of water molecules per sulfonic acid group A

 

Capacity (IEC) Water Total Non-freezing Freezing bound

(meq/g) Uptake (%) water water water Free water

BPS 20H 0.9 18 10.5 3.5 7.0 0

BPS 30H 1.3 31 11.9 4.0 7.9 0

BPS 35H 1.5 40 13.9 4.5 9.4 0

BPS 40H 1.7 59 18.2 5.4 10.5 2.3

 

FIGS. 18A, 18B and 18C are graphs that illustrate the

effect of hydration on NaCl diffusivity, NaCl solubility and

with acid to form the acid form of the hydrophobic block-

polyimide copolymer 104.

 

 

TABLE 8

Target Mn Mn (kg/mol) IEC (meq/g)

Mn (kgmol) (GPC/light IV* 1H

Copolymer (kg/mol) (1H NMR) scattering) (dL - g— 1) Target NMR Titration* *

BPSSO 5 4.40 8.3 0.20 2.08 2.01 7

5k

BPSSO 15 16.5 19.9 0.36 2.08 2.01 1.83

15k
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TABLE 8-continued

24

 

 

 

 

Target Mn Mn (kg/mol) IEC meg/g

Mn (kg/moi) (GPC/light IV* 1H

Copolymer (kgrnol) (1H NMR) scattering) (dL - g—1) Target NMR Titration**

BPSSO 20 20.8 21.8 0.43 2.08 2.03 1.90

20k

. . 10

The polymers (e.g., BPSSO) were also cross-llnked us1ng

Tetraglycidyl bis-(p-aminophenyl)methane as seen in Table AV 1 (14)

9. JW = E ;

TABLE 9 . .

15 whereA is the active membrane area. Ultrapure water from a

Epoxy Millipore MilliQ system (18.2 M9, 1.2 ppb) is used in all

I (Twaglymdyl catalySt(TrI1PheHyl I I experiments. Feed solutions for R0 testing contain 2000
bis-(p-arninophenyl) phosphine) Curing Time at

 

methane) Conc.(wt % Cure Temp. of

Polymer Conc.(wt %) on basis ofepoxy) 150° C.

BPS50 (~5k) 9 1-3 120 min

 

The polymers were then cast into films from about 15

weight percent solution in N—Methyl-2-Pyrrolidone (NMP),

dried at 100° C. for 2 hours under vacuum, dried under IR

lamp for 3 hours and cured at 150° C. for 2 hours. The

epoxy-x-linked BPS 50 polymer exhibited a distinct curing

exotherm at about 150° C., as seen in FIG. 21A. FIG. 21B is

a curing exotherm as a function of heating cycles and FIG.

21C is a plot of the weight as a function of temperature and

shows the epoxy cross-link. Linkage is stable up to 400° C.

under an air atmosphere. FIG. 22 is a graph of the water

uptake for polymers of various structures. A significant drop

in water uptake is observed for the epoxy-x-linked system,

e.g., a 3 fold reduction is seen when compared to the BPSH-

50.

FIG. 23A is a schematic ofthe acid form ofthe sulfonated

hydrophilic-hydrophobic random copolymer having differ-

ent mole percents 40 (e.g., and BPS-40). FIG. 23B is a plot of

the membrane performance under continuous exposure to

free chlorine for sulfonated hydrophilic-hydrophobic random

copolymer (BPS-40) in both the acid form ((BPS-40H) and

the salt form ((BPS-40N). The commercial seawater reverse

osmosis membrane from Dow FilmTec (e.g., SW30HR) is

also plotted as a control.

Membrane performance is often evaluated using cross-

flow filtration, which is more typical of industrial operating

conditions than dead end filtration. The operating pressure

may be varied over a convenient range; pressures from less

than 100 psig to more than 400 psig have been tested, and the

cross-flow flow rate may also be varied; it is typically main-

tained at 227 L/hr (1.0 gpm), which corresponds to a Rey-

nolds number of 4700. Feed is recycled to the feed tank, and

recovery, the ratio of product flow rate to feed flow rate, is

kept below 0.1%. Feed temperature is maintained at 25° C.

with a NesLab RTE 7 circulating bath (Thermo Electron

Corporation, Waltham, Mass.), and feed pH is adjusted to

6.5-7.5 using 5% NaOH solution. Mass as a function of time

is continuously recorded via a LabView (National Instru-

ments, Austin, Tex.) program connected to electronic bal-

ances permits monitoring of product flux during an experi-

ment. Waterpermeance, LP (cf., equation 2), is determined by

first collecting a permeate sample for a given length of time.

