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i ABSTRACT

The use of ZnSO. in the negetive plate mix appears to aid cycle

'fe at 60% depth-of-discharge.

Surfactants tested to date other than Emulphogene B-610 do not

improve cyele life performance at room temperature at 60% depth-of-

IT dischargei.

Development of failure analysis techniques are progressing

through the use of one media, the photomicrograph.

A first approach to the estimation of degree of molecular hydra-

tion in KOH solutions of battery strength is made, and on this basis,

limiting values of hydrated ion sizes are calculated.
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I. Introduction

The specific items under study in this contract are:

A. Separators

-B. Elactrolytes

C.. Yechanioal Barriiers to Zinc Agglomeration

D. Partible Size and Morphology of Zinc Oxides

* Zinc Electrode Fabrication Techniques

F. influence of Membrane Separator Characteristics

G. Sites for Zinc Oxde Overgrowth

H. Development of Failure Analysis Techniqw'rs

I. Sites of Zincate Ion and Soluble Silver Species in KOH'

J. Membrane Pore Size Measurements in KOH

K. Stoichiometric Ratio of Formed Zinc

L. Fundamental Studies on Surfactants

M. Alternate Method of Surface Area Measurement

X. SurfActant, Tests

This report covers the second three month period 6nU,'-this program.
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II. Factual Data

0. Mechanical Barriers to Zinc Agglomeration

Eighty-one 25 a.h. cells were constructed with varying percentages

of FSG fibers, asbestos fibers, and zinc fibers in the negative plate

mix as follows:

Group 1 . 9 cells with 5% FSO fibers in negative mix

9 cells with 10% FSC fibers in negative mix

9 cells with 15% FSC fibers in negative mix

Group 2 . . 9 cells with 5% asbestos fibers in negative mix

9 cells with 10% asbestos fibers in negative mix

9 cells with 15% asbestos fibers in negative mix

Group 3 . . . 9 cells with 5% zinc fibers in negative mix

9 cells with 10% zinc fibers in negative mix

9 cells with 15% zinc fibers in negative mix

Included oex three control cells. All cells were activated in 50% KG!

cycled at 60% depth-of-discharge. Figure 1 shows the initial

ca1,kbty of these cells. Figure 2 shows the number of cycles obtained

by Group 1 cells, Figures 3 and 4 show the number of cycles obtained

by the cells in Groups 2 and 3 respectively. These cells failed by

loss of negative plate capacity.

In an effort to increase overall cycle life under 60% DOD, a cell

design utilizing 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 were constructed

with asbestos fibers as follows:

9 cells with .5% asbestos in the negative mix

9 cells with 1% asbestos in the nerativa mi-v

9 cells with 1.5% asbestos in the negative mix

3 cells as controls.

Those 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 separatiou to test whether the dry condition in

the cells could be eliminated by going to fewer separator layers.

Figures 5 through 13 are photomicrographs of the negative plates

containing percentages of these binders at indicated cycles.

D. Particle Size and Morphology of Zinc Ocides

II Various types of oxides have been received from the New Jersey

Zinc Company. Work on these oxides will be started shortly when the

cell design is finalized at 60% DOD.

SE. Zinc Electrode Fabrication Techniques

3Twenty-five a.h. cells containing 21 plates and four layers of FSC
separation were constructed and tested with the following percentages

[1 of XX-601 zinc oxides (acicular) as follows:

9 cells with 5% XX-601 in the negative zix

9 cells with 10% 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-4 zinc oxide (acicular) as follows:

3 cells with 2% XX-4 in the negative mix

3 cells with 5% U-4 in the negative mix

3 cells with 10% XX-4 in the negative mix
3 cells as controls.

The cells containing the XX-601 acicular zinc oxide gave 25 a.h.
initial capacity and failed at 77 cycles, inclnding 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-4 acicular zinc oxide gave 22 ah.

initial capacity and failed at 157 cycles, including the control cells.

The cause of failure was loss of negative plate capscity.

