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Process for Making a Monomer Solution

for Making Cation Exchange Membranes
This application claims the benefits of US provisional applications 61/393770
and 61/393754 filed on October 15, 2010.

Field

Embodiments of the present invention provide for a process for making a
monomer containing solution suitable for making a cation exchange
membranes and the cation exchange membranes produced from these

solutions and processes for their manufacture.
Background

Cation exchange membranes transport cations under an electrical or chemical
potential. A cation exchange membrane will have fixed negative charges and
mobile positively charged cations. Ion exchange membrane properties are
controlled by the amount, type and distribution of the fixed ionic groups.
Strong acid cation exchange membranes usually have sulfonic acid groups as
the charged group, whereas for weak acid membranes, carboxylic acid

typically make up the fixed charged group.

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 ions in the electroplating and metal finishing

industries and various applications in the food and beverage industry.

Electrodialysis desalinates water by transferring ions and some charged
organics through paired anion- and cation selective membranes under the
motive force of a direct current voltage. An ED apparatus consists of
electrically conductive and substantially water impermeable anion selective
and cation selective membranes arranged as opposing walls of a cell. Adjacent
cells form a cell pair. Membrane stacks consist of many, sometime hundreds
of cell pairs, and an ED systems may consist of many stacks. Each membrane
stack has a DC (direct current) anode at one end of the stack and a DC
cathode at the other end. Under a DC voltage, ions move to the electrode of

opposite charge.

A cell pair consists of two types of cells, a diluting cell and a concentrating

cell. As an illustrative example, consider a cell pair with a common cation
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exchange membrane wall and two anion exchange membrane walls forming
the two cells. That is, a first anion exchange membrane and the cation
exchange membrane form the dilute cell and the cation exchange membrane
and a second anion membrane form the concentrating cell. In the diluting
cell, cations will pass through the cation exchange membrane facing the
anode, but be stopped by the paired anion exchange membrane of the
concentrating cell in that direction facing the cathode. Similarly, anions pass
through the anion exchange membrane of the diluting cell facing the cathode,
but will be stopped by the cation exchange membrane of the adjacent pair
facing the anode. In this manner, salt in a diluting cell will be removed and in
the adjacent concentrating cells cations will be entering from one direction
and anions from the opposite 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 fifteen 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/1), electrical resistance is at a level that power demand
becomes increasing expensive. To overcome this, and to be able to produce
high quality water, electrodeionization (EDI), sometimes called continuous
electrodeionization (CEDI) was developed. In this method the cells are filled
with ion exchange media, usually ion exchange resin beads. The ion exchange
media is orders of magnitude more conductive than the solution. The ions are
transported by the beads to the membrane surface for transfer to the
concentrate cells. EDI is capable of producing purer water then ED at less

power when the feed concentration is reduced sufficiently.

ED processes for water desalination have advantages over RO. They require

less pretreatment which will reduce operating costs. They will have higher



WO 2012/051610 PCT/US2011/056516

product water recovery and a higher brine concentration, i.e., there is less

brine to dispose.

Univalent selective or monovalent selective membranes primarily transfer
monovalent ions. Monovalent selective cation exchange membranes primarily
transfer sodium, potassium, etc. Likewise, monovalent selective anion

membranes transfer ions such as chloride, bromide, nitrate etc.

Reverse osmosis(RO) dominates the production of fresh water from seawater
by membrane processes. While electrodialysis (ED) is used for brackish water
and waste water desalination, it is generally considered too expensive for
seawater use. In order to be competitive with RO, ED and EDR will require
membrane resistance of less than 1 ohm-cm?, preferably less than 0.8 ohm-
cm? and most preferably less than 0.5 ohm-cm?2. Ion permselectivity of greater
than 90%, more preferably greater than 95%, and 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
seawater. 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.

The polymer electrolyte membrane (PEM) is a type of ion exchange membrane
that serves both as the electrolyte and as a separator to prevent direct
physical mixing of the hydrogen from the anode and oxygen supplied to the
cathode. A PEM contains negatively charged groups, usually sulfonic acid
groups, attached or as part of the polymer making up the PEM. Protons
migrate through the membrane by jumping from one fixed negative charge to

another to permeate the membrane.

PEM’s requirements include chemical, thermal and electrochemical stability,
and adequate mechanical stability and strength when swollen and under
mechanical stress. Other requirements include low resistance, low or
preferably no methanol transport in direct methanol fuel cells (DMFC), and

low cost.
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Bipolar membranes are made of a cation exchange and an anion exchange
membrane laminated or bound together, sometimes with a thin neutral layer
between. Under an electric field water is split into H+ and OH- ions. The
hydroxyl ions are transported through the anion exchange membrane and the
H+ ions through the cation exchange layer and will form base and acid in the

respective cells. Organic acids are also made using bipolar membranes.

Development of ion exchange membranes requires an optimization of
properties in order to overcome competing effects. Ion exchange membranes
for water desalination traditionally have had to meet four main characteristics

to be considered successful. These are;

Low electrical resistance to reduce potential drop during operation and

to increase energy efficiency

High permselectivity — that is, high permeability to counter-ions but

approximately impermeable to co-ions

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 the case of thinner
membranes because there is less margin of error during membrane
production as there is for thicker membranes where the membrane thickness

covers over defects that may occur in membrane formation.

It is known that alkali mctal salts of p-styrencsulfonatc can be industrially produced by
the reaction of p-p-halocthylbenzenesulfonic acid with an alkali metal hydroxide, where

the halo may be CI or Br. When such an alkali metal salt of p-styrenesulfonate is
4
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copolymecrized by free radical polymcrization in an ion cxchange membranc
formulation, it is essential those alkali metal salts of p-styrenesulfonate have excellent
solubility in a typical aprotic solvent such as N-methyl pyrrolidone (NMP) in order to
make a cation exchange membrane (CEM) with high ion exchange capacity and low
water content so that the said membrane can be used as a monopolar membrane and as a
part of a bipolar membrane that has high efficiency in an electrodialysis (ED) stack to
effectively and economically produce acid and base during a salt splitting process or be

able to remove minerals ions from chess and whey products.

US Patent 4,029,640 disclosed a process for producing ammonium p-styrenesulfonate
or a polymer thereof which comprises reacting by double decomposition an alkali metal
p-styrenesulfonate or a polymer thereof with an inorganic ammonium salt in a medium
which is an alcohol or a mixture of a hydrophilic organic solvent and water. However
this process is limited duc to the solubility of the alkali mctal salts of p-
styrenesulfonate, which is limited to less than 40 parts in relation to 100 parts of
medium. In another word, it is preferred to be limited in 2-20 parts of an inorganic
ammonium salt in a medium of 100 parts. This severely restricted a membrane
formulator’s ability to design a cation exchange membrane to have water contents of
Icss than 70%. This translated to an cxtremely low cfficiecncy CEM, if onc is to make it
from one-step radical polymerization using a mixture of salts of p-styrenesulfonate,

crosslinker(s) and solvent(s).

US Patent 5,203,982 claimed a cation exchange membrane prepared by polymerizing a
homogeneous solution of a mixture of polymerizable monomers, said mixture comprising
one or more water soluble, monomeric, styrene sulfonate ammonium salts and divinyl
benzene, said mixture in one or more mutual solvents for said one or more styrene
sulfonate ammonium salts and divinyl benzene, said one or more mutual solvents
comprising from about 20 to about 60 percent by volume of said solution and
characterized by substantially swelling the polymerized mixture of said polymerizable
monomers, said one or more mutual solvents selected from the group consisting of
solvents having boiling points in the commercially pure state of not less than about 100°
C.

