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FCREWORD

Thls report was prepared by Delco-Remy Division of General
Motors Corporation, Anderson, Indiana, on Air Force Contract No.
AF 33(615)=3487, Silver-%inc Blectrcdes and Separator Research.
The work wag edministered under the direction of the Static Energy
Conversion Section, Flight Vehicle Power Branch, Aero~Space Power

Division, Aero Propulsion Laboratory; Mr. J. E, Cooper was task
engiresxr for the laboratory.
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The assistance of Dr, T, P. Dirkse, Professor of Chemiatry,
Galvin College, Grand Rapids, Michigan, as consultant on this pro-
ject is greatly appreciated.

This report is baing published and distributed prior to Air
Porce revisw., The publication of this report, therefore, does not
eonstitute approval by the Air Force of the findings or conclusions
contained herein. It is published for the exchange and stimulation
of ideas,
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rg The use of ZnSO‘.* in the nsgative plate mix appears to aid cycle

é 1ifs at 604 depth-of-discharge.

F;ﬁ Surfactants tested to date other than Emulphogens BC-610 do not

’ improve c¢yele life performance at roum temperature at 60% depth-of-
discharge.
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Development of failure analysis techniqueé are progressing
through the use of one media, the photomicrograph.
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A first epproach to the estimation of degres of molscular hydra~
tion in KOH sclutions of battery strength is made, and on this basis,
1imiting values of hydrated ion sizes are calculated.
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1.

Introduction

The spacific items under study in this contract are:

A,
B,
C.
D.
E.
F.
G.
H.
I.
Je
K.
L.
M.
N.

Separators

Elactrolytes

Machanical Barviers to 2inc Agglomeration
Particle Size amd Morphology of Zinc Oxides
Zinc Electrode Fabrication Techniques

Influsnce of Membrane Separator Characteristics
Sites for Zinc Oxide Overgrowth "
Development of Failure Analysis Techniques :
Sizes of Zincate Ion and Soluble Silver Species in KOH
Membrane Pore Size Measurements in KOH
Stolchiometric Ratio of Formed Zinc
Fundamental Studies on Surfactants

Alternate Method of Surface Area Measurement
Surfactant Teats

This report covers the second thres month period dxi:;;;h:!:a program,




II. Factual Data

C. Mechanical Barriers to Zinc Aggiomeration

Eighty-one 25 a.h. cells were constructed with varying percentages
of FSC fibers, asbestos fibers, and gine fibers in the negative plate
mix as follows:

Group 1 ., 9 cells with 5% FSC fibers in negative mix
9 cells with 10% FSC fibers in negative mix
9 cells with 15% FSC fibers in megetive mix
Group 2 , . 9 cells with 5% asbsstos fibers in negative mix
9 cells with 10% agbestos fibers in negative mix
"y 9 cells with 15% asbestos fibers in negative mix
Group 3 , . . 9 cells with 5% gine fibars in negative mix
9 cells with 10% zine fibers in negative mix
9 cells with 15% zinc fibers in negative mix

Included ars three control cells., All cells were activated in 50% KOH
. .and e cycled at 60% depth-of-discharge. Figure 1 shows the imjtial
SR c&pﬁ%ﬁy of these cells., Figure 2 shkows the mumber of cycles obtained
by Group 1 cells., Figures 3 and 4 show the number of cycles obtained
by the cells in Groups 2 und 3 respectively. These cells failed by
loss of negative plate capacity.

In an effort to increase overall cycle life under 60% DOD, a ceil
design vbilizing more and thinner plates per cell to afford a lower
current density per plate is under study.

Twenty-seven 25 a.h., cells containing 19 plates wera constructed
vith asbestos fivers as follows: st

9 colls with .5% asbsstos in the negative mix .

9 cells with 14 asbestos in the negative mix <

9 celis with 1.5% asbestos in the negative mix

3 cells as controls,

These cells failed at 73 cycles. The control cells failed at 157 cycles.
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The cause of failure was loss of capacity due to dry plates. This con-
dition occurs because of pack tightness when four layers of separation
are used., Additional cells in the following paragraphs were tested using
three and four layers of separation to test whether the dry condition in
the cells could be eliminated by going to fewer separator layers.

Pigurez 5 through 13 are photomicrographs of the negative plates
containing percentages of these binders at indicated cycles.

D. Particle Size and Morphology of Zinc Qxides

Various types of oxides have been received from the New Jersey
2inc Company. Work on these oxides will be started shortly when the

coll design is finalized at 60% DOD.

E. 2inc Electrode Fabrication Techniques

Twenty-five a.h. cells containing 21 plates and four layers of FSC
separation were constructed and tested with the following percentages
of XX~601 zinc axides (acicular) as follows:

9 cells with 5% XX~601 in the negative aix
9 cells with 102 XX-601 in the negative mix
9 cells as controls.

Additional cells containing 17 plates and four layers- of FSC
separation were construnted and tested for the following percentages
of XX~} zine oxide (acicular) as followss

3 cells with 2% XX~4 in the negative mix
3 colls with 5% XX-4 in the negative mix
5 cells with 103 XX-4 in the negative mix
3 cells as controls.

