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ABSTRACT

The exper:unental work concerning the electrode stablllty, car=
rent efficiencies; and power requirement per unit weight of manganege
dioxide has been undertaken to establish the type of electrical load
to be expected in the electrolytic production of battery active man-
ganese dioxide from Montana manganese bearing ores, The results have
been considered not only to the applicability of the electrical ldad
to a commercial process but also as to the quality of the product,
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I INTRODUCTION

‘Thebgucgessfui produetion of battery active @angangse dizxide is
a matte?‘of.conside;able*impdrtance for both military and coﬁmercial.
_dtilizationu In“War times,,gspec?élly.dqying the las?t World war, there
was a heavy demand ?or & manganese dioxide‘that would bé:pure enough %o
act as a depolarizer in dry cell batteriss. In the past, this demand
has been me% by natgral ore supplies mainly from the African Gold Coast.
In the fqbqre,”it is_eyident from the :ésults'of this thesis -and other
treatiSeslconcerning manganeég dioxide ppodgction-that the demand will
be'met:by~an gleétrolytic mahganese ﬁioxidee Obviously this will be a
bonus'tq American industry§

Sincelfhe chief souréé of 'natural ore .available tq the United States
is the African Gold Coast ore, the production of electrolytic manggngse'
dioxide f'r?m'local ore. supplies has_g.twgyfglﬁ_éffeqt; (:_L) 'sthép]'.‘._d"jhe
natural ore supply- be cgt off, national security ﬁill hqtfbe jeopardized
by_lack'pprattery acﬁive mangane se Qioxide; (2):ap'abundant supply‘of'
ore heretofo;e_got_usgd for batteries (rhodochrosite), can now be'ut;lized
in_thg eleetrolytic process to yield a battery gctive mangane se dioxidg
with bette? characteristics than natural ores under heavy current drain
conditions,

_Russiap pyrolusite, previous toll914,-was avstandayd depolarizer uséd‘
in dry cells. The supply was .cub.off dug to World War I, and native pyro-
‘1qsite§ were tried with po,qr,resul_tso These results led experimenters to

believe that somebhing more than the manganese dioxide content determined
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thg action:%n the colls, dince native pyrolusite With as much as ninety-

five per-cent manganese didxide was tried as a substitute for Russian

Apyrolusitew Elecﬁroplating of manganese aioxide has been in the experi-

mental stage since as early. as 1918, however, at that time the import-
ance of thecrystal structure ‘of the manganese dioxide was not recognized.

Later work-done by G..W. Nichols (1) in 1932, brought to light some of the

-problems involved in the production of electrolytic manganese dioxide;

namely tpe-@gpendence of the electrgplating on-the microécopic surfacg
of 'the anodew. One. ysar later, Dr. Eéter Marx (gilpubiished_a paper-at -
Bittgr?qld; qg?maﬁy Wh;ch did:litth more. than 'confirm American con-
¢lusions on the ‘mattérs - | .

It Wasn'ﬁluntil World War II that, with the increased research due
to the shoxtage.qf-yatural mangane se dioxide ore, thg impbrtancg'of tQ¢.
crystal structure ﬁecéme éppargntq_ The . type of cpyg?a;_strpc?ure”found r
to be mosb~satisfaqt§ry for use in dry,cell_batteries*iS‘called Vggﬁﬁ&
structure™ - or, more.cqmmonly, “Ygamma “phase”. Recently,. in lQéQ,.Georgia
Insﬁitute-of‘Technology_(Bdeidfa“copsiderable amount of work, under the
agspices_of"the,Uniﬁeq.stgtes,Army Signal*Corps, which is discussed in -
detail in-%heirireport titléd "The ‘Rlectrolytic. Synthesis of Battery _'
Active Manganese:Dioxide", The Georgia.Institute of Technology results
were a positiye indication that the electrolytic manganese dioxide cquld
be.producéd gpder certain process éohditions to yield gamma phase man-
ganese diﬁxidea  Also; work concerging the anode proplem was conducted
at Georgia- Institute of Teqhnolbéyo \

Further research on the-projectamqnde: fhe auspiges_of the United
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Sté?es Army-Signal Corps, is beihg'cérried on by the Montana State Col-
' legé Engineering Experiment Station at Bozemﬂn, Montana0 Since Montana
is the leading producer of manganese ores, Montana ores such as rhodo-
chrosite from Butte and pyrolu51te from Phillipsburg are used in the re-
search work,

