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CHARACTERIZATION OF CELLOPHANE AS AN IONIC BARRIER

Prepared by:
Claudia C, Evans

ABSTRACT: Cellophane, a gel developed from crystalline alpha-
cellulose, has been used as an ionic barrier (battery separator)
in electric batteries with outstanding success for many years.
Understanding the mechanism of the cellophane action in ionic
barrier applications could lead to the development of superior
ionic barriers.

A literature survey has been conducted on the characteris-
tics of cellophane as related to electrochemical cell barrier
applications. The physical or chemical bonding of ions in
electrolyte solutions to molecules in the membrane, or the cat-
alytic complexing of undesirable ions appear to be much more
important in the effective operation of cellophane as a barrier
than the filtering or capillary diffusion actions, although
these latter actions cannot be ignored.
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This literature survey on cellophane has been conducted as part
of a Battery Evaluation and Supporting Research project sup-
ported by RUTO 3E000/212. This project is directed toward
understanding and improving the performance of the silver-zinc
battery. A study of the ionic species involved in the battery
reactions has been under way for some time. It is apparent
that the ionic barrier (separator) used in this system is ex-
tremely critical to the successful construction of a battery.
In preparation for a program expansion into a separator study,
the readily available literature has been reviewed, This bib-
liography of pertinent literature on cellophane as an ionic
barrier is proferred as a starting point for a more advanced orx
specialized separator study.

R. E. ODENING

Captain, USN
Commander

Qe Tl

By direction

ii




NOLTR 63-225

CONTENTS
page

Introduction. . . . . . . . . . . . 1

‘Physical and Chemical Structure of Cellulose . . . 2
Manufacture of Cellophane . . . . . . . . 3
Physical Properties of Cellophane 2 . . . . . 5
Chemical Properties of Cellophane . . . . . . 6 ‘
Cellophane and Silver . . . . . . . . . 6
Cellophane in the Silver-Zinc Cell . . . . . . 9
Conclusions. . . . . . . . . . . . 12

Bibliography . . . . . . . . . . . 13
Appendix I L ] * L] [ ] L] (] L] . * L] [ ] . 18

iii




@

NOLTR 63-225

INTRODUCTION

1. Knowledge of the mechanism contributing to the out-
standing performance of cellophane in the zinc, potassium
hydroxide, silver oxide electrochemical cell is considered
fundamental to the continued improvement of this system. Such
information could probably be applied to other electrochemical
systems requiring the separation of ionic species for satis-
factory performance. Since this Laboratory has not been active-
ly engaged in "battery separator" studies, a literature survey
for background information was conducted during the summer of
1963 in two allied fields: a general survey of mechanisms of
ionic solution conduction through membranes, and a specific
study of the properties of cellophane as an ionic barrier and
ionic conductor. This is a report of the findings in the lat-
ter study.

2.. In the silver oxide-zinc battery system the basic
requirements of a good separator are "low resistance, good
chemical stability in the alkaline, oxidizing environment, a
pore structure capable of restricting the migration 05 soluble
or colloidal silver, and minimum membrane thickness."4 Cello-
phane has been a successful and widely used separator material.
As a separator it has "achieved the following objectives: (1)
immobilization of the electrolyte by absorption in the cellu-
lose, (2) elimination of the gases evolved in the operation of
the cell, (3) prevention of mutual penetration of the active
materials, and (4) homogeneous and reversible deposition gf
the negative active material (Zn) from the electrolyte."?
Unfortunately, cellophane does suffer from instability in an
alkaline oxidizing battery environment in which zinc trees may
even build up and puncture it, causing a short circuit between
the electrodes. However, since cellophane is for the most part
a successful and widely used battery material, the separator
study might be aided by a further knowledge and understanding
of what exactly cellophane is and of the structure and proper-
ties that make it a suitable separator.

3. One of the requirements of the separator in the silver
oxide-zinc battery is to stop the diffusion of silver either by
acting as a selective barrier or by selectively absorbing and
preventing its passage through the separator membrane. Thus,
an understanding of the reaction of silver with cellophane, of
the migration or transport mechanism of the silver, and of the
structure of the cellophane might aid the study of the mechan-
ism of separation. It might also lead to some ideas or sug-
gestions concerning the ideal separator which would resist the
passage of zincate and soluble silver ions and not be attacked
by KOH.

