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FORWARD

This document constitutes the fi_nal report for the work accomplished
between June 1976 and July 1977 by Ionics, Incorporated for the National
Aeronautics and Space Administration, Lewis Research Center, under Contract
NAS-3-20108 entitled SYNTHESIS AND CHARACTERIZATION OF IMPROVED ION
SELECTIVE SEMIPERMEABLIE ANION EXCHANGE MEMBRANES.

Dr. Russell B. Hodgdon provided overall program management. The
principal investigator was Samuel S, Alexander with major contribution from

W. W, Jaite, C. H. Swenson, A, Scieszko and R. B. Hodgdon.

Thanks are due to Cindi Xrawczyk for her patience in typing the

final report manuscript and its many revisions.
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1.0 INTRODUCTION AND SUMMARY

The ocbjective of NAS 3-20108 was the development and evaluation of
improved anion selective membranes useful as efficient separators in a
redax d>ower storage cell system being canstructed at the NASA Lewis
Research Center, Cleveland.

The program was divided into three parts, (a) optimization of the
selected candidate membrane systems, (b) investigation of alternative
ns=2mbrane/polymer systems, and (c) characterization of candidate membranes.
The majcr synthesis effort was aimed at improving and optimizing as far
as possible each candidate system with respect to three critical membrane
properties essential for good redox cell performance.

(1) high selectivity, minimal transfer of the reactive metal

cations (Contract target - 10~% equivalents Fe+3 per

Faraday or less)

(2) low electrical resistivity (Ccntract target - 20 ohm-cm or
less in 1NHC1l at 80°C)

(3) long term durability in redox environments (Contract target -
at least 1000 hours in 2M FeCl3 and 2M CrClj3 at 80°C).

' Substantial improvements were made in 5 candidate membrane systems,
the 103QZL, A3L, B2LDT, CDIL and CP4L, These were prepared by the bulk
polymerization of liquid monomers on synthetic fabric backing. The
critical synthesis variables of cross-link density, monomer ratio, and
solvent composition were examined over a wide range. A sixth system was
included in the candidate group, the A3L-96, in a low porosity configura-
tion.

In addition, eight alternative polymer systems were investigated,
two of which, the CDl1L and CP4L, attained candidate status. Three other
alternatives showed potential but required further research and development.
These were the VC-TP (aminated PVC £ilm), CT and CTM systems.

Each candidate system was optimized for selectivity. In each case
the optimum monomer formulations were identified which prcduced membranes
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with a minimal transfer rate for Fe+3. In general, these were formulations
having the minimum solvent content which could yield physically stable
membranes. The best membranes of the candidate group gave transfers of
1-8x10"> mg Fe/mF, a range which approaches the contract target

transfer rate of 10-4 equivalents per Faraday. Analogous candidate membranes
which were synthesized in the previous contract period had yielded transfer
rates of 50-1000 x 10 ° mg Fe/mF.

The specific resistivities of the optimized candidate resins were
about 35-65 ohm-cm in 1N HC1 at 80°C. Improvement in the absolute elec-
tric resistance of the membranes was demonstrated by reducing the film
thickness below that of the standard Dynengacked membranes (0.6 mm).

The membrane resistance was reduced by a factor of about two to three
by the use of a variety of light weight fabrics as backing material.
These included material in modacrylic, Tefloéa, polypropylene and glass.
The most successful light weight fabric was a woven modacrylic yielding
the lowest resistivity (ancmz) and excellent durability in the CP4L
membrane svstem. This fabric, however, was compatible only in the more
polar monomer systems (the CP4L and the CDl1L), Other materials showed
variable results. Only the membranes on the standard Dynel woven and
the above modacrylic have shown the most consistence and reliable physical
integrity on manfacture; and long term durability on testing. A film
thickness of about .10-.25 mm appears to be the minimum feasible range
for viable membrane manufactured by bulk polymerization and fabric
saturation.

Very low resistivities were measured in the VC-TP system (aminated
thin commercial PVC £ilm) but candidate status was not recommended because
of excessive Pe+3 permeability and IEC loss at elevated temperature.

The candidate ranking highest in overall properties and performance



was the CP4L-A2 membrane, a copolymer of 4 vinylpyridine and vinylbenzyl-

chloride. The optimized CP4L-A2 membrane (on woven modacrylic ) was a
rugged, extremely durable £film 0.23 mm in thickness with an area resis-

tivity R = 1.8 ohm-cn, and permeability, . = 4-8 x 10 °mg Fe/mF.

Fe
The total IEC was about 5 meq/dgr. (50% strong base), the highest in
the candidate group. The stability of all critical membrane properties
was excellent after 1000 hours in both 2M FeCl3 and 2M CrCl3 at 80°c.
(Table 1).

The other candidate membranes ranked below the CP4L system because
of one or more deficits and are listed below in the descending order of

overall desirable properties.

The A3L-B7 membrane - a copolymer of 2 vinylpyridine and divinyl-

benzene ranked next in overall desirable properties, It was success-
fully manufactured on a producticn scale in 5.5 ft2 area sheets on Dynel
woven fabric, The membrane had excellent durability in both electrolyte
solutions at 80°C and very low permeability to Fe'>. Substantial improve-
ment in resin durability was obtained by the use of DVB in place of
ethylene glycol dimethacrylate, the cross linker used in the earlier
syntheses. The resistivity of the A3L-B7, however, was at the high end

of the candidate range. Membrane samples on woven Teflon and other light
weight backings were made on a lab scale showing 50% or more improvement
in area resistivity, but were variable with respect to £ilm integrity.

The 103QZL-Bl0 mémbrane - a copolymer of DVB and VBC post aminated

with trimethylamine was optimized for selectivity giving a transfer rate
of 2 -3 x 1073 mg Fe/mF. The minimal absolute resistivity was obtained
en Teflon backing which yielded a membrane film 0.27 mm in thickness

and a corresponding decrease of about 50% resistance. Resin durability

was excellent in FeCl, at 80°¢ but snly fair in CrCl, and 80°C, showing

some loss of selectivity in the latter electrolyte, At present, large
4
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scale manufacture is feasible only on woven Dynel.

The CD1L-AS and-AS5H membranes are copolymers of VBC and dimethylamino-

ethyl methacrylate (DMAEMA), The membranes have a high IEC of 4,5 meq/dgr

and a low resistivity, Rg,of 2.9 ohm-cmz.

The membrane, 0.1l mm in thickness, was successfully prepared in
lab scale on light weight modacrylic fabric which represented the minimum
film gage and resistivity in this system. Thin membrane durability was

excellent in FeCl3 at 80°C and in CxCl_ only at ambient temperature. The

3
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minimum transfer rate was 4-8 x 10 mg Fe/mF.

The B2LDT-B2 membrane,a copclymer of VBC and DVB post aminated with

diethylenetriamine (DETA), showed extremely stable resin properties in
both electrolytes at 80°C buy only fair to poor durability for the mem-
branes on woven Dynel and Teflon respectively. This was attributed to
fabric damage of the Dynel in manufacture and inadequate resin fiber
adhesion for the Teflon. The minimum membrane gage obtained was 0.27 mm
on woven Teflen yielding the minimal resistivity for this systenm Rc =
4.1 ohm—cmz. The optimized transfer rate was 1 - 2 x 10"3 mg Fe/mF,

The A3L-26 membrane - a copolymer of 2VP and ethylene glycol dimeth-

acrylate (EGDM) had shown good durability in the previous program but
only at ambient temperature. This membrane system was chosen as the
sixth candidate because of the ease of manufacture in a one step poly-
merization, and potentially low transfer rate.

The alternative systems VC-TP, CT, and CTM were found promising but
requiring more R & D to create viable films,

The VC-TP membrane system - PVC film aminated with tetraethylene~

pentamine (TEPA) - showed promise because of its relatively high porosity,

high conductivity, and physical strength at .050 .20 mm thickness.

s e R et S WA iy 8 <
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The CT polymer system - a copolymer of VBC and TEPA gave an unusually

high IEC in the reqgion of 6-7 meq/dér. Higher cross linking was indicated
for the production of a stable film structure,

The CTM polymer system - a copolymer of VBC and N, N, N*', N' tetra-

methylethylenediamine (TMEDA) yielded a high IEC of 4.5 meq/dgr which was
over 90% in strong base capacity. Higher cross linking was also indicated
here to effect a more stable resin structure.