Figures 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-one additional 25 a.h. cells containing 21 plates were con-

structed with varying percentages of zinc carbonate and zinc sulfate in

the negative plate mix as follows:

3 cells as controls

3 cells with 2% ZxCO 3 in the negative mix

3 cells with 5% Z0 3 in the negative-

3 cells with 10% ZnC03 in the negative mix

3 cells with 2% ZnSO4 in the negative mix

3 cells with 5% ZnSO4 in the negative mix

3 cells with 10% ZnSO4 in the negative mix

These cells delivered 33 a.h. to 37 a.h. initial capicity. Figure 20

shows the number of cycles obtained by these cells. These cells failed

due to loss of negative plate capacity. There were also he.vy deposits

of Zn trees on the edges of the elements.

The addition of ZnSO4 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. Influence of Membrane Separator Characteristics

The n irnse. Omr4 ly 'e e"+ - - I h &U -%-A

Is enclosed.
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I. Sizes of Zincate Ion and Soluble Silver Species in K0H

In an attempt to achieve a better understanding of concentrated

KOH solutions., available data from the literature hawe been treated as

discussed herein. The main objectiV of this work is to achieve a value

for ion tizea of Kand Or in concentrated solutions of battery strength.

The work reported herein is our first approach to the problem and is in-

oomplete insofar as data for ions have not yet been achieved, except in

te s of upper and lower limits; however, data existing in the literature

can be treated to obtain molecular volumes for hydrated KOH in battery

strength solutions.

Par ial Molal Volumes

As a first step in the procedure, the density data* for KOH

solutions up to 50% by weight (68%.) were used to calculate the

volume of solutions containing 1000 grams of water. The data are

shown in Table I.

TABE I

Vlums of KCH Solutions (68%.)

Weight % Density Volumes of Sol- Weight Molality
KOH utions Containing KOH n.

1000 gin. H20 (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
24 1.226 1074 317 5.65

30 1.288 1110 430 7.66

40 1.396 1-193 668 11.9

50 1.512 1322 1000 17.8

*,TACS, Apr. 1941, p. 1088
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From these data, the solution volume may be plotted against the

molality, aa in Figure 22. The tangent to the curve at any value

of molality provides data for the caloulation* of the partial molar

volume. As a example, from the tangent at 40% by weight KOH, the

volume per molo of KOH in solution is calculated to be 20.5 c.c.

This may be compared with 27.4 c.c. calculated from the handbook

value of 2.044 gm per c.c. for the density of solid KOH.

From the molar volume, the volume per molecule of KOH in solu-

tion may be calculated using Avagadro's number

20.5 = 3.41 x 10-23

6.023 x 02

or 3.41 x 10.23 x 1024 = 34.1 cubic Angstroms.

If the molecule is treated as a sphere the molecular diameter

is calculated to be

d3 = 6 x34.1 = 65

d = 4A0

On this basis, the diameter of either the t' ion or the O- ion

would be less than 4 AP.

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. Thus, at n2 = 2 (10% by weight KOH), the molar

volume is calculated from the tangent to be 12 c.c./mole. Evidently

KOH solutions are quite non-ideal, and the molecular volur as are far

from being additive. Just how far they are from being additive is

described in Fieure 23 whera vaxmn re_ r p- l rnle - KC_ o. -- i-

plotted against mole fraction of KOH. These data were calculated

from Table I.

*See "Textbook of Physical Chemistry," Glasstone, 2nd Ed. p. 239.
D. VanNostrand Co., Inc., 1946.
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What this means, of course, 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%

solution may be considered to be effective values for KOH 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-solvent interaction, 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

scientific 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, and any standard elementary physical

chemistry text provides the theoretical basis for making such deter-

minations. Furthermore, the same texts discuss solutions of strong
electrolytes where 100% ionization is assumed to be the case. The

major problem seems to be that such experimental data are good only
for relatively dilute solutions (1 to 2 molal or less).

When freezing point depression data, boiling point elevation

data, and vapor pressure lowering data for KOH solutions are

examined, it is apparent that the quantities involved become sub-

stantially larger than those which can be calculated on the basis

of the simple theory, assuming 100% ionization, as concentration

increases beyond 1 or 2 molal. It is uggested hereby that this

result occurs simply because of the hydration of icns (and/or,
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molecules), and that comparison of the actual data with that calcu-

lated as theoretical based on 100% ionization can provide a means

of determining the extent of hydration. What this means is this:

because of hydration the water of hydration becomes a component of

the solute* and, consequently, the real concentration of solute be-

comes appreciably larger than that calculated from the straight

molal quantities of each component originally added to make up the

solution.