In the example 3 of US patent 6,344,584, it disclosed a high capacity CEM prepared
using a lithium styrene sulfonate (LiSS) and NMP of up to 45% solubility of LiSS, also in
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the fornmlation is 2 2%% Divinylbenzene (DVB, 80% divinyl content, Dow Chemicals) of

overall weight of mixture,

All ofthe above examples demonstrate 2 common scheme of the salt of styrene sulfonated
being used so Tar has limited salubility in solvents and therefore it is hard to obtatn an ulira high

capacity, bigh efficiency and low water content CEM based ou all of the above.

To this inventor's surprise, when pynidintum chlonide was used to 1on sxchange the sodium on
of styrene sulfonate to produce a pynidinipm styvene sulfonate and sodiom chioride salt, n
NMP or NMP/DVE mixture, and subsequently filtered out the by-product sodinm chloride,
much better NMP solobility of the product pyridintum styrene sulfonate was obtained.
Therefore, I 18 now possible to product high capacity and high efficiency CEM based on
styrene subfonate-side-chain which is'also stable in all range of pH, and suitable for uaing # as a

huilding block of a bipolar ED stack or 2 Whey ED stack.

Improvements in membrane properties are also desived. The nventor bas found simple direct
methods to increase the purily and solubility of styrene selfonate monomers in organic solvenis
and to reduce the water content of the resullant solution, With such solutions impwoved cation

exchange membranes have been made and shown fo prodoce mproved membranes.

Any discussion of the prior art throughoewt the specification should 1n ne way be considered as
an admission that such prior art is widely known or forms part of common general knowledge

i the fisld

{t 15 an object of the present nvention to overcome or ameliorate at keast one of the

disadvantages of the prior art, or to provide a useful alternative

Brief Description of Figure

Figure 1 shows the construction of the membrane test cell and the reference electrode.
Summary

According fo a first agpect, the invention provides a process Ror produeing & cation exchange

membrane oomprising:
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a} forming a fivst suspension of a metal salt of styrene sulfonate in an organic
solvent,

B) addmg a pyridmiom sait to sakd fivst suspension to form a mixture suspension,

o3 causing the nuXture suspension to react to fHirm a monomer solution of styrene

sultoric gewd or the pyridine salt of styrene sulfpnic acid or mixtures of both in said srganic
selvent, under conditions that generate a metal salt by-product precipitate,

) optionally removing volatile pyridine by-products and other velatile species such
as water from the sehution onder conditivns that volatthize less than about 5% of said organic
selvent by weight,

&} and colecting the reactant solution, optionally after separation from the by-
product precipitate,

choosing a suitable porous substrate,

saturating the porous regions of the substrate with a solution comprising a
styrens subfonic acid or the pyridine salt of styrene salfonic acid or mixtures of both,
sach made by the process comprising the steps a) through ¢); and optionally at least one

secondary monoreer, a crosslinking monower, and a polymerization initiaing, or, with a

solution of, cue or wore monomers of styrene sulfonic acid or the pyridine salt of

styrene sulfonic acid or mixtores of both in an organic solvent made by steps a) through

g}, a neutral monomer, a crosshinking monomer, and a polymerization initiator,

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

mitiating polymwerization by the application of heat, ultraviolet light, or fonizing
radiation, optionally in the absence of substantially all oxygen, 1o form a crosslinked ion

transferring polvmer substantially completely filing the pores of the substrate.
&b ) ; - \1_3 X

According to a second aspect, the mvention provides a cation exchange menbrane comprising

pyridiniam styrene solfonate.

Unless the context clearty reguives otherwise, throvghout the description and the clains, the

RETEAN

words “comprise”, “comprising”, and the like are to be construed in an inclusive sense as

f4
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oppased 1o ap exclusive or exhaustive sense; that is to say, i the sense of “including, but not

Hmited o™,

Described herein 18 8 method of rmaking a monomer solotion of styrene sulfonic acid or the

pyridine salt of styrene sulfonic acid or mixtures of both i an organic solvent, said solution

being suitable for producing cation exchangs membwanes, comprising the steps off

2}

b}

€}

forming a first suspension of a metal salt of styrene sulfonate in said organic
sobvent,

adding a pyridiniom salt, preforably a chloride salt to said fivst suspension to rm a
mixture suspension,

canging the mixture suspension to react to Hrm a monomer solution of styrene
sulfonic acid or the pyriding salt of styrene sulfonic acid or mixtures of both in said

organic solvent, under conditions that
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generate a metal salt byproduct precipitate, said solution being
suitable for producing cation exchange membranes,

d) optionally removing volatile pyridine byproducts and other volatile
species such as water from the solution under conditions that
volatilize less than about 5% of said organic solvent by weight,

e) and collecting the reactant solution, preferably after separation from
the byproduct precipitate.

Embodiments of the invention contain up to about 50% styrene sulfonate ion
by weight in the produced monomer solution after metal salt byproduct

precipitation

Embodiments of the invention contain up to about 70% styrene sulfonate ion
by weight in the produced monomer solution after metal salt byproduct

precipitation

The inventive solutions are used in a novel process for making cation exchange

membranes for electrodialysis.

The membranes are produced by a process comprising choosing a suitable
porous substrate, saturating the porous regions of the substrate with a
solution saturating the porous regions of the substrate with a solution
comprising a styrene sulfonic acid or the pyridine salt of styrene sulfonic acid

or mixtures of both, each made by the process comprising of the steps;

a) forming a first suspension of a metal salt of styrene sulfonate in said
organic solvent,

b) adding a pyridinium salt, preferably a chloride salt to said first
suspension to form a mixture suspension,

c) causing the mixture suspension to react to form a monomer solution of
styrene sulfonic acid or the pyridine salt of styrene sulfonic acid or
mixtures of both in said organic solvent, under conditions that
generate a metal salt byproduct precipitate, said solution being
suitable for producing cation exchange membranes,

d) optionally removing volatile pyridine byproducts and other volatile
species such as water from the solution under conditions that
volatilize less than about 5% of said organic solvent by weight,

e) and collecting the reactant solution, preferably after separation from
the byproduct precipitate.

and optionally at least one secondary monomer, optionally a crosslinking

monomer, and a polymerization initiator.

In an embodiment the porous substrate is saturated with one or more
monomers of styrene sulfonic acid or the pyridine salt of styrene sulfonic acid
or mixtures of both in an organic solvent made by steps a. through e. , a

neutral monomer, a multifunctional crosslinking monomer, and a

7
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polymerization initiator, followed by the steps of 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.

The microporous support preferably comprises microporous membranes of
polypropylene, 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.

Detailed Description

Styrene sulfonic acid or its metal salts are used to manufacture cation
exchange membranes. International Application # PCT/US 10/46777
incorporated in its entirety by reference describes a method of making ion
exchange membranes produced by polymerizing one or more monofunctional
ionogenic monomers with at least one multifunctional monomer in the pores
of a porous substrate. Practitioners desiring to apply the teachings of the
10/46777 application with styrene sulfonates, or to make other ion exchange
products will want as pure materials as possible and will want the ability to
use high solution concentrations of the monomer. These attributes will aid in

making materials with a high concentration of ion exchange sulfonate groups.

It is well known to practitioners that NaSS, sodium styrene sulfonate, has a
solubility in N-methyl pyrrolidone (NMP) and other aprotic solvents limited to
about 5.6% (w/w). This limits the ability of membrane development scientists
to make a low resistance leakfree cation exchange membrane. The inventor
has discovered that by using the inventive process described herein, solutions
of up to about 45% (w/w) solubility in NMP can be produced which translate

into the ability to make superior cation exchange membranes.

The inventor has discovered that high purity styrene sulfonic acid (SSA) and
pyridinium styrene sulfonate (PSS) may be obtained by the methods herein.
In the methods described, a metal salt of styrene sulfonate is reacted with

pyridinium chloride (Pyridine hydrochloride CAS# 628-13-7). Sodium styrene
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sulfonate (4-styrene sulfonic acid sodium salt; CAS # 2695-37-6) is a preferred

monomer.