The cells containing the XX-001 acicular zinc oxide gave 25 a.h,
initial capacity and failed at 77 cycles, including the control cells.
The cause of failure was due to dry plates because of pack tightness.
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The cells containing the XX~/ acicular zinc oxide gave 22 a,h.
initial capacity and failed at 157 cycles, including the control cells,
The cause of fallure was loss of negative plate cameity.

Pigures 14 to 19 show the cross-sectional photomicrographs of the
negative plates at the percentages of the acicular zinc oxides and the
number of cycles obtained at 60% DOD.

Twenty~-cne additional 25 a.h. cells containing 21 plates were cone
structed with varying percentages of zinc carbonate and zinc sulfate in
the negative plate mix as followas

3 cells as controls

3 cells with 2% 2n003 in the negative 1315333?
3 cells with 5% 21003 in the negative MLy
3 cells with 10% 2nC03 in the negativ’e mix

3 cells with 2% 2130, ir the negative mix

3 cells with 5% 2nS0; in the negative mix

3 cells with 10% ZnSO; in the negative mix

Theze cells delivered 33 a.h. to 37 a.h, initial capucity. Figure 20
shows the number of cycles obtained by these cells., These cells failed
due to loss of negative plate capacity. There were alsc heuvy deposits
of Zn trees on the edges of the elements.

The addition of ZnS0Q; appears to aid the cycle ability of the neg-
ative plate in this series at 60% DOD.

The photomicrographs of these negative plates are under prepara-
tion at this time.

F. Influsnce of Membrane Saparator Characteristics

The First Quarterly Report prepaved by the Whitiaker Oorporation

is enclosed.



I. Sizes of Zincate Ton and Soluble Silver Species in KOH

In an attempt to achieve a better unmderstanding of concentrated
KOH solutions, available data from the literature hare been treated as
discussed herein. The main objectivé of this work is to achieve a value
for i6n sizes of K™ aml OF" in concentrated solutions of battery strength.
The work reported herein is our first approach to the problem and is in-
complete ipeofar as data for lons have not yet been achieved, except in
terms of upper and lower limits; however, data existing in the literature
can bé tréated to obtain molecular volumes for hydrated KOH in battery
atrangth golutions,

Partisl Molal Volumes

48 a first step in the procedure, the Gensity data® for KOH
solutions up to 50% by weight (68°F.) werse used to calculate the
volume of aolutions containing 1000 grams of water. The data are
shown im Table I.

TAHE I
Volumes. of KOH Solutions (68%F,)

Weight 4  Density Volumes of Sol- Weight Molality

KOH utions Containing KOH n,
: 1000 gm. H,0 (c.c.) Grams

0 0.997 1003 0 0

2 1.016 1004 20 0.36

6 1.053 1010 65 1.16
10 1.090 1022 112 2,00
16 1,147 1037 190 3.39
2/, 1.226 1074 317 5.65
36 . 1.208 1110 L3 1.66
40 1.396 1193 668 119
50 1.512 1322 1900  17.8

#JACS, Apr. 1941, p. ‘}088




From these data, the solution volums may be plotted against the
molality, e3 in Figure 22. The tangent to the curve at any valus
of molality provides data for the caloulation® of the partial molar
volwms. As zx example, from the tangent at 405 by weight KOH, the
volume per mole of KOH in solution is calculated to be 20.5 c.c.
This may be compared with 27.4 c.c. caleulated from the handbook
value of 2,04/ gm per c.c. for the density of solid KOH.

From the molar volume, “he volume per molecule of KCH in solu~
tion may be calculated using Avagadrols number

20

or
341 X 10723 1% = 341 cubic Angstroms..

If the molecule is treated as a sphere the molecular diameter
is calculated to be ‘

a = 44a°

On this basis, the diameter of either the X™ ion or the OH" ion
would be less than 4 A®. :

From the shape of the curve, it is evident that the molar
volume of the KOH gets progressively less as the concentration of
solution decreases. Tuus, at ny = 2 (10% by weight KOH), the molar
volume 1s calculated from the tangent to be 12 c.o./mole‘.~ Evidently
KOH solutions are quite non-ideal, and the molecular volumas are far
from being additive. Just how far they are from being edditive is
described in Figure 23 whera voluma paer mole for KOH sclationz iz
plotted against mole fraction of KOH. Thess data wers calculated
from Table I. i

#See "Textbook of Physical Ghemiatry," Glasstone, 2nd Ed. p. 239.
D. VanNostrand Co,, Inc., 1946.




What this means, of courss, is that the ions from dissolved
KOH are more-or-less hydrated in solution. As a consequence, the
molecular volume and diameter previously calculated for KOH in 40%
golution may be considersd to bs effective values for KCH stripped
of waters of hydration, and, therefore, not representative of the
real situation in solution. While Figure 23 says that there is a

good deal. of solute-gsolvent interactlon, the data of the figure do

not provide quantitative means of determining how much water is
tied up by dissolved KOH.

Degree of KOH Hydration

A thorough review of the literature has not yet been made, but
it is speculated that a dearth of data aimed at determining degree
of hydration in battery strength electrolytes is apt to be found.
At any rate, a treatment of existing literature data is made herein,
which is believed to be novel, although no claim is made for its
soientific rectitude.