We may choose the vapor pressure lowering relationship to illus-

trate the treatment of data. In Figire 24 are shown the measured

values of vapor pressure of water for solutions of KOH up to 50% by

weight at 6°F. (International Critical Tables, Vol. III, p. 373).

On the same graph are shown calculated values of the vapor pressure

which should result based, simply, on a molal lowering of 0.62 mm/

mole. (0.31 ic taken as the molal lowering for a non-ionized solute

which obeys Raoult's law. See "Physical Chemistry for Collegesq

Millard, 6th Ed., p. 183, NcGraw-HilI, 1946.)

The tie lines drawn indicate that a 4 molal solution beqaves

like a theoretical 5.8 molal solution; a 6 molal solution behaves

like a theoretical 9.4 molal solution; an 8 molal solution behaves

like 13.1 molal solution, and 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 thouh it con-

tains water in the same ratio

4.0 5.8

x 55.6

x 38.4

But, inasmuch as the 4 molal solution actually contains 55.6 moles

of water, then 55.6 - 38,/ = 17.2 moles of water have become part

*See for Example: r-Ionic Sizes," Stern and Amis, Chem. Rev. ,
Feb. 1959, p. 23.
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of the solute as water of hydration. Therefore 17.2 moles of

water are associated with 4 moles of K0H for a hydration number

of 4.3. In similar fashion a bydration number can be calculated

for each concentration of K0H and the curve described in Figure 25

is obtained. This curve says that the number of moles of water

associated with one mole of KOH falls off sharply as concentration

is increased.

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

is seen that 1.67 moles of water are tied up with 1 mole of KOH.

Because there are 11.9 moles of KOH in a 40% solution, 19.9 moles

4of water are hydrated, leaving 35.7 moles of solvent water. If it

Vis asoumed that solvent water has the same specific volume as pure
Pf water, then the volume of solvent water is

35.7 x 18.1 = 646 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.c./mole.

The value of 45.6 c.c./mole may be compared with the additive value

of 57.6 calculated from the molar volume of solid KOH and that for

1.67 moles of pure water.

Again, using Avagadrots number, the volume per hydrated molecule

for KOH in a 40% solution is

45.61 6.023 5 = 7.57 x 1O c.c.

or
"U7.57 x 1-3x 104 = 75.7 cubic .Angstromns.

If the hydrated molecule is treated as a sphere, the molecular

diameter is calculated to be 5.3 A° . For a 4 molal solution
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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 A° .

On this basis, the diameter of either the hydrated K+ ion or the

[hydrated O" ion would be less than 6.5 A0 for the latter solu-

tion.

Derived Data

I] 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 calculated. The result is

shown in Figure 26 for solutions containing 1000 grams of water
(55.6 moles). It is interesting that this curve goes through a

maximum around 8 moial (32% by weight KOH). The conductivity is

plotted on the same chart for comparison. Obviously, similar max-

ima would occur if these plots were made on a molar basis, rather
than on a molal basis.

1It is suggested that this result, namely a maximum in quantity

of bound water, as well as the sharp falling off of the hydration

number as concentration increases, may be due to the same overall

effect: a sharp increase in the degree of ion association between
I] K+ and OH as concentration increases above about 20 - 25% by

weight. Thus, as ions of opposite charge come more and more with-

in one another's influence, water of hydration might not only be
physcally shoved away but also lessened in quantity because of a

reduced effective ionic charge. The decreased conductivity might

be, in part, due to an actual reduction in the effective number of

ionic carriers, as well as to increased viscosity.

G If the latter description is true, i.e. ion-ion association,

then the calculated curve in Figure 24 would fall off less sharply

would have to be recalculated correcting for the extent of ion-ion[association. It seems possible that some estimate of ion-ion

10



association could Ya obtained from the condutivity data, and an

1ttmmpt will be made to work this out for the next report.