Characterization of the membranes was not completed, but sufficient
data were obtained to rank candidates in order of their probable usefulness
in the redox system. The resistivity of the optimized candidates over a
wide range of HCl and NaCl concentrations was found to be a good measure
of the candidate's relative effectiveness in excluding the cations H+ and
Na+. The most effective candidate membrane CD1L-A5 and CP4L~A2 showed
the least resistivity change over the entire concentration range.

The Fe+3 transfer rate, P;e' was measured for four candidate membranes
as a function of E'eCl3 concentration over a range of 0.5 to 4.0 N. The
transfer rate was canstant or slightly increased in the 0.5 - 2,0 N span

but increased sharply by a factor of approximately three for the more

selective membranes at 4.0N FeClB. The transfer rate of the most porous
membranes of the series, the 103Q2L-B2, increased by a factor c¢f 8.
Polarization effects were indicated by the extremely low PFe transfer
rates in high porosity membranes on application of high current densities.
The 103021L219S membrane gave a P;e of about 1-4 mg Fe/mF at 15-120 ma/cm2
range and decreased by 5C0% to 9 x 10'3 mg Fe/mEF at 480 ma/cmz. Low

porosity selective candidate membranes showed little or no variable

transfer effects over the same range.
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2.0 MEMBRANE SYNTHESIS - CANDIDATE SYSTEMS

In Task II (NAS 3-~20108) five candidate membrane/polymer systems
were investigated with the aim of optimizing the critical membrane
properties of selectivity, resistivity, and durability. Three candi-
dates were selected from the previous contract effort; systems 103QZL,
A3L, and B2LDT; and two membranes reached candidate status out of Task I
of the present contract, systems CD1L and CP4L. A sixth candidate was
included, the A3L-96 mermbrane in a2 low porosity confiquration.

The membranes were prepared using the bulk polymerization method
with monomer saturation of the fabric backing. A wide range of the
major synthesis variables were studied and related to the physical
quality, integrity of the polymer film and various electrochemical pro-~
perties of the membrane. The major synthesis variables were (1) cross-
link density (fXL) or molar ratio of the co-monomers (MR); and (2) non-
polymer solvent fraction (fNP).

Each membrane system was optimi.ed at a sheet thickness of 0.60 mm
using weven Dyvnel fabric as the film backing material because of its super-
ior re:in system compatibility and durability. Scale up to production size
£ilm., 5.5 ft2 in area per sheet, was judged to be feasible for all the
candidate systems and was demoqstrated for two, the 103QZL-B2 and A3L-B7
membranes. These membranes were manufactured on a production scale, in
good yield with uniform physical and chemical properties.

Improvement in resistivity was achieved by reduction of the meuw rane
thickness through the use of light weight synthetic fabric backing.
Membranes were produced on a lab scale in the 0.12-0.25 mm thickness
range and showed a corresponding, but not linear decrease in area
resistivity, Manufacturing procedures rfar fabricating acceptable thin
membranes on a large scale were not fully established. Further investiga-

tion will be needed in this area. (Table 1),
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2.1 THE 103Q7L SYSTEM

The l03QZL candidate membranes are -~opolymers of vinylbenzylchloride
(VBC) and divinylbenzene (DVB) post reacted with trimethylamine (TMA).
The polymer network consists of a vinylbackbone crosslinked by DVB and
contains a pendant strong base ion exchange group, benzyl trimethyle
ammonium chloride (Figure la),

The membranes are prepared in a two step process (a) polymerization
of the film and (b) amination to afix the quatermary ammonium chloride
groups.

A series of 103QZL type membranes were prepared from different form=-
ulations representing a wide range of monamer and non-polymerizable solvent
compositions. The membrane 1l03QZL-Bl0 was found to yield the maximum
selectivity in this series together with good physical and chemical
properties (Table 2). The optimum m -omer formulation, designated as
Bl0, consisted of a nominal crosslink density, EXL=.3S, and a ncon-polymer
solvent content, fNP=.30. The crosslink agent was DVB,

The optimized membrane 103QZL-Bl0 as manufactured on woven Dvnel
backing was a strong flexible anion selective membrane sheet 0.60 mm
in thickness and had the following properties:

IEC = 2,24 meq/dgr

Hzo content = 25.4%
Area Resistivitv, Rc, in 0.1N HC1 = 1C.6 nrcmz
+3

+
Fe transfer, P

-3 .
Fe = 2-3%x10 ~ mg Fe/mF

The B-10 membrane on Dynel fabric vas prcduced in goed yield in 1 ft2
sections and could be manufactured in sheets 5.5 £t° in area (50 x 100

cm) ,
The Dynel backed Bl0 showed excellent durability in 2M FeCl3 at 80°c,
The durability in 2M CrCl3 was expected to be similar to that cbtained

in the case of 103Q7L-B2 membranes. Loss of selectivity was measured

after 100 hrs but remained essentially constant Srom the 200 hr, to the

1700 hr. point.



The B-1l0 membrane was also preparad on a lab scale on woven Teflon

fabric which reduced the membrane thickness to 0.25 mm resulting in a

Lj cerrasponding decrease in area resistivity, R%v- 5.5 nPsz. (Table 1).
( The Teflon fabric has not yet proven to be a satisfactory improvement
over Dynel due to the prevalence of pinhole defects in the Teflon backed
L membranes as manufactured.

The modacrylic fabric was not usable in the 1l03Q2ZL system because

L of its partial solubility in the hot monomer solution. None of the
] polypropylene non~wovens produced £ilms of any useful quality.

N

Purther improvement in membrane resistivity requires creation of

thin continuous membrane films on light weight fabrics or substrates

registive to the redox environment.

] which are both chemically compatible with monomeric constituents and
q A summary of the experimental monomer formulations tested is given

in Table 2. The major synthesis variables were; (1) crosslink density

b (fXL) and (2) non~-polymer solvent content (fNP).
[ fXL has been defined as the mole fraction of the crosslink monomer

based on the total moncmer present.

Evaluation Summary - 103 QZ2L-Bl0 Membrane

-B-10 formulation optimum for selectivity .

q -mMemuemmﬁaueﬁnﬁanWmlmwnﬁmm.

L -Membrane on Dynel woven backing is rugged, flexible and durable in
redox enviromnment at 80°C.

[ - fmprovement in resistivity achieved on lab scale by £film gage

reduction.

r

| B -More R & D needed on backings and substrates in order to improve

£ Quality.
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2.2 THE A3L SYSTEM

The A3L membrane/polymer system is a copolymer of 2 vinyl pyridine
(2VP) and DVB. The membranes are formed in a one step process by the
polymerization of the monomers and solvent on fabric by means of heat and

an initiator. The tertiary cyclic amino group is introduced directly

into the polymer structure by the 2 VP monomer and no chemical po3t treat-

ment is needed to activate the resin. (Figure 1lb)

A series of A3L membranes were prepared on lab scale with varving
proportions of monomers and solvent using v ven Dynel fabric as backing
material. The optimized membrane in this group was the A3L-B7 membrane
yielding the lowest Fe+3 transfer value together with good physical and
chemical properties. The A3L-B7 polymer was crosslinked with DVB.

The optimum monomer formulation for B-7 consisted of a <rosslink
density, fXL of .30 and a solvent content, fNP' of .25. (Table 4)

The A3L-B7 membrane was manufactured in production size sheets,
5.5 ft2 in area at .60 mm thickness with uniform physical and chemical
properties. Tlese were:

IEC = 3."=3.8 meqg/dgr

Hzo Content = 30,8-33.,5%

Area Resistivity, R in 0.IN HCl = §.1-10.3 a-cn’
Fe Transfer, P;e = l-2xlo-3 mg Fe/mF
As pred.cted, DVB monomer imparted superior chemical stability
(in 2M PeCl, and 24 CxCl, at 80°C) to the A3L membrane/polymer
system in contrast to the A3L membranes of the previous contract period
which used ethylene glycol dimethacrylate (EGDM) as the crosslink agent,
The optimized A3L-B7 membrane showed excellent durability in both FeCl3
and CrCl3 solutions at 80°C for 1000 hr exposure time. (Table 12). The
A3L membranes containing EGDM deterioratsd orogressively under the same

conditions.

It was demonstrated that the membrane area resistivity cculd be
10



1 substantially improved by the use of light weight synthetic backings of
- substrates in place of the standard candidate backing, woven Dynel

: (Table 5). The chcice of a backing material is limited by both its com-
- patability with the resin system and its chemical resistance to the

L

redox environment. At this time, woven Dynel remains the best all around

backing material for the A3L system polymers. The fabrics which pro-

btmind

duced coherent samples on lab scale were woven Teflon and non-woven

polypropylene. However, the quality and durability on sctandinc were

variable and none acheived the overall reliakilictr of the Dynel.

