| ON EXCHANGE MEMBRANES Thi s application clains the benefits of US
provi si onal applications 61/237076 and 61/237084, both filed on
August 26, 2009. Field Enbodinents of the present invention provide
for ion exchange nenbranes and processes for their nmanufacture. The
el ectrodi al ysi s nmenbranes descri bed herein conbine | ow resistance
and hi gh pernsel ectivity which make them highly effective in water
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exchange membranes will have fixed positively charged groups and mobile negatively

charged anions. lIon exchange membrane properties are controlled by the amount,
type and distribution of the fixed ionic groups. These membranes may be described as
strong acid and strong base, or weak acid and weak base membranes. Strong acid
cation exchange membranes usually have sulfonic acid groups as the charged group,
whereas for weak acid membranes, carboxylic acid typically makes up the fixed
charged group. Quaternary and terfiary amines respectively produce the fixed positive

charged groups in strong and weak base anion exchange membranes.

Among the most important applications of ion exchange membranes are desalination
of water by electrodialysis {ED), as a power generating sources in reverse
electrodialysis and as separators in fuels cells. Other applications include recovery of
metal iocns in the electroplating and metal finishing industries and various

applications in the food and beverage industry.



t hrough paired anion- and cation sel ective nenbranes under the notive
force of a direct current voltage. An ED apparatus consists of
electrically conductive and substantially water inperneable anion
sel ective and cation sel ective nmenbranes arranged as opposing walls
of a cell. Adjacent cells forma cell pair. Menbrane stacks consi st
of many, sometime hundreds of cell pairs, and an ED system may
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direction. Flow in the stack is arranged so that the dilute and concentrated flows are

kept separate and a desalinated water stream is produced from the dilute flow.

In the ED process, material commonly builds up at the membrane surface in the
direction of the electric field, which can, and usually does reduce process efficiency.
To combat this effect, Electrodialysis reversal (EDR) was developed and is the primary
method of use presently. In EDR, the electrodes are reversed in polarity on a regular
basis, for example, every fifieen to sixty minutes. The dilute and concentrate flows are
simultaneously switched as well, the concentrate becoming the dilute flow and vice

versa. In this way fouling deposits are removed and flushed out.

Once the concentration in the dilution cells falls to lower than about 2000

milligrams/liter (mg/l), electrical resistance is at a level that power demand becomes



i ncreasi ng expensive. To overconme this, and to be able to produce
high quality water, electrodeionization (EDI), sonetines called
conti nuous el ectrodeioni zation (CEDI) was developed. In this nethod
the cells are filled with ion exchange nedia, usually ion exchange
resin beads. The ion exchange nedia is orders of nagnitude nore
conductive than the solution. The ions are transported by the beads
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most preferably greater than 98% is desired. The membrane has to have long service

life, and be physically strong and chemically durable and be low cost.

Reverse electrodialysis (RED) converts the free energy generated by mixing the two
aqueous solutions of different salinities into electrical power. The greater the difference
in salinity, the greater the potential for power generation. For example, researchers
have studied RED using Dead Sea water and fresh or secawater. Researchers in
Holland have mixed river water entering the sea and seawater. RED membranes
preferably will have a low electrical resistance and a high co-ion selectivity and long

service life time, acceptable strength and dimensional stability and, importantly,

low-cost.



serves both as the electrolyte and as a separator to prevent direct
physi cal m xing of the hydrogen fromthe anode and oxygen supplied
to the cathode. A PEM contains negatively charged groups, usually
sul fonic acid groups, attached or as part of the polyner naking up
the PEM Protons mgrate through the nenbrane by junping from one
fi xed negative charge to another to perneate the nenbrane. PEM s
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High chemical stability — ability to withstand pH from O to 14 and oxidizing

chemicals

Mechanical strength — The membrane must be able to withstand the stresses of
being handled while being manufactured into a module or other processing device.
The membrane must also have good dimensional stability in operation and not swell
or shrink excessively when the fluid contacting it changes concentration or

temperature.

Membrane developers have recognized that for a given chemistry used to make an ion
exchange membrane, a thinner membrane would give a lower resistance and also
allow more membrane area per unit volume of device. However, thinner membranes
are more susceptible to dimensional change from environmental effects, such as
changes in ionic concentration of the fluids contacting them or operating temperature

changes. Moreover, to develop and produce defect-free membranes is more difficult for



production as there is for thicker nmenbranes where the nmenbrane

t hi ckness covers over defects that may occur in nmenbrane formation.
US Patent 7,226,646 describes an ion conducting nenbrane conprising
an ion conducting region and a non-ion conducting region. The ion
conducting region is forned by a plurality of passageways extending
t hrough the nenbrane filled with ion conducting material. The
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polyaramid polymer. Preferred polybenzazole polymers include polybenzoxazole (PBO),
polybenzothiazole (PBT} and polybenzimidazole (PBI) polymers. Preferred polyaramid
polymers include polypara-phenylene terephthalamide (PPTA) polymers. In other
preferred embodiments, the polymer substrate comprises a thermoplastic or thermoset
aromatic polymer. The ion-conducting material comprises a water soluble
homopolymer or water soluble copolymer of at least one of a sulfonated ion-conducting

aromatic polymer.

W. L. Gore & Associates, Inc. (Newark, DE) describes, in US Patent 6,254,978, a
integral composite membrane having a porous polymeric membrane impregnated with
a perfluoro ion exchange material to make the micropores of the membrane occlusive
and a surfactant having a molecular weight greater than 100 wherein the thickness of

the composite membrane is less than 0.025 mm. US Patent 5,547,551 describes a



conposite nenbrane conprising expanded pol ytetrafl uoroethyl ene
menbrane support inpregnated with ion exchange material, having a
total thickness of less than 0.025 mm U. S. Patents 5,599, 614 and
5,635,041 al so describe conposite nenbranes conprising m croporous
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W Il mngton DE). CGore-Select(r) nenbranes (WL. Gore & Associ ates,

Inc., c&hkb&k Mbréﬁ@c&ﬁﬁ%ﬁigtécpﬁﬁﬁ@& ﬁB@%et?é&’(’inrbét‘h?&n@ i ALRRRY ort
expanded TFE nenbrane havi ng an ion exchange material inpregnate

t her ei HRPISNPECafith don sxchzmme daaisriph devinech Hiasinienstif kge than 0.025

conpri AU BaRhte$CH5S6€4 aRal 5885 081 chidd SAHRBOE oRfpositd ateestanes
pol yt et r af | uor oet hyl éne ‘pol ymer_ havi ng. a porous m crostructure of

pol y e FPREPFISEE MicTORYPHS &xpairddP Jat jRkstrates impraraiadewih Matiprst (E.1
bei ng %P‘oﬁ@Wﬂrﬁi@@%ﬂn Bejo ('(E&%t@lédt®%erl¥§reﬁle@qaf ﬁoém@% AlskBG8tes, Inc.,

corrp05|te nmenbrane for use in a fuel rane el ectrode
assenbEkesnii) @F%@oepeeﬁwgmﬁ&ﬁp%?%pemﬁ RIGORMIPUS cxnends PTFE

exchangemiRihe Hadlng AP{R0ORREn Pt dt e Mndprbdd18d thgesubst rat e such
that the substrate conprises a first region having pores

subst aotd Pdikt 61l10exBINIdRribBE aldFRIRENE MemBridthe TosBF MMk af WhiS bAMangk| Y

porous region. The cation exchange material covers qne surface of the

substr QP]EY“W ande RERP Y O %’S@Lr}dﬁﬁ}é’rdytﬁ%ﬁw&ﬁ%ﬂg’lwet PPYRET FRVIZE A RYPBH

of t henﬁmtﬂi@tﬂe of Pagnsdtastibilsesdiaexgas@ddepolytarfld¥dtRpleds dblymer
porosity, t he con‘gg?s/l te nbrane is substantially gas
i mper S‘Ei‘lgea FRPtRREUL H¥- substantially porous major surface.

U S Pat. 985, 942 descrlb S conposi e menbr apes c rising a
Dor ous CELBRR0 A0 R P SRR T BRTa S ey B oL Tl el o
trifl ueleosbile asemiielcyimirigd pecnel yolpmhsric MabBisherardda ¢atish ychmage
two US ts related tQ. co sit.e nes hav

Doryel BT ek eReRt ar iy TE% i SR St M e Ht s phiarices
suppor & bt tﬁgtdﬁ‘ Bdwing bermntushstdifidiatidrt it Dits ﬁﬂﬁre@naﬁﬂ QSldS'a sdvanded
rrenbrane a _por ol substrate and a .c

pol yel 8‘& t&w B?r dreger ﬁ%sa#ea ei“fi‘%”ﬁ& nyrEe ‘%"ef %8“6 %’H%‘fer % ke
The pabahitrdiesnlaodasepolrfaee iayeat ¢omiguoust ketls tl’msﬁnsa'r@uma pEtheofulastrate.
nonone a Cross-

] Xt u h
tononerbg kil &elles TRERT6 bl Bof 08D ahi 8t AkaBISHK ightiame oo
t hose sohsimtisliybacimpameanbic and astt Gaat ong suuq:iahtla]iy pomusdeajoan
h t t
L on: SXEREE, 514 e P8R D S SR0 AR A AR g
are subpssmsenttsyraté ahd daucethange trﬂlm:enalsmompriamgmdbwhyemmﬂuorostyrene
Al ter nati Vel ¥ andogBhRss! | nked

McMaster University has two US patents related to composite membranes having
polyelectrolytes or hydrogels bonded or crosslinked arcund porous support structural
elements. US Patent 6,258,276 discloses charged membranes comprising a porous
substrate and a cross-linked polyelectrolyte or hydrogel located in the pores of the
substrate. The patent discloses polymerization in the substrate pores of a monomer or
a mixture of monomers with a cross-linking agent, the monomer or at least one of the
monomer mixture being selected from those monomers which contain a functional
group that provides an ion-exchange site and those which contain a group which is
susceptible to a chemical reaction by which such functional groups are subsequently

introduced to the in situ-formed polymer. Alternatively, an uncrosslinked



6 pol yel ectrolyte or hydrogel may be forned in the pores of the

substrate as described and subsequently crosslinked. US Patent

7,247,370 provides for an asymretri c nenbranes conposed of a

m croporous substrate whose pores contain a crosslinked gel,

preferably a hydrogel or a polyelectrolyte gel, located in pores of

the substrate, where the density of the «crosslinked gel is greater
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in the W02010/013861 describes an anion exchange composite membrane that is produced

by impregnating a porous film with a styrene-based monomer, a vinylbenzene-based
monomer, a crosslinking agent and an initiator, and after polymerization,

functionalizing the resulting crosslinked polymer by adding ammonium ions.

Membranes having charged polymers are known. Charged membranes, usually
negatively charged, are used for nanofiltration. Such membranes are made to have a
high water permeability. Such membranes would not be suitable for ED as they would
have high osmotic flow due to their high water permeability. This effect would give
poor co-ion rejection.  Membranes for fuel cells are designed to transport hydrogen

ions and are not suitable for transferring larger ions.



feed solution for the test described in Exanple 7. Figure 2 shows the
construction of the nenbrane test cell and the reference el ectrode.
Summary Descri ption Described herein are novel ion exchange nenbranes
for electrodialysis having a beneficial conbination of high energy
efficiency, resulting in | ow operating costs, and high

pernsel ectivity. The nenbranes are useful for water desalination, and

are syridD&ctpriciearpigiredesal i nation. The nenbranes are produced
by a process conprising choosing a suitable porous substrate,
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The microporous support preferably comprises microporous membranes of
polypropyiene, high molecular weight polyethylene, ultrahigh molecular weight
polyethylene or polyvinylidene fluoride. The supports are preferably not greater than

about 55 microns in thickness, more preferably not thicker than 25 microns.

Cation exchange membrane embodiments described have resistivities of no greater
than about approximately 1.0 Chm-cm?, preferably no greater than about
approximately 0.5 Ohm-cm?2 . Preferred embodiments of the cation exchange
membranes have permselectivities of greater than about approximately 95%, more
preferably greater than about approximately 99%. Preferred ionogenic monomers for
the production of cation exchange membranes are 2-sulfoethylmethacrylate (2-SEM or
2-acrylamide-2-methyl propane sulfonic acid (AMPS). A preferred crosslinker is

ethyleneglycoldimethacrylate.



preferably greater than about approximately 95% Preferred ionogenic
mononers for the production of anion exchange nenbranes are
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electrod1alys1s membranes and systems for water desalination, more particularly, for

low cost, energy efficient electrodialysis membranes and systems for seawater

desalination.

Through diligent and extensive experimentation, the inventors have found that
superior cation exchange (CEM) or anion exchange membranes (AEM) are produced by
the methods and procedures described herein. Faced with the problem of developing a
ion exchange membranes suitable for economically desalinating seawater, the
inventors realized that a mechanically strong membrane having low electrical
resistance and high permselectivity was required. Furthermore, it was concluded that

to achieve low resistance would require a thin membrane.

Good mechanical strength allows the membrane to withstand the stresses of a
continuous membrane manufacturing process, and be fabricated and sealed into the

final membrane-holding device or module without overt damage or hidden damage



sanitizing or defouling reginmes, or during shipping or while in
storage. H gh dinensional stability to changes in ionic content or
of the tenperature, for exanple, of the fluid contacting the CEMis
i nportant because during operation variations in the distance

bet ween nenbrane pairs could |ead to current inefficiencies. Changes
in dinmensions during electrodialysis could al so cause stresses in
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impedance may also be used. In this method, alternating current is applied across the
membrane. Measurement at a single frequency gives data relating to electrochemical
properties of the membrane. By using frequency and amplitude variations, detailed
structural information may be obtained. Herein, resistance will be defined by the

methods described in the Experimental section.

Permselectivity refers to the relative transport of counterions to co-ions during
electrodialysis. For an ideal cation exchange membrane only positively charged ions
would pass the membrane, giving a permselectivity of 1.0. Permselectivity is found by
measuring the potential across the membrane while it separates monovalent salt
solutions of different concentrations. The method and calculations used herein are

described in the Experimental section.
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contained in the pores of a mcroporous nenbrane substrate. The
porous nenbrane substrate is preferably |Iess than about

approxi mately 155 mcrons thick, nore preferably |ess than about
approximately 55 mcrons thick. Substrate menbranes having porosity
greater than about 45% are preferred, with those having porosities
greater than about 60% nore preferred. In the nost preferred
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pol yrrerlbzatl on initi ein we use the termionogenic nonomer

to meaf St hAIREI S (?ésm’r‘fé Vthg at |east one charged group

coval e% attache% The char ed OUQ n, be §03| ti eb%. charged or
negat i F%)/’pé’ﬁ%‘-}sg%‘am ARG RUPR 81 PRECEFEE ST THIPRY B8 er  was
pr OdUC@dlybmyﬂldbiydfrﬂandﬂg)ra)theﬂ pmljzmmxt i Arddss of Ipaefgﬁéd sobetretes c’Bhﬁanses
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lar ger thé Sfosslinked polymer in these pores. The method involved saturating the porous
substrate with a solution of charged monomer, multifunctional monomer, (e.g., a
crosslinking agent) and polymerization initiator. Herein we use the term ionogenic
monomer to mean a monomer species having at least one charged group covalently
attached. The charged group can be positively charged or negatively charged. In an
embodiment, the crosslinked polymer was produced by polymerizing a multifunctional
charged monomer. The Polymerization was initiated by heat or by UV light.
Monofunctional monomers are monomers which have a single site for carrying forward
the polymerization reactioni. Multifunctional monomers have more than one

polymerization reaction site and so can form networked or crosslinked polymers.

The following laboratory methed was used to investigate formulation and process

effects by producing small coupons for resistivity and permselectivity testing. Porous
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(50mMm or 100mm di aneter) of transparent polyester sheets were al so
die cut. A 105mm al um num wei ghi ng boat was typically used to hold a
set of coupons. The coupons were sandw ched between two pol yester
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nmononmer solution to nmake up a test sanple. This was done by addi ng
the fornulated solution to the al um num boat, and i Mmersing a
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( 2- SEMif reguffe@pyl acrylic acid, 2- acryl am de-2-nethyl propane

sul fonic acid (AWS), sul fonat ed glycidyl nethacrylate, 3-sulfopropyl
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before sealing the bag. The bag containing the boat and coupon assembly is placed
into a oven at 80°C for up to 30 minutes. The bag is then removed and cooled, and
the now reacted cation exchange membrane coupons are placed in 0.5N NaCl solution
at 40°C-30°C for at least 30 minutes, with NaCl scak of up to 18 hours being found

satisfactory.