A simple theory is presentod for the 6k'mpe of vapor pressure,

11kreezing poirt, and boiling polnt curves for KII solutions as a

function of concentration, and their variatio. from theoretical

curves based on 100% ionic dissociation. Available literature

dat& enable the calculation of extent of molecular hydration and

limting sizes for hydrated molecules of KOHo It is likely that

ionic association will necessitate a correction to the calculated

values of etent of hyration, in the more concentrated stlutions,

which would have the effect oZ increasing the calculated values of

extent of hydration.

A
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N. Surfactant Tests

Ninety 25 a.h. cells containing 21 plates and three layers of FSG

separation were constructed containing the following suriaotants and

percentages in the negative plate mix:

9 cells wit,.i .15% BC-420

9 cells witb .60% B-42o

9 cells with 1% BO-420

9 cells with .15% B3-720

9 cells with .60% ED-720
9 cells with 1% BC-720

9 cells 1with .15% BO-840

9 cells with .60% W-840

9 cells with 1% B)-840

S, cells with .5% BO-610 as Controls.

These cells delivered between 28 and 39 a.h. initial capecity. Figure

21 shows the number 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 BO-I20. There is no apparent cycle life improvement for

the various percentages of each individval surfactant. The cause of
failure in surfactant BC-840 was massive short circuiting. In all cases

in the majority of the cells tested, heavy treeing of the zinc material

was evident along the edge of the elements. The control cells are still

cycling.

The photomicrographs of the negative plates are under preparation

and will be furnished in the next quarterly report.

It is thought that the excessive treeing experienced in this and

earlier tests i3 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 -re under test with varying plate numbers, and

shortly a cell design will be finalized for use in this program which

will best utilize the 60% DOD regime.
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ill. S a

The use of FSC and asbestos fibers do not improve the cycle life of
the cOl at 60% depth-of-discharge over the control cells. The use of zinc
fibers shows some improvement, but this is because additional zinc is added

to the cell. Additional organic fibers are to be tested.

zinc Aulfato seems to improve cycle life, and further tests with in-
creased percentages wini be made.

The surZactants r-720, B-840, and BO-420 do not improve cycle life
over the standard BO-610 at 60% depth-of-discharge. Tests are to continue
using some tertiary 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
method of treatment of vapor pressure lowering data ranges of molecular size
can be calculated in terms of extent of hydration.
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Fwre 8. Negative Plate Contining 5% Asbestos Fibers at 134 Cycles
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Figure 12. Negative Plate Containing 10% Zinc Fibers at 108 Cycles
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ABSTRACT

Diffusion constants of potassium hydroxide through three types of typical

separators have been measured at 300C. The diffusion constants show a

marked dependence on concentration although there appears to be no simple

relationship between concentration range and diffusion constant.
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SUMMARY

A program has been initiated with the purpose of determining membrane

parameters governing ionic transport in a silver oxide-zinc cell. 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 be 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 PUDO-600 cellophane, Visking V-7

nseparator, and 2. ZXH 20O 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 concentration range, a marked difference in
diffusion rate was exhibited by each membrane over the four concentration

l ranges investigated. At the present time, there appears to be no simple

correlation between the diffucion constant and concentration range.



I. INTRODUCTION

Scaled silver oxide secondary batteries designed for long cycle life have

U had relatively poor performance at temperatures below ambient and at cyclc

depths greater than 25%. This is particularly true when the batteries are

cycled under a combination of these conditions. Loss in performance fur-

ther occurs 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. Comparison 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 been a

recent effort to develop new separators which would overcome some ofthe

problems inherent in the existing 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 temperature.

fThe lower voltage for Cell B is indicative of a higher membrane resistance,

The variation of cell impedance with decreasing temperature is comparable

for the two cells. In spite of this, Figure 3 illustrates that while little

'ifference in capacity is observed at normal temperatures, this difference

inc--eas,.q with dacreasing temperature. This suggests that there is sorme

rnnAOrty of the -. enhnnA -etntrihuting to the decreased eioiItv of CA1 R

apart frcm its-higher resistivity.