The sample mass and conductivity are measured along with

the feed solution conductivity. Permeate volume, V, as a func-

tion of time, t, is recorded, and water flux JW, is calculated

using the following equation:
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mg/L NaCl solutions, and feed and permeate salt concentra-

tions are measured using an Oakton 100 Conductivity meter

(Cole Parmer, Vemon—Hills, N.J.).

The permeate and feed conductivities are used to calculate

salt rejection using equation 5 and osmotic pressure differ-

ence using equation 4. Then, the calculated water flux and

osmotic pressure difference are used in equation 1 to calculate

L .

PFIG. 24A is a graph of the fouling of a commercial AG

reverse osmosis membrane (e.g., GE Osmonics) by protein

(bovine serum albumin, BSA) using a Dead-end cell. FIG.

24B is a graph of the fouling of a sulfonated hydrophilic-

hydrophobic random copolymer having different mole per-

cents 40 (e.g., BPS-40) reverse osmosis membrane by protein

(bovine serum albumin, BSA) using a Dead-end cell.

High-pressure dead-end filtration measurements are per-

formed using Sterlitech high-pressure cells at pressures of

14.8-28.6 bar (200-1000 psig) (HP4750, Sterlitech Corpora-

tion, Kent, Wash.). Permeate volume, V, as a function oftime,

t, is recorded, and water flux Jw, is calculated using equation

10. Ultrapure water from a Millipore MilliQ system (18.2

M9, 1.2 ppb) is used in all experiments. Feed solutions for

R0 testing often contain 2000 mg/L NaCl solutions, and feed

and permeate salt concentrations are measured using an Oak-

ton 100 Conductivity meter (Cole Parmer, Vemon-Hills,

N.J.). However, other NaCl concentrations can be used, and

salts other than NaCl can be employed in this test.

Salt solubility and diffusivity are measured using kinetic

desorption experiments. Salt permeabilities may be estimated

from the product of salt diffusivity and salt solubility. An

advantage ofthese experiments (relative to direct permeation

measurements) is that kinetic desorption experiments are

insensitive to pinholes and defects in the films that can com-

promise a direct permeation measurement. As such, desorp-

tion experiments provide fundamental transport data without

requiring the preparation of thin, defect-free samples, which

are required for direct permeation measurements.

FIG. 25A is a graph of the fouling of a commercial AG

reverse osmosis membrane (e.g., GE Osmonics) by oily water

(Mixture of oil: Soybean oil from Wesson, surfactant:

DC193, a silicone glycol copolymer and oil: surfactant

(9: 1)+3 L water) using a Dead-end cell. FIG. 25B is a graph

of the fouling of a sulfonated hydrophilic-hydrophobic ran-

dom copolymer having different mole percents 40 (e.g., BPS-

40) reverse osmosis membrane by oily water (Mixture of oil:

Soybean oil from Wesson, surfactant: DC193, a silicone gly-

col copolymer and oil: surfactant (9:1)+3 L water).

In addition, the sulfonated hydrophilic-hydrophobic ran-

dom copolymer of the present invention may be used to
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remove arsenic (As) in drinking water. FIGS. 26A and 26B

are graphs illustrating arsenicV (AsV) and arsenic III (As III)

rejection, respectively, by a sulfonated hydrophilic-hydro-

phobic random copolymer membranes having the structure as

seen in FIG. 26C.

FIG. 27 is a graph of the trade-off relationship between

permeate flux and NaCl passage for sulfonated polysulfone

(SPS) based upon membrane thickness of l um for both the

acid form and the salt form of the sulfonated polysulfone.

The present invention provides a hydrophilic-hydrophobic

multi-block copolymer having one or more hydrophilic

repeating monomers attached to one or more hydrophobic

repeating monomers, as well as methods of making the

copolymer and the cross-linked polymer. The one or more

hydrophilic repeating monomers include repeats of a sul-

fonated polyarylsulfone attached to a second aromatic mol-

ecule. The one or more hydrophobic repeating monomers

include repeats of a third aromatic molecule attached to a

fourth aromatic molecule. The mole percentage ofthe hydro-

philic-hydrophobic multi-block copolymers may be between

5 and 80 percent. The hydrophilic-hydrophobic multi-block

copolymer may be crossed linked to form a cross-linked

hydrophilic-hydrophobic multi-block polymer and made into

a membrane.