Monomers containing negatively charged groups useful for making cation exchange
membranes of the present invention include as representative examples, without being
limited by such examples; sulfonated acrylic monomers suitable to provide cation
exchange capacity; e.g., 2-sulfoethylmethacrylate (2-SEM), 2-Propylacrylic acid, 2-
acrylamide-2-methyl propane sulfonic acid (AMPS), sulfonated glycidylmethacrylate,
3-sulfopropyl methacrylate, sodium 1-allyloxy-2 hydroxypropyl sulfonate and the like;

other example monomers are acrylic and methacrylic acid or their salts, sodium
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12 styrene sul fonate, styrene sulfonic acid, sulfonated vinyl benzyl
chloride sodium 1- allyloxy-2 hydroxypropyl sulfonate, 4-Vinylbenzoic
acid, Trichloroacrylic acid, vinyl phosphoric acid and vinyl

sul fonic acid. Preferred nononmers are 2 sul foethyl nethacryl ate
(2-SEM, styrene sulfonic acid and its salts, and 2-acryl am de-

2-met hyl propane sulfonic acid (AMPS). Mononers containing positively
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pol yam nes and V|nylaronat|c hal i des, for exanple, but limted to;

1, 4- di azberthybrehecylaty (GSEMe styaens st A anchits prli janda2-acrylamide-

quat er pagmyt b&o;%nésxﬂfo%@é&@'(&hﬂ@bpm 2,2] octane (DABCO and
pi perazine divinyl chloride; or quarternary salts fornmed by reacting

cycli c Mideférs coRiv@@ piRtivaRtergdrkyd phrlgsd@etulffer Ir@tkﬂ‘[%)élﬁoﬁlékcﬁéﬁge
limted to;, 1od oethyldﬂ)@t erther dlamn02hdrox pr.o

et hac FAAPIENES of it BreaRt vaRtiom e dans THREF3Rg fb‘gF ?’@&&Rng@mthout being
gl yci d%hﬂ&ﬁh@cw&mé}&xﬁﬁ%)Mwﬁdarﬂaﬁhddijrap}mmheﬂﬂry beneshiam Bgonng,

et hyl iaqdide, and vinyl benyl trinethyl amoni um chl orjde. Pref erred

mnomﬁ%ﬁﬁmyl%fﬁmﬁ“‘é’%@ﬁ%ﬁ'@t%ﬁﬂﬁ% quarfegnary salts of polyamines and
Tri met Ryaarepiitieneiiiagt Mot BRetyld, Gue hatddde; 1 3~diazabicyclo[2,2 2]octane

acryl am dopr.opyl)tri net Ianm)nlum hl ori d bi ¢ 2]

oct ane%(ﬁheﬁﬂ@ﬂﬁel & ABATaRY™( Stk %rﬁ%‘%’l@&&’cﬁ SAGeEhE ShBcdy

1, 4- di azalyiparekekHidnd] <|§mbﬂae 6PABE R rnadi dalts mthﬁalrlib;,yfeae’lﬁhgbgmd&, etlcrilers,

N, N, N ent et enetr.i enzy chlori de

(a qualp8 yﬁ‘ﬁ??&%ﬁl‘?nﬁfﬁ% ﬂfl‘f’\?’q‘% Iﬁ@%ﬂl‘é fﬂﬁﬂ(‘ hyl enetri ani ne and

vi nyl b%ﬂdﬁthﬂﬂin@d’thﬂbthﬁnﬂdhﬁhinmhﬁ&ﬁKMbﬁd@A rietha@yhyé anineteniary

A yci dyI nmet hacr tel ened

ot oducERRRERT SHie ra1d e HER S oS RE T GURAE e 8681 | ki ng

w t h nadiasivicthgshadiahige ané @&yl ielile, indoasibiergltsimetiay geth giiomps

i ncl ude s.c%epresent ative exanples, without being Ilimted by such

exanpl 2192144y | enegl ycoI di met hacryl at e 1, 3- but anedi ol

di met h anedl 0 i a 1, 4- but anedi ol

i ot hacrtr B mogoer i BReer GrHPEE AfhFents B hexaned o

di acr y Tainesthplenimeniyirthylodethadrgiic yhkﬂrﬂp, 3tetraethyl ene glycol

di et hagryl &t forSlyfeHeRRNASRS bl IBLRY! QLPEQRARE LbhAE - BLE
di(vinylbenzyl chloride) (a quaternary salt of 1,4-diazabicyclo[2,2,2]octane (DABCQO)
and vinylbenzyl chloride, N,N,N’,N’,N”-pentamethyldiethylenetriamine di{vinylbenzyl
chloride (a quaternary salt of N,N,N’,N’,N”-pentamethyldiethylenetriamine and
vinylbenzyl chloride, Glycidyl methacrylate/ trimethylamine or Glycidyl methacrylate/

N, N-dimethylethylenediamine reaction product,

Multifunctional monomers suitable to provide crosslinking with monomers containing
negatively or positively charged groups include as representative examples, without
being limited by such examples ethyleneglycol dimethacrylate, 1,3-butanedicl
dimethacrylate, 1,3-butanediol diacrylate, 1,4-butanediol dimethacrylate, 1,4-
butanediol diacrylate, 1,6-hexanediol diacrylate, pentaerythritol triacrylate,
tetraethylene glycol dimethacrylate, divinyl benzene, trimethylolpropane triacrylate,
isophorone diisocyanate, glycidylmethacrylate, trimethylolpropane trimethacrylate,
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i sophorone diisocyanate, glycidylnethacrylate, trinmethyl ol propane
trimethacrylate, 13 ethoxylated (n) bisphenol A di(neth)acrylate
(n=1.5, 2, 4, 6, 10, 30), ethoxylated (n)

trimethyl ol propanetri (nmeth)Acrylate (n= 3,6,9, 10, 15, 20),

propoxyl ated(n) trinethylol propane triacrylate (n =3,6), vinylbenzyl
chloride, glycidyl nmethacrylate and the |like. Miltifunctional
NMDNONME L6 HED ) BB 0PA dIPERh]RA 150 BS 2MBY 6 D0 USH deth kAR (n
being limted by the exanple, monorers such as 1, 4-divinyl benzene-

sul fonFl&msémolﬁropqqegrl@wqﬁb%ﬁéwed@=L?s@&.,105ﬂa§,2@ég?reéf>@flaf@ﬁ16§s| i nki ng
nay I apgeiHAtRRR tHi8%ey1dtk gL -Ba]i @i%%rlﬂeﬂﬁl'&«ﬂ&{&, WsRidh nidhalite and
present invention include, but are not limted to; "benzoyl peroxide
(BPO), thgehi um persul fate , 2,2'-azobisisobutyronitrile (Al BN),

2, 2' -azohi s(2- et hyl propi onam di_ne) di hydr ochl ori de, .
2,2" - A%HPQ{TEZUPQ-@‘} RFogawsrs fentoiring PBH & S1UF AYRIF SEPHIST PaE be used. Without
2, 2" - ApeRisSiité 2 by thélazahpR; drotloiroBanehs @Dﬂdﬂii?b@ﬁ(zleneﬁ sulfonic acid or
2,2' -azobi s(2- net élgropi onate). A person skilled in the art of

menbr aHe SEES SrSHREHECANd manufacturing will realize that this

convenjent_ | aboratory t hod can be adapte 0 ot her | aboratory
scal edlrﬁﬁélfaﬁ@&s"féﬁ?fsﬁﬁ MEIMEY, 5P %%é%?fplg/%uous manuf acturi ng. For

Gl ot Fyecragu anveaf 8P o e g rladob S theF BuP Bt Ty g o

thi s sbefzddpkibxirie BP0, abirtoni@nipbtbulfasc UI-braasiseiityednitrile (AIBN),

substrate sanpl.e subnerged in..the.fornulatipn luti.o Substrate
e E R b sl b T S B Rl s R TR e A
sheet apippuacdthwuirbdhlariégyv ey AgosisEe2-mnid asstto R hd)ghraptne] and elimethyl
air buBlg%es. .@?VEI‘}?J l[r)ﬂresoe%lﬁed pi eces may be | ayered and then pl aced
on t he“pol8¥eEr "GP )sheet and covered with a covering sheet
and snmot hed JARAe r;dgm)ucefair ubbldas.1 Rat tcler t han 1he tin i1 a
oven, {HE 84T Grafed STpat A racraRITHE THCIRYBE PR sty e wl isgze
sur f acéhaitthis t@mvpeicat lalrsiehy noiteod cam dhe fadaptedt togheckbssaoyy taled
initiate.an C l.et e I . 0N t .met hods for

initi aﬁe&ﬁo%sf ajt“ﬁgp aﬁfgt%ey%%%?%&égeitgﬁgﬁérng%%%éﬁlrgﬁ% %g%ttgrem sed. U traviol et

i ght ar. Lonizin e . ‘ L E .

eam r o S Bhlehihe At ore iRt ARATKRORIRLFbE Ane AL aShBRlY Bltvareq
cont i nteaperpithust (>60°Grdn uéduteurir soluptioy eestimmytepaopid be dans efipr agnild
sat ur aﬂzgcx!ilﬂrg t{)%ﬁ&%ﬂ% o HSHIR Sute EQNLRNEA¥e8d $4 BRe FRnhBhdid AL ABA.

conplete t ymeri zati on,
Substrate samples may be presoaked and then placed on the polyester or similar

sheet and covered with a covering sheet and smoothed out to remove air bubbles.
Several prescaked pieces may be layered and then placed on the polyester or similar

sheet and covered with a covering sheet and smoothed out to remove air bubbles.

Rather than heating in an oven, the saturated substrate sandwich may be placed on a
heated surface at a temperature sufficient and for a time necessary to initiate and
complete polymerization. Alternate methods for initiation of the polymerization
reaction may be used. Ultraviolet light or ionizing radiation, such as gamma radiation

or electron beam radiation may be used to initiate the polymerization reaction.

A continuous pilot or manufacturing process may comprise a step to saturate the
porous substrate, followed by a step to initiate and complete the polymerization,

followed by a step to wash or leach out non-polymerized species from the now-formed
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foll owed by a step to wash or | each out non-pol ynerized species from
t he nowformed 14 menbrane. The menbrane may be optionally dried.
Conditioning with a salt solution could be done in a continuous

i mrersi on process, such as through a tank of a salt solution, or by
soaking a wound up roll of nenbrane, or after fabrication into a
nodul e. If the nmononer solution is fornulated with a sol vent which

Vet s Owlertifiens YRSk At Bbrdtemap rb‘é(‘cffﬁﬁn‘é@#' et @ oTndIRYorﬁﬁg %ﬂ?lga Shtp %Blﬁ;%{foﬁ

froma roll 1nto and through a tank of the nononer fornulation and
Wi pi ng CofI hedangsingy FoR RO USTREMEEHQT BIQSASS $HSh cgttBreusina tagdupiir pelt

sandw ghrdicRebMBE BodiRg la¥Sk:sd b Bl 38 hicmBae! bingitdradnfic A Rltba and
ni pped between two roFI s to refmove air and produce a snooth

nultlléfwlruéfﬁ assenbly. A preferred sheeting material is polyethylene

terepthalate film This assenbly would then be processed through an
oven, Hrthgyapnomeresalation & formtuéatFﬁl“P?}hﬁ EOIYRAt WHiRH wets out the substrate, the

pol ymﬁr@@hs Qduld\Staat bﬁ fd&@lﬂg\/ﬁlty@itdtél fiden hQoll iilol}R Grblgahetn® Beeﬁe
throug anket e i nert as This alternative woul

an oven
sui tab P@rwe?erd%nuiaeﬁnsa&%mleg Oﬁgweﬁa selutiom Bes Pathgetsdisnostreke ﬁheaht
initi atbwid B $dhdSHbh@bb&wedh tHvall Hfess 6PPladtib 8hegah fediforh R BEah@VHped
sandwi ch descri bed woul d be run through a tunnel or other process

equi pBAtYSTAVINRGOLR 9 FETBPYE AR ARG RIPETCE BSMOARE siHEtavstsd %Bn\m hAuv
|1 ght pedfe£e8 sBbctdiematerR0tid pslyeasidic tehpthi@bs .t fnhﬁ etﬂs@ﬂbh}Othﬁg

formul ati o thls be done in an inert t nosphere. _If t

t hree ﬁé‘i}ége Qa‘?ﬁ?ﬁ? rg“%i‘%éﬁ OV?‘ﬁeorc‘b‘{‘FéF‘ﬂ"ng”‘ %"ﬁ@@r fo Hf 1HateAR, SR e‘er

gol y geg)bg@idraauaﬂd Atnr@td&emlfr@mm B@tﬂﬁfu’:l{l thd SatWegbhe ehaétcthe@ig}pﬂ@ loben
rire eeperlrrent wn I n the e CtIOI’l or gani c

S0l vonplathetdwit IR D ot M A G TR R GRS BF biod N P g e

pr ef er hatinglabighMoilstd weiAts i s di polar aprotic solvents. Wt hout

being limted, sonme exanples of suitable solvents include dinethyl
acet arriHEthdi 11‘rﬁid‘niph Wwith saithbe, intdiatetshyould bt fexd d8he three layer sandwich

h h h d d .
et o BNCHANRRANETT 5 Bhpbkn p TThEE oRSREEDGRST e ept FavPRan iniatc
group eodtoaitlet fog thesabstrateaweb wibhn OvEl gh it doat-cear @n (met omiab@:r sided uibtlhe
Oh f f d d |

i1 ey drsig REBrelF fégmeéﬂﬁmenﬁémqﬁ‘%ﬁh 48% 7 BroRe B8 tufhre

| sopr opapg threa%ggé}os'amgala& B UG RPcodlBHIAU5 aﬁ%ov&{ .Rgl ol s,

such as ycerl in SOFT'E
polymerization and the now-formed membrane is washed and optionally dried.

In the experiments shown in the Examples section, an organic solvent, N-methyl
pyrrolidone was used as the reactant carrier. A preferred class of solvents is dipolar
aprotic solvents. Without being limited, some examples of suitable solvents include
dimethyl acetamide, dimethyl formamide, dimethyl sulfoxide,
hexamethylphosphoramide or —triamide, acetone acetonitirile, and acetone. This class
of solvents has the advantage of solvating ionic group containing monomers and

menomers that are not water soluble.

Other solvents found useful are N-propanocl and dipropylene glycol. Similar hydroxy
containing solvents, such as alcohols, for example isopropanol, butanol; diols such as
various glycols, or polyols, such as glycerine may be useful in some cases. These are

given as examples, not to be limiting to a practitioner.
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given as exanples, not to be limting to a practitioner. 15 The

sol vents di scussed may be used al one or in conbination. In sone
cases, they nmay be used with water to increase solubility of ionic
cont ai ning organics. This allows the nmenbrane devel oper to have a
broad range of nononmer m xtures from which to tailor a crosslinked
copolyner in order to obtain the optimum bal ance of properties. By

conmbi niphg s31veatLAisS@ L8Rl BapBLLQEd SiRl! RGN €ot®in QM. AINidIGe FRRQMRey
wi th a non-water swelling ‘conononer, the devel oper can obtain a

copol yray b veedawithi waterkyinsecase sebhilitygi derps canthinivgirgeanisthel | ing in
wat er desal i nation use. Such _copol %rrers wi || have better physical
st r engiThis #lqua &ic BABLEIT SVelQRsE o PAEHZ bEPRE rangs e gronangrsBiduEssiprm

changesgHith Y@iflor bQRbss1iHRel @Bpoloet STBRIAtH 08 tHAAANE 8P tindedh WaGince of
attenpts to nake ion _transporting nmenbranes with a porous substrate

h
rel i ed PTeRFTHADi BY $§TPIRG8- R SPiURy potiarestvellabls iPRSoptriBinggnopemaeT

substr gfi@ a HonRedtePbwelling 2Bk niés EthedddveloEr 8 Ublatn hQdpeBRtHIGHitNG
polymer. In water. such polyners are expanded, due tQ charge

repul s f¢8RE Phionis sHoPRe 2afdegRechnveling i et rdegalipation fps-sShfh |

hi nder cQﬂfyélﬁrﬁh&@&ili RhRe bdteerRMyRfaPbtrtREhSHREItEALRA safTer 188 UaBerddiGhal
anount o charge_that can be permanently placed into the substrate.