Evaluation Summary - A3L-B7 Membrane

-B7 formulation optimum for selectivity.

— 2 3 3

-Large scale manufacture successfully demonstrated on dynel woven

fabric,
_
{ -Membrane is rugged, flexible and has excellent durability in redox
1 environment at 80°C.
1 -Resistivity improvement by decrease in film/fabric thickness
J demonstrated on lab scale.

-More R & D needed to improve film quality of thin membranes.
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2.3 THE B2LDT SYSTEM

The B2LDT membrane comprises the same basic polymer structure as
the 103QZL but is aminated with diethylene triamine (DETA) to form mainly
primary and secondary amino groups (Figure lc).

The polymer film is formed in the identical manner as the 103QZL by
the polymerigzation of VBC and DVB in solvent on synthetic fabric backing
by means of heat and an initiator.

The optimum membrane in this system was the B2LDT-B2 which showed the
lowest Fe transfer value and acceptable physical and chemical properties
(Table 8).

The base polymer film has been manufactured successfully in large
size sheets 5.5 ft2 in area on woven Dynel fabric. The B2LDT-B2 polymer
structure and ion exchange groups showed excellent long range stability
in both FeCl, and CrCl, solutions at 80°C. (Table 12)

However, the unsatisfactory durability results reported on the
B2LDT-B2 membranes were related to the failure of the supporting fabric.
In the case of the woven Dynel, the fabric was damaged and weakened during
the amination process leading to further physical deterioration of the
£ilm and transier properties during the long range durability test.

The B2LDT-B2 on woven Teflon showed increased Fe+3 transfer and
eventual cross leakage in the 1000 hr durability test indicating insuf-
ficient resin fibe:r bonding.

The properties of the optimized B2LDT-B2 membrane on Dynel fabric were:

IEC = 3.5 meq/dgr
Water Content = 29,9%
Area Resistivity, R;, in 0.1N HC1 = 8.7 nscmz

+ -
Fe transfer, pFe = 1-2x10 3 mg Fe/mF
Improvement in area resistance by fiber gage reduction was achiewved

on woven Teflon (R; = 4,1 nrcmz). Woven Mocacrylic proved unsuitable

12



because of its solubility in the monomer solution.
Thin film B2LDT-B2 membranes require further research and develop-

ment on woven and non-woven support fabrics,

o o CH

- Evaluation Summary - B2LDT-B2 Membrane

] -Selectivity optimized at target value or better for Fe transfer.

-Large scale manufacture feasible on woven Dynel fabric.

3

-Polymer and exchange groups show excellent stability in redox
environment at 80°C,

vogtet

-Use and treatment of support fabric and substrates requires more
R & D,

13
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2.4 THE CD1L SYSTEM

The CD1L membrane is a copolymer of vinylbenzyl chloride (VBC) and
dimethylamincethyl methacrylate (DMAEMA) in which the cross links are
formed by the condensation reaction of the benzvlchloride group of VBC
and the tertiary amino group of DMAEMA, (Figure 14)

The CD1L membrane can be prepared by e ither a one step or two step

synthesis.

(1) One Step Synthesis - The backing fabric is first saturated
with a homogenous solution of the monomers and an initiator in solvent.
The membrane sheet is then formec between glass plates in a single heating
operation by the simultaneous in situ polymerization of the vinyl groups
and condensation of the amino and vinyl benzyl groups to form guaternary
ammonium chloride sites.

(2) Two Step Svnthesis - VBC and DMAEMA are first reacted in H.O
to form a water soluble condensation product, a guaternary ammonium
chloride salt of VBC and DMAEMA, Initiator is dissolved and the

membrane sheet is formed in a second heating operation by the polymeriza-
ticn of the vinvl groups.

The optimum membrane selectivity in the CD1L svstem measured by
minimal E‘e+3 transfer (P.::e) was most closely related, as in other systems,
to the solvent fraction (fNP) used. The membranes CD1L AS, ASH, A6 and
A6H yielded the minimal P;e value and were prepared with the lowest solvent
fraction in the series tested. (Table 7)

The membranes CD1L-AS and ASH were selected Zor candidata status
because of their apparant lower resistivity.

The membrane thickness was reduced to 0..1 mm from the standard of

0.60 mm by the successful use of light weight woven modacrylic. However,

the apparent improvement was only 2 50% decrease or less in area resistivity

Pé. This may be due to the more dense yarn construction of the thimmer

cloth,

Lab scale samples with good physical quality were prepared on woven

~adacrylic using the one step synthesis. Scale up to production size was
not attempted.

14
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The optimized CD1L-AS an modacrylic fabric had the following properties:

IEC = 4.02 meg/dgr (~50% in strong base capacity)
H20 Content = 30.1%
Area Resistivity, Rg, in 0.1N KCl = 2.9 acm
Film Thickness = 0.11 mm

+
Fe'> transfer, P, = 7-8 ng Fe/uF

CD1L=-AS durability in FeCl_ at 80°C was excellent showing little

3
ar o change in any chemical or physical property of the film. However
the CD1L-AS resin deteriorated structurally and lost IEC in the more

aggr2ssive redox environment, 2M C:rCl3 at 80°C. At ambient temperature,

Cn.‘)3 had little or no chemical or physical effect on the membrane (CDlL-

AH on Dynel fabric) and on CDlL-A5 on modacrylic fabric. (Table 12)

Evzluation Summary - CD1L-A5 and AS5H Membrane

-Optimized for selectivity.

=Film thickness reduced to 0.ll mm with about 50% improvement in
area resistivitv.

-Excellent durability in FeCl, at 80°C and CrCl, at ambient temp.
-Large scale manufacture feasible using woven Dynel.

=Potenti- . for thin film manufacture,

15
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2,5 THE CP4L SYSTEM

The CP4L membrane is a copolymer of 4 vinylpyridine (4VP) and vinyl-
benzyl chloride (VBC). The resin structure consists of a vinyl backbone
crosslinked by quaternary ammonium segments formed by the condensation
reaction of the benzyl chloride part of VBC and the pyridine amino group
(Figure le), The membrane sheet is formed in a one step synthesis similar
to the procedure described in section 2.4.

The CP4L-A2 and A3 membranes have ranked highest of the candidate
group in the overall significant physical and chemical properties.
(Tables 1 and 8). The system produced the highest IEC, 4.5-5.0 meq/dgr,
the lowest areas resistivity, R;, 1.8 nrcmz and a low Fe+3 transfer., In
addition, the CP4L-A2 showed excellent structural and exchange group
stability in both FeCl, and CrCl, at 80°C. Lab scale membranes haw been
produced on woven Dynel and on woven modacrylic.

The optimized CP4L-A2 membrane on modacrylic fabric had the follow-
ing properties:

IEC = 5.30 meq/dgr (about 55% in strong base capacity)
Water Content = 31.8%
Area Resistivity, Rg, in 0.IN HCl = 1.8 amcm’
+3 +
Fe ~ transfer, PFe - 4-8x10-3 mg Fe /mF
The superior resistivity and good selectivity of the CP4L-A2 membrane
relates to the unusually high ion exchange capacity achieved by the 4VP

monomer. The fixed ion charge density or interstitial molality, I, of

M
the resin was 11.4 megq/g H

20. The highest IM obtained in the previous
contract period was 7.5 neq/g Hzo (Table 10, NASA CR-~134931). The
interstitial molality is defined as the meg of exchange capacity per
gram of resin water content.

The effectiveness of catiocn exclusion was demonstrated by the small

change observed in CP4L-A2 area resistivity over the range of 0.1 to 6.0N

HC1l in the extermal solution and indicated that the CP4L membrane experienced

le
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less o intrusion than the other candidate resins. (Table 1l4)

Lab scale manufacture of the CP4L was direct and easy. Large scale
manufacture of the CP4L appears to be possible.

Although the modacrylic fabric produced excellent membrane films
it was chemicaly sensitive to the CP4L monomers resulting in some fabric

shrinkage and thickening of the end product film to 0.25 mm,

Evaluation Summary CP4L~A2 Membrane

-Optimized selectivity.

-Improved resistivity by reducing film gage to 0.25 mm.

-Has highest IEC and lowest area resistivity of candidate group.
-Excellent durability in both E‘eCl3 and CrCl_ at 80°C.

3

~Viable manufacture on lab scale and potential for large scale pro-
duction.