A specific example of the hydrophilic-hydrophobic multi-

block copolymer include the sulfonated polyarylsulfone

being a disulfonated-diphenylsulfone, the second aromatic

molecule being a biphenol, the third aromatic molecule being

a diphenylsulfone and the fourth aromatic molecule being a

biphenol.

Another specific example of the hydrophilic-hydrophobic

multi-block copolymer include the sulfonated polyarylsul-

fone being a disulfonated-diphenylsulfone, the second aro-

matic molecule being a biphenol, the third aromatic molecule

being a 2,6-dichloro-benzonitrile, and the fourth aromatic

molecule being a biphenol.

Another specific example of the hydrophilic-hydrophobic

multi-block copolymer include the sulfonated polyarylsul-

fone being a disulfonated-diphenylsulfone, the second aro-

matic molecule being a biphenol, the third aromatic molecule

being a 4,4'-difluoro-triphenyl phosphine oxide, and the

fourth aromatic molecule being a biphenol.

Another embodiment of the present invention includes a

hydrophilic-hydrophobic multi-block copolymer and a

method ofmaking it with one or more hydrophilic monomers

and one or more hydrophobic monomers. The one or more

hydrophilic monomers include a hydrophilic repeating sub-

unit having a sulfonated polyarylsulfone attached to two sec-

ond aromatic molecules. The one or more hydrophobic

monomers include a hydrophobic repeating subunit having a

third aromatic molecule attached to two fourth aromatic mol-

ecules.

Generally, the sulfonated polyarylsulfone may be a disul-

fonated-diphenylsulfone, a monosulfonated-diphenylsul-

fone, a substituted-diphenylsulfone, or a disubstituted-diphe-

nylsulfone. However the skilled artisan will recognize that

other substitutions may be made to alter the specific proper-

ties.

Generally, the second aromatic molecule includes a biphe-

nol, a substituted biphenol, a multiply substituted biphenyl,

2,2-bis-phenylpropane, a substituted 2,2-bis-phenylpropane,

a multiply substituted 2,2-bis-phenylpropane, l,l-di(trifluo-

romethane)(diphenylmethane), a substituted l,l-di(trifluo-

romethane)(diphenylmethane), or a multiply substituted 1,1-

di(trifluoromethane)(diphenylmethane) .

Generally, the third aromatic molecule may be a diphenyl-

sulfone, a substituted diphenylsulfone, a multiply substituted
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diphenylsulfone, a 2,6-dichloro-benzonitrile, a substituted

2,6-dichloro-benzonitrile, a multiply substituted 2,6-

dichloro-benzonitrile, 4,4'-difluoro-triphenyl phosphine

oxide a substituted 4,4'-difluoro-triphenyl phosphine oxide,

or a multiply substituted 4,4'-difluoro-triphenyl phosphine

oxide.

Generally, the fourth aromatic molecule may be a biphe-

nol, a substituted biphenol, a multiply substituted biphenyl,

2,2-bis-phenylpropane, a substituted 2,2-bis-phenylpropane,

a multiply substituted 2,2-bis-phenylpropane, l,l-di(trifluo-

romethane)(diphenylmethane), a substituted l,l-di(trifluo-

romethane)(diphenylmethane), or a multiply substituted 1,1-

di(trifluoromethane)(diphenylmethane).

A solvent purification membrane is also provided by the

present invention and may be used to purify, clean, separate or

filter solvents. One common application is a reverse osmosis

water purification membrane. Additionally, given the struc-

ture of the membrane it may also be used in fuel cells. The

membrane includes two or more cross-linked hydrophilic-

hydrophobic multi-block copolymers. Each of the two or

more cross-linked hydrophilic-hydrophobic multi-block

copolymers has one or more hydrophilic repeating subunits

with a sulfonated polyarylsulfone attached to a second aro-

matic molecule attached to one or more hydrophobic repeat-

ing subunits of a third aromatic molecule attached to a fourth

aromatic molecule.

The sulfonated polyarylsulfone ofa preferred embodiment

includes such aryl sulfonates as polyethersulfone and

polysulfone. Other suitable aryl sulfonate polymers that may

be used include polyarylene etherethersulfone, polyarylene

ethersulfone, polyarylenepropylenearylene etherether sul-

fone, polyaryl sulfones, polyaryl ether sulfones, polyaryl

ether ketones, poly ether ether ketones, polystyrene, and

copolymers thereof.