The 7, 55angeig et dng toyrlaqgnees iy et e pIG RAndy Y ‘Hstﬁﬂl?ﬁ}'%t“(‘? ?]é"?“}geér gani c
sol vent_ sol uti on barne). ion-conductin ol yners _do not produce .
sat i sf FEEBPAFTRPSIRIM %Wﬁr%?fési?ortrﬂ%gﬁrﬂg‘%’é}égs ik 7 BO‘FPéﬁeS“%FFFé'é%relmd
V\rrﬁ_nbL aagarrrtﬁflsid n‘grae@nacovlawti?g)@glyh&ﬁ ahid ﬂh\eq)(ﬂf;ybnﬁ{essaﬁism@e.pUstm?ht y
ic ncrease  nan cturing.costs. Furthernore, the dry/soa
o ere B 2L BEE B i P e e R S R et st A REHErS St
pol ymeexphideds das tdehsrgeaiepaiig &gﬁn! thefdimblar bﬂ‘ﬂ%’gﬁ@bﬁuﬁe ﬁmﬁgim].curﬁtm
present_ 1 nv or.s e.gon eyond t standard requi renents o n
P eot ramar T ok SaRe ARG o rY i sl o BB E Fored i e grtourdt b
Lrec Ean ichai'ée?fchit tanye peamhnandy baed thtbahe ahbstraieC dthe BSES2ABCeatamidalso
igh pernselectivity are fundanental .requiyenents for a seawater
el act r SBPRP JRFSVHISFARSPRIIe U frof EaRis, sobteay el tee hpae) oRresPEaNEng
or der tolyadraide ridigrofhtazatidiadtaryciaebtelpmepdrahes. ThRerbeeseniserts nodke
t he se lgr al en‘g’odi nents., of the jnventi QEL’I dCFscri bed .her eitn hlaﬁgf%l SO d
devel o% P B ARG HER Br PR OB A SR AN Ty R BT RR PEYTORY WRIGH BRY
Per meath@naseomatinéactiting eodth 0 Wulrtireotghe, thakipfseal ataet sreuraded tdidully
forc

O 857 SR nPERP P RS RSB Bt
the porous regions. :
The present inventors have gone beyond the standard requirements of an
electrodialysis membrane in the present embodiments. While a mechanically strong
membrane having low electrical resistance and high permselectivity are fundamental
requirements for a seawater electrodialysis membrane, other characteristics are

important in order to obtain the optimum balance of properties.

The inventors of the several embodiments of the invention described herein have also
developed ion exchange membranes that have reduced water permeation. Permeation
of the dilute flow through membrane defects under the driving force of the osmotic
pressure difference between the dilute and concentrated streams is deleterious to high
efficiency. Water permeation reduces current efficiencies and purified water

productivity by removing pure water. Water loss is particularly severe in seawater
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efficiency. Water pernmeation reduces current efficiencies and
purified water productivity by renoving pure water. Water | oss is
particularly severe in seawater 16 electrodialysis with thin

menbr anes because the high concentration difference between the
concentrate (brine) side of the nenbranes and the pure water side of
the nmenbrane increases the osnotic driving force. Menbrane defects

wi |1 bejRaiidpdiatith t}filﬁtzﬁérﬁﬁf.’a&ﬁk bE@a%%%tﬁlgm cBfcdaiatinafrosneL i ¢
pressure will Torce pure water through such defects and increase

wat er [A§EEeHNERC] q?élﬁ@lafs”étedéméﬁ éﬁ%mﬁméﬁlbr%e%%&fée Paiceyater side of the

per neath QprdrenkRAEE HeSoHeMed @REA:I6NE! MheBLRRARMRAINBY phfticularly
applied to the nenbrane production process in order to produce a

nenbr asEtHRERtal 4o APFRRtionasdhe gk pangtig prossass Wit foars purowater dbtaigh)

the a%ﬁ@h@ﬁfec@@éﬁd GhdrasdeywaleX BRI £%1 theAile PowdR caAhFAbN.OPt | MUM
soaking tinme was shown to produce the best "conbination of nenbrane

proper tﬂo%dub@wﬁl‘c&rﬂ&ﬁe&hoﬁ Ol iAgeritbiEgevl %ev&aaﬂfétﬂdhs inay Erﬁay@tﬂa\/e
t he best conblnatlon ({e5|st|V|ty an ‘%dngernse ect#V|ty

Exanpl @PRlieq&9 Hep %‘eEﬂtFF’é‘? BFﬂ q?ﬁ‘ﬁ&riﬁf’cqsﬁrlﬁlﬂrﬁ?r SBEk P RETEPTES

bet weemihidBlddtectlOpFeferd B eeskBEtiABsho AeRbisNahitab Mianigles @aplieperlyi es.
The i nventors also found that a . procedure i.nvolving a doubl e

e
fillind™BrRless anddu COPRRB SR BRI BILAQ<ING HRSUTaS g F‘glpﬁqdﬁ’&%ttf‘ﬁaest
resi st ic‘éh’lb}n@tﬁtfh bpmehima@a/pftg)ea@e&barrelnmxaaﬂplﬁslelsegkm\gl tirdles G¥veeh abaidog

of se findings nmay be used in a scaled u cess eover, the

cr ossl ﬁ’rﬂ?é%l &P Q’%e‘?esﬁ%’&%{r@tﬂni 9 Wée?}BP‘BEYsan%% ‘“t’rénﬁl\fg? e Ffbped

It o ha\m;amﬁ% lt.zu Qkiihgen &Hﬁferﬂﬁ@rwderrfogﬂﬁumﬁ[dif&balkmﬁ‘g)ﬁr@és SfbdtRBen anghd 3
ow osnotic flo pa ectivit the ratio transport

ot e o gees Hedhst PRBMAET: TIBEe PIogLeCan Oy “Brs ABadoTRt Tt a

i ndi caltpla-o&dmxré &?]xe)mﬁg @menaesr pomﬁilﬁﬁgrpx/caiess lE‘aiuoaa ap@éfmﬂmerddts/mﬁtlhout

controlle e str.uct. e ion nol ecuj] ar Si ota

Char go S T IR e FEU Sr bk ure e SrUEERL R <Y R PhRet of

mcr OStthbﬁﬁMcﬁng@&myﬂﬁﬁﬁdﬂ inoiI8dped uprprpeysgeabi ity if it can be

t hought that the nenbrane has pores that are "small." This
qual i t aMioverveertie m&ﬁnké@po&h&rmdﬁe filli thn spoemmsmiﬁs&rathiv\gis developed to

resist cefromlnt wi.th th e mat e ra ersmg
he merave iRt 08 ritd ot BRRaREASE 1y chobi: FPRL
than t mq;xprarea'ptgmrarsleledham;etsetﬂm ratie of nmmispm'aeateaqf doawviteraione I(caettmme] o doow
wat er cont coun er-ion

per meabf 1 5 wrﬁy‘bﬁgf‘gﬁ%?%“ (G MR B A rRB ST T o

I ncr ea% t{:o% rﬁ{ealoﬁﬂy E)se&;m?igiedl Wthevgt}@cthpeeofat%q& (rﬁgﬂcﬂﬂ}%gz% achd total

crosslin
charge) and by the effect of membrane microstructure. The membrane microstructure

can retard counter-ion permeability if it can be thought that the membrane has pores
that are “small.” This qualitative termm means that the counter-ions encounter high
resistance from interactions with the membrane material in traversing the membrane,
as if they were traversing a tunnel slightly larger than their apparent diameter. The
membrane may have a relatively low water content which will reduce the pathways for
counter-ion permeability. By balancing the content of hydrophilic monomer to
increase counter-ion permeahility, with the amount and nature of crosslinking
monomer, the water content and effective pore size of the membrane can be optimized.
The crosslinking monomer is usually a hydrophobic chemical, but may be chosen to

be hydrophilic.
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nononer, the water content and effective pore size of the nenbrane
can be optim zed. The crosslinking nonomer is usually a hydrophobic
chem cal, but may be chosen to be hydrophilic. 17 The results of
Experinments 1,2,and 4 illustrate how differences in fornulation can
af fect menbrane properties. In the table bel ow some results are
abstracted to show this. The fornmulation is given as wei ght percent

of therheachaty & Eﬂ%ﬂrﬁéﬂt&'ﬂﬁ/ afAd i1IRSHARCh&F Hitkirt Xcadlif feinteRtsh dhe
soaki ng _tinme which gave the best combi nation of Propertl es

(Sanpl e
nunber afffCtIBPBRTARSBIOPENESS: HB e teplfhelow sepe aests seabsiractedriorshom o

of croggiki MR okdEHMbn it BRheS wikNi ﬁé&céﬁ@éﬁﬁ% @8aARBsDRHIBBRVAGdndl t Y
decreases, sonewhat nore pronounced with_t APor ous substrate. Note

t he veP?TIPWPCt%Vé‘é’l agtishieny2tdhe Sﬁ?ﬁﬁgﬁ@%ﬁ@‘é&gﬁ“ﬂ?l thy bept %HB’F’@UQ& of
Exper i er%;rs e Reshisdri Mlﬁayceﬁ%%gést | N4 the ARREMNS dé@rfé@é&ﬂtmt}#aSEM
NVP E Tekl on @ APorous Perm (% Perm ‘%Yl/q hrs @II’S Tekl on

APor ou§ORFtanigy of cressimkss (%@DM)Q@G(TG)“SBV MPaFscE G 8’6(’8356@9t1‘2‘65f (24)
2 30 4Qe3Raded8odihiht divrk %}or&%r@éd(vaih 8o BPdrblis shbdBaf? B6ekhdedSbw

1.05 (1) .96.9 iS_evi dent fromthe results presented

her e tFi%ﬁlSté‘EW%ﬁhlfhd??rEﬁe}?éﬁﬁ%ﬂ’% Sqgple %Aéawat er use is a difficult

cert conbi hations f

o+

pr obl em—The | ny f ound-that i
menbr aFEPRERRE v‘a?l dbfes ﬁw’l pr ojﬁﬁ%‘s?%%r%ﬁfé%tlm n APpaEsTS: | APRaTERt

of lesg than 1.0s@Mr qmidp a@GDMSDIgE cases| AP&®ast hci[ﬂ’eﬁnff"/o?}ln?&ﬁ?(%)
and pernsel ectiyitiegd of grleater th fElendy @EExarrpl e 1, a long
soakimg tinme, 6124 hdurs prloduces exeegl | ent hbr anes Tekioh @ | APorous
resistivities of fromapproximtely 0.2 to ppproxi matalr% 1.0 a@ﬁ
pernse¢l ectivities grleater {than 99% Wen the fornul atTton Hhged
to a higher level of |solvent in Exanple 2,|the soak|tinme to |produce
99% peénnsel ecti vdby wess 0. 5 3. 0 hpar, (6) al | beagh4y esilonis/is) y| a6
betwee¢n 1 and 2 ChmdnR. Table 8 of Exanplel 3 illustrates the @ﬁ? of
h

two different fornul gtions [for a two pore f||||ng process. T
aver age—vatues—agf—stapgdard—geviatton ot H-yty caret S ohee
¥ 30 |4 30 1.48 (3) 73! (Y Y o8Td5 3y o8 (1)
4 18 52 30 1.39 (3) 1.05 (1) 96.9 (1) |92.2 (1)

It is evident from the results presented here that achieving an ED membrane for
seawater use is a difficult problem. The inventors have found that certain
combinations of membrane-making variables will produce membranes with
resistivities of less than 1.0 Ohm-cm?2, and in some cases, less than 0.5 Ohm-cm?2,

and permselectivities of greater than 90%.

In Example 1, a long soaking time, 6-24 hours produces excellent membranes with
resistivities of from approximately 0.2 to approximately 1.0 and permselectivities
greater than 99%. When the formulation was changed to a higher level of solvent in
Example 2, the soak time to produce 99% permselectivity was 0.5 -1.0 hours,

although resistivity was between 1 and 2 Ohm-cm?2.

Table 8 of Example 3 illustrates the use of two different formulations for a two pore
filling process. The average values and standard deviation for resistivity are1.31 Ohm-

cm?2 (range 0.38 — 1.72) and 0.481 and for permselectivity, average 97.02% (range
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cn?2 (range 0.38 - 1.72) and 0.481 and for pernselectivity, average
97.02% (range 18 95.77% - 98.08% and standard devi ation 0.918. The
spread, as calculated fromthe ratio of standard deviation to
average, is larger for resistivity than for the pernselectivity,
0.395 vs.0.0094. This indicates that |ow values of resistivity
conbined with high pernsel ectivity are possible (See sanpl e MB)but

that ib5i759l bRigRybtand SafBRd @vids 6018l thhe AP R dudiafFadeoithd
a formul ati on havi ng t he hi ghest |evel of non- reactl ve solvent (-52%

NVP) . FiliQot stand viggiorstoarerige 15 rgrgtionppintviy thanifehthendi cat es

t hat tB@frEselée’iw@tyOQtSQE&Js (930!7@4 NghiOMdf@keseitat Wbﬁlﬁl&:s %Fges%ﬁfblftyt ' rre
Since 1 n these exampl e crosslink percentage was _const ant

i s t heC¥RREeswith Héﬁl‘h@eré?ﬁ%%% FroPemible| BeramplsMBag dhphitit o

procesgl fehie@ndiiktigig. Exanple 5 shows exanpl es of anionic exchange
menbranes. Table 11 shows exanples where supports and crosslinkers

wer e VEE(hﬁ‘@le T RE Qe Whitts asmmlhﬁah Hahﬁlgt thReehighest M@p@f Aorpr@ysivaRolvent
i nport role in the ag&unt o rter formed in {

(e oio2gh AP Hese Ga S OF yib RETTe e GPBEIFE} WhispoRt Catrntaat frre
hl ghesis 4 bpfiinal WemBiHatBal dlfedit celafelﬁt ehaSshk ted. Sihcalih tE@Rasabifile ONR,
foll owed by Ti cona&/T) However, the Ticona sg‘lggorted manbra%e have
very hFERTSHRE PETGepTasy, WaRRistant: s 15 e samme #p dndisersn epiaym

menbr anesl, kavitiebé ghrtivril@hprogedsingbddilitibgs.Cel gar d support, which
strangely also had an increased resistivity after the second pore

fillingxakelasehewt iethplesgﬁramc&hb yxdhmrgeasadb&rfeewmeramrmlo&fstﬁrantm&
second pore fillin i ck- u esi Sstj vi.t

Comer CPEET sherarts B ErasiihieR St rBrt THE Pestate oty 1R a8 Brest

cr ossl| suappsrt pype aaﬂdnlsmmﬁrrblmamermtﬁmm$omdabhned' e slee swspdrt S
show t hat . ns. e bl tion | d be n Ies
b Bveighd Bolnf T TC e RO PR e Bt Rer SR E e BiSsRL B19,

f or mul aieighn gairSkay enelh chavgBnkasinsdll vdsies émt 0heJ f@ﬁswédham 'Iﬁ)ccﬁla(]‘ﬂm d{tﬂv@aﬂ
pernsel.ectivities reater than 0% s of

e 51156 ot sEBp A ER R AR BAVE we TR Ny SFRL TRofp o 1Y, Bna 38 The
per ns ePETAIcrodsliaked man‘en'artela diave &%h (vargh/s galh3wi$}2 )the Chgaﬁb/@EﬁpéNB@mhd
DABCO/ P qd%j:t }Qa ed. msrrbr nes. taﬁ th hes el ecptl Vi t1| es
seen | ﬁ ?.ng \ Ok Ef arl ase egrsa ﬁl’ e clorﬁa Ben 10 CIINSscicC 1v1ty
TMAEMCE&LxE T mctmdxs&,ﬂl aofwapd-cemteafﬁd?dhe lssctmqopametﬁlheg nﬁﬁklghi melvetptdmi

best %é)srllssc&vsigyevrac & r(]:gnsaldglpa%(liy qt%lo He %nc?erst%n(ap é <t3f| the relation between
crosslinker type and support properties was evident. These results show that

considerable experimentation would be needed.

The examples in Table 12 give the results of further combinations of supports and
formulations. Several have resistivities of less than 0.5 Ohm-cm2 and
permselectivities greater than 90%. (several samples of row 2, and rows 3, 4,) and
resistivities of less than 1.0 Ohm-cm2 and permselectivities greater than 90%. (Rows
13,32). The PMDETA/VBC and DABCO/VBC adduct based membranes had the
highest permselectivities seen in this work for AEM’s. Overall, the combination of the
TMAEMC/EDGM formulation and the APorous support seemed to have the best

consistency and a good combination of properties.