17
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2,6 A3L-97 MEMBRANE

The A3L-96 polymer is composed of 2 vinyl pyridine crosslinked by
ethyleneglycol dimethyacrylate. (Figure 1f). It was selected as the
sixth candidate because of its anticipated ease of manufacture in a one
s ep polymerization process and potentially low Fe+3 transfer rate, The
initial trial using Teflon fabric as backing was not successful. However,
we expert to furnish samples of an optimized version on both Dynel and a

thin synthetic fabric,

Evaluati~a Summary A3L-96 Membrane

-Durable membrane in redox environment at ambient temperature.

=Potential ease of manufacture in one step polymerization.

18
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3.0 ALTERNATIVE MEMBRANE SYSTEMS

Under Task I (NAS 3-20108) we proposed to screen at least eight
alternative membrane/polymer systems and select from this number those
which showed good potential for improvement in selectivity and electrical
resistivity in addition to ease of manufacture and durability in the redox
environment. The method of film manufacture in most of the above systems
was bulk polymerization of the monomers on synthetic fabric using heat
and free radical initiators. In one system the membrane was formed by
the amination of a commercial PWC film. (Table 9)

Two alternative membrane systems were advanced to candidate status.

(1) The CDlL system - a copolymer of vinylbenzylchloride
(VBC) and dimethlaminocethylmethacrylate (DMAEMA)

(2) The CP4L system - a copolymer of VBC and 4-vinylpyridine
(4VP)

The remaining proposed alternmative membrane systems were explored
and evaluated. Four systems have shown film manufactur g viability
and promising physical and chemical properties, These were:

(1) The CT system - a copolymer of VBC and tetraethylene pentamine
(TEPA)

(2) The CTM system -~ a copolymer of VBC and N, N, N', N' tetramethyl
ethylene diamine (TMEDA)

(3) The VC1-TP system - PVC film aminated with TEPA.

Three systems were rejected because of inability to manufacture
films using the current bulk polymerization technology. These are:

(1) The CE system -~ a copolymer of VBC and ethylenediamine (EDA)

(2) The CD system - a copolymer of VBC and diethylene triamine (DETA)

(3) The CX system = a copolymer of 4VP and ¢ ,' xylenedichloride
(XDC)

(4) The SEM system - a copolymer of ethylene glycol dimethacrylate
(EDGM) and sulfoethyl methacrylate (SEM)

19



3.1 THE CT SYSTEM

In this case, vinylbenzyl chloride (VBC) is used with polyalkyl-
polyamine (TEPA) providing both the needed crosslink segment. (Figure

2a) The CT resin is prepared by a two step process in which the active

— - oA

ingredients VBC and TEPA are reacted to form an aminovinyl intermediate.

The intermediate is then polymerized by heat and initiator on synthetic

r—

fabric.

The jnitial membrane samples showed unusually high levels of weak

base IEC in the range of 6-7 meq/dgr., However, the high H20 content of
the membrane and severe resin erosion in acid indicated a weakly cross-
linked polymer structure,

The application of higher cure temperatures and an increase in VBC

1 30 R

did not sufficiently improve the resin stability for membranes prepared

by saturation of woven fabrics. However, thin films of the CT resin

,_._..__ﬂ
) 4

bonded to non-woven substrates showed improved durability in acid
solution, an effect which may be due to the greater continuous physical
support provided by the mat fibers. The best non-woven backing in this

regard was a polypropylene mat,.

Evaluation Summary - CT System

-Highest IEC attained in program,

-Components have high reactivity.

~Shows potential for thin film manufacture on porous substrate.

20
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3.2 THE CTM SYSTEM

A crosslinked structuce is produced by the condensation of the benzyl-
chloride group of VBC with both ends of the tertiary diamine, N, N, N', N!
tetramethylethylene diamine (TMEDA), This forms quarternary exchange
sites at the cross link segment. (Figure 2b)

The CTM membrane was prepared in a one step process. The monomers
were mixed together in a solvent containing initiator. Hard, well cured
films were produced when the monomer solution was rapidly polymerized.
Gradual heating tended to produce undercured films., However, even the well
cured membranes tended to erode and leak after several days standing in
acid environment,

The CTM polymer system gave IEC values in the 4-5 meq/dgr range

which consistcd of over 90% in strong base capacity.

Evaluation Summary - CTM System

-One step polymerization with very reactive monome: ..
-High IEC which is predominantly (90%) strong base capacity.

-Potential for thin £ilm manufacture.

21
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3.4 THE SEM SYSTEM

The SEM membrane/polymer system cepresents the sole cation selective
membrane proposed in the current program., The SIM resin is ~ copolymer of
sulfoethyl methacrylate (SEM) and the crosslinker ethylene glycol dimeth-
acrylate (EGDM). (Fiqure 29)

The trial samples as prepared on woven Dynel hrad good integrity
and area resigtivity in 0.1N KCl, R® = 13.0 ohm—cmz. The IEC and
820 content was 2.3 meq/dgr and 38% respectively.

The SEM system, however, was rejected from further ccnsideration
because of leakage failure during testing for Fe transfer in 2M FeCl

solution. All samples behaved similarly although the original films were

‘apparently free of holes or cracks by inspection and testing with dye.

Evaluation Summary - SEM

-SEM membrane system not suitable because of resin failure in redox
solution.

22
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3.3 THE VC-TP SYSTEM

The VC-TP membrane system was the sole system prcposed in the current
program which was not produced by bulk polymerization of liguid moncmexs.
The VC-TP membranes were prepared by the amination of thin commercial
polyvinylchloride (PVC) film using tetraethylene pentamine (TEPA). The
structure consists of PVC chains and pendant polyalkyl polyamine groups
some of which may crosslink the PVC chains. The anion exchange groups are
secondary and primary amines. (Figure 2c¢)

Tables 10 and 1l summarize the physical and chemical pr¢perti :
the experimental C-TP membranes produced in the program. A variet
commercial PVC films were tested comprising £ilm thickness of _025 mm
(1 mil) to 0.20 mm (8 mil) and with a plasticizer range of 7 to 30%.

As produced, the membranes tended to show low selectivity (excessive
Fe+3 transfer). With post treatment of the membranes in FeC13 solution
and in airx the selectivity was improved but with resultant loss in IEC
and conductiv.ty. None of the usable rfilm samples produzed in the current
program were recommended for testing at the NASA lLewis Center because of
the relatively high Fe+3 transfer rate.

Advantages of the VC-TP membrane were its film gage (0.025~.,20mm)
resulting in very low resistivities and good film strength and integrity.

It tended to embrittle somewhat with prolonged heating.

Evaluation Summary - VC-TP Membranes

-Membrane as currently produced not suitable for redex application.

-Potential as conductive thin substrate for application of candidate
polymer £ilm.

23



3.5 THE CE, CD, AND CX SYSTEMS

The following polymer systems were found Gnworkable for direct and easy
manufacture of useful homogeneous anion membrane films, These were the:

(1) CE System = copolymer of vinylbenzylchloride (VBC) and ethylene-
diamine (Pigure 24).

(2) CD System ~ copolymer of VBC and diethylene triamine (DETA)
(Figure .2e).

(3) CX System - copolymer of 4 vinylpyridine (4VP) and CX, CX'
dichloro-p«xylene. (Figure 2c¢)

Successful film manufacture using the bulk polymerization method

required that the monomer-solvent constituents of the system be miscible

o and capable of stable homocenous monomer solutions for fabric impregnation
"‘ prior to polymerization and curing.

The zomponents of the CE, CD and CX systems were generally incom-

B 1 patible in a wide variety of polar and nou~-polar solvents, separatir-

into 2 or 3 phase solutions or producing insoluble precipitates during

§

the mixing stage.
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4.0 DURABILITY OF CANDIDATE MEMBRANES

The anion selective membranes studies in this program were composites
of a variety of experimental ion-exchange resins and synthetic fabrics.
Long term useful functioning of these membranes as cell separators in a
redox system requires that the resin structure. ‘on 2xchange groups, and
the supportive fabric have adequate long texrm stability and chemical
resistance to the redox cell solutions.

The durability of the candidate membranes was tested by the immer-
sion of membrane samples (3" in diameter) in 2M FeC13/1N HCl and in
M CrC13_/1N HC1 solutions maintained at BOOC for a period of 1000 hours.
At intervals of 10C,250,500, and 1000 hours membrane samples were removed
for inspection and analysis of chemical and physical properties.

Each membrane sample was characterized as follcws:

(@) Visaal inspection for ¢™-7vious gross changes such as :esin erosin
surface cracks, color, and flexibility.