In one case, sodium styrene sulfonate (Spinomer NaSS — Tosoh Corporation
Tokyo Japan) is dissolved in N-methylpyrrolidone (NMP) and pyridine chloride
added and dissclved. The solution is heated at over 80°C for several hours,
and water and pyridine evaporate to give a clear golden colored solution after
filtration of sodium chloride precipitated by-product. Upon standing in a
refrigerator for a length of time, throws off needle-like crystals which are
identified as styrene sulfonic acid by nuclear magnetic resonance (NMR)

analysis.

If the above reaction is done at a temperature below 80°C under reflux, a clear
greenish yellow solution results after NaCl precipitation and filtration and the
crystals formed after a refrigerated standing are found to be pyridinium

styrene sulfonate.

By adapting the conditions of the reaction, mixtures of SSA and PSS may be

formed. Minor amounts of NaSS may remain as well.

The preferred styrene sulfonate metal salt is sodium. Potassium calcium and

magnesium salts may be used.

In the methods described, a preferred class of solvents is dipolar aprotic
solvents. Without being limited, some examples of suitable solvents include
dimethylacetamide, dimethylformamide, dimethylsulfoxide,
hexamethylphosphoramide or —triamide. A most preferred solvent is N-methyl

pyrrolidone.

The pyridine counter ion may be a halide i.e. bromide fluoride, or iodide. The
preferred counterion is chloride. Substituted pyridines may be used such as
without being limited to the following examples, 2-methyl pyridine 2- or 3-

propyl pyridine or 2-butyl- or 4 tertiary butyl pyridine.

At least one secondary monomer is 2-sulfoethylmethacrylate (2-SEM or 2-
acrylamide-2-methyl propane sulfonic acid (AMPS) or acrylic acid.
Optionally, at least one secondary monomer is selected from the group
consisting of styrene, vinyl toluene, 4-methylstyrene, t-butyl styrene,
alpha-methylstyrene; methacrylic anhydride, methacrylic acid, n-vinyl-2-
pyrolidone, vinyltrimethoxysilane, vinyltriethoxysilane, vinyl-tris-(2-

methoxyethoxy)silane, vinylidene chloride, vinylidene fluoride,

9
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vinylmethyldimethoxysilane, 2,2,2,-trifluoroethyl methacrylate, maleic
anhydride, glycidyl methacrylate, hydroxyethylmethacrylate,
methylmethacrylate, epoxycyclohexyl-POSS® cage mixture (EP04080,
glycidyl-POSS® cage mixture(EP0409), methacryl POSS® Cage Mixture
(MAQ735), Acrylo POSS® Cage Mixture (MAQO736), tris sulfonic acid ethyl
POSS® (SA1532), Trisulfonic Acid Isobutyl POSS® (SA1533).

There at least one crosslinker is divinylbenzene or ethylene glycol
dimethacrylate.

Optionally, at least one crosslinker is propylene glycol dimethacrylate,
isobutylene glycol dimethacrylate, Octa-vinyl POSS® (OL1160),
Octavinyldimethylsilyi POSS® (OL1163), Vinyl POSS® Mixture (OL1170),
OctaVinyl POSS® (OL1160), Trisilabolethyl POSS ® (SO1444),
Trisilanolisobutyl POSS® (01450), Trisilanolisooctyl POSS® (S0O1455),
Octasilane POSS® (SH1310), or Octahydro POSS® (SH1311) [Hybrid Plastics
Hattiesberg MS].

The polymerization initiator is preferably selected from the group consisting of
organic peroxides, 2,2'-azobis|2,(2-imidazolin-2-yl)-propane] dihydrochloride,
a,a'-azoisobutyronitrile, 2,2'-azobis(2-methylpropioaminidine)
dihydrochloride, 2,2'-azobis[2,(2-imidazolin-2-yl)-propane], or dimethyl 2,2'-
azobis(2-methylpropionate).

The inventor was surprised by the fact that crosslinker such as
divinylbenzene may also be added to the monomer solution during the
controlled styrene sulfonic ion solution synthesis without causing gel
formation of the monomer solution. By being able to add the crosslinker at

this stage the process of making a membrane is simplified.

An important finding is that the by-products of the reaction must be
removable and that the styrene sulfonate remain in solution at operational
temperatures usually ambient, approximately 20°C - 30°C. Higher
temperatures may be used to increase solubility. The preferred combination
of sodium styrene sulfonate and pyridinium chloride produces an insoluble
sodium chloride precipitate and the soluble sulfonate pyridinium salt.
Without being limited by the following, the inventor believes that that
pyridinium salt provides enhanced solubility which translates into better
polymerization reactivity which translates into better polymerization reactivity,

therefore tighter (pinhole free) membrane film formation.

10
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The reaction allows for a variety of outcomes. For example, if the molar ratio
of sodium styrene sulfonate to pyridinium chloride is less than one, a mixture
of sodium and pyridinium counterions will result. By using a molar excess of
pyridinium chloride complete reaction is assured and the excess pyridinium

chloride may be removed by volatilization of pyridine.

A person skilled in the art of membrane development and manufacturing will
realize that this convenient laboratory method can be adapted to other
laboratory scaled methods and may be scaled up to continuous

manufacturing.

For example, the substrate pore filling or saturation may be done at a slightly
elevated temperature (>40°C) to reduce air solubility, or this step could be
done after a mild vacuum treatment of the substrate sample submerged in the
formulation solution. 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 presoaked 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.

Low resistance reduces the electrical energy required to desalinate and lowers
operating cost. Specific membrane resistance is measured in Ohm-centimeters
(Q cm). A more convenient engineering measure is Ohm-cm?2(2 cm2). Area
resistance may be measured by using a cell having two electrodes of known
area, platinum or black graphite are typically used, with the membrane
sample of known area between them in an electrolyte solution. The electrodes
do not touch the membrane. Membrane area resistance is estimated by
subtracting the electrolyte resistance without the membrane from the test
result with the membrane in place. The resistance may also be measured by
determining a voltage vs. current curve in a cell having two well stirred
chambers separated by the membrane. A calomel electrode measures the

potential drop across the membrane. The slope of the potential drop vs.
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current curves, which may be obtained by varying voltage and measuring
current. Electrochemical 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.

Apparent 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. Apparent 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.

To meet these initial goals the inventors developed a type of composite ion
exchange membrane in which a cross-linked polymer having charged ionic
groups attached is contained in the pores of a microporous membrane
substrate. The porous membrane substrate is preferably less than about
approximately 155 microns thick, more preferably less than about

approximately 55 microns thick.

Substrate membranes having porosity greater than about 45% are preferred,
with those having porosities greater than about 60% more preferred. In the
most preferred embodiments, the substrate membranes have porosities
greater than about 70 %. Preferred substrate membranes have a rated pore
size of from about approximately 0.05 microns to about approximately 10
microns, with a more preferred range of from about approximately 0.1 microns
to about approximately 1.0 microns. Most preferred porous substrates have a
rated pore size of from about approximately 0.1 microns to about

approximately 0.2 microns.

Microporous membrane supports may be manufactured from polyolefins,
blends of polyolefins, polyvinylidene fluoride, or other polymers. A class of
preferred substrates comprises thin polyolefin membranes manufactured
primarily for use as battery separators. A more preferred substrate class are
thin battery separators manufactured from ultrahigh molecular weight
polyethylene (UHMWPE).

12
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To produce the desired ion exchange membranes, the inventors developed a
method of placing the crosslinked charged polymer in the pores of the
substrate by polymerizing the crosslinked 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, preferably with a polymerization initiator such as a free radical
initiator. Monofunctional monomers are monomers which have a single site for
carrying forward the polymerization reaction. Multifunctional monomers have
more than one polymerization reaction site and so can form networked or

crosslinked polymers.