Example 6 gives results from a continuous machine run using formulations developed

from previous experiments discussed above. Table 15 gives the formulations and
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Exanple 6 gives results froma continuous nachine run using
formul ati ons devel oped from previous experinents di scussed above.
Tabl e 15 gives the fornulations and 19 substrate used. Menbrane

devel opnment had advanced to the stage where a 10-cell prototype
nodul e coul d be used for testing. Results in standard tests are shown
in Table 16. Table 16 Menbrane Type Resistance (Q cnR) Apparent

Per Wsekagéﬂrxﬂetwsed( %emm&e@pﬁ%ﬂt%doa&llﬁgedl%@ﬁﬂ& &hbreadi l1 gn:en

0. 8132 : Conmrerci al cation -2.8 Conmercial anion -2.8 4 The
vol t ag @rw@amerréadwlércwifb%uﬁ%ﬁ%réﬁ%%ngat Restsoiisstanflardcisptseaie rsélpwes«rig
IS showgpjeme. Figure 1. It can be seen that the exanpl e nmenbranes
require | ower voltage than the comercial nenbranes at the sane
currentragRngsty, i.e., are nore energy efficient. This is
particularly evident at salt concentrations bel ow 5000ppm The | ow
resi st mdrhyrandfrypenpar abl e pRpas@RAte pelchRel ecti VItAarés Bdrh@BRctivity
indication of a lack of random defects. In related exanple, an
experijmental production run| of one enbodi nent of %% ani on nenbrane

*pEnieb SAHPRe the’pregg €8 of defects. Apg

per ns !nr\f|\/|t\/ was—used-to measure—defects intthe e

The de?gaﬁﬁﬂ%9ﬁ§WHh/a | o t%ﬁﬁgﬁal devi ati on in|a

S |

per ns lect i vty indi-cati ng the-—-absence of r d
appar e OTHBFHACBEPT ity = D2 95% Standard de
A

For mullFati—oen-—FNVMAEMC-58—19% %:]3 19 ’IO/A PDRC-_16

YYo= 7% O oo o—4 79
Al BN 0 CPRMEHR@P%: Tekl o 5 pm 4896por05|ty
f

diSCU tcad f or Evan‘nlnﬂarn nnf limtina o t+ha ar N
(= A aw | T O T AT O LBLAYAY 1 riroT IIu AvJ L' A Y2 LERAYA || T

ot her process condltlons described, but are related here t
exanpl xce tional | ect rodj al si nenbr anes havi ng. been
Gover opid valses PR for Siebg G RiFtR AT PP AME OB iAd B hown in

r esear Glgure 1. It can be seen that the example membranes require lower voltage than the

3
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commercial membranes at the same current density, i.e., are more energy efficient.
This is particularly evident at salt concentrations below 5000ppm. The low resistivity
at comparable apparent permselectivities is strong indication of a lack of random

defects.

In related example, an experimental production run of one embodiment of the anion
membrane of the present invention, using thinner substrate, generated eighteen
samples to determine the presence of defects. Apparent permselectivity was used to
measure defects in the membrane samples. The data below show a low standard

deviation in apparent permselectivity, indicating the absence of random defects.

= Mean apparent permselectivity = 93.75%
= Standard deviation = 0.0031
= Formulation: TMAEMC 58.1%, EGDM 18.1%, DPG 16.4%, 1-Propanocl 6.7%,
AIBN 0.7%; Substrate: Teklon, 35 ym, 48% porosity
The results discussed for Example 6 are not limiting to the formulations and other
process conditions described, but are related here to show one example of exceptional
electrodialysis membranes having been developed as a result of prolonged and difficult

experimental research.
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20 Further inprovenent was surprisingly found (data in Table 17) by
addi ng a non- charged neutral nononer to the polynerization
formul ati on. Hydroxyethyl acrylate, hydroxyethyl nethacrylate and

vi nyl benzyl chloride are preferred neutral nonomers. The inventors
bel i eve that these nononers and sim | ar nonomers noderate phase
separation and produce a nore honogeneous crosslinked polyner. O her

exanpl gy rfRp MBFvefehit v&fa%rsﬁﬁﬁgﬁﬁgﬁﬂ folHH (@Qﬁra ihiﬂbtleel@] 'By aﬁaﬁ%ea non-
exanpl es, nethyl nmethacrylate, ethyl nethacrylate, and

yl .
hydr ox ¢h#iggs rgeisal manomeipdhe pobmerizasipn dormglatias. Hslippethyl gerylate,

exper i %H;%@%Mﬁrﬁ&é%ﬂ' vihQbEHEA ChRRRI Uk HefeRdi RMREE B dnomers,
nmononers (VBTMAC and "TMAEMC) and hydr oxyet hyl acryate as the neutral
nononef he jptertors heligye Brattbere mopgmass apG sEnilaepnppptnppderpig phase

resul t ge,;509%Wof ARSI Hb&ALe ¥ 3hdehdMogehesh$Llodkiikd2e) MWndr a0t JOMANie
approximately 0.5 QcnR. Pernselectivities were in the range of 92%

to 95%MoNeEgip eferipeerapisobut paklinpsd bydhemexamples.augthyl methagnsiate,

show t pgnyii PRQKL@HERe OnCRPRDKAS PR cERAIC ClabRI PPOF ExSRRY RABRedSesiie
APor ous support menbrane_consi stently produces nmenbranes wth

r esi st fafi gxperipgnpdone withy seyerad fmylptiornnysipgitiyotiprregrelq BRNSMERY
Sol upoyiHIRE SUPPRIAEMG) MR hy@loueShgReVRtd as TRE nb ¥ EIBhSmEeSNit®!

menbr ane properties by bal ancing the amount of crosslinking forned
i n t hedpénxlherscre dishe MSrcAPSINKAT Fomermsr, ThedEgHty eRey copsizgtens gpivskPhg

gives  hiighiResddelieatd ¥bdY tWabPr&@natdly 6 ohingh) p&sisttdoiiiés were in the
Conversely, too low a crosslinking content will give lowresistivity,
but | ofirtpe ¢ & PuTa y Thourreistred depppitigas ABo9es|Haf-t ed by the
following, the inventors also believe that several properties of the

pol ynerd s 65wt Msthayshordhe dmpesiance of phegsitg thescosrect RRPPYS rgrapfane as

menbr agge APARUESRIppeft @eMbeARPES RIS efIP StdBI@s nSerRBldrRY @dtH ResidiRipve
menbr ane, properties b d ngbtthe nlcroheterogeneltéﬁforned
i

y reduci ,
pol ymeraluesless; thapd). 9 .eybereas &0ty thenkekiem Stash SRIHPOTLOS B spearts &ifrer
f or mat i,gRek Bbbe1 por ous vol une, possi bly enhanced by the surface
effects of the hydrophobic pore walls. In the polynerization of an

i ON0gemhe RIS contity eidphianie Hropairdied b apobie ahoaat bNkesslididey

endengy o e ool s aud hyrenti e ppLgre Ll BRui
et hyl engdl peotgidRivinei edmurtdift Higly efistivtys ECorBir e aso Ww aphase
AR AT TN G IR R o e
sol ut i enbbdiedeishe tieufdflo@ing, the inventors also believe that several properties of the
polymerization formulation affect the properties of the resultant membrane. The use
of a microporous substrate is believed to improve membrane properties by reducing
the microheterogeneity formed polymer. This is believed due to the constrained
crosslinked polymer formation in the porous volume, possibly enhanced by the surface
effects of the hydrophobic pore walls. In the polymerization of an ionogenic monomer
(hydrophilic} and a hydrophobic crosslinker, the tendency of the hydrophobic and
hydrophilic regions will be to separate and aggregate. Even with hydrophilic
crosslinkers, such as ethyleneglycoldimethacrylate, the inventors see evidence of
phase separation when a film of solution is applied to a dense substrate film, for
example, a polyethyleneterepthalate film, as the applied solution becomes cloudy as
solvent is removed. The inventors believe that the improved combination of low

resistivity and high apparent permselectivity is in part due to the retarded motion
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solvent is renoved. The inventors believe that the inproved

conmbi nation of low resistivity and high apparent pernselectivity is
in part due to the retarded notion 21 engendered by the m croporous
di mensi ons of the pores and possibly aided by the hydrophobic
attraction of the pore walls. The concl usion shown by these exanpl es
is that nmenbranes with goal properties of less than 1.0 ChmcnR or
nor e pLegetahly b?'tﬁe R fpFPor N @infl R R ofltha Bo?é%‘ygndogés@lﬁ& 8dddVibyf hecan
be nmade. "For CEM's, pernselectivities greater than 99% have been
shown Wdrendiokii¢ atragsian of 8¢ ppra/velles. The experimental work shows
that proper choice of support is inportant, but that different

f or nul dbESAECRIGHS shovar Py dhessiaxpmalenis thabpsmtiyanegs withy 2ol geersries of
choi ce 1&anAgh 106 OBALMPEPLRSS pYatiadh €35 SHEDcAS 50akkA@r thilBoe e
also inportant. A practitioner skilled in the art of menbrane

devel opFEnecleelittpeant Peaidet JoESEN sopemesclrsiiitissiaeatenthan $e%dmve to
use thegsen @xawhlwith 8filart Rl tEAGNINGS TR SigtrinedTRKS o BSHY W8St Bayh Y
goal properties with the use of standard exper.inmental gr ocedures and
wi t houtChpisa vé SERBE i HrERPAIRYN Pk part difffieal faruHpliens eraPig Jilftiendy with

exanpl @gpphts RBaNAt 4 @ehdralshdiad Badhtf 1OGhEAL. Pfoctbd Pitia¥PenREeds kbaking
devel opi ng the subject nenbranes. The finding resulted in show ng

that i dinertnalag & PREaBt o @E2¢iiansy skilleddadhs att ¢rBpaPranssdevsinrgay

made apddtfatich RdHh Brafle@levRI@p fieRk QrilvbE Rbidict Y these examples and
experinmentation. These results are nmeant to be illustrative and to

i ndi cattBe FAFSIMETRAER todPriE MegHranss RRHEE SeRl Propgrtiss Wike th usopef
rrerrbra@@axﬁ&\falegﬁmtanwl@r@@ﬁ@@&@m“@ﬂhb&t andub@kpé9mbAtdtionl ting as to
the extent of the matter disclosed herein. Properties and suppliers
of t he Exppivhéntal edndyles gi ven in Table 1 below. Table 1 Support

mat eri al s Support webs used Abbreviation Trade nanme Mnufacturer

Mat er i giheRall@cing@xempidscdrisassarRab ddndtyate $he extene bdefortexpiideA iAPOr ous
APor oS, FOPE: 0 the 230028 B BHLL PR E R YA ARSI AROLRYS:HRE: Do lad e

membranes having the desired properties could ke made and that improvements are
possible with further experimentation. These results are meant to be illustrative and
to indicate developmental directions to those skilled in the art of membrane

development and associated arts and not to be limiting as to the extent of the matter

disclosed herein.
Properties and suppliers of the supports used are given in Table I below.

Table 1 Support materials

Support webs used
Abbreviation | Trade name | Manufacturer | Material Rated pore | Thickness Porosity
size microns %
APHGA APorous APorous HDPE 0.1 52 68
H6A Billerica MA
APS14 APorous HDPE 0.1 81 77
514
APHSA APorous HDPE
H5A
APG11HN APorous HDPE 0.1 22 57
G11HN
T32 Ticona 32 Ticona UHMWPE
Engineering
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APHSA APor ous HDPE H5A APGL1HN APorous HDPE 0.1 22 57 GL1HN T32
Ticona 32 Ticona UHWWE Engineering 22 Polyners Auburn Hlls M
T25 Ticona 25 25 F Durapore MIIlipore PVDF 0.2 75-120 75 GVPP
Billerica MA Tk Tekl on Entek UHMAPE 32 48 HPI P32 Lebanon, OR D5 Dewal
50 Dewal UHMAPE |ndustries Saunderstown, R D2 Dewal 20 UHMAPE
CA7 Celgard 47 CELGARD PP Charlotte NC C2402 Celgard PP 32 45 2402

S16P5A SofuporjLydatt u.$g§ﬂg§ftt5 83% & IGPSA Fittyation 85%
Rochest er NH S15P10A Sol Iy 8”@ 120 85% 16P10A EZ2090 Cel gard
Cel gafd PP 0.097 20 64% lﬁ%g 0°Celgard Celdard PP 0l 1 20 66%
| 1
Exanplre; & Ticona 25 25
F Durapore Millipore PVDF 0.2 75-120 75
GVPP Billerica MA
Tk Teklon Entek UHMWPE 32 48
HPIP32 Lebanon,OR
D5 Dewal 50 Dewal UHMWPE
Industries
Saunderstown,
R
D2 Dewal 20 UHMWPE
ca7 Celgard 47 CELGARD PP
Charlotte NC
C2402 Celgard PP 32 45
2402
S16P5A Solupor Lydall 0.5 60 & 115 83% &
16P5A Filtration 85%
Rochester NH
S15P10A Solupaor 0.9 120 85%
16P10A
£EZ2050 Celgard Celgard PP 0.097 20 64%
EZ2590 Celgard Celgard PP 0.1 20 66%
Example 1

A treatment solution was formulated from an ionic sulfonated methacrylate — 2-
sulfoethyl methacrylate (2-SEM; CAS# 10595-80-9), Ethylene glycoldimethacrylate
(EGDM; CAS# 97-90-5, with a non-reactive solvent N-methyl pyrrolidone (NMP; CAS#
873-50-4) and polymerization free radical initiator 2,2-azobisisobutyrnitrile (AIBN;
CAS # 78-67-1) VAZO-64 DuPont. The formulation was made up to;

Table 2 Example 1 Formulation

2-SEM EGDM NMP VAZO 64

12.51 grams 5.37 grams 9.63 grams 0.1895 grams

Table 3 Example 1 Substrates used;

Type Manufacturer | Material Rated Thickness | Porosity

23



A treatnent solution was fornulated froman ionic sul fonated

net ha

Et hyl ene gl ycol di net hacryl ate
non-reactive sol vent N-nethyl
pol ynmeri zation free radical

( Al BN
to;

5.37
used;
Si ze

HE6A T¢
by t hg

secti
formu

Resi st

4. Ex

R( Chm

0.25

T

crylate -

2- sul foet hyl

CAS # 78-67-1) VAZO 64 DuPont .

bte 2 EX3
granms 9. 63
Type Manu
m crons)

atTon 23
05 grans
terial Raf
n) APor oug

mpie 1 For
grans 0.18

facturer Ma
(%9 (mcro

SeH G0
able_3 H
gicthickr

5 APor ous

I YAGO
EXanpl e '1
1ess Por os
| nc UHMMA

g

guat%strate
ity 23 p
E 0. 152

met hacryl ate (2-SEM CAS# 10595-80-9),

(EGDM CAS# 97-90-5, with a
pyrrolidone (NWP; CAS# 873-50-4) and
initiator 2,2-azobisisobutyrnitrile
The formul ati on was nmade up
12571

gr ans
5
pr e
68

PAPBFbUSNT §

b al um nur
HAL6ASoaki 1

ation bhef

i B R 32

n boat net ho
g tine, the

ore nolvner

GEMWPE
d descri bg

time that
zation Wi

Bg JVETDr ar
bd in the

t he subsg
S 1nitiat

1&oCOoUpPOoNS
Det ai | ed

trate was
prl1 Was._ \

gere nad
Descri pt

in the
aried

e up
on

reklen and
AR E3dl e

Erdef nsel ec
sul ts Menbr

| VEMWPEe:

ane type |

cnR) Apps

sults are
Subst r at e

\Irent  Pernsgel ectivity

F%ven in
Soaki ng t

(% CEM

THbl e 4.

ime (hrs)

(2- SEM / B

GDM) Tekl

TABLE

on

1.3545 102Z.

41

(2- SEM EGDM) Teklon 1 1.163 96.09*
100. 04 Mekkdahd votbhidIote halit o K theZaldmifu®/bostlhdthdd Iebérisdd\h the

Tekl on_24 0.914 101.81

(2- SE

MPEERESH)

CEM (2- SEM E

CEM (2- SEM EGDNV) TekKlon 0.5 1.118 98.55 CkE

CEM (2- SEM EGDM) Tekl on 3 1.532

formulation before polymerization was initiated, was varied. Resistivity and

permselectivity results are given in Table 4.