In addition, additives typically used in membrane produc-

tion may be added to the copolymers, the polymers or the

monomers. Liquid additives and non-solvents may also be

added, e.g., up to about 25 weight percent. Generally, addi-

tives include alcohols, polar solvents, acid organic solvents

and alkali metal halides (e.g., NaCl and LiCl).

Generally, the polymer materials of the present invention

may be cast by preparing a casting solution and forming a thin

sheet ofmaterial. The physical characteristics (e. g., morphol-

ogy, porosity, etc) of the polymer material can be altered by

changing the polymer composition, the casting solution or the

processing conditions.

The sulfonated polyarylsulfone polymers may be cast into

porous matrices, non-porous matrices or membrane matrices

using any conventional procedure wherein the casting solu-

tion is spread in a layer onto a nonporous support from which

the matrix later can be separated after coagulating. The matri-

ces can be cast manually by being poured, cast, or spread onto

a casting surface followed by application of a coagulation

liquid onto the casting surface. Alternatively, the matrices

may be cast automatically by pouring the solution onto a

moving bed.

As the cross-linking reaction result in limiting the dis-

tances among the main chains and increasing the rigidity of

the polymers, relatively larger molecules such as methanol

cannot permeate through the polymers. For example, one

catalyst for the cross-linking reaction, l-[3-(dimethylamino)

propyl]-3-ethylcarbodiimide hydrochloride (EDC) can be

used to form ester bonding, while NaH or PPh3 can be used if

the cross-linking is formed by ether bonding.

For example, other polymers useful in the present inven-

tion include, sulfone homopolymers and copolymers such as

polymers of polysulfone, polyethersulfone, polyphenylsul-
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fone, and sulfonated polysulfone; homopolymers and

copolymers of polyacrylonitrile, polyetherimide, and poly

(vinylidene fluoride); and mixtures thereof.

The polymerization to form copolymers can be carried out

using condensation polymerization methods known to those

skilled in the art. The reaction between one or more mono-

mers and a diol can be broadly characterized as a nucelophilic

substitution polymerization reaction. Nucleophilic substitu-

tion reactions, as is known to those skilled in the art, involve

the reaction of a compound containing a leaving group with a

compound containing a nucleophilic group. For example, a

first aromatic subunit with two nucleophilic groups (e.g., OH

and SH) can be copolymerized with a second subunit having

two leaving groups (e. g., F, Cl and N02). The amount of

monomer can be selected by one skilled in the art, depending

in part upon the properties desired in the copolymer and

polymer. Specifically, a biphenyl subunit with two nucleo-

philic groups (e.g., OH) can be polymerized with a second

subunit 3,3'-Disulfonated-4,4'-dichlorodiphenylsulfone and

a 4,4'-Dichlorodiphenylsulfone each having two leaving

groups (e.g. Cl).

Solvents useful for the polymerization include dimethyl

formamide, dimethyl acetamide, diphenyl sulfone, dimethyl

sulfoxide, and NMP. The polymer can be recovered by con-

ventional methods such as, for example, coagulation.

The disulfonated-diphenylsulfone, the monosulfonated-

diphenylsulfone, the substituted-diphenylsulfone, the disub-

stituted-diphenylsulfone, the biphenol, the substituted biphe-

nol, the multiply substituted biphenyl, 2,2-bis-

phenylpropane, the substituted 2,2-bis-phenylpropane, the

multiply substituted 2,2-bis-phenylpropane, the 1,1-di(trif-

luoromethane)(diphenylmethane), the substituted 1,1-di(tri-

fluoromethane)(diphenylmethane), the multiply substituted

1 ,1 -di(trifluoromethane)(diphenylmethane), the diphenylsul-

fone, the substituted diphenylsulfone, the multiply substi-

tuted diphenylsulfone, the 2,6-dichloro-benzonitrile, the sub-

stituted 2,6-dichloro-benzonitrile, the multiply substituted

2,6-dichloro-benzonitrile, 4,4'-difluoro-triphenyl phosphine

oxide, the substituted 4,4'-difluoro-triphenyl phosphine

oxide, or the multiply substituted 4,4'-difluoro-triphenyl

phosphine oxide include one or more substitutions selected

from the following groups: lower alkyl, alkenyl, amino, aryl,

alkylaryl, halogen, halo, haloalkyl, phosphoryl or combina-

tion thereof.