The concept and treatment of data are very simple.

Determination of molecular weights from freezing point depres-
sion, boiling point elevation, vapor pressure reduction, etc. are
all commonly used techniques, ard any standard elemertary physical
chenlstry text provides the theoretical basis for making such deter-
minations, Furthermore, the same texts discuss solutions of strong
slectrolytes where 100% ionization is assumed to be %he case. The
major problem seems to be that such experimentsl data are good only
for relatively dilute solutions (1 to 2 molal or less).

When freezing point depression data, boiling point elevation
data, end vapor pressure lowering data for KOH solutions are
cxamined, it is aspparent that the quantities involved become sub-
3tantially‘ larger than those which can be calculated on the basis
of the simple theory, assuming 100% ionization, as concentration
increases beyord 1 or 2 molel. It is .uggested hersby that this
result occurs simply because of the hydration of iems (and/or,

.
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molecules), and that comparison of the actusl data with that calcu~
lated as theoretical based on 100% ionization can provide a means
of determining the extent of hydration., What this means i3 this:
bacauge of hydration the water of hydration bescomes a component of
the solute* and, consequently, the real concentration of solute be-
comes appreciably larger than that caleulated from the straight
molal quantities of each componsnt originally added to make up the
solution.

We may choose the vapor pressuwre lowering relationship to illus-
trats the treatment of data. In Figuve 24 are showm the meagured
vaiues of vapor pressure of watex: for solutions of KOH up to 50% by
veight at 68%. (International Critical Tebles, Vol. III, p. 373).
On the same graph are shown cglculated values of the vapor pressure
which should result based, simply, on a molal lowering of 0,62 mm/
mole. (0,31 is taken as the molal lowering for a non-ionized solube
which obeys Reoult’s law. See "Physical Chemistry for Colleges,®
Millard, 6th Ed., p. 183, McGraw-Hill, 19146.)

The tie lines drawn indicate that a 4 molal solution béhaves
like a theoretical £.8 molal solution; a 6 molal solution behaves
like a theoretical 9.4 molal solution; an 8 molal solution behaves
like 13.1 molal solution, amd so forth,

Now, a 5.8 molal solution contains 55.6 moles of water in the

ratio 5.8/55.6, so the 4 molal solution behaves as though it con~
tains water in the same ratio

4.0 _ 5.8
x 55.6
X = 38 04

But, ingsmuch as the 4 molal solution actuslly contains 55.6 moles
of water, then 55.6 - 38.4 = 17.2 moles of water have become part

¥See for Example: "Ionic Sizes," Stern and Anis, Chem. Rev. 52,
Feb. 1959, p. 23.
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of the solute as water of hydration. Therefore 17.2 moles of
water are asgociated with 4 moles of KOH for a hydration number

of 4.3. In similar fashion a hydration number can be calculated
for each concentration of KOH and the curve deseribed in Figure 25
iz obtainad. This curve says that the number of meles of water
agsoclated with one mole of KOH falls off sharply as concentration
is ineraased.

Now we are in a position to calculate the size of the hydrated
molecule. Using a 40% by weight solution again, from Figure 25 it
iz seen that 1.67 moles of water are tied up with 1 mole of KOH.
Bacsuse there are 11.9 moles of KOH in a 40% solution, 19,9 moles
of water are hydrated, leaving 35.7 moles of soivent water. If it
is assumed that solvent water has the same specific volume as pure

water, then the volume of solvent water is

35.7 % 18.1 = &6 c.c,

But, from Figure 22 an 11.9 molal solution containing 1000 grams
of water has a volume of 1190 c.c. Therefore, the volume of
hydrated KOH is

1190 - 646 = 544 c.c,
or 544/11,9 = 45.6 ¢.c./mole.

The value of 45.6 c.c./mole may be compared with the additive value
of 57.6 caleulated from the molar volume of s0lid KOH and thet for
1.67 moles of pure water.

Again, using Avegedro!s mmber, the volume per hydrated mclecule
for XOH in a 40% solution is

45,6

—d - 23
6023 x m 7.57 x 10 C.C,

or
7.57 % 0723 x 10% = 75,7 cubic Angstroms.

If the hydrated molecule is treated as a sphere, the molecular
diameter is calculasted to be 5.3 £°. For a 4 molel sclution

ST TG IR INT B Bt eSS o e b Dbt o,
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(hydration number 4.3), the volume per molecule is calculated to
be 146 cubic Angstroms and the spherical diameter to be 6.5 Ao.