1
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4, Because of a difficulty in finding information on the
reactions and structure of cellophane, considerable attention
was focused on cellulose.

PHYSICAL AND CHEMICAL STRUCTURE OF CELLULOSE

5., Cellophane is cellulose [empirical formula (CgHioOs)p]
which has been regenerated by oxidation and degradation. X-ray
diffraction studies® reveal that the cellulose molecule con-
sists of a long chain of B-glucose anhydride units linked
together by primary valences through oxygen bridges at the 1-
and 4-positions (g-glucosidic ether linkages), each unit con-
taining three free hydroxyl groups in positions 2, 3, and 6.

- 1 6

H OH : CH,OH
|
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HoH\n
|
H |
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CH20H .
NONREDUCING REDUCING
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6. Cellulose consists of chains of glucose residues which
have covalent bonds occurring at intervals of 25 - 30 glucose
units which unite the chains laterally yielding a 3-D type ar-
rangement. These secondary valence forces which hold the chains
alongside in bundles may be of the van der Waals type and be
due to the polar groups in the chain [hydroxyl or aldehyde
(oxygen bridge) groups].

7. Forty to sixty chains in a bundle form a micelle or
crystallite which has an average width of around 50 A® and
length of around 500 A°, Since the parameters (7.9, 8.35, and
10,3 A°) of the unit cellulose crystal cell (monoclinic) do not
change when cellulose undergoes swelling, this indicates that
the water and ions must penetrate between the individual crys-
tallites where the tertiary valence forces are weaker. Regen-
erated cellulose fibers show the mercerized crystalline
structure in which the inner micellar surface has doubled making
intramicellar hydroxyl groups more accessible to liquids.
Cellulose has a micelle structure in which there is a continuous
transition between the chains which have crystallized and the
non-crystalline or amorphous regions. Attack on the amorphous
uncrystallized portions of the cellulosic fiber results in
degradation in which portions of the fiber fall into a powder
while the crystallized portions are left less severely damaged.

8. Reactions with cellulose may take place by either of
two ways: (1) rupturing the linkages of the chain holding the
units together (reaction as a polysaccharide in which oxidation
causes cleavage of glycosidic linkages and results in shorter
chains), and ?2) reacting with the hydroxyl groups (reaction as
a polytrihydric alcohol containing two secondary and one primary
hydroxyl groups per unit of glucose in which oxidation of
hydroxyl groups results in aldehyde and carboxyl groups).

MANUFACTURE OF CELLOPHANE

9. Sulfite wood pulp of high alpha-cellulose content is
steeped in sodium hydroxide solution to produce sodium or
alkali cellulose,

CHZOH CH20N0
0 (o)
H H H/H
—_—n
o oH H + NaOH ~— —0 +H20
H OH H H
H OH H OH
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After aging the alkali cellulose is treated with carbon disul-
fide to form the ester cellulose xanthogenate (sodium cellulose

xanthate).

CH,ONa cHzo—cf
0 0 S Na
H /™ H /'y
+Cs, —>
—0 OH H /'y —0 OH H/y
H OH H OH

10. A colloidal suspension forms when cellulose xanthate
is mixed with dilute sodium hydroxide. The viscose undergoes a
series of reactions during a "ripening" period in which there
is a partial hydrolysis of the xanthogenate with the formation
of sodium thiocarbonate as the molecule becomes more complex.21

O—CGH904 . O(CGH904) 2 OH /OH

4C¢=S +2H20 —> ZC<S + 2C=S
S—Na S Na S Na

0(06H904 )20H /O(CGH904)4 (OH)3 OH

2C=S +H20—) C=§S +GC=8S
S Na S Na S Ne

11. In the coagulation bath, after extrusion the viscous
film of cellulose xanthate is regenerated into cellulose film.

CHZOH

+ Na,y S0, +052
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In the regeneration process there is "fixst, the coagulation or
salting out of the viscose and neutralization of the alkali
present by the sulfuric acid in the bath; and secondly, the
decomposition of the precipitated cellulose xanthogenate to
hydrate cellulose."22

PHYSICAL PROPERTIES OF CELLOPHANE

12, The thickness range of commercial cellophane is from
0.0009 to 0.0017 inch. It has high resistance to initial tear
but retatively lower resistance once the tear has started. Its
tensile strength is 10,000 psi. Because of a somewhat random
orientation of micelles in cellophane the mechanical strength
is reduced when the hydroxyl groups which hold the chains along-
side become saturated., In order to define the physical proper-
ties of cellophane it is necessary to designate the values in
both the longitudinal and transverse direction. For instance,
the tensile strength is greater in the longitudinal direction,
which is the direction of the film's forward movement through
the casting machine, whereas the elongation is greater in the
transverse direction. Tenacity and elasticity and their direc~
tions depend on the amount of crystalline material and on the
orientation or degree of randomness of the micelles.