It is contemplated that any embodiment discussed in this

specification can be implemented with respect to any method,

kit, reagent, or composition of the invention, and vice versa.

Furthermore, compositions of the invention can be used to

achieve methods of the invention.

It will be understood that particular embodiments

described herein are shown by way of illustration and not as

limitations of the invention. The principal features of this

invention can be employed in various embodiments without

departing from the scope ofthe invention. Those skilled in the

art will recognize, or be able to ascertain using no more than

routine experimentation, numerous equivalents to the specific

procedures described herein. Such equivalents are considered

to be within the scope ofthis invention and are covered by the

claims.

All publications and patent applications mentioned in the

specification are indicative ofthe level of skill ofthose skilled

in the art to which this invention pertains. All publications and

patent applications are herein incorporated by reference to the

same extent as if each individual publication or patent appli-

cation was specifically and individually indicated to be incor-

porated by reference.
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The use of the word “a” or “an” when used in conjunction

with the term “comprising” in the claims and/or the specifi-

cation may mean “one,” but it is also consistent with the

meaning of “one or more,” “at least one,” and “one or more

than one.” The use of the term “or” in the claims is used to

mean “and/or” unless explicitly indicated to refer to altema-

tives only or the alternatives are mutually exclusive, although

the disclosure supports a definition that refers to only alter-

natives and “and/or.” Throughout this application, the term

“about” is used to indicate that a value includes the inherent

variation of error for the device, the method being employed

to determine the value, or the variation that exists among the

study subjects.

As used in this specification and claim(s), the words “com-

prising” (and any form ofcomprising, such as “comprise” and

“comprises”), “having” (and any form of having, such as

“have” and “has”), “including” (and any form of including,

such as “includes” and “include”) or “containing” (and any

form of containing, such as “contains” and “contain”) are

inclusive or open-ended and do not exclude additional, unre-

cited elements or method steps.

The term “or combinations thereof” as used herein refers to

all permutations and combinations ofthe listed items preced-

ing the term. For example, “A, B, C, or combinations thereof”

is intended to include at least one of: A, B, C, AB, AC, BC, or

ABC, and if order is important in a particular context, also

BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing

with this example, expressly included are combinations that

contain repeats of one or more item or term, such as BB,

AAA, MB, BBC, AAABCCCC, CBBAAA, CABABB, and

so forth. The skilled artisan will understand that typically

there is no limit on the number of items or terms in any

combination, unless otherwise apparent from the context.

All of the compositions and/or methods disclosed and

claimed herein can be made and executed without undue

experimentation in light of the present disclosure. While the

compositions and methods of this invention have been

described in terms ofpreferred embodiments, it will be appar-

ent to those of skill in the art that variations may be applied to

the compositions and/or methods and in the steps or in the

sequence of steps of the method described herein without

departing from the concept, spirit and scope ofthe invention.

All such similar substitutes and modifications apparent to

those skilled in the art are deemed to be within the spirit,

scope and concept ofthe invention as defined by the appended

claims.
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What is claimed is:

1. A method ofmaking a hydrophilic-hydrophobic random

copolymerwater purificationmembrane comprising the steps

of :

forming a hydrophilic-hydrophobic random copolymer

comprising one or more hydrophilic monomers com-

prising a sulfonated polyarylsulfone monomer and a

second monomer and one or more hydrophobic mono-

mers comprising a non-sulfonated third monomer and a

fourth monomer, wherein the sulfonated polyarylsul-

fone monomer introduces a sulfonate into the hydro-

philic-hydrophobic random copolymer; and

forming the hydrophilic-hydrophobic random copolymer

into a hydrophilic-hydrophobic random copolymer

water purification membrane for use in a water purifica-

tion system,

wherein the sulfonated polyarylsulfone monomer com-

prises a disulfonated-diphenylsulfone, the second

monomer comprises a biphenol, the non-sulfonated

third monomer comprises a 4, 4'-difluoro-triphenyl

phosphine oxide, and the fourth monomer comprises a

biphenol.

2. The method of claim 1, wherein the sulfonated polyar-

ylsulfone monomer, the second monomer, the non-sulfonated

third monomer and the fourth monomer are connected indi-

Vidually by an ether bond.