TABLE 4. Example 1 resuilts

Membrane

type Substrate Soaking

time (hzs)

R{(Ohm.cm2} Apparent

Permselectivity (%)

CEM (2-SEM//EGDM) Teklon 0.25 1.345 102.41
CEM (2-SEM/EGDM) Teklon 0.5 1.118 98.55
CEM (2-SEM/EGDM) Teklon 1 1.163 96.09*
CEM (2-SEM/EGDM) Teklon 3 1.532 100.04
CEM (2-SEM/EGDM) Teklon 6 0.272 99.67
CEM (2-SEM/EGDM) Teklon 24 0.914 101.81
CEM (2-SEM/EGDM) _Teklon 48 1.195 100.08
CEM (2-SEM//EGDM) APorous H6A  0.25 2.029 97.41
CEM (2-SEM/EGDM) APorous H6A 0.5 1.422 100.69
CEM (2-SEM/EGDM) APorous H6A 1 1.063 97.24%*
CEM (2-SEM/EGDM) APorous H6A 3 1.646 97.24
CEM (2-SEM/EGDM) APorous H6A 6 1.015 99.92
CEM (2-SEM/EGDM) APorous H6A 24 0.210 99.26

24
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CEM (2- SEM EGDM) APorous H6A 0.5 1.422 100.69 CEM (2-SEM EGDM
APorous H6A 1 1.063 97.24** CEM (2- SEM EGDM) APor ous H6A 3 1.646
97.24 CEM (2- SEM EGDM) APorous H6A 6 1.015 99.92 CEM (2- SEM EGDM
APor ous H6A 24 0.210 99.26 24 CEM (2- SEM EGDVM) APorous H6A 48 1.169
99.10 (all single pore-filling) *: some white spots; **: A large
white area. Exanple 2 A treatnent solution was fornulated from an

i oni ¢ gy eRaks FEHRBC APLAGE HeR- S foet hyl jnpjdacryl g4 qo( 2- SEM

CAS# 10595-80-9), Ethylene grycordinmethacrylate (EGDM L,Ab# 97-90- 5,
with agh gﬁgy ﬁgéggm jof non-reactive solvent N-methyl pyrrolidone

( NIVP; 73-50-4) and polynerization free radical initiator 2,2-
azobi SP«S@,QH&:){;{}}H{@ 5hdtg; (A BNar e 4&167-1) VAZO 64 DuPont. The
formul ati on was nade up to (weight percentages); Table 5 Exanple 2
formul ati on 2- SEM (granms) EGDM grans) NWVP(grans) VAZO 64(grans)
12.53 6.32 11.94 0.1895 Table 6 Substrates used in exanple 2 Rated
Thi ckngsanfjle@sity Type Manufacturer Material pore size (mcron)
(mcrons) (% APorous APorous Inc UHMAPE 0.1 52 68 H6A Tekl on Ent ek
UHMAPEA&Zeét&edﬂBbR&%nl\ﬁm)foaﬂﬁnma [§7215)9 anabﬁlcrmﬂﬂenu&dhyietﬂmeqahmm pum

25 TR S AR A Sl

(EGDM; CAS# 97-90-5, with a higher percent of non-reactive solvent N-methyl

pyvrrolidone {NMP; CAS# 873-50-4) and polymerization free radical initiator 2,2-
azobisisobutyrnitrile (AIBN; CAS # 78-67-1) VAZ0-64 DuPont. The formulation was

made up to (weight percentages);

Table 5 Example 2 formulation

2-SEM (grams) | EGDM(grams) NMP(grams}) VAZO
64{grams)
12.53 6.32 11.94 0.1895

Table 6 Substrates used in example 2

Rated _ ]
) Thickness | Porosity
Type Manufacturer | Material pore size
_ (microns) | (%)

(micron)
APorous APorous Inc | UHMWPE | 0.1 52 68
H6A
Teklon Entek UHMWPE 32 48
HPIP32

Membrane coupons were made up by the aluminum boat method described in the

Detailed Description section. Soaking time, the time that the substrate was in the
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formul ati on before polynerization was initiated, was vari ed.
Resistivity and pernselectivity results are given in Table 2. TABLE
7- Exanple 2 results. Menbrane type Substrate Soaking time (hrs)
R(Chm cnR) App. Pernselectivity (%9 CEM (2-SEM/EGM Teklon 0.25
1.115 . 95.19 CEM (2-SEM EGM Teklon 0.5 1.731 100.79 CEM
(2-SEM EGDM) Teklon 1 2.141 96.16 CEM (2-SEM EGDM) Teklon 3 1. 475
99. 05 LBl ﬁao%ﬁ/f%ﬂ&i&hﬂaﬂ Quak: lﬁﬁﬁt&ﬁ weds variel. (RS qPM Tekl on
30 1.658 95. 02* Tekl on 48 1.102 94.70
(2- SElvpmaleqtékﬂYofﬁsu%S areogigero 5t Bable 2. CEM ( 2- SEM / EGDM) APor ous HBA
0.25 0. 724 92 22 CEM (2 SEI\/I EGDM) APorous H6A 0.5 1.641 99.97 CEM
LAY Al t3. 451 97.66 CEM (2 SEM EGDM APor ous H6A
3 1.054 96, 60 CEM(2 SEME )

HE6A 48p3ﬂ411-,31e%@w§@m CEM (2 SEM EGDM APor ous H6A 48 2. 047 93.54**
*» One white spot ; **: many white spots; ***:. resin sticked on

sur f aceEMI(3-spM C/E@DME - SERMoECDM NMo@9%\P f onmuilsat i on sisoyed

behavi or consistent with solution instability which appeared after
over ni gEM $28EMEGDH) Fobkiow on exanmpbes Tabliez®A For nuwbesseon 2- SEM
(grans) EGDM grans) NMP(grams) AIBN granms) 7.30 2.72 2.87 0.104
Menbr aQEM YPSEMIBGEDE) e RXlen fil |l i ngs R(Chm caR)41App. 96.16

Pernmsel ectivity. (% CEM (2- SEM EGDM Cel gar dEZ2590 1 1.294 97. 87

CEM (2-SEM/EGDM) Teklon 1.475 99.05
CEM (2-SEM/EGDM) Teklon 6 1.600 95.52
CEM (2-SEM/EGDM) Teklon 30 1.658 95.02*
CEM (2-SEM/EGDM) Teklon 48 1.102 94.70
CEM (2-SEM/EGDM) _Teklon 48 1.900 93,54+
CEM (2-SEM//EGDM) APorous H6A  0.25 0.724 92.22
CEM (2-SEM/EGDM]) APorous HGA 0.5 1.641 99.97
CEM (2-SEM/EGDM) APorous H6A 1 1.451 97.66
CEM (2-SEM/EGDM) APorous H6A 3 1.054 96.60
CEM (2-SEM/EGDM) APorous H6A 6 1.801 95.02
CEM (2-SEM/EGDM) APorous H6A 30 0.579 90.54**
CEM (2-SEM/EGDM) APorous H6A 48 2.412 96.67*+
CEM (2-SEM/EGDM)] APorous H6A 48 2.047 93.54**

*: One white spot ; **;

many white spots; ***: resin sticked on surface

This batch of 2-SEM/EGDM/ NMP@40%NP formulation showed behavior consistent with

solution instability which appeared after overnight soaking.
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CEM (2- SEM EGDM) AP H6A 1 1.456 99.17 CEM (2-SEM EGDM) Sol upor| 6Pl OA
2 1.941 102.4 CEM (2-SEM EGDM Sol upor 16P5A 2 2.159 102.0 Exanple
3. Table 7 Fornul ations for exanple 3 2-SEM grans) EGDM gr ans)
NMP(grans) VAZO 64(grans) 186-76-2 63.2 28.0 49.0 0.998 186-77-2
21.0 10.0 18.0 0.31 A sanple of Teklon (25" x25") was saturated with
186-76-2 formulation for 1.5 hours. Then a second fornul ati on was
made (186-77-2) and the saturated Teklon (25" x 25") was soaked in
186-77-2 for another hour. Then it was placed on a | arge piece of PET
film $OPRWIEH eRindles remove air bubbles, and the soaked Tekl on

fol ded over itself twice into a narrower strip. Air bubbles were

agali n HRERYEA Fyintalafiodl N9 the fol ded Tekl on. The four-fol ded Tekl on
strip was then covered with another piece of PET, and any air

bubbl ¢3-sAROLREHs)OUEGHNAdras] N¢ NP(EaRkheN/ PERISREMLEN Up into a 4"
di aneter cyll nder) and cu&%d i}n an 80( C o@en flor 1%ghourr1. The 25" x
25" CEM3dus made wasyxondi tioneg gverni ght ijip ih4o N NaCO | Table 8
shows [resistivity and pernsel ectivity neasurenents of the|9 coupons
die cut fromthe 257 X 25" CEM TABLE 8 Exanple 3 results Results:
Resistivity (ohmcnR) App. Pernselectivity (%9 R ght Top (RT):

519'67%14 Wmﬂﬁa:ﬂ%ﬂie'\ﬂl}ﬂ ddiiﬁgg%%i 9&13' ggﬁiﬁeQﬂliﬁ s R(Ohin.Bai i é425i3, 366%9
: o - 1. . e e . 0. :

M ddI ei’séﬁsfﬁa%‘—.&d@,ms 95.77 Left Top (LT): 1.5462 97.91 Left

M ddl e( il o ARl  TergetlikzFF OMLB); 0. 8528, 97.09 o7 o7

CEM (2-SEM/EGDM) AP H6A 1 1.456 99,17
CEM (2-SEM/EGDM) Soluporl6P10A 2 1.941 102.4
CEM (2-SEM/EGDM) Solupor 16P5A 2 2.159 102.0
Example 3.

Table 7 Formulations for example 3

2-SEM(grams) | EGDMj{grams) NMP(grams) VAZOQO
64(grams)
186-76-2 63.2 28.0 49.0 0.998
186-77-2 21.0 10.0 18.0 0.31

A sample of Teklon (25" x25”) was saturated with 186-76-2 formulation for 1.5 hours.
Then a second formulation was made (186-77-2) and the saturated Teklon (25” x 257)

was soaked in 186-77-2 for another hour.

Then it was placed on a large piece of PET film, smoothed out to remove air bubbles,
and the soaked Teklon folded over itself twice into a narrower strip. Air bubbles were
again removed by smoothing the folded Teklon. The four—folded Teklon strip was then

covered with another piece of PET, and any air bubbles smoothed out. Rolled the
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Ave 1.31 97.02 Std Dev 0.481 0.918 StdDev/Ave 0.395 0.0094 Exanple
4 This set of sanples were made with the fornulation belowin the
usual manner. Results are shown in Table 9. Table 9 Fornul ation for
Exanpl e 4 2- SEM granms) EGDM grans) NMP(grans) VAZO64(grams) 60.22
25.81 70.78 0.86 28 TABLE 10 Exanple 4 results Menbrane type
Substrate Soaking time (hrs) R(ChmcnR) App. Pernselectivity (%

Ast om Mo/ Bkt shBhwdR v BN AMPSLAEEOMyFaK) 98 @udR B £7 ¢ 83véd for 1
CEM (AMPS/ E Teklon 0.5 1.0454 89.91° CEM (AVPS/ EG Tekl on 1

1. 1092 hour.gghe ZFNr 2ANVPEMELN) medk g conditipgreg aygrrgght MNeStEGDV)
Teklon 6 1.2506 95.19 .CEM (AMPS/ EGDM Teklon 24 1.Q0877 94.61 CEM

( AVPS/ EBPIf® TeRroresigivity gmslrgmselectivity/maessronarfe! Bepcrorips flie cut
Tekl on bl 182409 2 sCMMAMPS/ 2- SEM EGDM HOEMA*) AP HEA 1 2.09 96. 05
CEM (AVPS/ EGDM) APor ous H6A 0.25 1.4805 93.71 CEM (AVPS/ EGDVM

APor ous TABAEIS EAnYéB Sdsulets CEM (AMPS/ EGDM) APorous H6A 1 1.0487
92.22 CEM (AMPS/ EGDM APorous H6A 3 1.1669 91.15 CEM (AWMPS/ EGDM
APor ous H6A Kes2itd513 91. 73ReiEtMifyAMRS &M APor ousphloPerZidselscbifith (%)
91.31 CEM (AWPS/ EGDM) APor ous H6A 48 1.6426 92.78

Right Top (RT): 1.7244 97.75
Right Middle{RM): 1.6989 95.77
Right Bottom(RB): 1.6159 96.76
Middle Top(MT): 1.3933 98.08
Middle Middle(MM}: 0.9453 96.27
Middle Bottom({MB]: 0.3768 95.77
Left Top (LT): 1.5462 97.91
Left Middle(LM): 1.7167 97.75
Left Bottom(LB): 0.8558 97.09

Ave 1.31 97.02

Std Dev 0.481 0.918

StdDev/Ave 0.395 0.0094

Example 4

This set of samples were made with the formulation below in the usual manner.

Results are shown in Table 9.

Table 9 Formulation for Example 4

2-SEM(grams) | EGDM(grams} | NMP(grams) VAZOb4(grams)

60.22 25.81 70.78 0.86
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A rel ated experinnent was conducted with a neutral nonomer HOEMA
(Hydr oxyet hyl met hacryl ate). The sol ution conposition is given in
Tabl e 9A. Menbrane results are given in Table 10A 29 Tabl e9A AMPS
2- SEM EGDM HOEMA NWP Al BN Support 10 gr 28 gr 10 gr 1.10 gr 15 gr
0.35 gr Teklon 10gr 28gr 10gr 1.10gr 15gr 0.35gr ApH6A Table 10A
Menbrane type Substrate Soaking tinme (hrs) R(ChmcnR) App.

Pernsel ectivity (%9 CEM (AMPS/ 2-SEM/ EGOM HOEMA*) Teklon 1 1.48 100
CEM AMPS/ 2- SEM EGDM HCEMA*) AP H6A 1 2.09 96.05 Exanple 5 A series
of expqaABIENT6 BERmepleOndetiiles] varyi ng the crosslinker type and
support used to make ani onic exchange nenbranes. Results are shown
i n TabiMemBrand typef Or Slibstira) Soakiky t#nd thrEM \RIGhnbcRZPREp.

3. G%\L%ro anol ,. 18. 8% cross-linker, and 0.6% VAZO. The fornul ati on
in the—@é&ﬁﬁ%—%ﬂhﬁﬁati on/ Support columm is naned for the

cross- i nker d. Table 11 Results for Exanp Coat i %ot %ot
Resi stlA\f’F?Vﬁ stivity Apparent Apparent Pn%lf]atl on 3%4 ain 1st

PPI T ng TR AMRS7 (ERENEE M g 1ot0 581 o ?.y| Ao pore oFTOLC
f2|5I l?,I E%é“ﬁgg%@@z %@5&5%(3;%\/12[@%137'&36693 ‘84%:2), é?’g%cﬁggi 3 4

13BCOMER I 0Bs7eloMy O1dfloh® 90-5 987 5 13GMF B0.0 64. 8, 03

1.84 8

CEM (AMPS/EGDM) Teklon 3 1.3873 96.92
CEM (AMPS/EGDM] Teklon 6 1.2506 95.19
CEM (AMPS/EGDM) Tekion 24 1.0877 94.61
CEM (AMPS/EGDM) Teklon 48 1.8887 94.12
CEM(AMPS/2-SEM/

EGDM/HOEMA®) Teklon 1 1.48 100
CEM(AMPS/2-SEM/

EGDM/HOEMA?) AP HbA 1 2.09 96.05
CEM (AMPS/EGDM) APorous H6A 0.25 1.4805 93.71
CEM (AMPS/EGDM) APorous H6A 0.5 0.9379 91.73
CEM (AMPS/EGDM) APorous H6A 1 1.0487 92.22
CEM (AMPS/EGDM) APorous H6A 3 1.1669 91.15
CEM (AMPS/EGDM) APorous H6A 6 2.3513 91.73
CEM (AMPS/EGDM) APorous H6A 24 0.5015 91.31
CEM (AMPS/EGDM) APorous H6A 48 1.6426 92.78

A related experinment was conducted with a neutral monomer HOEMA
(Hydroxyethylmethacrylate). The solution composition is given in Table 9A.

Membrane results are given in Table 10A
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6 13BCDM T 50.0 -.6 56.2 39.0 87.0 86.7 7 PETA/C 183.7 5.3 1.83 62.0
89.0 89.2 8 PETA/C 342.8 4.9 1.73 215 88.1 86.2 30 9 PETA D2 16.7
4.1 9.24 9.06 90.2 92.0 10 PETA/D2 18.6 3.9 8.78 8.36 90.2 93.0 11
PETA/D5 35.8 2.0 21.4 25.8 90.2 92.4 12 PETA/F 108.8 6.0 1.51 - 86.5
- 13 PETA/T 43.5 -6.0 77.2 39.0 87.0 86.7 14 TMPTA C 100.9 -2.7 2.18
1.98 87.4 91.4 15 TMPTA C 183.2 -44.6 1.53 35.7 86.8 94.3 16

TVPTA Bapilebdd -3.8 7.69 7.20 90.9 93.1 17 TM°MTA D5 M1 1 -13.7 20.3
22.9 91.7 92.2 18 TMPTA T 49.7 -16.4 85.1 51.1 88.0 89.3 19 TMPTA F

21.7 TAWpP3. 4 A BEN €5 PEGDM [ Nel HOEMAT MEMiP WeT € [GOBAUCT ed] Sipport
several supports utilizijng formulations off varying

NoONOMERHGHOSST 1[HeeEr CONDI 1@k ONS. [ koo at 1]qn getai 1[99 .85@r g1 VESklbA
Tabl e|12 Tabl e |12 Further results|Support Formul ati an Pore

Resi stiigidy Appaise T 1o BgS Onim Gl Per Ma g t|V|uy35§§ed /AP H6A
APHEA; TMAEMC/ 25%E 2 148 92.2 2 APH6A TNVAE 30%&GDM 1.0 (ave

of 92.9(Cave of I4) 1I4) Range 92.2-94.7 Range (.Z 1.84) 3.A HEA
Gvw DVEDA/ EGDM EI 1 0.49 91.0 4 APH6A TMAEMC/ 28%&DGM 1 0.272 91.9 5
APHSA RMPRTAONBC 1 6 APS14 TMAEMC 25%&GDM 2 1. 15 89.6

Membrane type Substrate Soaking time (hrs) R{Ohm.cm2) App.