It,;s Narmco's belief that this differential loss in capacity with decreasing

ternperatre is associated with changes in electrolyte distribution brought
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about by the ro! K1,.Wd muvimonat of Ioni thruutgh the mionbr.aac, the dgrvu

of this restriction eitg a funt.tion of the mainbrano propurties, as well ab

of the call constrtion paaneters. The purpose of this program is to de.

fine and avalunto. those membrane parameters which influence Ionic nuvtU

ment in the cell, and to mathematically correlate these paramctcrs and the

cell construction pprameters, with changes in electrolyte cotcentzation, in

order to predict cell operating charactoris'ics under varying conditions.

The program goal is to bvolve practical r.athematical expressions relatinB

call voltage a a function of time, temperature, current, and concentration,

and containing constants specific to the call construction parameters includ-

Sthe transport chartcteristics of the meembrane feparttors. Suqh rela -

tionships will be of value in the design of calls having Iucw pe'mltr, [er

forspanv e.

The following schematic is a representation of the silver oxide-zinc aystem

showing the anolyte and catholyte compartments and the membrane separator,

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

discharge.

Anolyto - r~ecatholyte6 o - Ag

7~~ _ 0

.0 " - -s l

00 ' 1100



The anode-anolte process involves the following reactions:

Zn+4oi--. Zn (OH) 4 + 2 e-

Zn( zH)c . o+ Ho + 2 OH"
4

resulting in the net reaction

Zn + OH--- Zn 0+ H 20+ 2 e

The cathode-catholyte process involves the following reactions:

2 AgO i. H O + 2 e ---. Ag 0 + 2 OH-

AgZO+ HZ0+ 2 e" - 2Ag + ZOH"

resulting in the niet reaction

AgO+H 2 0+ 2e Ag+ .OH

In order to indicate the types of measurements which will be obtained in the

program, a brief analysis of the ionic transport processes occurring on

I discharge is given below. Since these expressions are only presented in

order to infdicate the types of measurements involved In the program, some

simplifying assumptions were used to obtain, these equatexas.

The rate of removal of hydroxyl from the anolyte as . result of the zinc

discharge reaction is proportional to the current$ i ..

I- rate of OH depletion -R, i ('1

I Hydroxyl ion is being pr, ..ced at the cathode sin itaneou~y however, and

will reach the anolyte at a rate determined b-i "he migrat.ot cornponoj k of

Iz the current, i.e.

rate of OH" repleIshment k I t - -



whlare t" is the transference number of Oh separator, and kI con-

tabs the Faz-aday constant and time factor. Since % -necessarily less

than unity, the concentration of hydroxide in the a'olyte mu- rease r-

culting in increasing depletion of hydroxyl ion. The concen.ration b ' ent

thereby created introduces a second mechanism by which OH" is restores,

nmely diffusion, i. e.

rate of OH" replenishment =k Q - (3)

where the bracketed term represents the concentration difference, and kk2

inludes the diffusion constant of hydroxyl ion in the separator and the

membrane thickness. OH " and OH - are the total amounts of hydroxylc a

ion in the catholyte and anolyte respectively. V and V are the corres-

ponding volumes.

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

catholyte.

It 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 L--s follows:

Anolyte - that portion of the electrol'yte adjacent to that

electrode whzre an oxidation process occurs, namely, at

the anode. On discharge this is the negative plate (e.g. Zn),

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

electrode where a reduction process occurs, namely, at

the cathode. On discharge this is the positive plate (e. g.

AgO), but on charge it is the negative plate (e. g. ZnO).

*The term "diffusion constant o; hydroxyl ion" is used for nathematical

simplicity since it is well knowr that diffusion coefficients of molecular
species must involve both a on a,,d cation.



I lspecVn of equatias 1, 7. and 3 indicates that in order to do.ermine con-

rontration changes within the various portions of the cell, it will be neces-

sary to determine:

1. The diffusion constant of KOH in The separator as a function of

concentration and temperature,

2. The itransference numbeas o , OHK + R nd w' ter within the

so.-arator as a function of concentration and temperature,

3. The amount of OH in ihe e.mbranes as a function of concen-

tration and temperature.