The following laboratory method was used to investigate formulation and
process effects by producing small coupons for resistivity and permselectivity
testing. Porous membrane substrate 43mm diameter coupons were die cut.
Somewhat larger discs (50mm or 100mm diameter) of transparent polyester
sheets were also die cut. A 105mm aluminum weighing boat was typically
used to hold a set of coupons. The coupons were sandwiched between two
polyester film discs. First, substrate coupons were thoroughly wetted with a
monomer solution to make up a test sample. This was done by adding the
formulated solution to the aluminum boat, and immersing a polyester film
disc with a substrate coupon layered on it into the solution so that the porous
support is saturated. The saturated support was then removed from the
monomer solution and placed on a piece of polyester film. Air bubbles were
removed from the coupon by, for example, smoothing or squeezing the coupon
with a convenient tool, such as a small glass rod, or by hand. A second
polyester disc was then layered on top of the first coupon and smoothed to
have complete surface contact between the coupon and the lower and upper
polyester film layers. A second porous substrate was then layered on the
upper polyester film and the saturation, smoothing and addition of an over
layer of polyester film repeated to give a multilayer sandwich of two coupons
and three protective polyester film layers. A typical experimental run would

have a multilayered sandwich of 10 or more saturated substrate coupon
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layers. The rim of the aluminum boat can be crimped down to hold the

disc/coupon assembly if required.

The boat and assembly were then placed in a sealable bag, typically a zip-lock
polyethylene bag and a low positive pressure of inert gas, usually nitrogen,
added before sealing the bag. The bag containing the boat and coupon
assembly is placed into an oven at 80°C for up to about 60 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-50°C for at least 30

minutes, with NaCl soak of up to 18 hours being found satisfactory.

Experimental examples

The following examples are meant to illustrate the extent of effort expended in
developing the subject membranes. The finding resulted in showing that ion
exchange membranes having the desired properties could be 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.
In the following examples, a general initial procedure was used;

Weighed amounts of NaSS was added to the solvent to form a suspension or
slurry and then pyridinium chloride was added, as well as other ingredients (
other charged and/or neutral monomers, crosslinking monomers, initiator(s)
and transfer agents as planned by the inventor) and the mixture heated and

or otherwise reacted to form a clear colored solution.
EXAMPLE 1
Production of Pyridinium Styrene Sulfonate and CEM

In an 8 oz jar with 61.1 g of NaB853, 29.92 g of pyridinium chloride,
44.38 g of NMP, 47.25 g of DVB-80, and 0.42 g of MEHQ. This mixture
was heated to 76°C for 100 minutes with reflux then allowed to slowly
cool with stirring for 18 hours and then filtered at 15°C using a vacuum
pump aspirator. Yield: 133.45 g of clear greenish yellow solution. The

filtered NacCl was dried in 90 ° C oven for 70 hours; weight: 41.68 g.

To 50.43 g of the solution obiained above was added 0.35 gm of Vazo-64
(DuPont). Coupons of Teklon HPIP, APorous H6A, Celgard EZ2090,

Celgard EZ2590, Solupor 10P0SA and Solupor 16PI0A were cach
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soaked for 45 minutes, then they were sandwiched between Mylar disks,
and sny air bubbles in the sandwich were removed by pressing. The
sandwich was placed inside an aluminum weighing dish, the dish put
into a Ziploc® or similar sealable plastic bag, and pressurized with
iritrogen gas. the Ziploc® bag was placed it in an 90°C oven for 45

mintites,.

Example 1 starts with 0.296 moles of NaS8 and 0.259 moles of pyridinium
chicoride. The ending solution totals 133.5 grams which contains at least
.259 moles of the pyridinium salt of styrene sulfonate., That pyridinium salt
has a molecular weight of 263 so there are 0.259 X 263= 68.3 grams of the
salt in 133.5 grams of solution or 51% based on solution weight. Based on

styrene sulfonate ion, MW = 183.2 there is 40.6% sulfonate ion.

Each membrane coupon thus made was placed in 0.5 N Na(Cl {aqg) for
conditioning. A Solartron electrochem tester was set up as described
earlier and used to obtain resistivity and apparent

permselectivity.

Table 1 shown the results of area resistance in Ohm cmz of CEM thus

made and their apparent permseclectivity%:

TABLE 1
Description Biahm cme Apparent Permselectivity
Celgard EZ2090 12.291 99.86
Celgard EZ2590 5.640 99.35
Teklon HPIP 1pf 35.231 101.52
Aporous HBA Ipf 3.173 100.36
Solupor 10POSA 2.420 100.02
Solupor 16P10A 1p 1.506 94.35

EXAMPLE 2
CEM made from a mixture of PySS, 2-5EM DVB, AA and NMP:

In a 40 ml vial charged with 7.38 g of acrylic acid, was dissolved 7.6 ¢
of NMP, added 7.4 g of DVB-80, and 0.15 g of Vazo-64{DuPont) to

&

obtain a crystal clear pale yellow solution.

To 20.09 g of the Vazo-64 doped solution from Example 1 was added 2.6
g of the solution from above and 3.10 g of 2-8EM (2-
sulfoethylmethacrylate), Evan Chemetics). Stirred to a homogeneous
mixture af room femperature. Coupons of Teklon HPIP, APorous HOA,
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Celgard EZ2090, Celgard EZ2890, Solupor 1GPOEA and Solupor 16P10A
then they were sandwiched between Mylar disks, and any air bubbles in
the sandwich were removed by pressing. The sandwich was placed
inside an aluminum weighing dish, the dish put into a Ziploc® bag, and
pressurized with nitrogen gas. The Ziploc® bag was placed it in an 90°C

oven for 45 minutes.

Each membrane coupon thus made was placed in 0.5 N NaCl {aqg) for
conditioning. A Solartron electrochem tester was set up as described and
used to obtain resistivity and apparent permselectivity.

Using a Sclartron elecirochem tester and a set up as described earlier,

Table 2 shows the results of area resistance in Ohm on™ of CEM thus

made and their apparent permselectivity.

TABLE 2
Substrate Rinhm il Apparent Permselectivity
Celgard EZ2090 686 97.69 EXA
Celgard EZ2590 8156 99.85 B
Tekion HPIP 1.870 101.84 MPL
Aporous FIBA 088 101.51 E 3
Solupor 10P0OBA 1.562 102.84 Synt
Solupor 16P10A 2.118 102.3

hesis

of Pyridinium Styrene Sulfcnate {(PySE)

To 530.22 g of NaS§S in an 8 oz jar, 26.40 g of pyridinium chloride and
26.30 g of NMP were added. The solution was heated at 40-75°C for 6
hours with sturing and refluxing and then allowed to slowly cool with
stirring for 18 hours, Precipitated NaCL was filtered out at room
temperature using a vacuum pump aspirator. Yield: 61 g of clear greenish
vellow solution. The filtered cake after drying in an 80 ° C oven for 6 days
weighed 31.10 g.

The clear greenish yellow solution was held in a refrigerator

overnight, forming some flake-like crystals. The crystals were

{filtered it using a vacuum pump aspirator; yvield 58.5 g of remaining

solution and 2.6 grams of precipitated crystals.
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In this example, there are initially 0.244 moles NaS8. If this is
considered as sulfonate ion MW = 183.2 then there are 73% sulfonate in

the 61.1 grams of the final clear solution.

EXAMPLE 4

20.03 gof the PyS8E8 in NMP solution from example 3 was poured into a
4 oz jar, and to this was added 3.57 g BVB-80, 3.8 g vinvlbenzyl chicride
(VBC), 1.91 g NMP and (.17 g Vazo 64. Coupons of Teklon HPIP, and
16PI0A were soaked in the mixture for 30 minutes, then they were
sandwiched between polyester (Mylar) sheet disks, and any air bubbles
between the Mylar disks were removed by pressing and the sandwich
placed inside an aluminum weighting dish., The dish was put into a
Ziploc® bag, pressurized with nitrogen gas and placed in a 90°C oven for 1
hour.