On this basis, the Giameter of either the hydrated X+ ion or the
hydrated ON™ ion would be less than 6.5 A® for the latter solu-

tion,

Derived Data

From Figure 25 a very interesting plot can be made up. From
the molality and the hydration number, the total moles of water
tied up as water of hydration can be csleculated., The result is
shown in Figure 26 for solutions containing 1000 grams of water
(55.6 moles). It is interesting that this curve goss through a
maximum around 8 molal (32% by weight KOH). The conductivity is
plotted on the same chart for comparison., Obviously, similar max-
ima would occur if those plots were made on & molar basis, rather
than oxt & molal basis,

It is suggested that this resuli, namely & maximm in quantity
of bound water, as well as the sharp falling off of the hydration
number as concentration increases, may be dus to the same overall
effects a sharp increase in the degree of ion association betwsen
Kt and OF~ as concentration inecreases above about 20 - 25% by
weight. Thus, as ions of opposite charge come more and more with-
in one another's influerce, water of hydration might not only be
physically shoved away but also lessened in quantity because of a
reduced effective ionic charge. The decreased conductivity might
be, in part, due to an actuel reduction in the effective number of
ionic carriers, as wsll as to increased viscosity.

if the latter description ie true, i.e. lon~ion association,
then the calculated curve in Figure 24 would fall off less sherply
than ghewn ot the highsr concentrations and the degrss of hyération
would have to be recalculated correcting for the extent of ion~ion
association. It seems possible that some estimate of ion-ion

10
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assosiation couvld s obtained from the conduetivity data, and an
attempt will be made to work this out for the next report.

Conclusion

A simple theory is presented for the sigpe of vapor pressure,
fréesing point, and boiling point curves for KOH dolutions as a
function of concantration, and thelr variatio- f'rom theoretical
curves based on 100% ionic dissocistion. Available literature
data enable the caleulstion of extent of molecular hydration and
13ndting sizes for hydrated molecules of KOH. It is likely that
iénic assceiation will necessitate a correction to the calculated
valuss of axtent of hydration, in the more concentrated solutions,
which would have the effect of increasing the calculated values of
extent of hydration,




N. Surfactant Teste

Ninety 25 a.h. cells containing 21 plates and three layers of FSC
separation were constructed conteining the following surfactants and
percentages in tho nsgative plate mixs

9 oells with .15% BO=420

9 colls with .60% E3-420

9 sells with 1% B0=-420

9 cells with .15% BC-720

9 cells with .60% BC-720

9 eells with 1% BO~720

9 cells with ,15¢ BC-840

9 cells with .60%Z BO~840

9 cells with 1% BC-840

¢ cells with .5% EC-610 as Controls.

These cells delivered between 28 and 39 a.h. initial capecity. Figure
21 shows the muber of cycles obtained by each surfactant tested. The
cause of failure was due to loss of negative plate capacity in the case
of BC~720 and BC-420. There is no apparent cycle life improvement for
the various percentages of each individuval surfactant., The cause of
failure in surfactant BC~840 was massive short circuiting. In all cases
in the majority of the cells tested, heavy truseing of the zinc material
vas evident along the edge of the elements. The control cells are still
cyclirg,

The photomicrographs of the negative plates are under preparation
and will be furnished in the next quarterly report,

I% is thought that the excessive treseing experienced in this and
earlier tests iz in some way related to the use of thin plates in this
cell design. The standard 15 plate cell design did not appear to
promote this condition,

Additional cells are under test with varying plate numbers, and
shortly a cell deslgn will be finallzed for use in this program which
will best utilize the 60% DOD regims.

459
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I17. Sumary

The use of FSC and asbestos fibars do not improve the cycle life of
the csll at 603 depth-of-discharge over the control cells, The use of zinc
fibars shouws conme improvement, but this is because additional zine is added
to the cell, Additional organic fibers are to be tested.

Z2ire sulfato seems to immrove cycls 1ife, and further tests with in-
oreased percentages will be made,

The surfactants EG-720, BC-840, and BC-420 do not improve cycle 1ifs
over the atandard BC-610 at 60% depth-of-discharge. Tests ars to continue
using some tertiery alcohols and carbowaxes to determine what structure of

the surfactant is responsible for the improved negative electrode ..erformance,

On the basis of literature data for density of KOH solutions and a novel

mothod of treatment of vapor pressure lowering data ranges of molecular size
‘can be caloulated in terms of extent of hydration.

13
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ABSTRACT

Diffusion constants of potassium hydroxide through three types of typical
separators have been measured at 30°C, The diffusion constants show a
marked dependence on concentration although there appears to be no simple

relationship between concentration range and diffusion constant,




SUMMARY

A program has been initiated with the purpose of determining membranc
parameters governing ionic transport in a silver oxide-zinc ceil, During
later phases of the program, these parameters will be used to evolve prac-
tical mathematical expressions relating cell voltage as a function of time,
temperature, current, and concentration, and containing constants specific
to the cell construction parameters, Such relationships will e of value in

designing cells having improved low temperature performance,

During this period, a method was developed for determining the diffusion
constant of KOH through a membrane separating electrolyte solutions of
different concentrations. The method is reproducible, involving an average

error of 1-5%,

Diffusion constants were determined for PUDQ-600 cellophane, Visking V-7
geparator, and 2, 2XH 20% acrylic grafted polyethylene over four concentra-
tion ranges at 30°C. In additfon to the difference in diffusion rate among
the membranes at the same coencentration range, a marked difference in
diffusion rate was exhibited by each membrane over the four concentration
ranges investigated, At the present time, there appears to be no simple

correlation between the diffution constant and concentration range,
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1. INTRODUCTION

Scaled silver oxide sccondary batteries designed for long cycle life have
had relatively poor performance at temperatures below ambient and at cycle
depths greater than 25%. This is particularly true when the batteries arc
cycled under a combination of these conditions. Loss in performance fur-
ther occurz as a function of the rate {current density) at which the battery is
discharged at reduced temperatures. At moderately high rates, the per-
formance is improved due to internal heating of the battery. Compariaon of
cells made with identical plates but with different membrane separator
systems leads to the conclusion that major differences-in performance can
be associated with variations in separator properties, There has beena
recent effort to develop new separators which would overcome some of the
problems inherent in the e:;isting materials. The use of such materials has
still not prevented a decrease in cell performance as a function of discharge

rate and low temperature.