3. The method of claim 1, wherein the sulfonated polyar-

ylsulfone monomer, the second monomer, the non-sulfonated

third monomer and the fourth monomer are independently

connected by an O, a S, a C, a F, a C(CH3)2 group, a CF3

group, a C(CF3) group, a C(CF3)2 group, a C(CF3)(C6H5)

group, a C(O) group, a coo group, a S(O)2 group, and a

P(O)(C6H5) group, or a carbon-carbon single bond.

4. The method of claim 1, further comprising the step of

adding one or more cross-linking agents to the hydrophilic-

hydrophobic random copolymer to form a cross-linked

hydrophilic-hydrophobic random copolymer.

30

5. The method of claim 1, wherein the hydrophilic-hydro-

phobic random copolymer has a mole percentage between 5

and 80 percent.

6. A hydrophilic-hydrophobic random copolymer water

purification membrane comprising:

one or more polymerized hydrophilic regions comprising a

sulfonated polyarylsulfone monomer and a second

monomer; and

one or more polymerized hydrophobic regions comprising

a non-sulfonated third monomer and a fourth monomer,

wherein the sulfonated polyarylsulfone monomer intro-

duces a sulfonate into the hydrophilic-hydrophobic ran-

dom copolymer to form a hydrophilic-hydrophobic ran-

dom copolymer water purification membrane for use in

a water purification system,

15

wherein the sulfonated polyarylsulfone monomer com-

prises a disulfonated-diphenylsulfone, the second

20 monomer comprises a biphenol, the non-sulfonated

third monomer comprises a 2,6-dichloro-benzonitrile or

a 4,4'-difluoro-triphenyl phosphine oxide, and the fourth

monomer comprises a biphenol.

7. The random copolymer water purification membrane

composition of claim 6, wherein the sulfonated polyarylsul-

fone monomer, the second monomer, the non-sulfonated

third monomer and the fourth monomer are connected inde-

pendently by an O, a S, a C, a F, a C(CH3)2 group, a CF3 group,

30 a CH(CF3) group, a C(CF3)2 group, a C(CF3)(C6H5) group, a

C(O) group, a coo group, a S(O)2 group, and a P(O)(C6H5)

group, or a carbon-carbon single bond.

25

8. The random copolymer water purification membrane

composition of claim 6, wherein the sulfonated polyarylsul-

35 fone monomer, the second monomer, the non-sulfonated

third monomer and the fourth monomer are indiVidually con-

nected by an ether bond.

9. The random copolymer water purification membrane

composition of claim 6, wherein the hydrophilic-hydropho-

bic random copolymer membrane has a mole percentage

between 5 and 80 percent.

40

10. A method of making a chlorine tolerant hydrophilic-

hydrophobic copolymer desalination water purification

45 membrane comprising the steps of:

forming a polymerized hydrophilic-hydrophobic random

copolymer comprising one or more hydrophilic mono-

mers comprising a sulfonated polyarylsulfone monomer

and a second monomer and one or more hydrophobic

50 monomers comprising a non-sulfonated third monomer

and a fourth monomer, wherein the sulfonated polyar-

ylsulfone monomer introduces the sulfonate into the

hydrophilic-hydrophobic random copolymer; and

forming the polymerized hydrophilic-hydrophobic ran-

dom copolymer into a polymerized hydrophilic-hydro-

phobic copolymer desalination water purification mem-

brane that is chlorine tolerant membrane,

55

wherein the sulfonated polyarylsulfone monomer com-

60 prises a disulfonated-diphenylsulfone, the second

monomer comprises a biphenol, the non-sulfonated

third monomer comprises a 2,6-dichloro-benzonitrile or

a 4,4'-difluoro-triphenyl phosphine oxide, and the fourth

monomer comprises a biphenol.

65 11. A hydrophilic-hydrophobic random copolymer desali-

nation water purification membrane comprising a polymer

haVing one or more units haVing the structure:



US 8,028,842 B2

31 32

fiXQYQXQZmeHQYQXQZQi—V

wherein X is an O, Y is a C(CF3) group or a P(O)(C6H5)

group, Z is a S(O)2 group, and R is a carbon-carbon single

bond.

12. A chlorine tolerant hydrophilic-hydrophobic copoly-

mer desalination water purification membrane containing

units of the following formula:

T O 0

wherein X, Y, Z and R independently comprise an O, a S, a C,

a F, C(CH3)2 group, a CF3 group, a C(CF3) group, a C(CF3)2

group, a C(CF3)(C6H5) group, a C(O) group, a C00 group, a

S(O)2 group, or a P(O)(C6H5) group, or a carbon-carbon

single bond.