The saroples were removed from the bag and washed with ethanol,
isopropancl, ethanol, respectively for 30 minutes and then placed in
0.5 N Na(l at 80°C for conditioning for 30 minutes, repeated with

fresh 0.5 N NaCl solution at 80°C conditioning for another 30 minutes

and repeated at room temperature with a fresh NaCl solution.

Table 3 shown the results of area resistance in Ohm cm2 of CEM thus

made and their apparent permselectivity%o:

TABLE 3

Area Resistance

Teklon HPIP, Ipf 13.365 95.49

Scolupor 16P10A, 12.465 96.22

EXAMPLE §

A 4 oz jar containing 24.34 g of NaSS5, 11.82 g of pyridinium
chloride, and 15.05 g of NMP was heated at 60 °C for 20 minutes with
stirring and then allow to cooled to 45 °C for 80 wminutes. The solution
was heated to 105 °C in 15 minutes, and then cooled to 95 °C without
refluxing. The teraperature was held at approximately 85 °C for the next

75 minutes, and cooled to 32 °C followed by vacuum filtration to
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obtained 30 mi of clear yellow solution. The filtered cake, i.e. NaCl by-
product afier drying in an 30 °C oven for 60 hours, yielded 16.82 ¢ To
13.32 grams of the clear yellow solution above, was added 3.82 g DVEB,
and 0.1 g Vazo-64. Vacuum f{iltered the solution once more to obtain
19.01 g of yellow clear mix., Coupons of Teklon HFIP, APorous HOA,
Celgard EZ2090, Celgard EZ2590, were socaked in the mixture for
30 minutes, then they were sandwiched between polyester
sheets and any air bubbles between the polyvester sheeis
removed by pressure. The sandwiches were placed in an aluminum
weighting dish, which were placed ina Ziploc bag, pressurized with
nitrogen gas and placed in an 80°C oven for 60 minutes. The membrane

coupon thus made was placed in 0.5 N Na(Cl {ag} for conditioning.

Table 4 shows the results of area resistance in Ohm cm? of CEM thus
made and their apparent % permselectivity {alsc shown are commercially

available cation exchange membrane CMX from Astom-Japan, 1235 mm)

TABLE 4
Area Resistance
Porous Substrate )
{Ohm cm"z) Apparent Permselectivity %

Astom CMX 3.027 104.59
Solupor 10PO5SA 1.340 100.67
ipf

Solupor 16PI10A 1.453 99.51
ipf

Tekion HPIP 1pf 2.605 101.41
Celgard EZ2590 0.701 97.37
ipf

Celgard EZ2090 3.657 99.59
Ipf
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Example 6

2 g of the ultimate solution made in example 5 was added to the
solution from Example 1 and 0.273 g Vazo-64 added tc obtained a
total of 42,127 g of mix. To 13.0 g of this mix was added 2.33 gm of
a mixture made from 7.38 gm of acrylic acid (AA} in 7.0 g of NMP and

7.4 gof DVEB (80% divinyl} and 0.15 gm ofVazo-64.

Coupons of Teklon HPIP, APorous H6A, Celgard EZ2090, Celgard
EZ2390, Solupor 10PG5A and Solupor 16PIOA were each soaked for 25
minutes, then they were sandwiched between Mylar disks, and any air
bubbles in the sandwich were removed by pressing. The sandwich was
placed inside an aluminum weighing dish, the dish put into a Ziploc
bag, and pressurized with nitrogen gas. The Ziploc® bag was placed it

inn an 80 C oven for 60 minutes.

The membrane coupon thus made was placed in 0.5 N Na(l {aq) for
conditioning.

able 5 shows the resulis of area resistance in Chm cm”™ of

CEM thus made and their apparent % permselectivity: (also
shown are commercially available ion exchange membrane CMX

from Astom-Japan, 125 mm)

TABLE 5
Area Resistance
CMX 2.821 104.77
Aporous HBA 1pf 2.442 98 44
Solupor 10P05A 1pf 2.386 99.84
Celgard EZ2390 1pf 0.777 94,73
Teklon HPIP 1pf 3.288 100.75
Celgard E220380 1pf 1.760 95,20
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EXAMPLE 7

A & oz jar containing 80.10 g of NaS8, 24.01 g of pyridinium
chloride, 44.65 g of NMP and 25.50 g of DVB(80Y% divinyl] was
heated from 50 °C to 70 °C for 6 hours with reflux and then cooled
io 28 "C, Precipitated NaCL was [iltered out at 18°C using a
vacuum pump aspirator. Yield: 108.50 g of clear greenish yellow

solution obtained. The fillered Na Cl cake aflter dryving in an 80°

aQ

C oven for 70 hours, weighed 24.43 g,

98.735 g of the sclution obtained above was double filtered and to it was
added 1.09 gm of Vazo-64.The solution was used to soak coupons of
Telklon HPIP, APorous HOA, Celgard EZ2090, Celgard EX2590, Sclupor
10P0O5A and Solupor 16PIOA 45 minutes. The coupons were then
sandwiched between Mylar disks, air bubbles in between the Mylar
sheets removed by pressure, and the sandwich placed inside an
aluminum weighting dish, the dish placed in a Ziploc bag, which was
pressurized with nitrogen. The bags were placed it in an 80°C oven for 1
hour. The membrane coupons thus made were placed in 0.5 N NaCl {ag)

for conditioning.

9
Table 6 shows the results of area resistance in Ohm cm™ of CEM
thus made and their apparent permselectivity. {also shown are
commmercially available ion exchange membrane CMX from Astom-

Japan, 125 mm)

TABLE 6
Area Resistance
CMX 2.368 106.50
Celgard EZ2090 1.568 96.69
Celgard EZ22590 $.568 90.38
Teldon HPIP 3.343 97.52
APorous HHBA 1.47S G4.20
Sclupor 16P0OSA 1.384 93.20
Solupor 16P10A 1.793 93.20
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Structure of precipitated crystals

In a 40 mi vial 12.1 g of NaS8 was combined with 5.85 g of
pyridinium chloride and10.90 g of NMP. The mixture was heated to 80-
90°C with open vial for 100 minutes then allowed to slowly cool with
stirring for 2 hours, It was {iltered at room temperaltures using a
vacuum pump aspirator. Yield: 14.62 g of clear teak colored solution.
The NaCl precipitate filtered cake after drying in 90 ° C oven for 70
hours had a weight of 5.63 g. After the sclulion was stored ina
refrigerator for 35 days needle -like crystals mixed with small amount of
flake crystals were observed. The crystals were filtered from the
solution and washed them with cvclohexane and dried. We obtained
0.17 gm out of 7.5 gm mother liguor. The needle like crystals was sent

for NMR analysis.

Crystals were dissolved in DMBO-d6 and it spun in a 400MHz proton
NMR instrument at Spectrad Data Service, Inc. at Champaign, Illinois.
A single peak representative of the proton from sulfonic acid at was

secen 4.074 ppm.