(b) Non staining dye test for leak defects

(c) Burst strength or Mullen Burst Tester---this data is essentially
a measure of the fabric durability as polyelectrolyte membranes
.ave little or no self supportive strength

(d) Ion exchange capacity (IEC)
(e) Water content

(£f) Resistivity in 0.IN HC1

(9) Fe*3 transfer rate

A summary of the durability test .results is given in Table 12,

The CP4L~-A2 membrane on woven modacrylic fabric rankeq highest in all
around durability. The CP4L-A2 showed little or no significant change in
the essential functional and structnral membrane properties in both E‘ecl3
and CrC1, test solutions at 80°C. Sole alteration was the resin color
which changed frcm a *ransparent colorless appearance to a dark opague
color but with no apparant detriment tc .y measurable chemical or
physical property.

The A3L-B7 membrane on woven Dynel had similar good durability

25
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in all functional properties in both redox environments but showed some
film stiffness or brittleness by 100 hours which produced a small loss on
£film burst strength (15%).

The 1030ZL and CDIL systems exhibited good durability in FeCl, but
showed a substantial loss of selectivity and an increase in water content
inC Ly at 80°C. both effects indicated some structural deterioration
or opening up of the polymer net-work. The CDlL resin which is cross-
linked by a quaternary ammonium chloride showed a marked decrease in
strong base IEC and a corresponding rise in weak base IEC, an effect
caused by splitting of the carbon-nitrogen exchange groups. The maior
deterioration effects in the 103Q2ZL and CD1L membranes occured in the first
100 hour period of solution contact and little significant change in
functional properties was measured thereafter fram the 200 hour to the
1000 hour mark. The CD1L membranes experienced no embrittlement of stiffen-
ing and consequently showed no loss in burst strength (fabric strength) in
either solution. At ambient temperature the CD1L showed excellent dur-
bility in the CrC13 test solutior.

The durability data collected on the B2LDT-B2 was mix 1. The B2LDT-B2
resin exhibited excellent structural and ion exchange group stability

in FeCl3 and CrCl. at the elevated temperature., The observed membrane

3
deterioration was dve to fabric failure. The low burst strength of the
membrane containing woven Dynel was the result of damage to the backing
during the amination step. The B2LDT-B2 membrane on woven Teflon, showed
progressive increase in Fe+3 transfer leading eventually to severe leakage.
The membrane failure in this case was most likely related to inadequate
resin bonding to the Teflon yarn. The most successful and durable candidate

polymer fabric composite films have been on Dynel and modacrylic backing

materials.

26
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5.0 MEMBRANE BACKING MATERIALS

Membrane electrical resistance is directly related to the thickness
of the functional resin film., Major improvement or decrease in membrane
vesistance can be achieved for a particular optimized candidate polymer
only by a substantial reduction in the resin film thickness.

Homogenous ion exchange resins are by themselves too fragile to
yield a useful unbroken continuous sheet of reasonable size without the
aid of a supportive substrate usually a fabric. The candidate membranes
optimized for selectivity were manufactured on woven Dynel, a fabric
with excellent resin compatibility and chemical durability but yielding
finished membrane sheets 0.55 - 0.65 mm (25 mil) in thickness and area
resistivities, R°, in the €-10 ohm—cm’ range.

For the purpose of reducing membrane thickness, about 25 thin gage
woven and non-woven fabrics were screened as backing material for membranes.
These included modacrvlic, Teflon, polypropylene and glass.

In the bulk polymerization method of wembrane manufacture the backing
fabric is saturated by the liquid mcnomer charge whose subsequent poly-
merization creates a resin-fabric composite sheét. The sheet thickness
is determined by the fabric gage. In practice the finished membrane
is usually somewhat thicker than the backing fabric due to swelling and
penetration of the fibers by the monomers and-solvent. A suitable fabric
for membrane support must be chemically compatible, bond well with the
resin and have physical and chemical stability in the manufacturing process.
In addition, the support fabric must be thermally and chemically stable
in the redcx enviromment up to BOOC.

The woven and non woven fabrics considered in the test program

yielded membrane films in the thickness range of 0.10 to .50 mm. The
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corresponding resistivity (absolute) showed at best only a 2 to 3 fold

improvement over the standard Dynel candidate membrane primarily due to

the varying density of varn or fiber construction of the backing materials.

A major limitation in thin supported icn exchange films is that sall
defects which can be ignored in thicker films become exaggerated in thin
films and can produce random pin-hole leaks. Consequently, thin resin
films tend to require more densely constructed supports for strength and
film continuity, which in turn tends to increase the overall membrane
specific resistivity.

The compatibilities and stabilities of the backings tested were
variable. Woven modacrvlic gave good results in the CDIL and CP4L can-
didate systems. It experienced yarn shrinkage when immersed in the CP41l
monomers producing a thicker gage film than anticipated, however, lab
scale samples of the CP4L-A2 on modacrylic had excellent physical and

chemical properties. The modacrylic fabric was not suitable for the more

non-polar candidate polymer systems 103Q2ZL, A3L and B2LDT because of partial

solubility in the monomers.

Teflon yielded films with good physical appearance for the 103Q2ZL,
B2LDT and A3L systems but the problem of adequate resin-fabric bonding
was not solved. The membrane yields were improved (lower incidence of
random pinholes) by longer residence time of the fabric in the liquid
monomers,

The Teflon fabric, however, ranked considerably below the Dynel
and modacrylic in terms of uniformity and reliability >f the membrane
films. The AJL system membrane on Teflon in particular, developed
severe leakage on standing in acid enviromment for several weeks,
although as manufactured it exhibited reasonable film integrity.

The 103QZL-Bl0 on Terlon showed fragility and tendency to develop

leakage on testing., 28
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Non-woven polypropylene mats showed some promise in the A3L systems,

U
[

but behaved very poorly in the 103QZL system.

Two special substrate materials, PVC zoam sheet and melt blow poly-

| —

propylene wettable mat indicated good bonding for the A3L system and for

the more polar resin systems such as the CD1L,

—
[

Glass weaves produced film with excellent physical appearance on
‘_4 [ manufacture, however, glass fibers (E-grade) had very poor durability
in acid. Astroglass, a high temperature resistance grade, and also glass

with protective coatings or finish may be more satisfactory.
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6.0 MEMBRANE RESISTIVITY IN NaCl AND HCl SOLUTIONS

e

The resistivity of the candidate membranes was measured as a
function of concentration in HCl and NaCl solutions at 25°C using the
liquid junction method. (NASA CR-134931 APPENDIX III) The measurements
were taken over a range of 0.1 to 6,0 N in HC1 and 0.1 to 5.0 N in NacCl.
The NaCl solution was acidirfied to 0.01N in HCl in order to maintain

the electrical conductivity of the weak base amino groups. The electro-

PO,
Mot o

lytes were circulated and thermostated at 25 + o.2°c. The results are

summarized in Tables 13 and 14 and Figures 3,4,5, & 6.

pu——

Ion selective membranes are electrically conductive by virtue of

roied

the fixed ionized sites in the resin matrix which permits movement, as

in electrolyte solutions, of the mobile counterion.

FON.

Ion exchange resins also adsorb varying amounts of electrolyte

(Donnan diffusion) depending on the physical and chemical properties

L-..-«:]

of the resin, and the nature and composition of the external electrolyte.

. ey
2

The membrane resistivity as measured in solution represents additive
mobilities of the resin counter ions (Cl ) and any adsorbed electrolytes
(HC1 or NaCl).

Electrolyte exclusion is generally favored by a high ion exchange
capacity, a high internal fixed charge density, and low resin porosity.

Electrolyte exclusion is also favored in dilute concentrations, low

valance of the counterions, and high valence of the co-ions in the
external solution. The most selective membranes are those which are
effective in excluding electrolyte at high concentration.

As expected, the membrane resistivity declined as the concentration

The membrane with the highest porosity, the 103QZL-B2 showed the greatest

30

Li
L E of HCl increased producing greater electrolyte diffusion into the resin.
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drop in resistivity. Less resistance change occurred for those membranes
having better selectivity and thus greater effectiveness in excluding
cations. These were the CD1L-A5H10, AS-3 and the CP4L-A2-2 membranes.
One measure of the membranes effectiveness in excluding the cation, H+,
was indicated by the ratio of R at 0.1N HCl to R at 6,0N HCl,

The smallest change in the ratio R (0.1YR (6.0) was shown by the
candidates CD1L-AS5 and CP4L-A2. These membranes have the highest IEC or
ion charge density of the candidate group and should have high selectivity
to anion transfer in strong acid solutions.