Permselectivity (%)

CEM(AMPS/2-SEM/

EGDM/HOEMA¥) Teklon 1 1.48 100
CEM(AMPS/2-SEM/

EGDM/HOEMA?) AP H6A 1 2.09 96.05
Example 5

A series of experiments were conducted varying the crosslinker type and support used
to make anionic exchange membranes. Results are shown in Table 11. All
formulations were 16.1% TMAEMC, 6.8%DPG, 3.6%N-propanol, 18.8% cross-linker,
and 0.6% VAZO. The formulation in the Ceoating Formulation/Support column is
named for the cross-linker used.

Table 11 Resulis for Example 5

Coating Yowgt Yowgt Resistivity | Resistivity | Apparent Apparent
Formulation | gain gain 1st pore 2nd pore Permselectivity Permselectivity
/Support 1st 2nd pore | filling filling % %
pore filling 1st pore filling 2nd pore filling
filling
1 13BGDM/C | 76.4 14.5 1.89 2.01 87.6 93.0
2 13BGDM/C | 76.1 25.3 1.62 2.28 90.4 92.3
3 13BGDM /D2 | 17.8 6.6 9.03 8.90 90.4 92.3
4 13BGDM/DS5 | 19.8 5.9 19.9 18.73 90,5 93.7
5 13BGDM/F 80.0 64.9 1.03 1.84 89.4 78.8
6 13BGDM/T 50.0 -.6 56.2 39.0 87.0 86.7
7 PETA/C 183.7 5.3 1.83 62.0 89.0 89.2
8 PETA/C 342.8 | 4.9 1.73 215 88.1 86.2
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7 APS14 TMAEMC/ 29% EGDM 1 1.37 90.1 8 APGL1HN TMAEMC/ 29% ECDM 1
0.683 91.8 9 T32 TMAEMC/ 23% ECDM 2 3.45 93.7
2 .49 88.9 11 T32 DABCOVBC 1 2.73 94.5 12 T32 PMDETA/ VBC 2 5. 44
94.4 13 T25 APTMAC/ 9% EGCDM 2 0.81 90.1 14 T25 PMDETA/VBC 2 5.2 83.8
15 Tk32 DABCO'VBC 1 1.53 91.1 16 Tk32 DABCOVBC 1 1.65 92.5 17 Tk32
PVMDETA/ VBC 2 2.82 94.6 18 Tk32 PMDETA/VBC 2 3.68 94.4 19 Tk32

10 T32 TMAEMCZ/ 15% EGDM

GW DWEDAEETA/pk. 81 20 DS T TNAE EGOMo2 3. 18 9332021 D
50st r TAFABC 2 ®la 9 P27 50si8.3PNDETAOMBC 2 8. 03986. 7 23
D50 DABCO|WBTA/DS514 £.0 31 P50 DAREN VB(G 90.213_3 9239235 D125
PVDETALY/BC PETHE g9 20 32! BRDETA/VBC 2 3 188504 3 271¢47
PMDETA/BE & 2, 59 28 €24p IMAENIT. ECEMHE/£-13-92-4 124 €2402
PNDET 1, YBG |35, 4586 B 6P A A OV ECLIf B+ 44088, 251
S16P5A1 b BN / BI33 2. 0Z688. 7 | 32 S1b 9 OBl T 0. 69
91. 8 [33 ShePIAASCMEIVEDALS.ECOMOE] 1 [12224 87.131.734 S16P10A2.2
TVAEMCAEGQDNMPTA/ T35 Edrfrul 83 ans florl-% he ex#dpl es of TABBe 12
are gilidn HYFONT Ta has—thb% abbrleviatiodsifsed. Tablle 13

( Conponent

recorded in order given in first colum)

A series of further experiments were conducted on several supports utilizing

formulations of varying monomer/crosslinker combinations. Formulation details are

given in Tablel2

Table 12 Further results

Support Formulation Pore Resistivity Apparent
fillings Ohm-cm? Permselectivity
used %

1 APHGA TMAEMC/25%EGDM 2 1.48 92.2
2 APHBA TMAEMA/30%EGDM 2 1.07 {(ave of | 92.9(ave of 14)

14) Range 92.2-94.2

Range (.2-

1.84)
3 APHBA GMA/DMEDA/EGDM/EI 1 0.49 91.0
4 APHGA TMAEMC/28%EDGM 1 0.272 91.9
5 APHSA PMDETA/VEC 1
6 APS14 TMAEMC/25%EGDM 2 1.15 89.6
7 APS14 TMAEMC/29% EGDM 1 1.37 90.1
8 APGI11HN TMAEMC/29% EGDM 1 0.683 91.8
9 T32 TMAEMC/23% EGDM 2 3.45 93.7
10 T32 TMAEMC/15% EGDM 2 .49 88.9
11 T32 DABCO/VBC 1 2.73 04,5
12 7132 PMDETA/VBC 2 5.44 94.4
13 725 APTMAC/9% EGDM 2 0.81 90.1
14 T25 PMDETA/VBC 2 5.2 83.8
15 Tk32 DABCO/VBC 1 1.53 91.1
16 Tk32 DABCO/VBC 1 1.65 92.5
17 Tk32 PMDETA/VBC 2 2.82 94.6
18 Tk32 PMDETA/VBC 2 3.68 94.4
19 Tk32 GMA/DMEDA/EI 1 1.81 915
20 | D 50str TMAEMC/EGDM 2 3.18 93.3
21 D 50str PMDETA/VBC 2 15.03 91.9
22 D 50str PMDETA/VBC 2 8.03 86.7
23 D50 DABCO/VBC 1 14.98 91.4
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Formul ati on Conponent/ Wyt (Grans) 1 TMAEMCZ 25%GDM NWVP/ pr opanol
1.68 1.45 0.72 2 TMAEMY 30% EGDM DP{ pr opanol
GviA/ DVEDA/ EGDM El / DPG pr opanol
TMAEMC/ 29%&CGDM DPG Pr opanol
6.18 6 TMAEMC/ 25% EGDM NMP/ Pr opanol
TMAEMC/ 29%&CGDM DPG Pr opanol

5.02

14 4.8 3.3 0.7 3
14.97 2.38 3.95 7.88 7.28/2.73 4

46 15 10 2 5 PMDETA/ VBC/ NWP 2.43 6. 37
5.02 1.68 1.45 0.72 7

46 15 10 2 8 TMAEMC 29%EGDM DPJ Pr opanol

46 15 JJgel Propanol [20. 175743 30.7 5 Tgb(%

'EI;MQEM 'DEJFﬂ/VﬁCLL 373 0.7, It u;-\% VBCY DRG £ 38

. ¢ PVDETA-VBCHNIVE: 637 6183

APTNAEZ SpPeh-pr upauﬂ E’Eﬁgﬁgq. 35632 i’s i*ﬁg% o8 3;33—

PNVDET BEINVP—2-—43—6-—37 PABCO\V/BEPPG2 ; 35 6—25—316
DABCOIYBCIPOL 50 g 35 |MAEMATSGIIANE T n il vp 2143 5 37 2% "1
PVDETALYBA/ G o 43 537 FADESANEC oy DVEDA DoV ERPBRG prop

.38 3305 [AL1ARPA7 og/ o 7d GMYDWMERSIRSOMYSY 1/5b4 DPG M%pannl 1882 2 4 3 3
0.7 213PNDESEAPSIBRC/ NVP 2. |AMA/DRIEDS/ EGPM (8 BNDETA/ VRO2ZNVP 2. |488.7%6 . 37

6. 18 [23 DARERIAVBC/ DPG 2. TMREMCASDHI 25 24 |[DABCO VBEP DPG 2.38.%. 35

6. 25 |25 BMDEHWAVBC NVP |GiN34/DMEDS/ BiDMB/EI 26| PNDETALVYBC/ NVP |687387 2. 43
6.18 |32 2/B1PMDETA/ VBC/ NNRMAMETEGDML3 6. 18 | 28 1.35 90.8

TMAEML/ EGOM DPd propanol| 46 15 10 2 29 PMDETA/ VBC/ NWP 6. 37 2.43 6. 18
30 DA/ EGDM EI / DPG propanol 14.97 2.38 3.95 7.88 7.28/2.73

Formulations for the examples of Table 12 are given below. Table 14 has the

abbreviations used.

Table 13 (Component recorded in order given in first column)

Formulation Component/ Wgt (Grams)
1 TMAEMC/25%EGDM/NMP/propanol 5.02 1.68 145 |[0.72
2 TMAEMA/30% EGDM/DPG/propanol 14 1.8 33 0.7
3 GMA/DMEDA/EGDM/EI/DPG/propanol 14.97 | 2.38 3.85 7.88 7.28/2.73
4 TMAEMC/29%EGDM/DPG/Propanol 46 15 10 2
5 PMDETA/VBC/NMP 2.43 6.37 | 6.18
6 TMAEMC/25% EGDM/NMP/Propanol 5.02 168 (145 |[0.72
7 TMAEMC/29%EGDM/DPG/Propanaol 46 15 10 2
8 TMAEMC/29%EGDM/DPG/Propanol 46 15 10 2
9 TMAEMC/23%EGDM/DPG/Propanol 201 5.2 10.7 |5
10 | TMAEMC/15%EGDM/DPG/Propanci 14 2.4 3.3 0.7
11 | DABCO/VBC/DPG 2.38 |6.35 6.25
12 | PMDETA/VBC/NMP 243 6.37 [6.18
13 | APTMAC/9%EGDM/DPG/propanocl/water 435 [0.32 |1.82 |059 !1.08
14 | PMDETA/VBC/NMP 2.43 6.37 6.18
15 | DABCO/VBC/DPG 2.38 6.35 6.25
16 | DABCO/VBC/DPG 2.38 | 635 | 625
17 | PMDETA/VBC/NMP 2.43 6.37 |[6.18
18 | PMDETA/VBC/NMP 2.43 6.37 [6.18
19 | GMA/DMEDA/EDGM/EI/DPG/propanol 1497 (238 | 395 |7.88 |7.28/2.73
20 | TMAEMC/EGDM 15%/DPG/Prapanacl 14. 2.4 3.3 0.7
21 | PMDETA/VBC/NMP 2.43 6.37 6.18
22 | PMDETA/VBC/NMP 2.43 6.37 6.18
23 | DABCO/VBC/DPG 238 |635 |6.25
24 | DABCO/VBC/DPG 238 | 635 |6.25
25 | PMDETA/VBC/NMP 6.37 | 243 6.13
26 | PMDETA/VBC/NMP 6.37 | 243 6.18
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31 Gwvi¥ DVEDA/ EGDM EI / DPGE propanol 14.97 2.38 3.95 7.88 7.28/2.73 32
TMAEMC/ EGDM DPGE Propanol 46 15 10 2 33 G/ DVEDA/ EGDM EI / DPG pr opanol
14.97 2.38 3.95 7.88 7.28/2.73 34 TMAEMCZ EGDM DPG Propanol 46 15 10
2 Tabl e 14 Abbrevi ati ons used Mononers/chem cal s Abbreviation

Tri met hyl anmani unet hyl met hacrylic TMAEMC chloride( 80% (wWw in

wat er) 3-acrylam d opropyl)trimethyl anmoni um APTMAC chl ori de(75%

(W' w) bﬂFVﬁﬁlﬁd’TA/\(JBchnﬂﬂ; azabi cyci o] Z, 2, 41397 ang Q¥ nylbenzyl
DABCO_Y?L TMAHWA(E /dP@/ﬂHd}l arnary sclé,rgi oOf 15.,

' 10, 2 1
al %Z%IJEQ, "Iil\m'.l)ﬁAfVB Wll_., oulc \ I-\DkAJ) oul_L 5.3 i ll)éA:gc _é))w”_,,f,\, U, t;lc nnnnnnn
chi or |83 GMAJOMEDA EﬁDWEIZEbﬁﬁ/ SR (1007 T 2,38 NN ,53,! Yy benzyl

P

onet Lk M AT G/eqeemo! doy 00 L2381 [ A2 nheps) be-ge/273
trimet ﬁ%;l AWW%@ G/Prrgpé_‘F?li on prod |4‘ﬁf '115/m o MW
aw/ A GMMRM&EW@W%W&JPWH@WE r 6AAET )A: 3ﬁr h3:95 1 By haHy /3

t ri mel Byl |aRMAEM GRS RWORE{ FiepayBiTMAC  Hy dboxyabhyl 2@ry| At e Divi nyl
benzene OVB Ethyl lodide El D propylenelglycol DPG Crpsslinking
mul ti functional nononers Ethyl enegl ycol dinethacryl ate EGDM

1, 3-but anedi ol dinmethacrylate 1,3 BGDM pentaerythritol triacrylate
PETA Mablel#Wbbreviapioms usedacryl ate TMPTA

Maonomers/chemicals Abbreviation
Trimethylammoniumethylmethacrylic TMAEMC
chloride( 80% (w/w) in water)
3-acrylamidopropyl)trimethylammeonium APTMAC

chloride( 75% (w/w) in water)
1,4-diazabicyclo[2,2,2]octane di{vinylbenzyl DABCO/VBC
chloride) (a quaternary salt of 1,4-
diazabicycle[2,2,2]octane (DABCO) and
vinylbenzyl chloride
N,N,N’,N’,N”-pentamethyldiethylenetriamine | PMDETA /VBC
di{vinylbenzyl chloride (a quaternary sait of
N,N,N’,N’,N"-pentamethyldiethylenetriamine
and vinylbenzyl chloride)

Glycidyl methacrylate/ trimethylamine GMA/TMA
reaction product

Glycidyl methacrylate/ N, N- GMA/DMEDA
dimethylethylenediamine reaction product

Vinylbenyl trimethylammonium chloride VBTMAC
Hydroxyethylacrylate HOEA
Divinyl benezene DVB

Ethyl Iodide El
Dipropylene glycol DPG

Crosslinking multifunctional monemers

Ethyleneglycol dimethacrylate EGDM
1,3-butanediol dimethacrylate 1,3 BGDM
pentaerythritol triacrylate PETA
trimethylolpropane triacrylate TMPTA
glycidylmethacrylate GMA
Divinyl benzene DVB
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gl yci dyl net hacryl ate GVA Divinyl benzene DVB 33 Exanple 6 Further

evi dence of essentially defect-free nenbranes is shown in the

conpari son of this Exanple. Menbranes nmade according to the
description described herein were conpared to a thicker ( 120-160
pm commercial electrodialysis nenbranes. The fornulation used for
these nenbranes is given in Table 14. Table 15 Results and di scussion
of ExamRhefle gEnbrane Conponent 1 Conponent 2 Conponent 3 Conponent 4
Conponent Substrate Cation 2-SEM EGDM NVP 39. 8% Al BN 0. 6% Apor ous

41. 5% F8riid 223ideh6d ¥ RREABANLY defBRi-QBe TN B MR 4Ot Yook farRan?!
'r‘ir\la E‘glr Qﬁfé’is %v%rm ?e%%@éé?ﬁraké% @naché) é&:@(&ﬁg 1d %@%e@%ﬁ%ﬁﬁ'cfe}é??%ﬁ&em were
n@ﬁ’gfﬁ #EY omBuEi e e R e

current ‘&“é’nsu
resi st AQHRY aa?n@é forsibese éHFS lsp%vmm’ée F\}ltles The feed

[ abor 2t P?i&#ﬁsﬂﬁsesﬁ%ﬁ et or BBIE® ronr ane. pr oper {1 o5

Cati o PMehbiane | edm tanae T ﬁo?e%tcfj)c nlﬁhen}% 9 i’&x’é]% o ) 'C%m SRS | Sabstrate

52- e pgver a parentshgr meel EATAY ?.IBN’O* g, AT O ea, o
resi stance = 0| ﬁ@@@O cniigof andard deviatijon = 0.35 52-cn®; | avgrage

apparent pernselectivity = 93.5% Comer ci al nenbrane proper t|i®@%: porosity

Cat i ofAnieSI St pMASEMC - 2] BGBM- cnR | Dappasent| 1perpamel BN ty = bBtus
Ani on] resistap®d¥%= -2. 81&82% cnk, |appar ent |pébasel edqtdiVity = |1049%

Exanplle_7 Table 17 Formil ation conponents land amounts grans \Tiveosity
HOEA TMAEM DVB H20 N- DPG Sanpl e# Support Resi st Apparent

These membranes were tested in a ten cell electrodialysis module at a current density
88 A/m?2. Results shown below illustrate the lower resistivity at comparable apparent
permselectivities. The feed solution made up with NaCl, which has been found to be a
good laboratory stand-in for seawater.