13, Cellophane is transparent to both ordinary and ultra-
violet light., It is assumed that the ultraviolet light waves
may rupture the cross linkages at a faster rate than the normal
glycosidic linkages. Cellophane appears to have two opticai
axes. It exhibits the anisotropic properties of cellulose
and has polarizing properties. Cellophane has excellent dielec-
tric properties, especially at higher temperatures when the
restraining forces between neighboring parallel chains have
lost effect allowing the glucose units freedom gg rotate about
their oxygen bond (-0-) under an applied field.

14, Cellophane per se is not porous. Its capillaries are
believed to be of the transient type that exist due to the
presence of a swelling agent. Its numerous hydroxyl groups
allow cellophane to swell readily in an electrolytic solution.
The capillary paths do not run straight through the material
and they are not of a uniform pore radius. The size of the
capillaries have been measured by a variety of methods includ-
ing those using an osmometer and Poiseiulle's eagation, the
void volume method, and the conductance method. Values of
pore radii such as 0.02u to 0.03u or 15 A’ have been given,
Cellophane is very permeable to water vapor and gases such as
ammonia and carbon dioxide but relatively impermeable to
hydrogen which is only slightly water soluble. It is readily
permeable to electrolytes and other ionic species. In the

5
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silver oxide zinc battery too much swelling and permeability
would weaken the structure of the cellophane and would result
in zinc deposits within its pores.

15, In the book Diffusion and Membrane Technology it is
stated that "whereas alpha-cellulose is fundamentally crystal-

line, regenerated cellulose is fundamentally a gel which shares
the propggties of other gelatinous materials which are hydro-
philic." . B. Ticknor attempted to resg%ve the theories of
cellophane's being a gel or a porous mass. From this study
it was concluded that the permeation of cellophane involves
both viscous and diffusive flow which indicates that the capil-
laries' radii are of molecular dimensions. Whether the predom-
inating flow is viscous or diffusive will depend on the size of
the capillaries, on the size of the molecules of the permeant,
"and the bonding of the permeant to the film."99 Much work was
also done by a Canadian group on psgmeability by use of the
void volume or conductance method. "Many factors such as
porosity of the membrane, temperature, pH, solvent, ionic
strength; etc., were found to influence more or less the rate
of diffusion of a particular solute through a membrane (and)...
the relatéve rate of diffusion of one solute as compared to
another," "The nature of the membrane includes its thickness,
the amount of porous space, the size and shape of the pores

its adsorptive properties and its ion exchange properties."é

CHEMICAL PROPERTIES OF CELLOPHANE

16, Cellophane possesses a lower molecular weight and is
more active chemically than natural unpurified cellulose., This
indicates that the transformation to cellophane of high alpha
content cellulose is both a chemical and structural change.
"Not only is the molecular weight of the linear polymer greatly
reduced but the orientation which reduces susceptibility to
chemical attack as a consequence of steric hindrance is largely
lost."96 Cellophane is subject to attack from acids and even
alkalies. "It undergoes the typical cellulose reactions, such
as nitratiog ethylation, xanthation, and swelling with caustic
solutions.” ! As with cellulose the speed of attack is prob-
ably determined by the degree of swelling and is probably
directed to the amorphous uncrystallized portions of the fiber
causing it to fall into a powder while the crystallized porticns
are left undamaged.