To another 40 ml vial, 12.1 g of NaSS, 5.83 g of pyridinium chloride, 10.02 g
of NMP were added and heated to 50-70°C with the vial lid closed for 3 hours.
The clear solution on top turned clear and greenish. It was allowed to slowly
cool-off with stirring for 2 hours and then filtered at room temperatures using
a vacuum pump aspirator. Yield: 12 g of clear greenish solution. After being
stored in a refrigerator for 22 days, transparent flake-like crystals were
observed mixed with small amount of needle-like crystals. The crystals from
the solution were filtered and washed with cyclohexane and dried, obtaining
0.14 g. The flake-like crystals was sent for NMR analysis.The crystals were
dissolved in DMSO-d6 and spun in a 400MHz proton NMR instrument at
Spectral Data Service, Inc. at Champaign, lllinois. Data shown absence of
single peak of the proton from sulfonic acid at 4.074 ppm, a clear sign of

pyridinium styrene sulfonate crystals were formed.
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EXAMPLE 8§
Production of Pyridinium Styrene Sulfonate and CEM

In an 8 oz jar with 61.1 g of NaS5, 29.92 g of pyridinium chioride,

44 .38 g of NMP, 47.25 g of DVB-80, and 0.42 g of MEHQ. This mixture
was heated to 76°C for 100 minutes with reflux then allowed to slowly
cool with stirring for 18 hours and then filtered at 15°C using a vacuum
pump aspirator. Yield: 133.45 g of clear greenish yellow solution. The

filtered NaCl was dried in an 90" C oven for 70 hours; weight: 41.68 g,

To 80.43 g of the solution obtained above was added .35 gm of Vazo-64
(DuPont). Coupons of Teklon HPIP, APorous H6A, Celgard EZ2090,
Celgard EZ2590, Sclupor 10P0O5SA and Solupor 16PICA. were each
scaked for 45 minutes, then they were sandwiched between Mylar disks,
and any air bubbles in the sandwich were removed by pressing. The
sandwich was placed inside an aluminum weighing dish, the dish put
into a Ziploc bag, and pressurized with nitrogen gas. the Ziplok bag

was placed it in an 90°C oven for 45 minutes.

Example 1 starts with .296 moles of Na3S and .259 moles of pyridinium
chloride. The ending solution totals 133.5 grams which contains at least
.259 moles of the pyridinium salt of styrene sulfonate. That pyridinium salt
has a molecular weight of 263 so there are .259 X 263= 68.3 grams of the
salt in 133.5 grams of solution or 51% based on solution weight. Based on

styrene suilfonate ion, MW = 183.2 there is 40.6% sulfonate ion.

Fach membrane coupon thus made was placed in 0.5 N NaCl {aq) for
conditioning. A Solartron clectrochem tester was set up as described
carlier and used to obtain resistivity and apparent

permseclectivity.

The porous substrates used in these examples are given in

the Table 7 below;
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Porous
Substrates
Trade Manufacturer Material Rated | Thickness | Porosity
name pore microns %
Size
APorous APorous HDPE 0.1 52 68
HE6A Billerica MA
APorous HDPE 0.1 84 77
S14
Ahlstrom | Wall Township, | polyester 200
(Hollytex) | New Jersey
3329
Teklon Entek UHMWPE 32 48
HPIP32 Lebanon, OR
Delpore Delstar meltblown
6002 Middleton DE
Delstar Delstar
6SLG Middleton DE
Novatexx  |Freudenberg polyester
2413 Hopkinsville, KY
Celgard CELGARD PP
EZ2090 Charlotte NC
Celgard [CELGARD pp 32 45
EZ2590  |Charlotte NC
Solupor Lydall Filtration [UHMWPE 0.5 115 83%
16P5A Rochester NH
Solupor  [Lydall Filtration [UHMWPE 0.9 120 85%
16P10A  |Rochester NH

Table 8 shown the results of area resistance in Chm cm2 of CEM thus

made and their apparent permselectivity%:
TABLE 8
Description Biohm cmé Apparent Permsclectivity

Celgard EZ2090 12.291 99.86
Celgard EZ2590 5.640 99.35
Teklon HPIP Ipf 35.231 101.52
Aporous H6A Ipf 3.173 100.36
Solupor 10P0O2A 2.420 100.02
Scolupor 16P10A 1p 1.506 94.35
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EXAMPLE 9
CEM made from a mixture of PySS, 2-8EM DVB, AA and NMP:

In a 40 ml vial charged with 7.38 g of acrylic acid, was dissolved 7.6 ¢
of NMP, added 7.4 g of DVE-80, and 0.15 g of Vazo-64{DuPont) to

obitain a crystal clear pale vellow solution.

To 20.09 g of the Vazo-64 doped solution from Example 1| was added 2.6
g of the solution from above and 3.10 g of 2-8EM (2-
sulfoethylmethacrylate), Evan Chemetics). Stirred to a homogeneous
mixture at room temperatures. Coupons of Teklon HPIP, APorous HOA,
Celgard EZ2090, Celgard EZ2390, Schupor 10P0SA and Solupor 16P104A
then they were sandwiched between Mylar disks, and any air bubbles in
the sandwich were removed by pressing. The sandwich was placed
inside an aluminum weighing dish, the dish put into a Ziploc bag, and
pressurized with nitrogen gas. The Ziplok bag was placed it in an 90°C

oven for 45 minutes.

Each membrane coupon thus made was placed in 0.5 N Na(Cl (aqg) for
conditioning. A Solartron electrochem tester was set up as described and
used to obtain resistivity and apparent permselectivity.
Using a Solartren clectrochem tester and a set up as described earlier,

3 .
Table 9 shows the results of area resistance in Ohm cm™ of CEM thus

made and their apparent permselectivity,

TABLE 9
Description Rinhm ol Apparent Permselectivity

Celgard EZ2030 686 97.69

Celgard EZ2590 816 899.85

Teklon HPIP 1.870 101.84

Aporocus HGA 088 101.51

Solupor 10P0BA 1.562 102.84

Solupor 16P10A 2.118 102.3
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EXAMPLE 10
Synthesis of Pyridinium Styrene Sullonate {(PySS)

To 50.22 g of NaS8 in an 8 oz jar, 26.40 ¢ of pyridinium chloride and
26.30 g of NMP were added. The sclution was heated at 40-75°C for 6
hours with stitring and refluxing and then aillowed to slowly cool with
stirring for 18 hours. Precipitated NaCL was filtered out at room
temperature using a vacuum pumyp aspirator. Yield: 61 g of clear greenish
yellow solution. The filtered cake after drying in an 80 °C oven for 6 days

weighed 31.10 g.

The clear greenish yellow solution was held in a refrigerator
overndght, forming soeme flake-like crystals, The crystals were

3
o=l

filtered it using a vacuum pump aspirator; vield 38.5 g of remainin
solution and 2.6 grams of precipitated crystals.

In this example, there are initially 0.244 moles Na88 . Hthis is
considered as sulfonate ion MW = 183.2 then there are 73% sulfonate in

the 61.1 graras of the final clear scolution.

EXAMPLE 11

20.03 gofthe PySS in NMP sclution from example 3 was poured inte a
4 oz jar, and to this was added 3.57 g DVB-80, 3.8 g vinylbenzyl chioride
(VBC), 1.91 g NMP and 0.17 g Vazo 64. Coupons of Teklon HPIP, and
16P10A were soaked in the mixture for 30 minutes, then they were
sandwiched by Mylar disk, air bubbles in between the Mylar disks were
removed by pressing and the sandwich placed inside an aluminum
weighting dish. The dish was put inte a Ziploc bag, pressurized with

nitrogen gas and placed in a 90°C oven for 1 hour.

The samples were removed from the bag and washed with ethanol,
isopropanoc], ethanol, respectively for 30 minutes and thwern placed in
0.5 N Na(l at 80°C for conditioning for 30 minutes, repeated with
fresh 0.5 N NaCl solution at 80°C conditioning for another 30 minutes

and repeated at room temperature with a fresh NaCl solution.