The membrane resistivities in NaCl solution (acidified) showed a
smaller decline than in HC1l but were ranked in the same order of ion
exclusion effectiveness., The candidate membranes were better able to
prevent the intrusion of Na+ because of its lower mobility. The CP4L
membrane showed a higher resistance at 5.0N NaCl than at 0.1 N NaCl.

This unexpected increase may be due to an osmotic loss of Hzo from the
resin at the high external salt concentration.

At dilute electrolyte concentration (0.10 N) the membrane res:stivities
were approximately the same in either NaCl or HCl for each particular
candidate. This resistance value represents closely the basic resistivity
of the resin in the Cl  form as there is minimal contribution to the resin
conductance by the adsorbed electrolyte. The more selective membranes,
CD1L and CP4L, show a relatively flat conductivity response to
increased electrolyte concentration indicating that very little electrolyte
is being adsorbed by the resin.

Tables 15 and 16 compare specific resistance of the candidate membranes
and the electrolyte solutions. The CDlL AS5H-10 and CP4L-A2 membrane show
a specific resistance very close to that of 0.10 N NaCl. The data indicates

that as membrane selectivity approaches 100% effectiveness, the specific

3l
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resistance of the membrane (at equal IEC values) will tend to increase
because of the more efficient exclusion of electrolyte particularly the
acidic species., Further improvement in membrane selectivity will tend
to increase the specific resistivity. Thus major reduction in absolute
membrane resistance without selectivity loss will require a proportic..al
reductiorn in membrane film thickness to counter balance the increase in
resistivity. |

The area resistivities of the thin film versions in each candidate

system was reduced by a factor of 2 to 3.

32
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7.0 Fe 3TRANSFER AS A FUNCTION OF FeCl3 CONCENTRATION

3 -
K

+ +
The Fe 3 transfer rate, Pfe' was measured for several candidate

membranes, the 103QZL-B2 and the CP4L-A2 at four different Fec13 concen-

trations; 0.5, 1.0, 2.0, and 4.0 N acidified 1N in HC1l, Two other
candidates, the 103QZL-Bl0 and the CDlL-AS5H~10 were tested at 0.5
and 2.C and 4.0 N.

+
The amount of Fe 3 transfer per unit of electric current was a

measure of the membranes functional selectivity or efficiency under
dynamic redox cell conditions. The test simulated a redox FeCl3 half
cell at a current density CD = 60 ma/cmz, in the charging mode (polarity)
of cell operation. A detailed description of the test procedure and

apparatus is presented in NASA CR 134931 (page 38, and Appendix IV),

+
The Fe 3 transfer rate, remained approximately constant for all

membranes in the electrolyte range of 0.5 to 2.0N, but increased

substantially at the 4.0 N level. The 103QZL-B2, the membrane with the

highest porosity, showed an Fe+3

transfer rate of 127-233 x 10 mg
Fe/mF at 4,0N FeCl3 an eight fold iucrease from a base line of

18-30 x 107> mg Fe/mF,

The most efficient membranes in the candidate series, the CP4L-A2,

and CDlL-AS5 showed only a three fold increase at 4,0N FeC13.

A summary of the data is given in Table 17,

=
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8.0 PFe TRANSFER AS A FUNCTION CF CURRENT DENISTY

+
The variability of Fe 3 transfer was measured as a function of
current density for three membranes.

(1) the 103Q2L~-219S, a standard production membrane (Ionics, Inc.)
with a high porosity relative to the optimized candidate systems

(2) A3L-A5 ~ low porosity candidate
(3) A3L-26 ~ low porosity candidate

The variation in current density was 15 to 480 ma/cm2 for the
1030ZL-219S and 60 to 240 ma/cm for the A3L-AS and A6. The results ~re
summarized in Table 18. We found that the Fe+3 transfer (or loss) was
greatly diminshed above a CD=120 ma/cm2 for the more porous membrane,
103QZL-B2195. At CD=480 the P, was 7-13 x 107" mg Fe/mF a 500 fold
reduction from the high Fe loss of about 1-4 mg Fe/mF at the lower current
density valuest (Figure 7)

The more selective and less porous membranes A3L-AS5, A6 showed little
or no change .n Fe+3 transfer with increase in the current density.

The extreme reduction in Fe+3 transfer observed in the 103Q2L-219S
at high CD values could result from a polarization effect at the membrane
solution interface. The high electric current demand could produce
depletion of Fe+3 in the interfacial solution film and make it less
available for transfer. Replenishment of the depleted film by diffusion
of electrolytes from the solution bulk would favor the more mobile H+

ion which is present in high concentration,

34



1
(R

e

[ qum———

| e | e 4

p——

T

9.0 MEMBRANE SCALE-UP CAPABILITY

The membrane types 103QZL-B-2P and A3L-37P, developed for NASA Lewis l
under contract number NAS3-20108, were prepared in sizes 20" x 42" and in .
gquantities of six membranes each, :

We statistically cbtained samples from these small production runs ;
by selecting, at random, three membranes from each, cutting analytical
samples from each of the three (Labeled membranes A, B, and C for each
membrane type) as follows:

2"
< 4 >
A
.//-\‘ P
1 ! 2 )
3 {3 20" L
N ”
I8
/ ) T f
4 N 4 S \\5// '
y ﬁ

For each membrane tvpe (i.e., 103QZL-B2P or A3L-37?P) there were developed
a total of 15 typical samples, 2 small number (n) to be sure but still an
effective sample variation to plot 3 sigma (3 ) production capability.

The four most important parameters (or properties) to be considered
when planning membrane production capability are:

(1) Ion Exchange Capacity, a measure in milliequivalent of dry
resin of the exchangable resin counter (exchangable) ion.

(2) Thickness in millimeters.

(3) Water content on a wet membrane basis.

(4) Resistivity - measured in ohm-cm2 through the plane of the membrane.

1
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In the case of the 103QZL-B2P and A3L-B7P membranes, only -5 samples
each for a particular property have been made available due to very
limited production., These have been ' .° ved in Tables 19, 20, and 21,

In the statistical analyses of the small lots of the two special
membranes, we can see from Table 22 that our capability for manufacturing
these new experimental rembranes in a good tight specification range is
good. While this evaluation is based upon a very small sampling, it is
unlikely, based on past experience, that the range will increase much more than
a factor of two when a large number of samples of similar material have

been prepared.
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l} 10.0 GCCNCLUSIONS
j

‘ o The CP4L-A2 membrane, a copolymer of 4 vinylpyridine and vinylbenzyl
I ' chloride, ranked highest in overall properties of selectivity,

resistivity, and durability. The optimized properties were; Fe+3
, transfer rate=4-8 mg Fe/mF, Resistivity, RS=l.8 chm-cm® at 0.23 mm
i film thickness, and superior durabillty in FeCl3 and CrCl3 at 8c°c,
o The optimized versions of the other candidate membranes were ranked
P in the following order; A3L-B7, 103QZL-Bl0, CD1L-AS, 82LDT-B2, Their
- optimized Fe*3 transfer ratgs were in the range of 1-8 mg Fe/mF, and
uet the contract target Fe - transfer rate of ~2 mg Fe/mF.

l; ° The use of thin woven and non-woven synthetic fabrics as backing
materials demonstrated a 2 to 3 fold improvement in membrane
electrical resistance by redu.ing the functional film gage to about
.10 to .30 mm range. Several experimental fabrics showed promise
as backings or substrates, however, none attained the excellent
durability and use reliability of the standard heavy gage woven
Dynel (film gage=0.6 mm),

fomeerme S-S

o The CP4L-A2, A3L-B7 and B2LDT-B2 candidate rolymers showed excellent
stability of resin structure and ion exchange groups in FeCl3 and
CrCl, at 80°C. (1000 hr. test)

F— |

o The CD1L-3A5 a..d 103QZL-Bl0 membranes gave good durability in FeCl3
at 80°C and in CrCl3 at ambient temperature,

[P

At least three alternative membrane/polymer systems showed promise
for future development because of low resistivity and/or high ion
exchange capacities. These were *.. CT, CTM, and VC-TP systems,

2
‘ ° Large scale manufacturing capability (5.5 ft per membrane) was
f successfully demonstrated for two candidate membrane systems, the
§ A3L-B7 and the 103QZL-BZ on Dynel woven backing 183,

© Fe$3 transfer rates of canaidate membranes were not sensitive to
variations in FeClj; concentration in the 0.5 to 2.0 M range but
increased substantially at 4.0M FeCl3

Prmmn—ny
[ |
o

Variations in current density in the 60 to 480 ma/cm2 range did not
effect the Fat3 transfer rates in low porosity and high selectivity
rembranes. A large decrease in the transfer rate was observed in the
mors porous membrane 103QZL-219S above 120 ma/cmz.