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

LItion, it will then be possible v. -' e more accurate relationsh ps concern-

ing concentration change with time.

Diffueion of CZcctrolyte

The first phase of the program is concerned with the measuremer.. "_

jJ diffusion through typical separator materials. The diffusion measurement.

are made by use of a typical diaphragm cell (Ref. 1) wherein the usual sin-

iltered glass diaphragm is replaced with the membrar" to be studied, This

typb 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,

Using Fick's first law

J- 3 D (4)

2the amount of material into one chamber under steady atate C- --

given as

I d (c'V') - (c$I-ct)()1 t D A "  (5)
S dt __



where c', V' are the concentration and volume respectively, of the parti it

lar chamber under consideration, D is the diffusion coefficient, and Ax I",

the membrane thickness, Good mixing of the chamber contents is main-

tained such that the only possible concentration gradient (c"-&) apppears

across the membrane,

M£ conditions are chosen such that V' remains constant, equation 5 may be

rearranged to give

dc' AD'

dt VI
D

where D' =
AX

Under steady state conditions, the amount of material passing into one

chamber must be equal to the amount of material passing out of the other

chamber Therefore an eapression similar to equation 6 is given as

dc" AD' O

dt -c .c') (7)

Combination of equations 6 and 7 gives

dell - (c"c') +dt " t -A D' - V - (8)

which may be rearranged to give

d(c"-c') -D' + 1>

,c )  = -A D' + - dt (9)

Integration of equation 9 yields

In (c" c') -AD' ' + 1)t (10)

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

chambers at specific time intervals provided that conditions are choisen so

8



that the volume term in equation 10, , + remains essentially con-
Itant.

An alternate experimental approach it; indicated by equation 6. If the chai!,-

ber containing solute at concentration c" is made very large with respect

to the other chamb'er, c" will be essentially constant. Under these Condi-

tions, rearrangement and integration of equation 6 gives

in ct -AD'
coocl V0 0

Under experimental conditions based on equation 10, D' is evaluated from a

plot of In (c" - c' vs t. Similarly, for equation 11, D' is evaluated

using the term In(C" - 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 ctate condition, Furthermore, any set of initial concentra-

tions may be used to determine D', thereby allowing measurement of the

effect of concentration range on D'.

The latter criteria is probably the main objection to the method detailed by

Harris (Ref. 2). In this method, use of equation 6 is made by properly ad-

justing experimental conditions. Thus, if c"-c' is kept essentially constant

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

pression

dc'dt - k (12)

/ P s- S%.A.D'

Integration of equation II yields

c) = k t (13)



Experimentally, the method described by HIarrio uses water in one chamber

and XOfl of relatively high concentration in the other, Under these condi-

tins, if the amount of change of cl is small, then c"-c' r 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 electrochemical cell is seen by

one side of the membrane. Altihough it appears tlhat D' as measured by this

method (Ref. 3) is insensitive to the concentration on the "high" side of the

membrane, an alternate method of measurement (as previously described)

is necessary for complete characterization.

10
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II. RESULTS

Initial measurements of KOX Jiffuzion .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-

volved in the method.

In order to improve the Accuracy of the method, an alternate experimental

procedure, based on equat.on 11, was adopted. This involved continuous

monitoring of density in the smaller chamber of a two-compartment coll

(Figure 4). Density measurements were made by determining the weight of

a sinker immersed in the liquid under study (Figure 5). Determination of

the sinker weight in air ana in distilled water would then allow calculation

,f the molarity of the solution since density-molarity relationships had been

previously established (Ref. 4).

In practice, it was found that Ohe actual calculation was not necessary.

From the data of Akerlof and Bender (Ref. 4), it can be ihown that

c = kd+a (14)

where c and d are the concentration and density iespec Ively of the KOH

solution, and k and a are arbitrary constants. Combining equations 1.1 and

14 yields

d" - d
S t -AD (15)

o 0

11



Using the buoyancy method the density may be expressed as

w -w
'a = L (16)

V

where Wa and w are the weights of the sinker in air and liquid respectively,

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

__In w -D twj W1 Vo o

Therefore, D' can be calculzated directly fronm w" and wi. In practice, the
0

compartment corresponding to w' -contained the higher concentration and

smaller volume. The ex'pnded form of equation 17

lg~s"6 ') log (wi - w') =D (18) --0 t 0 0Y

-7a used for the actual calculation of D'.