Figure 1 shows the effect of temperature on the discharge curve of two cells
constructed with membrane separators having different resistivities,

Figure 2 shows the plateau voltage of the cells as a function of tempgraiure,
The lower voltage for Cell B is indicative of a higher membrane resistance,
The variation of cell impedance with decreasing temparature is comparable
for the two cells, In spite of this, Figure 3 illustrates that while little
Jifference in capacity is observed at normal ternperatures, this difference
inc~eas.a with d:creasing temperature., This suggests that thexe is some

proparty of the i.nemhrane contributing to the dacreased capacity of Cell B

v i = TTTTO

™.

1}

apart {rora its higher resistivity,

~
~.
.

It i3 Narmco's belief that this differcential lose in capacity with decreasing

ternperature 15 associated with changee in electrolyte distribution brought

e
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about by tho reatzicied movemesnt of jons through the mombrane, the degroc
of this rosteiction being a function of the membranc propertics, as well as
of the cell construstion parvameters, The purposc of this program is (o de-
fine and ovaluaty these membrane parameters which influence fonic niove-
ment in the cell, and to mathematically correlate these paramcters and the
cell construction parameters, with changes in electrolyte concentration, in
order to prodict cell oporating characteristics under varying conditions,
The progyram goal ie to evolve practical rsathematical expressions relating
coll voliage as a function of time, temperature, current, and concentration,
‘and containing constants séeciﬂc to the cell construction parameters includ-
tag the tranaport characterisiics of the membrane separaturs, Suqh rela-
tlonﬂhips will be of value in the design of cells having luw (e mpuuiun per -

formpance,

The following schematic is a representation of the ailver oxide-zinc aystem
showing the anolyte and catholyte compartments and the membrane separatos,

including the directions of movement of ions and water under conditions of

dischaxge,
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The anode-anolytle process involves the following reaclions:
Zn +40H — Zn (on); t2e

Zn (OH):-———-& Zn O+ HZO}- 2 0H"

resulting in the net reaction

Zn+ 20H % Zn O + Hzo+ 2e

The cathode.catholyte process involves the following reactions:

2 AgO+ H o+2e‘-->.Agéo+zou“

2

Ag,0 + H O+2e —>2Ag+20H

2

resulting in the net reaction

Ag0+i-120+2e°—~'% Ag+ ¢ OH
In order to indicate the types of measurements which will be obiained in the
program, a brief analysis of the ionic transport processes occurring on
discharge is given below. Since these expressions are only presented in
oxrder to indicate the types of measurements involved in the program, some
simpli.fying assumptions were used te obtain these equations, "
The rate of removal of hydroxyl from the arolyte as 2 result of the zinc

discharge reaction is proportional to the curreni, i.=.
rate of OH  depletion = N B 4 -

Hydroxyl ion is being pr. .ced at the cathpde sim;ﬁmmeuaﬁy howaver, and
will reach the snolyte at a rate determinad by he migratian cornponant of

the current, i.e.

if

rate of OH replenishment = k it {2}
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whare t is the transference number of Ok “e geparator, and ki con-
tains the Faraday constant and time factor. Since . - necessarily less
than unity, the concentration of hydroxide in the arolyte mu. >ersase re-
gulting in increasing depletion of hydroxyl ion, The concentration, ‘‘ent
thereby created introduces a second mechanism dy which OH  is restorea,
namely diffusion, i.e.

- -

OH OE
a

- . _ c_
rate of OH replenishment = k2 vc va (3)

where the bracketed term represents the concentration difference, and kz
includes the diffusion constant of hydroxyl ion* in the separator and the

membrane thickness, OHC' and OHa' are the total amounts of hydroxyl
icn in the catholyte and anolyte respectively. Vc and Va are the corres-

ponding volumes,

Similar expressions may be derived for the i..e of change of OH  in the

catholyte,

1t should be noted that the expressions for the changes in anolyte and
catholyte concentrations are applicable for both charge and discharge con-
ditions, bearing in mind the correct meaning of the terms anolyte and
catholyte. To avoid misinterpretation, these are defined s follows:

Anolyte - that portion of the eiectrolyte adjacent to that

electrode where an oxidation process occurs, namely, at

the anode, On discharge this i{s the negative plate (e.g. Zn),

but on charge it is the positive plate (e. g, Ag).

£ at. ..
&

a =V mmbammTaos
MID TiTWbawa

Caihoiyie - ihai portion o yec &
electrode where a reduction process occurs, namely, at
the cathode. On discharge this is the positive plate (e.g.