=3
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11,0 RECOMENDATIONS FOR FURTHER WORK

1.

3.

4.

Attempt major reduction in absolute membrane resistivity by creation

of thin candidate resin film on suitable backing or suvbstrate,

Investigate methods of application of thin film onte various available
synthetic substrate materials.
The substrates would include -

a, non-woven mats in polypropylene, polyethylene, Teflon,
and carbon;

b, porous or macro-reticular ion exchange membranes and
films.
Investigate alternative polymer systems.

a. heterogenous solvent cast films (ion exchange resin
and binder)

b. systems with IEC
CT-copclymer VBC and TEPA
CTM~copolymer VCB and TMEDA
with emphasis upon the reaction of VBEC with non steri-
cally hindered polyamines,

Evaluate above thin film and alternative systems for . .- ity,

resistivity, and durability.

Reduce cation transfer in optimized candidate me.sbranes to virtual

zero level by creation of high density surface film,
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ABSTRACT

Experimental anion permselective membranes were imoroved and charac-
terized for use as separators in a chemical redox power storage cell
being developed at the NASA Lewis Research Center. The goal of miniral
Pe*? jon transfer was achieved for each candidate membrane system. Minimal
membrane resis*tivity was demonstrated by reduction of film thickness
using synthetic backing materials but usefulness of thin membranes was
linited by the scarcity of compatible fabrics. The most durable and
useful backing fabrics were modacrylics. One membrane, a copolymer of
4 vinylpyridine and vinylbenzylchloride was outstanding in overall
electrochemical and physical properties. Long term (10C. hr) membrane
chemical and thermal durability in redox environment was shown by three
candidate polymers and two membranes. The remainder had good cdurability
at ambient temperature. Manufacturing capability was demonstrated for

large scale production of membrane sheets 5.5 ft2 in area for two candidate

systeas.

lorataeeal

Aot 6 Rt | Mnie® AR SOl B
ko T Cees



"3
H

"> ey

jonmdnii st B coneen B ovnf

et iy

H

| - B evous

Definition

I
¢ Resistivity by liquid junction method

R% Area resistance by liquid junction method
P Resistivity by contact probe method

R; Area resistance by contact probe method

oF millifaraday

IEC Ion exchange capacity

I Inters-itial molality

Sermeation factor for Fe in the charging mode

40

Units

ohm-cm

cha-cm

mg Fe/mF

96.5 x 103 ra-sec
meq,’dry gram resin

meq/gm H20
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TABLE 1

MEMBRANE RESISTIVITY AS A

Method of Meas. — Liquid Junction

3.

FUNCTION OF HCl CONCENTRATION

Cell Cross Sectional Area = 1.36cm

Meas., Frequency - 1000 HZ

Temp = 25%
Film érea Resistivit& Resistance
Thickness R, 1IN HC! (~-cm™) Ratio

Membrane (mm) Backing Fabric J0.IN JO.SN 1. ON|12.0N | 6.N | R0O.1/R6.0
103QZL-B2 0.60 Dynel 13.1 {6.8C | 4.17 { 3.03{2.06 6.4
103QZL-z10 0.60 Dynel 15.4 | 3.6 6.40 1 4.16 | 3.26 4.7
103QZL-B10 2.27 TeZlon 6.81 [4.24 |2.63|1.55]1.43 4.8
A3L-B7 0.60 Dynel 15.4 |10.0 | 6.45 | 5.26 | 3.26 4 7
A3L-B7 G.27 Teflon 8,50 | 5.55]3.7512.23 11,45 4.6
A3L-B7 0.1ls Polypropylene 11.28| ==== | 3,17 | ~==e | ==== -—
A3L-B7 0.25 Polypropylene 9.04 | ==~= ] 3,66 | ~m=~ | === -
B2LDT-B2 0.60 Dynel 1383 12,0 §10.1 }7.72 1 6.43 | 3,54 3.4
B2LDT-B2 0.27 Teflon 6.53 }]5.17 14.12 3,03 12.03 3.1
CDlL—ASH—l% 0.60 Dynel 6.80 [5.75 {4.1913.79 | 2.96 2.3
CD1L-A.-3 0.11 Modacrylic 3,75 |3.00 | 2.50 | 2.15 | 1.58 2.4
CP4L-A2 0.23 Modacrylic 2,32 {2.5012.15|1.80 j1l.61 1.5
Soluticn Resistance {chms) 10,2 13,2 (2.,1011.658]1.37 £.0
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TABLSZ 14,

MEMBRANE RESISTIVITY AS A FUNCTION CF NACl CONCENTRATIN

Method of Measuring Liguid Junction
Cell Cross Secticnal Area = 1.36cm2
Meas. freguency - 1000 HZ

Q
Temp = 252

Tilm | .Area Resistivity Resistance |
Thickness R7, 1N NaCl (zrcmz) Razios
Memrbrane {zm) J.1] 0.51 1.0] 2.0] 5.3 |RC.1L/RE.0
103QZL-82 0.80 12,3 11,51 9.28{ 7.39}5.84 2.2
103QZ1~Bl0 0.59 6.2 | 14,41 12.8)20.5}8.61 1.9
A3L-B7 0.60 15.9114.4]12.5]10.9}8.87 1.8
B2LDT-32 0.60 11.3411.2]110.2}9.06 5,36 1.4
CD1L-a5H-10 0.60 8.2u] 6.6616.26|5.8915.9 1.05
CD15-a5-3 0.11 3.67 ] 3.6e4 ] 3,34 3.34( 3.60 1.c8
CP4L-A2 0.23 2.18| 2.58)2.77] 2.80 | 3.47 0.63
Solution Resistance 29,318,821 5.41) 3.4 12.68 10.6
{ohms)
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TABLE 15,

l’;i SPECIFIC RESISTANCE OF CANDYDATE MEMBRANE IN HCl
[L Specific Resistivity@’ at 25°C (a-cm)
Membrane at Electrolyte Concentration
(Electrolyte) 0,1N 0.5N 1.0N 2.08 6.0N
EJ 103Q2L-B2 218 113 70 51 34
B 103¢2ZL-B10 257 160 107 69 54
A3L~17 257 167 108 88 54
B B2LDT-B2 200 168 129 107 59
CD1LASH10 113 9 70 63 49
E CD1LAS-3 341 272 227 195 144
3 CP4L-A2 104 109 93 78 70
(rc1) 26.3 5.57 3.00 1.77 1.19

Measurement by 1liquid junction method at 25°%¢

HC1l Conductivity Data - International Critical Tables Vol. VI, 1929

o
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TABLE 15.

SPECIFIC RESISTANCE OF CANDIDATE MEMBRANES IN NaCl

Specific Resistivity,0° at 25°C (a-cm)

Membrane at Electrolyte Concentration
(Electrolyte) 0.1N 0.5N 1.0N 2.0N 5 .0N
103QZL-B2 205 192 155 123 24
103QZ2L~B10 270 240 213 175 144
A3L~B7 270 240 208 182 148
B2LDT-B2 128 137 170 151 139
"D1L-ASHLO 103 111 104 98 o8
CD1L~AS5-3 352 331 313 304 327
CP4L~A2-2 95 112 120 113 151
(nac1) 33.7 21.3 11.6  (7.72)  4.47

18°C

NaCl solutions acidified to 0.0lN in HCl to activate weak base

amines.

. o)
Measurement by liquid Jenction method at 25 C.