Invented membrane properties:

» Cation, mean resistance = 0.91630Q-cm?, Standard deviation=0.42 Q-cm?;
average apparent permselectivity = 104%
»  Anion: mean resistance = 0.8132Q-cm?, Standard deviation = 0.35 Q-cm?;
average apparent permselectivity = 93.5%
Commercial membrane properties:

» Cation: resistance = ~2.8 Q-cm?2, apparent permselectivity = 94%
» Anion: resistance = ~2.8 Q-cm?2, apparent permselectivity = 104%

Example 7

Table 17

Formulation components and amounts (grams)

VBTMA | HOEA | TMAEM | DVB H20 | N- DPG | Sample# | Support | Resist Apparent

c c propanol (Correct | Permselectivity
ed) (%)

3.66 1.00 1.59 1.04¢ |0.23 | 0.50 083 |1 APH6a | 0.781 92.2

3.66 1.00 1.59 1.04 | 0.23 | 0.50 0.83 | Rl APH6a | 0.649

3.66 1.00 1.59 1.04 |0.23 | 0.50 0.83 | 2 APH6a | 0.609 92.05

3.66 1.00 1.59 1.04 | 0.23 | 0.50 0.83 | R2 APH6a | 0.676

3.66 1.00 1.59 1.17 ]0.23 | 0.50 0.83 |3 APH6a | 0.638 92.6

3.66 1.00 1.59 1.04 | 0.23 | 0.50 0.83 | 81 APH6a | 0.364 92.4

3.66 1.00 1.59 1.04 | 0.23 | 0.50 0.83 | RS1 APH6a | 0.507

3.66 1.00 1.59 1.04 |[0.23 { 0.50 0.83 | R2 APH6a | 0.599 92,6
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C C propanol

(Correct Pernselectivity

ed)

3.66 1.00 1.59 1.04 0.23
0.50 0.83 1 APHba 0.781 92.2 3.66 1.00 1.59 1.04 0.23 0.50 0.83 R1
APH6a 0.649 3.66 1.00 1.59 1.04 0.23 0.50 0.83 2 APH6a 0.609 92.05
3.66 1.00 1.59 1.04 0.23 0.50 0.83 R2 APH6a 0.676 3.66 1.00 1.59 1.17
0.23 0.50 0.83 3 APHoa 0.638 92.6 3.66 1.00 1.59 1.04 0.23 0.50 0.83
S1 APH6a 0.364 92.4 3.66 1.00 1.59 1.04 0.23 0.50 0.83 RS1 APH6a

0.507[3.666 L1 69 .59 1 04 O &k D089 0. [0nsdRPs APHOHARIa9P 0824 O] o3t 3. 66
1.00 1358 1| 1d0 0. 2® 0. b0170. 882 ARbba |0.&PARD3. 1| ABHG6 | 8680 [1.59 1. 17
0.23 (0356 0l BE RAL.FPHGh!.07 63R2R | 660 1._0(0.83 bB3 1 _17APHGA3[ 0550 98B R3
APH6a | 8:6651| b@ gl 1.3 gg| h1pHQ 2% 30-29 17 -8 B3 50 QARHHapROAPsn o 504 |
3.66 10D 1| 580 4] bed o bb3gy 0,09 Fg-gia B 7971 87 726 49NE 1 o9
1 36 1358 T Q0 [ L159 2° ﬁ% szsdq.on 10837 K5 | V' | KPH6a | 76! o o
: 548 OF Phb OF Pso RO £38d 0.2 F9H0 o On.ds P 1 OParHea0 | 0888 Paad O- 03
6 APHGa.60. 8BBo®@24] Aso 3. Pbadl. [0)23l] 8o L. 300.48 P8 0. bUARHEI3 | 6.7 4. 7286
93.9 {3666 [1.00 [11.50 1| B&6 0. ®3 0050 0. 383 RIRAPHoAAPHRI86.898. 66 1. 00
1.59 1336 0| 28O0 O] BB 0 BRI h0.80 7350848 3 H6PH6a0(0.73%9| 94.R6
0.23 02860 8% RS APHERID. 055 9306 25611700 IA%LL 1y p%-9 50
0.83 92APHeRLED 75?3'2 93 ]:363 55 Lo-gg 1 e84 4o o LAPHGa. Ogg‘ﬁa 1L APHea
Lo [, A1 ] 1. ~ 3 1050~ 83 o . - =0 .,
0. 56993%¢- 6 1.60 0199 00 .S%w 0t233Po dp 29 gj Rz 83 %@%ﬁﬁe}.gy@w 194711
3.66 T38P 1| heo I 3% 0. PR3d. pal2D| 8380 11 1Keal| #2740 V48 B16640l| &) L. 59
1.36 (0328 0/ 500 O B 12| 186 1. B2B00.6d. 8 | BsHH12. 00| T 59 113630, 238 0. 50
0. 83 RBBETK 1066058 aR1-36 0023 5650 36 BBPRRO. 50| 0K 83 R1869Kl 1. 4300
95. 00 |-286g6| 40Nl 5% nl.8f (P.50] BSGa o GBI ORE T 1K 4570 148000095.00 gg
1.00 138E .| LOO A 159 » FL36 | 6230050, 1 G83 [RE- - ~n 12279719508 o
. i :68 J':Ebb‘uliﬁ U JLJQGJ 00323 Ld.sdr\ J..Ol:gs.).)RPl\) Z TK). U0 .1.18'56 J.gs.)z L. 90
0.2 0[3We0. BBodt3 o 2. 28 982 Y 0.50 0.83 | 13 Sp 2.1128 | 93.0
3
3.66 1.00 1.59 1.36 0.2 | 0.50 0.83 | 14 TK 1.4604 | 95.2
3
3.66 1.00 1.59 1.36 0.2 | 0.50 0.83 | 15 AP HGA | 0.76 94,08
3
Commercial membrane 297 02.3

Further improvement was surprisingly found by adding a non-charged neutral

monomer to the polymerization formulation. Hydroxyethyl acrylate and vinylbenzyl

chloride are preferred monomers. The inventors believe that these monomers, and

similar monomers moderate phase separation and produce a more homogeneous

crosslinked polymer. Other examples of neutral monomers are, for example, but not

limited by these examples, glycidylmethacrylate, methyl methacrylate, ethyl

methacrylate, hydroxyethylmethacrylate, hydroxypropylmethacrylate,

hydroxypropylacrylate and vinylbenzyl chloride and the like.
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3 3.66 1.00 1.59 1.36 0.2 0.50 0.83 14 TK 1.4604 95.2 3 3.66 1.00
1.59 1.36 0.2 0.50 0.83 15 AP H6A 0.76 94.08 3 Commerci al nenbrane
2.77 92.3 Further inprovenent was surprisingly found by adding a
non-charged neutral nononmer to the polynerization fornulation.

Hydr oxyet hyl acryl ate and vinyl benzyl chloride are preferred
nononers. The inventors believe that these nononers, and simlar
MDNONE i aPHRE AL Prdtitasites fiaMaMin?En & A e RALIG R/ify TREAPPRAFRIENEOUS
crossl inked POT yner. (xher exanples of neutral nonomers are, for
exanpl Fermselectivity Characterigatinnse exanpl es, gl yci dyl net hacryl ate,
met hyl nethacrylate, ethyl methacrylate, hydroxyethyl methacryl ate,
hy dr ox Y€ SPGRREANAEAFLANE, andhgRrE Ry IPRoBYRERIT Y PR cR RETYISRIFr ey ypan be
chl ori dgeanded U8inlsl dPeledPodneRBEAINRN TREOBESH &) &:QPeriVRHR AP 88 with
Resistivity and Apparent. Pernsel ectivity Characterization The .

menbr afever §ffeqtivs cadamitick sEpRIEReRbnsing &dpdft Piesephepmple. The equipment

( per ms @haGiro¥édur: a8 ibdERsHr €d using an el ectrochem cal cell.
This bench top experinent provides us with a very effective and

qui ck ®spekinient pkspagtiansmal | piece of sanple. The equi pnment and
procedure are described here. Experinent preparation (1) Solartron

1280 elipcssiachainiead eeasvhental meabhrehinhtSaliartron 1280
el ectrochem cal neasurenent unit enables us to apply a current

bet weemhi8»lanmnpl 280 alettiretiathicadesaaireteat vt aiahds wd td depleg @l durssid
to nmeasure th vol t.age dr acr oss nbrane. |t,.has_4 connectors;

wor k- oPEETsbe Wi P dEn dhe 3 e Baveatics HaPS Aen aaddp dutaDaadne
(RE1 ardltib2droplaosEmantbriific.altchdassée dotmeca@ipt worle diecentle GMR), Rehnesrd
RE2 to sur olta dr op. Re ce electrp Ref er.ence
o oct 1 Sirea o JobD el kb aPfiertiSfis kPl 4 REEL T SRt Wi ia%my
char actcertenhatandRE haad MEletd meRdelthb voltdgd dgipass t ubing i s softened,

then bent and drawn to the form shown. A porous plug is inserted in
t he ti [2)t Befeomice @lecsmdasi on flow to a | ow rate.

Reference electrodes (see the insert in figure 1) used for membrane characterization
are made in R&D lab. %” glass tubing is softened, then bent and drawn to the form

shown. A porous plug is inserted in the tip to control solution flow to a low rate.

Silver/silver chloride wire is freshly made for each day’s testing. A current of 2-3 mA
was supplied and controlled by a power supplier and an ampere meter to a platinum
wire cathode and silver wire anode immersed in a 0.1N HCI solution. After several
minutes, the sliver wire starts to turn black, indicating the formation of AgCl layer on
the surface. The solution used inside the reference electrode tubing is 1.0M KCl
solution. Since the solution will leak through the porous tip, constant addition of KCl

is a necessary (~every 20 min) during experiment.
(3) Membrane test cell

Figure 2 shows the detailed electrochemical testing cell construction used for the
experiment to measure resistance and counter ion permselectivity of the membrane.
The membranes are cut into disc using a die cutter. The reference electrodes are used
to monitor the voltage drop across the testing membrane and the 2 platinum discs are
used to provide a current through the membrane. The cylindrical path of the cell has

a cross section area of 7.0 cm?2
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Silver/silver chloride wire is freshly nade for each day's testing. A
current of 2-3 mA was supplied and controlled by a power supplier
and an anpere neter to a platinum wre cathode and silver w re anode
imersed in a 0. 1N HO solution. After several mnutes, the sliver
wire starts to turn black, indicating the formati on of AgCl | ayer on
the surface. The solution used inside the reference el ectrode tubing
is 1.OM KO solution. Since the solution wll |eak through the
porous tip, constant addition of KO is a necessary (-every 20 nin)
during (oxgantipeet . (3) Menbrane test cell Figure 2 shows the detailed
el ectrochem cal testing cell construction used for the experinent to

measur e rgsisd 8NG80A8 ﬁe&?t&b@bré;ﬁ@ed’@ﬁﬁ%@ﬁhﬁﬁvé Lévélfast 1RQ i RSB eir
The menbranes are_cut into disc he reference

el ect 1 odeuERTERERRITER o THEH VIS g%‘PIF &E‘&ld% 85 %Glr%%‘% L{HENa@EL i ng

menbr ane %a@stw@s&gobm&tla dbm RS or MoRam g RAH1dsR). PTRY DBN Nag8h) BNised to
t hrough the_nenbrane, The cylindric ?IPBEath of the cell has a cross

section afﬁe%t%qel?d@%wrgam(tﬁ)ené% §volpfioR RECIgTinEiedRs need to be
pr epar gdl %‘@ uantitative, level as indicated by their significant
figure E2SYRIrOGe 4B NaCl, 1. ON HO and 1. ON NaOH

(caustic, using plastic container or volunetric flask). The 0.5N
Na2SO4 i s used to feed the el ectrode conpartnments w thout evol ution
of chl g%}ﬁe.%a -111. I\/Ea{surerrent procedures (1) Resistance
measur St 83?%??%8%1”%% refers to area resistance f2-en2. The
measurenment contains 3 steps. (a) Set up electrode positions: Prior
to a nmeasurenent, the reference el ectrode hori zont al positi ons are
set. To sglalehel anoe. ol ees Lode oS Aicrd Tl deoBlA3LLe cdhos.d 3
used as Y 2RSS or oA Eachf ef eFenca ectro i'S

adj ust ed s*.tep;.ust touch t he pI astic disc and their p05| tion fi xed by
two set screws. (b) I\/Easure the sol ution conductivity: The plastic

di sc was t hén Setnpvele uPricefte remeaswwbment,gtie selepred dartbdd
cmapart by r ?rgg}}%oﬂgaltﬂ%gﬂ o aQeé 1:e (':lﬁ:ggg L‘%@l}ésn%e ie%ﬁlf)ae pggﬁlo}ﬁ?latr%g(?

drop between erence e
plastic disc is used as a stand-in for the membrane. Each reference

electrode is adjusted to just touch the plastic disc and their position fixed by

two set screws.

(b} Measure the solution conductivity: The plastic disc was then removed and
the two reference electrodes moved to 1.0 cm apart by removing the two 0.50
mm plastic blocks. The voltage drop between the two reference electrodes is
recorded at an applied a current (~10-50 mA) by the Solartron 1280. The
distance of the 2 reference electrodes(1.00 ¢cm here), the current density
(10.00 mA) and voltage (to 0.1 mV precision) used to obiain the conductivity
of the solution (0.50 N Na(l typically.

(c) Measuring membrane resistance: The membrane sample is then placed by

the sample slider and the voltage and current measured again. The
resistance of membrane is the total resistance less the solution resistance
measured in procedure (b)

(2) Counter ion Permselectivity (Transport number)
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recorded at an applied a current (-10-50 mA) by the Solartron 1280.
The distance of the 2 reference el ectrodes(1.00 cm here), the
current density (10.00 mA) and voltage (to 0.1 nV precision) used to
obtain the conductivity of the solution (0.50 N NaCl typically. (c)
Measuri ng nmenbrane resistance: The nenbrane sanple is then placed by
the sanple slider and the voltage and current neasured again. The
resi stance of nenbrane is the total resistance |less the solution

resi stance neasured in procedure (b) (2) Counter ion Pernselectivity
( Tr ansporthdeRaitmedf pfr@dieasaeement procedures are: (a) Reference
el ectrode position is set as described by part(a) of Resistance

nmeasur enent (a) MgereAtEERBEEI€hESiHHAUE SetRASHdscABedBY pReHARIFR%IstBIR
since the voltage neasured 1n this fest is theoretically independent

of the distaReESBERPE T8e FEeGRAeAFEHOLARPOTHED FRASH BT BPPISSMRICARLF

as r lem OdtrJTgl bltie vaﬁ?]@@ﬁl%aéﬂu%d 1ﬁlelsst@laﬂhtsltﬁ@&gﬁé&l\%ﬁfnd@ﬁ&h@@itmﬁ thde
sanpl e nenbrang w t pour. lution in t
right part of dﬁ?f@nﬁ%lquts%ﬁa’ie&?‘@&lweflﬁgaﬁ gm%gtw e %’Efpm‘?“c‘bly
0. 250NNaCl on dshsskifid. si de of the cell. (c) Measuring the voltage:
the vol tage was neasured (w thout applying current) wusing a voltage
et er attachgddatidie Aflcatehnlming eod éz@dpﬁe 1B eshbiaiawith e sﬁﬂéxe lpedrt he

spreadsheet t ter nsel ectivit

ol culat ons: ASOR T ap ik e B eRErt the ot pediieted RE IR fvtine ry
R = resisti Vi triyefabRuneCaid] 0R258NNH) onAhe 16 ele(dfiRg cdl]l. V = neasur ed
voltage (nmV) | = neasured current (md) L = distance between

ref erence elcpeaemg(the vﬁﬁa@ahé \wbltyga)Wae h&a@ufdb]()(“ﬁ/ﬂmalﬂapamﬂg)mﬂ@em

(]:_u{){)egﬁn a?ﬁe?’guosl];]'n % tvgi\%?% Itneger atf) c%led rtg tc}% eﬂ\(f‘mu%'ll gféc{r ees .’91'1 acx?rer%f

entered the Spreadsheet to obtam counter ion permselectivity.