CELLOPHANE AND SILVER

17. Reactions with the cellulose molecule may occur with
the hydroxyl groups or by disrupting the linkages of the cellu-
lose chain. Since one of the requirements for the separator

6
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in the silver zinc battery is to act as a selective barrier ox
to selectively absorb the silver and thus stop its diffusion
through the membrane, a study of the reaction of silver with
cellophane might be beneficial, for cellophane does hinder the
migration of silver ions until it loads up. It i% believed
that the silver is reduced to its metallic form.47 According
to Patent No. 2,915,579, Mendelsohn in discussing the reaction
of silver ions with cellophane states the following: "This
reaction is believed to involve the rupture of the glucosidic
linkages joining the glucose units of the polymeric cellulosic
chain, As a result of this reaction, the sheet material is
decomposed to a powder."3O In a Brooklyn Polytechnic Institute
report it states that in the reaction of trivalent silver ions
with cellulose in a KOH solution, each of the cellulose's
alcohol groups is oxidized to an aldehyde or acid while the
silver ion is reduced to its Tgtallic form as has been revealed
by X-ray diffraction methods. '

HO H HO H
/
Nl N,
+++
H—?—OH Ag H-é:g
—_—>
HO—(':—H H~C=0
|
H~-C—0 H-C-0
¢ L __
H—' H—?
CH,0H CH,OH

18, The amount of decomposition of cellophane depends on
the Ag content in the KOH solution. The solubility of silver
oxide depends on the concentration of KOH or the number of
hydroxyl ions present. An experimental study might involve the
determination of the amount of metallic silver as a result of
decomposition that is present in the KOCH whiih might also
account for the deposits on the cellophane.l

19. According to Tuwiner in Diffusion and Membrane
Technology, pure cellulose possesses ion exchange properties
since by oxidation it is carboxylated. "The carboxyl possesses
a weak attraction for alkali ions although other metal ions are
held with some considerable stability, thus accounting for the
ash content. If cellulose is de-ashed by electrodialysis, the
absorption of silvgr ions is sometimes taken as a measure of
carboxyl content." & In order to measure the complete amount
of silver absorbed by the separator, according to the Brooklyn

7
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Polytechnic report, it was necessary to ash the cellophane and
dissolve the ash in dilute nitric acid in addition to just
initially trying to remoIg from the cellophane the absorbed
silver with nitric acid. This report discusses two methods,
the catalytic method (p. 18) and the potentiometric titration
method (p. 38), for the micro-determination of silver.

20. "Since a stoichiometric equation for the reaction
between cellophane and silvexr cannot be written, a 'pseudo’
formation constant (Ks) was calculated,"4 using the form
RCOO- + Agt = RCO Ag, where the formation constant
K. = --—L{RCOOAg)

f (RCO0™) (Ag¥)

= (silvexr bound)
(total sllver capacity ( ree silver )

minus silver bound external solution

21, The silver mirror test is based on the fact that
aldehydes and a-hydroxyketones reduce complex silver ammonium
salts. Glucose likewise exhibits a similar reducing action,
although to a lesser extent since there are fewer carbonyl
forms present in solution. Ammoniacal silver nitrate solutions
containing a trace of alkali (Tollen's reagent) is used in the
test. Under the action of oxidizing agents, the glycosidic
linkages uniting the individual glucose units of the cellulose
are cleaved, which results in shorter chain molecules and hence
an increase in the reducing power of the cellulose.

22. In the article "Utilization of 'Pore Spaces' of
Semipermeable Membranes," William Moor was interested in making
deposits of silver films on celdophane. In using ammoniated
silver and acid sucrose solutions and also the Rochelle salt
process "a brown deposit began forming in the membrane almost
at once, the color depth increasing and gradually changing to a
metallic greyish black. Examination of the brown deposit
seemed to ingicate that it was composed of finely divided metal-
lic silver."34 The author, being mainly interested in photog-
raphy, worked mostly with the photosensitive silver salts in
which he mentioned that a definite arrangement of the metallic
silver granules was always found upon exposure and development.
This arrangement of silver granules would probably aid the
study of the structure of various membrane materials since it
was dependent or varied with the different materials used. His
procedure could be used "wherever the product 82 the reaction
is less soluble than the reacting substances.” "It was
thought that this process . . . provides a tool that possibly
may not have occurred to those investigsting the nature of
permeable or semipermeable membranes."