NaCl Conductivity Data - Robinson R. A, and Stokes RH, Electrolyte

Solutions, 2nd ed. 195¢ p.4c6

-and International Critical Tables, Vol. VI-1929
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Fe TRANSFER IN ANION MEMBRANES AS A TUNCTIN CF FeC13 CQNCENTRATICN

All E‘eCl3 Sclutions 1.0X in #CL
Currant Density = 6Cma/c:n2

Thiii:ess Te Transfer P;e {mgFe/mF x 10-3)
Membrane {mm) Q.5M E’eCl3 1.2M E‘eCl3 2.0M S‘eCL3 4.0M E‘eCl3
103Q2L-~-B2 0.60 18-30 18-29 17-29 127-233
103QZL-310 Q.80 3-4 - 7-15% 24-6C
CD1L ASH-10 0.60 3 - 53-8 12
CP4L-A2-2 0.23 3-4 6-9 4-8 11-20
<D1lL-AZ 0.1 - - 5-3 13

N4
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TABLE 1 8.
Ee+3 TRANSFER AS A FUNCTION OF CURRENT DENSITY
Test Electrolyte = 2M Fe Cl;/1NHC1 -

Temp. Ambient - Electrolyte Flow = 1.5cm/sec

R
et

4

Current Density
(ma/cm?)

| I— I

15

B!
-

I

30

e

60

]

—
| S——

i20

[E 240

480

IS,

P

T et
w e

4.1-5.3x10°

2.7-3.2x10°

3.4-4.4x10°
1.1-1.2x10°

84-99

7-13

60

Fe

A3L-AS

7-14 (11)

7-13(9)

PR R bk i ke £ AP 7

re*3 Transter, B\, (mgre/melo-3) for Membranes
1030212195

A3L-A6

13-73(37)

37-53 (44)

22-49(34)
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TABLE 20¢0,

PROPERTIES - SAMPLES FROM PRODUCTION SCALE MEMBRANE

No. Manufactured - 6

Size of Membrane Sheet - 20" x 42"
103QZL~B2P MEMBRANE

Burst Thickness Rg Rﬁ IEC
psi (mm) 0.1N HC1l 0.01 NaCl meq/dgr $H,0
141 .58,.58,.58 9.7 15.0 2.53 31.6
134 «58,.58,.58 9.1 15.0 2.50 31.3
139 .58,.58,.5¢5 9.4 15,0 2.54 31.3
129 .58,.58,.59 8.4 15.5 2.45 31.3
130 .58,.60,.60 9.3 15.4 2.52 31.2
139 .59,.59,.59 8.1 15.3 2,57 31.2
148 .59,.59,.60 8.5 15,5 2,56 31.1
150 .58,.59,.58 8.4 15.2 2.34 31.5
143 .60,.60,.60 8.4 15.0 2.33 1.1
144 .58,.58,.59 8.5 15.5 2.42 31,5
140 .60, .60, .60 7.9 15,5 2.47 31l.1
139 .59,.59,.59 8.5 15.1 2.41 31.5
150 .60,.59,.59 8.6 15.4 2.43 31.6
142 .59,.59,.59 8.7 15.5 2.46 31.4
137 .59,.59,.59 8.9 15.0 2.40 31.4
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Membrane Sample

PROPERTIES - SAMPLES FROM PRODUCTION SCALE MEMBRANES

TABLE

21,

A

v W N Vo W

Wb w N

No. Manufactured -10

Size >f Membrane Sheet 20" x 42"
A3L~-B7P Membrane
Burst Thickness RS 0.1NRCL
(ps1) (mm) A=c2
143 «54,.55,.54 10.4
142 +53,.54,.54 9.4
148 .56,.56, .56 9.1
143 .53,.54,.55 9.2
136 .55,.55,.54 9.7
143 .54,.55,.55 10.3
147 «57,.57,.57 10.0
145 .54,.54,.54 10.6
153 .56,.56,.55 10.0
148 .57,.57.,57 10.6
148 .55,.55,.56 9.7
142 057' 058' 058 906
141 .57,.57,.58 9.8
154 .59,.59,.58 9.4
141 .55,.55,.56 9.1
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IEC
mq/dgr

3.59
3.45
3.57
3.66
3.79

3.61
3.54
3.48
3.51
3.40

3.5%
3.39
3.40
3.41
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Figurs 1, Polymer Structure - Candidate Anion Membranes

~

a. 1030¢L - divinylbenzene, vinylbenzylchlqridgcopolymer aminated with
T trimethylamine
~CH, ~CH=CH_ =CH=i-

2 n
~N N
\ P I
) <)
CHZN (CH:,’)3 Ccl

éCH-CHz)n

b, A3L - divinylbenzene, 2-vinylpyridine copolymer

L}
- -

—{CH-CH_~CH_~CH¥
) 2 2 n

-

c¢. B2LDT - divinylbenzene, vinylbenzylchloride copolymer aminated with
diethylene triamine

4CH, ~CH~CH, ~CH—+
’d
I P c1® c®
NS e S &)
o CH_NH,,CH,CH K, CH, CH,H
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Figure 1, Polymer Structure - Candidate Anion Membranes (Cont.)

d. CDIL - vinylbenzylchloride, dimethylaminoethylmethyacrylate copolymer ‘
CH3 i
—~CH- CH = CH_, - CH == s i
co " c® '
0 7 CH, @ f

CH CHz N - CH ‘Quaternary Site
2 S l 3 . 1

CH:

X CH, }
- h
CH, , CH, cx, '
.0 o ?
Tertiary Site “lao %
+-CH = CHz- z

e, CP4L - VBC and 2 or 4 vinyl pyridine copolymer

—CH , CHCH, ~CH)—

/ﬁ ‘
\
\n

Cle
N @ Cl

(  _

(-CH CH -)

£, A3L=96 - 2-vinylpyridine and ethylene glycoldimethacrylate copolymer

- cH
73
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Figure 2. POLYMER STRUCTURE - ALTERNATIVE SYSTEMS

a. CT - vinylbenzylchloride and tetraethylenepentamine (TEPA) copolymer

+CH CH_}
~ c1® c®
AN ) @
CHZ (NH2CH2CHZ‘)‘N32CH2
CH.}

. CT™ - vinylbenzylchloride and N, N, N', N' tetramethylethylenediamine
(TMEDA) copolymer"

~~CH-CH,—+-
n
~N
! CH CH. & Cla
2’ 3 i3
gz- N cazcnzgﬁ- &,
c® 3 3 ry |
NS
~~CH CF_—)-

2 'n

c. VC=TP - polyvinylchloride film aminated with tetraethylenepentamine (TEPA)

——~CH_-CH ~ CH_CH-}~
2 2| ‘n

C1 . ® @
N nz(cnzcnzcnzrmz)3 ~ CH,CHNH,
=~ e
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Figqure 2. (Cont.) POLYMER STRUCTURE - ALTERNATIVE SYSTEMS
d. CE - vinylbenzylchloride-ethylenediamine (EDA) copolymer

N
’ D €]
C C
&t @t

CHZNH2CH2C32NHZCH2

(-CH CHi)n

e. CD - vinylbenzyl chloride and diethylenetriamine (DETA) copolymer
+CH-CH

2 e
71\
[ | 1019

N

o @
(4
CH, Emzcnzcx-x2 NH,CH,

-

<CH~CH_3}
2'n

f. X - 4-vinyl pyridine (4-VP) and ¢ ' dichloro p-xylene copolymer
4CH-CH .}
2'n
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FIGURE 3.

. J . ;
Membrane Resistivity, R(, as a function of HCl Concentration at 25°C

103Q?L-Bz Membrane

O -Dynel Backing Film Gage-0.60mm
1030ZL-B10 ‘
0 - Dynel backing Film Gage-0.60mm ;
A . Teflon backing Film Gage-0.27mm :
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; e J ) o
l Membrane Resistivity, Rp, as a Function of uCl Concentration at 25 °C
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13.0 Membrane Resistivity, Rg, as a Function of HCl Concentration at 25°%
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12.0 o) O Dvnel Backing Film Gage 0.60mm
A Teflon Backing Film Gage 0.27mm
11.0 P
10.0 — C
i
!
2.0
8.0 —
o \
7.0

5.0 — 45\\\\
4.0 3
\\\\\\\\\\ o)
3
3.0 A
2.0 i— A
1.0 |-
i 1 1 ! | 1 L
0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0

HC1l Concentration (N)

72

o



A A |

T IID |, == M,GHBLHW:;;:(A-;::; /O /o ta

17\/‘\4

e e

8.0

7.0

6.0

5.0

4.0

3.0

2.0

FIGURE €.
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Membrane Resistivity, R , as a Function of HCl Concentration at 2S°C

CD1I-AS Membrane

O Dynel Backing
A Modacrylic Backing

CP4L-A2
A Modacrylic Backing

Film Gage-0.60mm
Film Gage-0.llmm
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Tigure 7 TFe Transfer (?re) in Anion Selective Membranes as a Function of Current Density

Membranes: O© 103Q2L-219s; (J A3nL-a5, O A3L-A6
Test soln. 2M FeCl3/1IM EC1, Cell:polarity - charge mode
Test soln, Flow = 1,5 cm/sec.
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