3-IV. Sample calculations:

C = conductivity (siemens/cm)

p = resistance (ochms/cm)

R = resistivity (ohm-cm? or Q- cm?)
A = area (cm?)

U, V = measured voltage (mV)

I = measured current (mA)

L = distance between reference electrodes

(1) Conductivity of the 0.500 M NaCl at 10.00 mA current and 33.1 mV measured

for a reference electrode distance of 1.00 cm, the conductivity of solution:
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38 C1L L LOOM=0.0432S/cm p R WA 33.1nvx700cm | 10 OMA (2) Area
resi stance of the nenbrane cal cul ati on needs to subtract the solution
resi stance. For a CMX nenbrane with a neasured potential of 38. OnVv,
the area resistance is: R= (38.1-33.1)nV x7 00cn2 =3.420cm 10. OMA
(3) Pernselectivity (transport nunber) of cation(+) or anion(-)
menbrane T is obtained by: V=(2Tt-1RT naL F aR Wi ch rearranges
to; 2T, =1+VF/ RT(InaR) aL Were V is neasured voltage by the
reference el ectrodes, Ris gas constant (8.314 JouleK-1.nole-1) T is
Kel vin tenperature of solutjon, Fis Fajggday constant (96480

coul onb/ nol e) and aR and‘ét“aré*yvnéggﬁﬁatron—Cé5¥¥§Cﬁy format) of
the solution on the two sides of “¢ hgopEnD®%¥e in the cell. 39 d ains
1. An ion exchange nmenbrane for electrodialysis conprising a

m croporous nenbrane support having a porous first side and a porous
second side and a continuous porous structure extending from said

fi Irst Si d(e%) t&@e@ﬁésﬁﬁt?ﬂ@@ﬂﬂh&irﬂﬁﬁbra&f&f | laaquaﬂslgs(h;bédﬁeﬂa slirddtans kelutiong g
pol yner substantia te i1l sai rous s r ai
ol yrer T or RN RoTnEoPE RO S e adteomishs Botrpt peos-0h, &8
pol ymeri zat kedn fstdiede ®f a. a nonofunctional ionogenic nononer and a
mul tifunctional nononmer, or, b. the polynerization product of one or
nore i onogeni c nonomers, a

_(38.1-33.1)mV
10.0m4

% 7.00cm* =3.42Q e cm?

(3) Permselectivity (transport number) of cation(+) or anion(-) membrane T: is

obtained by:

R a
V:(ZTi—l)?ln—"'

dp
Which rearranges to;

2T, = 1+ VF/RT (In22 )
ay

Where V is measured voltage by the reference electrodes, R is gas constant (8.314
JoulesK-1*mole-1) T is Kelvin temperature of sclution, F is Faraday constant (96480
coulomb/mole) and a, and a, are concentration (activity format) of the solution on

the two sides of the membrane in the cell.
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neutral mononer, and a nmultifunctional crosslinking nononer. 2. The
i on exchange nenbrane of Claim1 wherein the thickness of the porous
support is greater than about approximately 55 microns and | ess than
about approxinmately 155 microns. 3. The ion exchange nenbrane of
Claim 1 wherein the thickness of the porous support is greater than
about approximately 20 microns and | ess than about approximtely 55
m cr ongyaiths The 1 on exchange nenbrane of Claim1 wherein the

m croporous support conprises pol ypropyl ene, high nol ecul ar wei ght

pol yet hyl En@an ibh tekalhd g me@ibeshd R cWet@aialyit ¥ehbyikRiden flicroporous
pol yvi nyl i dene fl uoride .

5. .The ion exchange nbr ane of ajmil
wher ei n” t he TP TEPEFYPEPT UV YHFe? PPEOYS frh 101 ARGTEHS SSBP%EF{Q gd a
The i ?n eXCBa@@lﬁqun]g sﬁfucgﬂl@i eﬁaté?ddhg E@hﬂséjheﬁrﬁ']g sigs ltd Bkiatkelcoid side,
transferring polyner.is fornme .po ri zation o : .
5T STt oet hy PRBGHABRYIred ioh AGetireR e PR e S betopie o i said
sul foni ¢ acpdrdAMa) @k, 3aflihblgRlee forgde@Sial thekonguBRrasRIre hadfeidPrving
cation excha&ge menbrane. 7.. The_ion exchange nmenbrane of Caimé6
wher ei n t he & BR¥MERERHR 2rod Of enegl ycol di met hacryl ate. 8. The ion
exchange nmenbrane of glain15 wherein the crosslinkeﬂfiow. Al
transferring gol §RRIIERF IR PIRFEPE JRRPTSLFT O/ B tifunctional monomer,
2-sul foethyl nethagrylate (2- 40 SEM 2-acryl am de-2-net hyl propane
sulfonic acid (AMPS), a neutral nononer, and a suitable crosslinking
nononer to forim thepdlymeriextidrapgeluce pbhoaner nidre Tdmegarichnaneneds, &€ ai m

8 wherein the neutral, nononer is, hydr ethyvl acrvyl.at.e or
Py r oot haor v Srst el BORBREE, okt SHANBCOha P ol BEne Hanomer,

wherein the - I Stel ] eat er . t
appr oxi ma 'eITgE g@%@;&i@gﬁé&m&% hc}é dééé I én%eefg{?a%geghﬁe ?Saﬁg&%fpo(? & m
5 wher ei n t keppenths greatdraban aboss ppproximytet;odS grierinesrartchlzgss dppuabout

approxinateé¥R§?§F§ng%g§gfgegﬁgv pernsel ectivity of greater than

about appro e cation exchange nmenbrane of Caimb5

wher ei n thTﬁ.@gag@%ﬁa%%ﬁéﬁem%%es&f id{éﬂﬁ’ 1 %ergirneﬁlteechiékjﬁggs Qpﬁllétporous
appr oxi mately O. m and a
support is greater than about approximately 20 microns and less than about

approximately 55 microns.

4. The ion exchange membrane of Claim 1 wherein the microporous support
comprises polypropylene, high molecular weight polyethylene, ultrahigh

molecular weight polyethylene or polyvinylidene fluoride .

5. The ion exchange membrane of Claim 1 wherein the ion transfer polymer is a

cation transfer polymer.

6. The ion exchange membrane of Claim 5 wherein the crosslinked ion
transferring polymer is formed by polymerization of 2-sulfoethylmethacrylate (2-
SEM or 2-acrylamide-2-methyl propane sulfonic acid (AMPS)and a suitable

crosslinking monomer to form a cation exchange membrane.

7. The ion exchange membrane of Claim 6 wherein the crosslinker is

ethyleneglycoldimethacrylate.

8. The ion exchange membrane of Claim 5 wherein the crosslinked ion

transferring polymer is formed by polymerization of 2-sulfoethylmethacrylate (2-
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pernsel ectivity of greater than about approximtely 99% 13. The
cation exchange nenbrane of Caim5 wherein the nenbrane has a
resistivity not greater than about approximately 1.0 ChmcnR . 14. The
cation exchange nenbrane of Claim5 wherein the nenbrane has a
resistivity not greater than about approximately 1.0 Chmcn2 and a
pernsel ectivity of greater than about approxi mately 95% 15. The

cation exchgre STRERIANRIOS-nfdtBIPrepWheseitdhit *&%ﬂ@mﬁﬁ n@ﬁ&a@monomer,
resistivity not greater than about approxi mat el mcn2 and a

per meel ect i ¢neyp Britaple stasslipkag I%wera@pfpman%&ttﬂryef@b@@gqelwarl@n
exchange mepbrane of CaimJl wherein the ion transfer polyner is

ani on t r ahsf 8f nhase of Flaipp g whargin e At menaRee l'téffir‘éfyﬁﬁﬁlﬁ%ﬂate
wher ei n theoph9§§3xyﬁ{@elqlad ﬁtetransferrl ng polyner is formed by

pol ymeri zation of Trinethylanmoni unet hyl methacrylic chloride

crossl i nkegl The ichtio® ehyh £Rghysdt st tlagh B @hereinl thelhembrhnnaxahange
menbrane of C aim 16 wherei n]ilt he crosslinked jao transferrl ng
pol ymer s r%%%va%ept@a?@tﬁé? FupPif pproximately 0.5 Ohm-cm2

Tri met hyl ni u | .net hacrylic c ride, enz
T et it EITBa S i asehir-ane St St S Semrare BRa: n
\?vih Vi nyI beﬂzeé‘@snﬁ@lﬂ:& gréduer alﬁmoab@xﬂ:éw?gﬁﬁr;lﬁaﬂyrcaﬂe)mﬁ -coh bl B8

erein the neutra roxyet acr
by oxymet haswfeé‘f%tm Bt st S TR 2% o ai m 15
wherein t .ane _has_a _resist n reat r than _about
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approximately 0.5 Ohmcn2 and a pernselectivity of greater than
about apptbfhreatpy egdiignge membrane of Claim 5 wherein the membrane has a

resistivity not greater than about approximately 1.0 Ohm-cm?2 and a

permselectivity of greater than about approximately 95%.

15.The cation exchange membrane of Claim 5 wherein the membrane has a
resistivity not greater than about approximately 0.5 Ohm-cm?2 and a

permselectivity of greater than about approximately 99%.

16.The ion exchange membrane of Claim 1 wherein the ion transfer polymer is a

anion transfer polymer.

17.The anion exchange membrane of Claim 16 wherein the crosslinked ion
transferring polymer is formed by polymerization of
Trimethylammoniumethylmethacrylic chleride crosslinked with

ethyleneglycoldimethacrylate.

18.The anion exchange membrane of Claim 16 wherein the crosslinked ion
transferring polymer is formed by polymerization of
Trimethylammoniumethylmethacrylic chloride, vinylbenzyl trimethylammonium

chloride and a neutral monomer crosslinked with divinylbenzene.
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24. A process for producing an ion exchange nenbrane capabl e of use
for electrodialysis conprising; choosing a suitable porous
substrate, saturating the porous regions of the substrate with a

sol ution conprising a nonofunctional ionogenic nononer, a

mul ti functional nmononer, and a polynerization initiator,or with a
solution of one or nore ionogenic nononers, a neutral nononer, and a
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process of & RIPRTSSIOLREIBITPS AR 1% GELIaTgR SReTparane capa e of use for
ethyleneglyé@FHPﬁﬁ@ﬁ%%F?FBF@ﬂg’3l The process of O aim 28 wherein the

crosslinked ion transferring P
choosing a suitable porous substrate

saturating the porous regions of the substrate with a solution comprising
a monofunctional ionogenic monomer, a multifunctional monomer, and a
polymerization initiator,or with a solution of

orie or more iorogenic monomers, a neutral monomer, and a
multifunctional crosslinking monomer

removing excess solution from the surfaces of the substrate while leaving
the porous volume saturated with solution,

initiating polymerization by the application of heat, ultraviolet light, or
ionizing radiation, optionally in the absence of substantially all oxygen, to form a
crosslinked ion transferring polymer substantially completely filling the pores of
the substrate.
25. The process of Claim 24 wherein the porous support comprises polypropylene,

high molecular weight polyethylene, ultrahigh molecular weight polyethylene or
polyvinylidene fluoride .

26.The process of Claim 24 wherein the thickness of the porous support is greater
than about approximately 55 microns and less than about approximately 155

microns.
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formed by polymerization of 2-sulfoethyl nethacryl ate (2- SEM
2-acryl am de-2- nethyl propane sulfonic acid (AMPS), a neutral
nononer, and a suitable crosslinking nononer to forma cation
exchange nmenbrane. 32. The process of Caim 31 wherein the neutral
nononer i s hydroxyethylacrylate or hydroxymethacryl ate. 33. The
process of C aim 24 wherein the ion exchange nenbrane is an ani on

exchange Jefhé dRsces3f ERBmMPIP SRRt CHIBLME3 JMBE BbibdshRifpoess!draked
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. d by pol .
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et hyl enegl ygpbdaet hacryl ate to form an ani on exchange nenbrane.
35. The process of Claim 33 wherein the crosslinked ion transferring

pol ymer |28 Thepe®ssh i PMi® whefdi@Mh®ion exchange membrane is a cation
Tri met hyl ammoni unet hyl pet hacrylic chloride, vinyl benzyl

tri met hyl anfEieRese CHBPIARS: and a neutral nonomer crosslinked with

di vi nyl be e. 36.Th rrocess.of .Cl aim 35 wherein the neutral i
onomer 1 RO PG ) R TSPETR thy OroRPR e e e e e
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sobstant - 19¢ eebisrs pE RS MG M SRRk RT Lt ur o” Bai 4 pol yer
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product of, a. the polynerization product of a quarternary salt
fornmed fr3ainThe ppolegant CrianZB swheraiy thacasalinlkedimini tdensfaringpolyiner is
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thi Cknes%éﬁ[‘h& B@O&Qg @HElaim 31 wherein the neutral monomer is hydroxyethylacrylate

or hydroxymethacrylate.

33.The process of Claim 24 wherein the ion exchange membrane is an anion

exchange membrane.

34.The process of Claim 33 wherein the crosslinked ion transferring polymer is
formed by polymerization of Trimethylammoniumethylmethacrylic chloride
crosslinked with ethyleneglycoldimethacrylate to form an anion exchange

membrane.

35.The process of Claim 33 wherein the crosslinked ion transferring polymer is
formed by polymerization of Trimethylammoniumethylmethacrylic chloride ,
vinylbenzyl trimethylammonium chloride and a neutral monomer crosslinked

with divinylbenzene.

36.The process of Claim 35 wherein the neufral monomer is hydroxyethylacrylate
or hydroxymethacrylate.

37.An ion exchange membrane for electrodialysis comprising a microporous

membrane support having a porous first side and a porous second side and a
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support is greater than about approximately 20 microns and | ess than
about approximately 55 mcrons. 40. The ion exchange nmenbrane of

Cl aim 37 wherein the m croporous support conprises polypropyl ene,

hi gh nol ecul ar wei ght pol yet hyl ene, ultrahi gh nolecul ar wei ght

pol yet hyl ene or pol yvinylidene fluoride . 41. The ion exchange
menbrane of Cl aim 37 wherein the crosslinked ion transferring
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about approximately 1.0 mcn2 . 44 44. The ani on exchange nenbrane

of O ai m 37 wher 8rH2RIAERAMTTane has a resistivity not greater than
about approximtely 1.0 Chm Cn2 and. a rnsel ectivity of at er

t han abo Sébﬁﬁ%‘}%ﬁ}a@gﬁ Wr%#%@a%ggﬁ”%ﬁ%%éhﬁéﬁﬁ?%gé PEPET m
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approximately 0.5 Chg%ig% .. 46. The ani on exchange nenbrane of C aim
37 wherein ERBTRKERBIC &P resistivity not greater than about

approxinq% &¥ 0.5 Cﬁn}Cnﬂ and a nsel.ect.ivity. of eat er_than
about app % Fra®s F§C na%mgrane (&%{lmm l&? wheremy the thg:rkness of the porous
support is greater than about approximately 20 microns and less than about

approximately 55 microns.

40.The ion exchange membrane of Claim 37 wherein the microporous support
comprises polypropylene, high molecular weight polyethylene, ultrahigh

molecular weight polyethylene or polyvinylidene fluoride .

41.The ion exchange membrane of Claim 37 wherein the crosslinked ion
transferring polymer is formed by polymerization of N,N,N’,N°’,N”-
pentamethyldiethylenetriamine di(vinylbenzyl chloride (a quaternary salt of
N,N,N’,N’,N”-pentamethyldiethylenetriamine and vinylbenzyl chloride) or 1,4-
diazabicyclo[2,2,2]octane di(vinylbenzyl chloride) (a quaternary salt of 1,4-
diazabicyclo[2,2,2]octane (DABCO) and vinylbenzyl chloride), or glycidyl
methacrylate/ N, N-dimethylethylenediamine reaction product crosslinked with

a suitable crosslinker monomer to form an anion exchange membrane.

42.The ion exchange membrane of Claim 41 wherein the crosslinker is

ethyleneglycoldimethacrylate.

43.The anion exchange membrane of Claim 37 wherein the membrane has a

resistivity not greater than about approximately 1.0 Ohm-cm?2 .
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44.The anion exchange membrane of Claim 37 wherein the membrane has a
resistivity not greater than about approximately 1.0 Ohm-cm? and a
permselectivity of greater than about approximately 90%.

45.The anion exchange membrane of Claim 37 wherein the membrane has a
resistivity not greater than about approximately 0.5 Ohm-cm? ,

46.The anion exchange membrane of Claim 37 wherein the membrane has a
resistivity not greater than about approximately 0.5 Ohm-cm? and a

permselectivity of greater than about approximately 90%.
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