8
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23, Cellophane is effective for screening colloidal

" silver particles which vary from 1.5 to 3 u in diameter. "The
action ¢f cellophane is to retard the movement of colloidal
silver and zinc, in particular to prevent the migration of
silver iT low molecular weight form by reducing it to metallic
silver."l9 "The absorbed silver in the cellophane in equili~
brium with 3?% potassium hydroxide was about 0,050 mg/70 mg
cellophane,"”

CELLOPHANE IN THE SILVER-ZINC CELL

24, Possible beneficial areas of exploration for improv-
ing the understanding of the function of the cellophane mem-
brane in the silver-zinc battery are considered in the following
paragraphs.

a. Charge of the silver ions in KOH. Dissolved
silver oxide in KOH is believed to be in the form of negatively
charged ions, "probably a polynuclear anionic complex," In
the Brooklyn Polytechnic Institute Report (Aug. 1954) the
existence of different species of silver was suggested, and the
main species was believed to be negatively charged, since in an
experimentlghe darkest color on the filter paper appeared near
the anode. Perhaps further study might indicate the percent-
age of negative and positive (Ag*) silver ions and how complex
ions might be formed before the silver oxide is reduced to a
metallic form causing high conductance and loading up in the
cellophane,

b. Charge on the cellophane. Cellulose is assumed
to be negatively charged as a result of the sorption of nega-
tive hydroxyl ions or the ionization of positive ions from its
surface groups., Because of this cellulose might act as a
selective ion barrier in which it would discourage negatively
charged particles. Cellophane likewise would probably be
slightly cation permeable, as are the membranes of high molecu-
lar substance with attached carboxyl or acid groups. Perhaps
further investigation might indicate what influence cellophane
has on positive and negative silver ions or on the penetration
and treeing of zinc.

c. Structure of cellophane. Literature read did not
reveal the actual differences between cellulose and cellophane
other than to mention that it was regenerated by a process
which changed its molecular weight, orientation, and structure,
making it more active chemically. Also, the literature did not
establish whether cellophane was a gel or a porous media. In
any case, the structural formula was not given for cellophane
as it had been given for cellulose,

9
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d. Pore size of cellophane. Most sources are in
agreement that the pore diameter is approximately 30 A°,
although they do not all agree that cellophane is a porous mat-
erial. In the Brooklyn Polytechnic Report it states that
although ioni 10,000 A’ diameter cannot pass through, ions of N
1000 A° can.1® If this is the case, then consideration of pore
diameter (30 A° for cellophane) seems to be of little worth
even when the effect on pore structure of swelling is consid-
ered, As it has been pointed out, too much swelling may cause
zinc deposits or may weaken its structure considerably.

e. Cellophane in KOH. Perhaps it would be possible
to test for the presence of cellophane to determine the extent
to which it is dispersed in solution and would thus be able to
interact with the silver particles when present. The amorphous
regions of the cellophane could disperse leaving what would
appear to be the original untouched separator. One might also
determine if and how the presence of ZnO contributes to the
dispersion of cellophane. Degradation during alkaline hydrol-
ysis is measured by weight loss, viscosity, tensile strength,
and elongatinn changes.

f. Concentration of KOH. Determination of the
effect of different concentrations of KOH on the deposition of
silver and the deterioration of cellophane would be worth
while. One might also vary the current and ZnO content and at
the same time note any changes in membrane potential and resist-
ance, An increase in KOH concentration making more OH™ groups
available would probably increase the solubility of silver
oxide Agp0 + 20H™ =~ 2Ag0” + Ho0. As silver ions are
released, the degradation of cellophane likewise would increase.
The solubility of silver oxide at higher concentrations of the
glkaline electrolyte might be determined if this hasn't already

een done,

g. Metallic silver. Have X-ray diffraction studies
conclusively revealed that when silver migrates and saturates
the cellophane that all of it is reduced to the metallic state?
What exactly occurs to the cellophane when silver is deposited
on it? If cellophane is partially oxidized and contains car-
bonyl and carboxyl groups, then the reaction RCOO- + Agt =
RCOOAg might occur. Cations could probably be bound to the
cellophane through the weakly acidic functional groups. Since
silver oxide is soluble, then is it not possible that it could
undergo some sort of decomposition in the KOH so that the
product is metallic silvexr? Dirkse points out that when
Ag(OH)2~, the predominant solute specles, undergoes decomposi-
tion, the dark insoluble material which results is Erobably
silver, "If it is silver, this could account for the giposits
of silver on the separators in silver-alkaline cells."