Ag0O), but on charge it is the negative plate {e.g. ZnO),

%*The term '"diffusion constant oi hydroxyl ion' is used for mathematical
simplicity since it is well knowr :ihat diffusion coefficients of molecular
species must involve both 2 on a.d cation,
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Inspecticn of cquatinas 1, 2 and 3 indicates that in order (o dstermine con-
centration changez within the various portions of the cell, it will be neces-

gary io determine!

*

1. The diffusion constant of{ KOH i the separator as a function of
concentration and temperature.
- 2. The {ransference numbers of K', OH", 2nd water within the
pesazator as a ‘function of concentration and temperature,
3 The amount of ¥OH in the membranes as a function of concen-

tration and temperatuxe,

With the above informe." -~ . and specific constants relevant to cell construc

tion, it will then be possible ». _~'ve more accurate relationzhips concern-

ing concentration change with time,

”

piffueion oi Elcctrolyte

The first phase of the program is concerned with the measuremes; ~ ¥NH
diffusion through typical separator materials, The diffusion measurems:c-
are made by use of a typical diaphragm cell {Ref, 1) wherein the usual sin-
tered glass diaphragm is replaced with the membrane to be studied, This
typé of cell consists of two chambers separated by a membrane having an
area A exposed to each of the chambers, Each chamber is filled with a

known volume of solution of specified concentration,

Ueing Fick's first law

. p 2%

J =D 5 - (4)
the amount of material into one chamber under steadv state corditions is
given as

i1yr? " '
1 d{c'V’) - Dgc c’) (5)
A dt *Ax
7



where c', ¥! are the concentration and volume respectively, of the particu
lar chamber under consideration, D is the diffusion coefficient, and Ax i~
the membrane thickness, Good mixir;g of the chamber contents is main-
tained such that the only possible concentration gradient {c''-<') apppears

across the membrane,

1f conditions are chosen such that V' remains constant, equation 5 may be

rearranged to give

dc! . AD'
dt v!

(C“"c’) (6)

D
¢ - Sr—
where D! = o
Under steady state conditions, the amount of material passing into one
chamber rmust be equal to the amount of material passing out of the other

chamber. Therefore an expression similar to equation 6 is given as

dc' AD'
= =R el (7)
Combination of equations 6 and 7 gives
de' dc' . 11 ] .
rrafiidiy rallls -AD' (c"-c'} {V' + V’] (8)

which may be rearranged to give

"_pt
.‘j.‘cs_f.)l = -AD' (5 + %) a 9)

integration of equation 9 yields

c't.c’ 1 1
1n{-c—,,:-,%: = .AD'(V, + ;J-,)t (10)

Therefore, D' may be evaluated by measuring the concentration in beth

chambers at specific time intervals provided that conditions are chusen so

e~ *
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that the volume term in cquation 10, ({,-, + {,1-,,) remains essentially con-

stant,

An alternate experimental approach is indicated by equation 6, If the chas-
ber containing solute at concentraijon ¢ is wmade very large with respect
to the other chamber, ¢" will be essentially constant, Under these condi-

tions, rearrangement and integration of equation 6 gives

A

[ t -AD'
¢ . ¢! \'
o o

In t (11)

Under experimental condjtions based on equation 10, D' is evaluated from a
plot of 1n (c" - c'& vs t. Similarly, for equation 1], D' is evajuated
using the term 1pn (cg - c:), Therefore, it is not necessary to determine
to accurately, since any value of t may be used as t Thus, sufficient
time may be allowed before measurement in order for the membrane to
approach steady state condition, Furthermore, any set of initiz] concentra-
tions may be used to determine D', thereby allowing measurément of the

effect of concentration range on D',

The latter criteria is probably the main objection te the method detailed by
Harris {(Ref, 2), In this method, use of equation 6 is made by properly ad-~
justing vxperimental conditions, Thus, if c''-c' is kept essentially constant

during the measuring period, then equation 6 reduces to the zero order ex-

pression
de’
il k (12)
!
where 3 é.——VD— {c*-c’}

¢ = kit ~ (13)



Experimentally, the meihod described by Harris uses water in one chamber
and KOH of relativeily high concentration in the other, Under these condi-
tions, if the amount of change of ¢’ is small, then c¢"-c¢' =¢', The value
of c' is determined by pH measurement, Although the technique is rela-
tively rapid and convenient, if suffers from the fact that a concentration far
different from that actually occurring in an clectrochemical cell is seen by
one side of t!?o membrane, Although it appcars that D' as measured by this
method {(Ref, 3} is insensitive to the concentration on tiie "high" side of the
membrane, an aliernate method of measurement (as previously described)

is necessiary for complete characterization,

i0
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1L RESULTS

Initial measurements of KOL Jiffusion <onstants through membranes were
made on the basis of equation 10, The values of c¢' and c' were followed by
removal of small samples at fixed time intervals and titration with dilute
acid, However, it was found that this method did not afford reproducible
results, The non-reproducibility was traced to the sampling techniques in-

velved in the method,

In oxder to improve the accuracy of the method, an alternate experimental
progedure, based on equat.op 11, was adopted, This involved continuous
monitoring of density in the smaller chamber of a two-compartment cell
(Figure 4), Density measurements were made by determining the weight of
a sinker immersed in the iiquid under study (Figure 5), Determination of
the sinker weight in air and in distilled water would then allow caleulation
2f the molarity of the solution since density-molarity relationships had been
previously cstablished {Ref, 4),