. . D e
Table 10 shown the results of area resistance in Chm cm™ of CEM thus

made and their apparent permselectivity¥%:
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TABLE 10

Area Resistance

Teklon HPIP, 1pf 13.365 95.49
Solupor 16P10A, 12.465 96.22

EXAMPLE 12

A 4 oz jar containing 24.34 g of NaB3§, 11.82 g of pyridinium
chioride, and 15.05 g of NMP was heated at 60 °C for 20 minutes with
stirring and then allowed to cool to 48 °C for 90 minutes. The solution
was heated to 105 °C in 15 minutes, and then coocled to 95 °C without
refluxing. Keep temperature al approximately 95 °C for the next 75
minutes, and cooled to 52 °C followed by vacuum filtration to obtained
30 ml of clear yellow solution. The filtered calke, i.e. NaCl by-product
after drying in an 80 °C oven for 60 hours yielded 16.82 g Took 13.32

g of the clear yeHow sclution above, added it 3.82 ¢ DVBand 0.1 g

Vazo-64, Vacuum filtered the solution once more to obtain 19.01 g of
yellow clear mix. Coupons of Teklon HPIP, APorous HOA, Celgard
EZ2090, Celgard EZ2590, air bubbles between the Mylar sheets
removed by pressure. The sandwiches were placed in an aluminum
weighting dish, which were placed in a Ziploc bag, pressurized with
nitrogen gas and placed inan 80°C oven for 60 minutes. The membrane

coupon thus made was placed 111 0.5 N NaCl {aq} for conditioning.

Table 11 shows the results of area resistance in Ohm cm? of CEM thus
made and their apparent % permselectivity {alsc shown are commercially
available cation exchange membrane CMX from Astom-Japan, 1285

i}
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TABLE 11

PCT/US2011/056516

Porous Substrate

Area Resistance

{Ohm 01112}

Apparent Permselectivity %

Astom CMX 3.027 104.59
Solupor 10POSA 1.340 100.67
ipf

Solupor 16P10A 1.453 99.51

1pf

Teklon HPIP 1pf 2.605 101.41
Celgard EZ2590 0.701 97.37

ipf

Celgard EZ2090 3.657 99.59

ipf

Example 13

2 g of the ultimate solution made in example 5 was added to the

sclution from Example 1 and 0.273 g Vazo-64 added to obtained a

total of 42,127 g of mix. To 13.0 g of this mix was added 2.33 gm of

a mixture made from 7.38 gm of acrylic acid {AA}in 7.6 g of NMP and

7.4 g of DVEB (80% divinyl} and 0.185 gm ofVazo-64.

Coupons of Teklon HPIP, APorous HOA, Celgard EZ2090, Celgard
EZ2590, Sclupor 10OPGSA and Solupor 16PICA. were each scaked for

25 minutes, then they were sandwiched between Mylar disks, and any air

bubbles in the sandwich were removed by pressing. The sandwich was

placed inside an aluminum weighing dish, the dish put into a Ziploc

bag, and pressurized with nitrogen gas. The Ziplok bag was placed it

in an 80 C oven for 60 minutes.

The membrane coupon thus made was placed in 0.5 N NaCl {ag} for

conditioning.
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. . R 2.
Table 12 shows the results of area resistance in Ohm ocm™ of

CEM thus made and their apparent % permselectivity: (also
shown are commercially available ion exchange membrane CMX

from Astom-Japan, 125 mm)

TABLE 12
Area Resistance
CMX 2.821 144.77
Aporous HOA 1pf 2.442 98,44
Solupor 10POSA 1pf 2.386 G9_84
Celgard EZ2590 1pf AT 94.73
Teklonn HPIP 1pf 3.288 100.75
Celgard EZ2090 1pf 1.760 95.22

EXAMPLE 14

A & oz jar containing 50,10 g of NaS8, 24.01 g of pyridinium
chloride, 44.65 g of NMP and 25.50 g of DVB(80Y% divinyl] was
heated from 80 °C to 70 °C for 6 hours with reflux and then cooled
{o 28 °C, Precipitated NaCL was [iltered out at 158°C using a
vacuum pump aspirator. Yield: 108.50 g of clear greenish yellow
solution obtained. The fillered NaCl cake after doyving in an 30°

C oven for 70 hours, weighted 24.43 g.

98.75 g of the solution obtained above was double filtered and to it was
added 1.09 gm of Vazo-64. The solution was used to scak coupons of
Teldon HPIP, APorous H6A, Celgard EZ2090, Celgard EX2590, Sclupor
10P0U5A and Sohupor 16PIOA 45 minutes. The coupons were then
sandwiched between Mylar disks, air bubbles in between the Mylar
sheets removed by pressure, and the sandwich placed inside an
aluminum weighting dish, the dish placed in a Ziploc bag, which was
pressurized with nitrogen. The bags were placed it in an 80°C oven for 1
hour. The membrane coupons thus made were placed in 0.5 N NaCl (ag)

for conditioning.
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. . 2 e
Table 13 shows the results of area resistance in Ohm om® of CEM
thus made and their apparent permselectivity. {also shown are
cornmercially available ion exchange membrane CMX from Astom-

Japan, 125 mm)

TABLE 13
Area Resistance
CMX 2.368 106.50
Celgard EZ2090 1.568 G0.69
Celgard EZ2590 3.568 90.38
Tekion HPIP 3.343 97.52
APorous H6OA 1.479 94.20
Solupor 16P0OSA 1.384 93.20
Solupor 16P10A 1.793 93.20
EXAMPLE 15

16 g of the final NMP solution from example 3 was poured into a 4 oz jar,
and to this was added 4.10 g DVB-80, 0.64 g EP0409( Hybrid Plastics,
Glycidyl-POSS® (CAS # 68611-45-0), and 0.103 g Vazo 64. Coupons of
16P10A substrate were soaked in the mixture for 30 minutes,
then they were sandwiched by Mylar disk, air bubbles in between the
Mylar disks were removed by pressing and the sandwich placed inside an
aluminum weighting dish. The dish was put into a Ziploc® bag,

pressurized with nitrogen gas and placed in a 90°C oven for 1 hour.

The samples were removed from the bag and washed with ethanol,
isopropanol, ethanol, respectively for 30 minutes and then placed in
0.5 N NaCl at 80°C for conditioning for 30 minutes, repeated with
fresh 0.5 N NaCl solution at 80°C conditioning for another 30 minutes

and repeated at room temperature with a fresh NaCl solution.

Table 14 shown the results of area resistance in Q cm? and their

apparent permselectivity% of the CEM thus made:

(also shown is a commercially available ion exchange membrane

CMX coupon from Astom-Japan, 125 mm)
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TABLE 14
Description Area Resistance ( Q cm?2) Apparent Permselectivity %
Astom CMX 3.15 105.8

Solupor 16P10A

substratc 1.40 100.1

From the results of these examples, it can be seen (e.g. Table 2) that the
inventor has shown that using the inventive method thinner cation
membranes can be made equal to thicker existing cation exchange
membranes. The use of thinner membranes will provide for more productivity

per unit volume of membrane module.

Abbreviations used;
AA Acrylic acid
NaSs Sodium styrene sulfonate
PySS Pyridinium Styrene Sulfonate
NMP N-methylpyrrolidone
DVB Divinylbenzene
MEHQ Hydroquinone monomethyl ether
CEM cation exchange membrane
2-SEM 2-sulfocthylmethacrylate
EP0409  Glycidyl-POSS®

POSS® polyhedral oligomeric silsequioxanes
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Experiment Procedures for Membrane Area Resistivity and Apparent

Permselectivity Characterization

The membrane resistance and counter ion transport number (permselectivity) can
be measured using an electrochemical cell. This bench top experiment provides us
with a very effective and quick experiment using a small piece of sample. The

equipment and procedure are described here.
Experiment preparation
(1) Solartron 1280 electrochemical measurement unit

The Solartron 1280 electrochemical measurement unit enables us to apply a
current between the two platinum electrodes on the two sides of the cell and to
measure the voltage drop across membrane. It has 4 connectors: work electrode
(WE), counter electrode (CE), Reference electrodes (RE1 and RE2). The CE and WE

are used to apply current and RE1 and RE2 to measure the voltage drop.
(2) Reference electrodes

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 KCI 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 1 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

31



WO 2012/051610 PCT/US2011/056516

(4) Solutions

All the solutions need to be prepared with quantitative level as indicated by
their significant figures. These includes 0.500N NaCl, 1.0N HC1 and 1.0N NaOH
(caustic, using plastic container or volumetric flask). The 0.5N NaxSOs4 is used

to feed the electrode compartments without evolution of chlorine gas.
3-III. Measurement procedures
(1) Resistance measurement

Resistance here refers to area resistance Q-cm2. The measurement contains 3

steps.