10 .
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Perhaps this dark insoluble material or metallic silver resulted
from interaction between the silver ions and portions of the
cellophane (amorphous regions or low molecular fragments) which
had dispersed into the KOH electrolyte.

h. Silver oxide electrodes. If oxygen is evolved at
the electrode, then this might increase the silver ion content
of the electrolyte, making the deterioration of cellophane more
rapid. Possibly the oxygen reacts with the cellophane to form
carboxyl groups which then react with the silver ions. A study
of the stability and solubility of silver oxide electrodes in
the presence of cellophane would aid the separator study for
they undoubtedly play a role in influencing the degradation of
cellophane.

_ i, Species of silver. Dirkse indicated that
Ag(OH)8 was the predominant solute species given by both Ag0
and Ag0.l Previously, Shair had indicated that the peroxide
component was the most damaging to cellulosic separators.
According to his report, the separator had to act as a barrier
to silvexr ions while being inert to silver peroxide at the same
time. Zgus, attempts were made to diminish the peroxide com-
ponent.

j. Zinc. Evidently, cellophane does not prevent the
diffusion of zinc as was demonstrated by an experiment at the
Brooklyn Poﬁytgchnic Institute by the Chemical Engineering
Department. | ince cellophane degrades faster in KOH + AgO
than in KOH # AgO + ZnO, then the ZnO must somehow retard the
reduction of Ag20 to metallic silver (zinc probably takes up
hydroxyl ionﬁ). JIt might be helpful to determine if a silver-
zinc complex dion is formed which would reduce the solubility
of the silvexr! oxides. Another useful study might delve into
the mechanism of dendritic zinc growth or *reeing in which
structural imperfections also might be determined by studying
the zinc's directional penetration into the cellophane.

k. Separator materials. Various studies could be
done to determine whether different membranes react with dis-
solved silver oxides or whether they catalyze its decomposition.
It might be possible to determine how the chemical composition
of the separator material affects the amount of silver deposited
on it and the amount of degradation it undergoes. Likewise, it
would be helpful to compare a material which does not suffer
much degradation from silver ions in KOH (i.e., polyethylene
and acrylnitrils--very porous) with a material such as cello-
phane. One might also note and compare the degree of zinc dep-
osition and treeing in various membranes.

11
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1, Reactions with cellophane. According to a recent
study, two types of reactions challenge the chemical resistance
of cellophane: "first, by the hydrolytic action of the electro-
lyte; and second, by the oxidative action of various silver
containing entities, While the oxidative action is most likely
influenced by the passage of electric current, the hydrolytic
attack occurs continuously during the entire period of contact
between separator and electrolyte." On page six of that
report it states that "When the cellulose chains are hydrolyzed,
not only do they become shortened, but they are also modified
in the nature of their dependent or side groups. These become
more polar, particularly if any degree of oxidation is involved,
and a transition from hydroxyl to carboxylic acid group ensues."29
A fuller discussion and literature review of the reactions of
silver with cellophane appears in the cellophane and silver
section of this NOLTR,

m., X-ray diffraction and radioactive isotopes.
These two methods have been used in silver oxide-zinc alkaline

battery studies. R. C. Shair evidently used X-ray diffraction
to determine metallic silver on cellophane, according to his
Dissertation Thesis, Brooklyn Polytechnic Institute, June 1954,
References for work with radiocactive isotopes (see Bibliography)
include those by Paldgyi, Dirkse and Vander Lugt, and Meltzer,
Weiss, et al. Diffusion studies with radioactive isotopes have
encountered various difficulties since reactions occur between
silver and cellophane and radioactive deposits form on the walls
and electrodes.

_ n. Additional references. While this literature
study is reasonably complete as far as material available in
the NOL library is concerned, there certainly are many other
references that bear upon the subject of this report. Some of
these are listed in Appendix I.

CONCLUSIONS

25. A separator study on cellophane would be aided by
having considerable knowledge of the chemical reactions and
the forms of silver and zinc found in KOH in addition to a
knowledge of the structure of cellophane itself and the changes
it undergoes during reactions. Then a study of the mechanisms
of separation would be more revealing. A team of scientists,
including an organic chemist, physical chemist, physicist,
and/oxr laboratory technician, could undertake a separator
study quite effectively and efficiently.

12
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