In practice, it was found that ilie actnal calculation was not necessary,

From the data of Akerlof and Bender (Ref, 4), it can be showin that
c = kdta {14)

where c and d are the concentration and density respeciively of the KOH
solution, and kand a are arbitrary constants, Combining equations 11 and
14 ylelds
da" . d!
°

t ~AL¢
in rumpe Ul e g {15)
[«] o




Using the buoyancy method the density may be expresséd as

(16

wherse W, and w, are the weights of the sinker in air and liquid respoctively,

and V is the sinker volume, Combining equatiohs 15 and 16 yields

wh - w!
[3) t “-AJD’
(] ]

Therefore, D' can be calculsted directly from w'é' and w;. In practice, the

compartment corresponding to w’ contained the higher concentration and

smaller volume, The expzaded form of equation 17

i H
log W% - wi} - log (w! - w!) = 2,303 -’5;,9-— t (18)

_ %
~was used for the actual cailculation of D’,

Three types of membranes, PUDO-600 cellophane, Visking V-7 separator,
and 2, 2XH 20% acrylic acid graft polyethylene, were studied during this
period, Four concentration ranges were investigated, The values of D’

for each type of membrane is given in Table I,

For convenience, the results have been expressed in the units of ml min'l
in'z. The flux per unit area across one layer of membrane may be quite
readily calculated by multiplying the value of D' by the proper concentra-

tion gradient in units of moles ml'l. 1t can be readily seen that the units of

D' are equivalent to the usual units of the diffusion coefficient, cm2 sec'l.

#initially, calculation of D' was made by the least squares method ueing a
desk calculator, More recently, a program has been written for an
Olivetti-Underwood Programma 101 digital computer in order to facilitate
calcujation of both D' and its average error,

12
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TABLE ]

%
KOl DIFFUSION CONSTANTS ’ O MEMBRANIES 30°C

Membrane Conceniration Gradient
2-4, 5M 6-8, 5M 7.6-10, IM 9, 5-11, 1M

PUDO-600 0, 196£0, 003 0, 2040, 003 G, 1910, 005 0, 1110, 002
0, 213+0. 003(a)

Visking 0. 1270, 003 0, 15640, 002 0.111%0, 001 0, 09070, 0017

2, 2XH 0, 13620, 004 0, }31:0, 001 0, 14820, 004 0, 053620, 0038
0. 15240, 005(a)

EQ

-

. =1,
ml min ~ in

{a) second determimtion using separate sample

13
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1188 DISCUSSION

As is readily seen from Table ], the method employed to detemnine D'
gave results which were usually within a precision of 5%, and in moust
cases even better, The fact that D' detexmined from duplicate runs of
PUDO-609 in the range 6, 0-8. 5M are slighily cutside of the experimental
:‘x‘\or range would appear to indicate that the uniformity of the membrancs

themsclves are not beiter than about 5%,

The concentration gradient ranges were chosen in order to determine the
effect of conceniration on D', Ideally, one would measure the seli-diffusion
of KOH by an isotope method, However, since a usable isotope of potassium
is unavajlable, the present method mu;t be used, Although the meinbrauc is
exposed to a different -oncentration of KGIi on each side, it can readily be
shown that within the compartment in which the concentration change occurs,
the amount of change during the time of measurement is less than 10%,

Therefore, the membrane is exp sed to reasonably steady siate conditious

during the measurement, Furthermore, 2as was previously discussed, it is

s |

not necessary to choose any particular zexo time, thereby allowing the
physical state {temperature, swelling, eic,) within the membrane to rcach
equilibrium. Irreversible chemical reaction, of course, could have a time

dependent effect on the membrane,

We have chosen to use D' as the fundamental quantity determined in this

part of the study for the following reason, As previously defined,
D' = = (19)

where D is the diffusion coefficient of the membrane and Ax is the thick-

ness,

R G BR O o e
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The diffusion «. ent of the membrane may be equajed with the dxffus oL

cocificient of KOH by

TR
= o Fo0%
D = Dyon P ﬂ,g}:
where F is the permeabxlxty of the membrane undey the conditions used, .
‘Therefore D' may be defined as
D - P
D' = X011 21)

Hx

From equation 21, it is evident that changes in any or all of threc¢ param-
eters with respeci to concentration would affect D', To atiempt 1o correlate
changes ir. D' with respect to all three parameters in egnat;lor. 21 would be

outside the scope of the present program.,

Figure 6 shows a plot of diffusion constant D' against the.mez. -~centra-
tion {calculated for each concentration rang: —ieasured) of Kéﬂ in the three
membrane types, PUDO-600 exhibits the hight st diffusion constant at con-
centrations 3 fo 9 molar. All three .nembrane types exhibit comparable and
low diifusi.on constants at the highest mean councentratiou measured (10, 6M,.
PUDO-600 and Visking both exhibit a maxinfum diffusion constant at 7, 75M.
The 2, 2XH membrane, an irradiated matexial, differs from the other mem.
branes in thag the diffusion constant is fairly constant from 310 8M, and

then reaches 2 maximum at a higher concentration range {8. 85M compazed

with 7. 75M for PUDO-600 7 1d Visking).