(a) Set up electrode positions: Prior to a measurement, the reference

electrode horizontal positions are set. To set reference electrode position,
a rigid 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
obtain the conductivity of the solution (0.50 N NaCl 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)
The measurement procedures are:

(a) Reference electrode position is set as described by part(a) of Resistance

measurement. The reference electrodes position may be approximate
since the voltage measured in this test is theoretically independent of the
distance, but it is recommended that the position be located as

reproducibly as possible.
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(b) Solutions: After emplacing the sample membrane with the slider, pour
0.500N NacCl solution in the right part of the cell separated by the testing
membrane and 0.250NNaCl on the left side of the cell.

(c) Measuring the voltage: the voltage was measured (without applying

current) using a voltage meter attached to the platinum electrodes and

data were entered the spreadsheet to obtain counter ion permselectivity.

3-IV. Sample calculations:

C = conductivity (siemens/cm)

p = resistance (ohms/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:
c-Ll_L_ UL o l;’,OOC’” = 0.04328/cm
poRY g 2T 00
1 10.0mA

(2) Area resistance of the membrane calculation needs to subtract the solution

resistance. For a CMX membrane with a measured potential of 38.0mV, the

area resistance is:

R (38.1-33.1)ymV
10.0mA

x7.00cm? =3.42Q0 e cm*

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

obtained by:
v-r, -nRL 4
- F ag
Which rearranges to;
2T =1+ VF/RT (InZ&)
ar
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Where V is measured voltage by the reference electrodes, R is gas constant
(8.314 Joule*K-'*mole-") T is Kelvin temperature of solution, 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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CLAIMS
1. A process for producing a cation exchangs membrane conypwising:
a} forming a first suspension of 3 metal salt of styrene sulfonate in an organic
sehvert,
b} adding a pyridimium salt to said firsgt suspension o Hrm @ nuxture suspension,
) causing the mixture spspension to react to Hrm a monomer solution of styrene

sutfonic acid or the pyridine salt of styrene sulfonic scid or mixtures of both in said organic
sobvent, under conditions that generate a metal salt by-produet precipitate,

d} optionally removing volatide pyridine by-products and other volatile species such
as water from the solution under conditions that volatilize less than about $% of said organic
sobvent by weight,

¢} and collecting the reactant solution, optionsity after separation from the hy-
product precipitate,

choosing a suitable porous substrate,

saturating the porous regions of the substrate with a solution comprising a
styrene sulfonic acid or the pyridine salt of styrene sulfonic acid or mixtures of both,
each made by the process comprising the steps a) through ) and optionally at Teast one

secondary monomer, 8 crosslinking monomer, and a polymerization watiator, or, with a

solution of, one or more monomers of stvrene solfonie acid or the pyrdine salt of

styrene sulfonic acid or nuxtures of both in an orzanic solvent made by steps a} through

e}, a neutral monomer, a crosslinking raonomer, and a polymerization itiator,

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

inttiating polymerization by the application of heat, ultravielet light, or jonizing
radiation, optionally in the absence of substantially all oxygen, to form a crosslinked ion

transferring polymer substantially cornpletely filling the pores of the substrate,

2. The process of clatm | wherain the porous support comprises polypropylene, high
molecnlar weight polyvethylene, ulirahigh molecular weight polvethyvlene or polyvinylidene

fluoride.

3. The process of claim 1 or claim 2 wherein the thickness of the porous support is greater

than 55 migrons gnd less than 1535 microns.

(>
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4. The process of elaim 1 or elahw 2 wherein the thickness of the porons support is greater

than 20 rderons and less than 35 microns.

3. The process of any one of the preceding clatms wherein the at least one secondary
monomer i 2-sulfoethyhpethacrylate or Z-acrvlamide-2-methyl] propane sulfome acid or acrylic

acid.

8. The process of any one of clawns 1 10 4 wheretn the at least one secondary monomer
wherein the at least one secondary monomer 15 selected from the group consisting of styrene,
vinyl toluene, 4-methylstyreng, t-butyl styrene, alphamethyistyrene; methacrvlic anbydride,
methacrylic acid, n-vinvl-2-pyrrofidone, vinylirimethoxysilane, vinyliriethoxysilane, vinyl-tris-
{Z-methoxyethoxyisilane, vinviidene chiloride, vinyiidense fluoride,
vinylmethyldmethogysilane, 2,22, -tnfluoroethyl methacrylate, maleic anhydride, glycidyd
methacrylate, hydroxyvethyimethaorylate | methylmethacrylate |, epoxvevelohexyl- Polvhedral
Oligomeric Siseaquioxane, glycidyl Polyhedral Oligomeric Silsesquioxane, methacryl
Polyhedral Oligomene Silsesqguroxane, sorylo Polyhedral Qligomeric Silsesquivxane, tris
sulfonic acid ethyl Polyhedral Oligomeric Silsesquinxane, Trisulfonic Acid [sobutyl Polyhedral

Oligomeric Silsesquioxane.

7. The process of anty one of the preceding claims wherein the crosshinker is
divinylbenzene or ethylens glycol dimethacrvlate, propylene glycol dimethacrylate, isobutylene
glyeol dimethacrylate, Oetaviny! Polvhedral Oligomueric Silsesquioxane, Octavinvidimethylsilyl
Polvhedral Ghgomeric Stlsesguioxane, Vinyl Polyhedral Oligomeric Silsesquioxane, OctaVinyl
Polyhedral Oligomeric Silseaquioxane, Trisilabolethyl Polvhedra] Oligomeric Silsesquioxane,
Trsthanolisobutyl Polyhedral Oligomeric Silsesquioxane, Tristlanolisooctyl Polvhedral
Oligomerie Silsesquinxane, Octasilane Polvhedral Oligomeric Silsesquioxane, Octahydro

Polyhedral Ohigomerie Silsesquiokane,

& The process of any one of the preceding claimy wherein the polymertzation initiator i
selected from the group consisting of organic peroxides,

2. 2-azobis{2,{2-tnudarolin-2-vly-propane] diydrochloride,

aa-azosobutyronitrile,

2, 2-azobis( 2~ methylpropionaminidine} dihyvdrochloride,

5

2. Fwazobis] 2, (2-imidazolin-2-y)-propane], or

dimethyl 2,2 azobis(2-methyl propioaate).

Q. A cation exchange membrane comprising pyridinium styrene sulfonate.

(5]
o
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10, A process for producing a cation exchange membrane, substantially as herein described
with reference to any one of the embodiments of the mvention Husirated in the accompanying

drawings and/or examples.

i1 A cation exchange membrane, substantially as herein desceribed with reference to any

one of the embodiments of the invention itlusirated in the accompanying drawings and/or

examples,

3
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Figure 1 Construction of the membrane test cell and the reference electrode

Reference electrode

Silver wire
AgCl coating
Ag/AgCl reference
1.0M KCI
electrodes
Porous tip
Sample slider
WE/CE
WE/CE \\\\Pt disc
anode
Pt disc CMX
cathode

O-ring seal Tesling membrane
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