Three types of membranes, PUDO-600 cellophane, Visking V-7 separator,

and 2. ZXH 20% acrylic acid graft polyethylene, were studied during this

period; Four concentration ranges were investigated. The values of V'

for each type of membrane is given in Table 1.

For convenience, the results have been expressed in the units of ml rin-1

in 2. The flux per unit area across one layer of membrane may be quite

readily catculated by multiplying the value of D' by the proper concentra-

tion gradient in units of moles ml " . It can be readily seen that the units of
-1D' are equivalent to the usual units of the diffusion coefficient, cm 2 sec

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

I
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TABLE ,

KOJ 1)IDIFUSION CONSTANTS C-' MEiMBIORANS 30°C

Membrane Concentration Gradient

Z-4, 5M 6-8.5M 7, 6-10, M 9. 5-11, 7M

PUDO-600 0, 19640. 003 0. 204&0. 003 0, 191*:0. 005 0. 111*0. 002
0. 213+0.003(a)

Visking 0. 127:0, 003 0. 156*0. 002 0. 111*0. 001 0,0907*0.0017

2. 2XH 0, 136:0. 004 0. 131*0. 001 0, 148+0, 004 0, 0936:0. 0038
0. 152*0. 005(a)

* -1 . -2ml rmin- I n

(a) second determimtion using separate sample

13



I

I. III, DISCUSSION

IA s is xcadily seen from Table I, the method employed to dfeturmiiijr D'

-gave results which were usually within a precision of 5%, and in xmojt
cases even better. The fact that D' determined from duplicate run, of

PUDO-600 in the range 6. 0-8. 5M are slightly outside of the Amperimn,:.tal

I.e.-or 'aiige would appear to indicate that the uniformity of the xnenbxD,

themselves are not better than about 5%.I
The concentration gradient ranges were chosen in order to determine the

effect of concentration on V, Ideally, one would meabure the self-diffusiij

of AIl by an isotope method, However, since a usable isotope of potassium

Is unavailable, the present method must be used. Although the membraizc ib

exposed to a different :oncentration of KOH on each side, it can readily bc

Ushown that within the compartment in which the concentration change occurb,

the amount of change during the time of measurement is less than 10%.

Therefore, the membrane is exp sed to reasonably steady state conditiojib

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

Unot necessary to choose any particular zero time, thereby allowing the

physical state (temperature, swelling, etc, ) within the membrane to reach

I equilibrium. Irreversible chemical reaction; of course, could have a timxe

dependent effect on the membrane.

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

part of the study for the following reason, As previously defined,

D1z (19)

I where D is the diffusion coefficient of the membrane and AY is the thilk-

ness.



The diffusion t;. ent of the membrane may be equated with the diffuh'.*Oc

coefficient of KOR by

D D PO

where F "is the permeability of the membrane unde.r the conditions used,

Therefore D' may be defined as

D KJ
Ax

From equation 21, it is evident that changes in any ox all of three param-

etexi with respect to concentration would affect D'. To attempt to coxrelatc

changer ir. D' with xgspect to all three parameters in equatior. 21 -would -be

outside the scope of the present program.

Figure 6 shows a plot of diffusion constant D against Ihe. me.-_ Icentra-

tion (calculated for each concentration rang -neasured) of OH in the thrce

membrane types, PUDO.60 exhibits the Elgh t diffusion constant at con-

centrations 3 to 9 molar. All three nembrane types exhibit cmparablie and

low diffusion constantr at the highest mean concentration mea -.ured D -6M;.

PUDO-600 and isking both exhibit a maximum diffusion constant at 7. 7SM.

The 2. 2XH membrane, an irradiated material, differs from the ,other nem

branes in that the diffusion constant is fairly constant frora 3 -to BM, and

then reaches a maximum at a higher concentration xange (8. 85M compazed

with 7. 75fi for PUDO-60D z id 'Visking).