No physical mtexp:ctanon of the data plotted in Figure & will pe offered at
this time, the primary reason being the cho;ce cf a mean concent: ation of
KOH in the membzrane. Preliminary measurements haye indicated an even
higher concentration in the membrane than existing in the original solution,
The diffusion constant-concentration data will therefore be more measningful
when data on KOH absorption by the membranes are available Iagter in this

program,

15




NI/ NIN /T

d d o

0 LNVEENGD NOIENLAIT

4

W

[ v
il

oG e

Gisi,‘

Susdory

=i

]

tiy ey

[~

F30T il ¢f

e Ersge v Tn

5
e £

v P
;ﬁs.n.asa gs

Tz £ -

2

ﬂﬁ“ % P:,.w




1V, EXPERIMENTAL

1, Delerrmication of Piffusion Rates

The cell (Figure £} was assembled after placing a small segment of the test
creenbrzace ia the membrane Boldecc. The purpose of the membrane kolder
=wzs O vasy e orifice size between the two chambera, The maximum size
c1.8ce was cti2ined By removiag ine membrance holder ard placing the

memmbrane Girectly between the face plates of each chamber,

Ader assensDly, the smell compartmert of the cell was fiiled with 150. 0 ml
KO of 2o highcz cozcentration to be ased for the pazticular zun. The
larger comzuriment was Hlled to the same Iicuid level with KOH of the
lomes coscectration. The solnmie of solction was wsualiy 1386 ml in the

l2oger eovmpertment. Magnelic sticricg bars were placed in each compart.

3

Te ceil mas then glaced in the consiant temperatare bath {Figure 5). A
Flexiglaas sicker, weighted with 1e28 % 23&si 2pparert density, was sus-
penied by cmeens of 2 glaticam wure Iroms 2 Book extended below the balance.
A Meules B3 a=alyuzl malacce bad boen modifisd by mearns of a hettler
GD 22agtes, for determiming weipghts of materizl scspended below the
Balamge. The cell mas posiliors az2 then raised so that the top of the
s.a}er mas 2boel oo LK Delow the lizcid level in t2e large comzariment.
Siirpizg of Boih soilliios was thes siart

Xles 2B O 2onrs eg=ililzatii, reafings o the sicker weight were de.

termomedt. {Ttc $hzics mas ainpiof Elning the readings, aod the selution

£
I
i

mzz 2lI0wod 00 <320 80 oSt for aboor 3D selo=ds. ) R "2 wext ¢€oa-

I3 avmslimoy of absat £ 3 g was

- .
gt 23 L1118 = = fa orteza 2l -
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B - Balance

c - Constant temperature bath
D - Diffusion cell

M -~ Magnetic stirrers

S - Sinker

FIGURE 5 - Diffusion Measurement Apparatus

23



ﬂ. :m!.

P Tve - e p—
m, ., m m m “m“
' Lo q i
) i o
f . N
I "
. .

reached, The sinker was then transferred to the smaller compartment,
After an cquilibration period of 30 minutes, measurements of the sinker
weight at fixed time intexrvals were made, Usually 13 points v.ere then

taken over a th:qe-hour period. Typical data are given in Table 11, and

arc presented graphically in Figure 7.

The fact that the KOH concentration in the large comparuments remains in-

_variant can readily be secn by the following relationships:

P " Maximum Total Flux = D' x Area x total time x maximum gradient

20,2ml min“1 in'2 x 0.5 inz x 180 min x 2, le()”3 moles ml'l

=0, 045 moles

i
i

t

Al

The tqtall" amount of KOH in the large compartment is 1. 3 liters x 6. G moles/

liter or 7. 2 molee. Therefore, the percent of change in the large compart-

0.045 :
= % 10001 0.6%.

ment is

A similar analysis indicates that the change in concentration in the smaller

compartment is of thé order of 5%.

Vrm‘ o s

= g 282




TABLE 11

EXPERIMENTAL DATA FOR DIFFUSION OF KOH WITHIN PUDO - 600

Run HNo, 15E

Orifice area ~~«cvwme-- 0. 500 in2
Large Compartment -- 6. 0M
Small Compartment -- 8. 5M

Temperature --ne-w-- 29.9°C
Large Compartment Smalil Compartment
Flapsed Time Sinker Weight Elapsed Time Sinker Weight

Minutes gms Minutes gImns
0 2. 754¢ 0 2, 4371
15 2.7530 18 2. 4417
30 2, 7528 30 2, 4457
45 2. 7528 45 2. 4501
60 2. 1526 60 2. 4550
75 2. 4599

30 2, 4647
105 2. 4688
120 ) 2.4730
i35 2. 4777
150 2. 4625
165 2. 4864
180 2. 4904

21
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