13. A method of making a hydrophilic-hydrophobic ran-

dom copolymer water purification membrane comprising the

steps of :

forming a hydrophilic-hydrophobic random copolymer

comprising one or more hydrophilic monomers com-

prising a sulfonated polyarylsulfone monomer and a

second monomer and one or more hydrophobic mono-

mers comprising a non-sulfonated third monomer and a

fourth monomer, wherein the sulfonated polyarylsul-

fone monomer introduces a sulfonate into the hydro-

philic-hydrophobic random copolymer;

forming the hydrophilic-hydrophobic random copolymer

into a hydrophilic-hydrophobic random copolymer

water purification membrane for use in a water purifica-

tion system; and

adding one ormore cross-linking agents to the hydrophilic-

hydrophobic random copolymer to form a cross-linked

hydrophilic-hydrophobic random copolymer.

14. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer comprises a disulfonated-diphenyl-

sulfone monomer, the second monomer comprises a biphe-

nol, the non-sulfonated third monomer comprises a

diphenylsulfone, and the fourth monomer comprises a biphe-

no].

15. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer comprises a disulfonated-diphenyl-

sulfone, the second monomer comprises a biphenol, the non-

sulfonated third monomer comprises a 2,6-dichloro-

benzonitrile, and the fourth monomer comprises a biphenol.

10

35

40

45

50

55

60

65

M+-803 M+-803

16. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer comprises a disulfonated-diphenyl-

sulfone, the second monomer comprises a biphenol, the non-

sulfonated third monomer comprises a 4,4'-difluoro-triphenyl

phosphine oxide, and the fourth monomer comprises a biphe-

nol.

0\\ /0 'M+
S=O

@OMO_

17. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer comprises a disulfonated-diphenyl-

sulfone, a monosulfonated-diphenylsulfone, a substituted-

diphenylsulfone, or a disubstituted-diphenylsulfone.

18. The method ofclaim 13, wherein the second monomer

comprises a biphenol, a substituted biphenol, a multiply sub-

stituted biphenyl, 2,2-bis-phenylpropane, a substituted 2,2-

bis-phenylpropane, a multiply substituted 2,2-bis-phenylpro-

pane, l , l -di(trifluoromethane)(diphenylmethane), a

substituted l,l-di(trifluoromethane)(diphenylmethane), or a

multiply substituted l,l-di(trifluoromethane)(diphenyl-

methane).

19. The method of claim 13, wherein the non-sulfonated

third monomer comprises a diphenylsulfone, a substituted

diphenylsulfone, a multiply substituted diphenylsulfone, a

2,6-dichloro-benzonitrile, a substituted 2,6-dichloro-ben-

zonitrile, a multiply substituted 2,6-dichloro-benzonitrile,4,

4'-difluoro-triphenyl phosphine oxide a substituted 4,4'-dif-

luoro-triphenyl phosphine oxide, or a multiply substituted

4,4'-difluoro-triphenyl phosphine oxide.

20. The method of claim 13, wherein the fourth monomer

comprises a biphenol, a substituted biphenol, a multiply sub-

stituted biphenyl, a 2,2-bis-phenylpropane, a substituted 2,2-

bis-phenylpropane, a multiply substituted 2,2-bis-phenylpro-

pane, a l,l-di(trifluoromethane)(diphenylmethane), a

substituted 1,1-di(trifluoromethane)(diphenylmethane), or a

multiply substituted 1,1-di(trifluoromethane)(diphenyl-

methane).

21. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer, the second monomer, the non-sul-

fonated third monomer and the fourth monomer are con-

nected indiVidually by an ether bond.

22. The method of claim 13, wherein the sulfonated pol-

yarylsulfone monomer, the second monomer, the non-sul-
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fonated third monomer and the fourth monomer are indepen-

dently connected by an O, a S, a C, a F, a C(CH3)2 group, a

CF3 group, a C(CF3) group, a C(CF3)2 group, a C(CF3)

(C6H5) group, a C(O) group, a C00 group, a S(O)2 group,

and a P(O)(C6H5) group, or a carbon-carbon single bond.

23. The method of claim 13, wherein the hydrophilic-

hydrophobic random copolymer has a mole percentage

between 5 and 80 percent.

34

24. The method ofclaim 13, further comprising the step of

forming the hydrophilic-hydrophobic random copolymer

into a hydrophilic-hydrophobic random copolymer mem-

brane.