No physical interpretation of the data plotted in 11,gur.e 6 will be offered at

this time, the primary reazon ljeing the choice of a mean concent, Ation of

KOH in the membrane. Preliminary measurements have indicated an even

higher concentration in the membrane than existing ;n the original solution.

The diffusion constant -concfntration data will therefore be more meanir,gful

when data on KOH absorption by the membranes are available later in this

program,

15
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IV. -EXPERIAE NTA L

1. Detc-rzinafiori of Diffusion R~ates

The cell (Fig~re 4) was assenmbled after placing a small Segmenit of the test

$.rein he me~bfane 2Lo&c. The puirpose of thec miembranec holder

,was t* vry M~e orifice size between E:-c two chamber a. The mnaximnum size

c~aldice w.as cb=aincd by r~ighcmembrane hol der and placing the

~e~ra~edirectly between t~e face plates of each chamber.

JM!,er asse-by Chhc s'-! czax"en of the cell was i~ed with 110O. 0 ml

KCA'i cd tB-e hig!~cz coriezirtirn to be osed for 2he particular run. The

Urzger w z~~ as filled to te saz-e liqtid level with MK1H of the

L~ercc~era~i..-Me volaz-e of szicom was asually 1300 ral ini the

Urger e1arrne2o. ,eic stixzri-=g bars were pu1 ced in each compart -

The cell lwzs tie f-accZ in the sa=! te~prateme bath (Figure 5). A

sic.le:a wietd wit-% lead to z4 -s.z apparent density. was sus -

pezzed 4 mreac-s. of a p~~z: %rc %ro= a hook eztended below the balance.

JA Mcuer -35 a-,lt~ ra&zze Lad ben rOaified by n=ear-s oi a Mettler

GZ~!= av-le f:&ezt ~s of~ ratErial sr'sperveed below the

batam~e Th-e CCU~ UZAs and tale-- raised so Chat theC top of the

s-tecc aas c-:& z. ez e L;; Z kve in- *-he large co-.npar!xnent.

&i-r~ ci sc~s=as e satd

&..c:~~~> t z1 c-4~ ~c s;.mker weigh: %wre de.

zz t--- z .cs*.r l.:Z T', --Cz -Is. ~ Werc Con-

~ e:~~-~:a~: 3 t?-- %as
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B
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M M

B - Balance
C - Constant temperature bath

D - Diffusion cell
M - Magnetic stirrers

S - Sinker

FIGURE 5 - Diffusion Measurement Apparatus



- reached- The sinker was then transferr-d to the binallei LuI,1,rtmetit.

After an cquilibration period of 30 minuteb, zieaburencnntb of the sinker

- weight at fixed time intervals were made. Usually 13 points %.are then

taken over a three-hour period. Typical data are given it) Td.ble II, and

are presented graphically in Figure 7.

U Tha fact that the KOH concentration in the large dompartments remains in-
.tria t ai reddily.be seen by the following relationships:

4- .

Maximum Total Flux = D' x Area x total time x maximum gradient
-1 1 -l-2 2 -3 1l

0.4 mlmin in x 0.5 in x 180 minx 2. 5x10 moles ml-

.= 0. 045 moles

The total amount of KOH in. the large compartment is 1. 3 liters x 6. 0 moles /

liter or 7. 2 moles. Therefore, the percent of change in the large cornpart-

ment is-10aor 0,66.

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

compartment is of the order of 5%.

V
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TABLE II

EXPERIMENTAL DATA FOR DIFFUSION OF KOH WITHIN PUDO - 600

Run No. 15E

Orifice area --------- 0. 500 in2

Large Compartment - - 6. OM
Small Compartment -- S. 5M
Temperature -------- 29. 9 C

Large Compartment Small Compartment

Elapsed Time Sinker Weight Elapsed Time Sinkler Weight
Minutes gins linutes Ms

0 2. 750 0 2.4371
15 2.7530 18 2.4417
30 2. 7578 30 2.4457
45 2.7528 45 2. 4501
60 2. 1526 60 Z. 4550

75 2.4599
90 2.4647

105 2. 4688
120 2.4730
i35 Z. 4777
-50 2. 4825
165 2.4864
180 2. 4904

21
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