Since the proceés of producing battery active manganeée dioxide is
of an electfochemiéai nature, the research is conducted as a joint pro-
jeét between the Electricél Engineering and the Chemical Engineering
Departmepts of Montana State College. -Consequently, two theses will be
wriften on the subject at this time. This thesis will cover the electri-~
cal aspects of the researdh, and a Sgcond thesis by Arthur Ms Mﬂéﬁﬁg@n :
" will incorporate the chémical‘engiﬁeériné aSpeg’qsO | |

Battery performance tests on two el€c£rolytic manganese dioxide
samples from runs. Carbon 7 and Carbon 22 are being‘éonductedfby\%he.
Squiér Signal Laboratories, The results'of“the initial battery test
are included in this thesis., Further results from the: Squier Slgnal
Laboratories will be attached to thls the51s When available., Chemical
analyses on electrolytic manganese diéxide were conducted By the United

State Army Signal Corps Laboratories on numerous sanples,
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- IT EXPERIMENTAL WORK

The following -discussion of'experiméntal'work pertaining to the
PAPPARATUS" and "R OCEDURE" will be incombleté because the discussion
of the apparatus used in preparing the -electrolyte and the preparation
of the electrolyte itself will be explained in detail in the chemical
engineering thesis, In this thesis mention of the chemicél engineering

techniques used will be only qualitative when clarity necessitates,

A, -APPARATUS
The basic equipment used in the research'woﬁk, after the electrolyte
is prepared; are a suitable d-c power supply, method of heating the élec—
trol:).rte during operation, electrode and.electrode supports, and a drying

oven to determine the dry weight of “anodes before and after operation,

1, Po&er Supply

. Run Carbon 1 power supply was a 33 volt, 125 ampere d-c generator
which is still availabie in the electrical engineering laboratory in’tﬂe
event that a greater power supply shoula be needed. A d-c geherator with
a capacity of 50 volts and 15 amperes was used in all runs except Carbon 1.
Tp_excite”thg field_of this d-c generator, a "free wheeling® rectifier
circuit ﬁas designed.' The‘rectifier.prov@ded a convenient means of con-
troiiing the outpuﬁ_of the generator. since the controlling variac.- of the
rectifler was placed directly on the cell table, The capacity of the d-c
generatér was found to be'quite satisfactory for the laborafory'work be-
cause, by proper design of the aﬁodes, it was possible to obtaln currenf

densitieés up to LO amperes per square foot. Indeed, the ggrrenf densities
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Figure 1 - Schematic Diagram of the Electrical Apparatus Used in the Electrolysis



. rectifier, as shown on an oscillograpk, was approximately equal in mag-

lectrolysis, . The electrical set up.is shown diagrammatically in Fig-
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obtained covered more than the practicel range of the process as will
be discussed subsequently. In passing, it might be mentioned that the

ripple in the output voltage of the d-c generator caused by the field

nitude to the inherent fipple caused by the commutator of the d-c gen~

erator. Thus, a low ripple factor voltage was maintained for the e-

ure 1.

2, Electrolytic Container and External Heat Supply

In order to maintain the electrolyte at about;930 C. during experi-
mental'runs, it was nedessary to heat the cells by anAgxternal means .
This was accomplished by using a hot plate of SSO'Waﬁté capacity under-
neafh each electrolyte contéiner.. Consequently, the'élecﬁrolyte con=
tainer was made of pyrex with dimgnsions as follows:: ‘6 inch diameter by
11 3/L inch height with approximately 3900 cubic géntimetersiusegble vols
ume, With this arrangement,'heat‘could be applied éiréctly ﬁ;ithe cell and
controlled by two methods. One control was b& means of the~j5ﬁamediﬁmahigh
switch on the hotlplate, and the other éantrol wag through variacs to which - |
the hot plates Were‘electrically conmected. With the pyrex containef
placed directly on the hot plate, the unii was placed on a cell table,
Attached tq the table:was é cell rack'which served as a terminal Board
for electrical connections and also prevented the pyrex container from
any horizontal movement which would cause the container to slip from the

hot plate,
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3. Electrodes and Electrode Suppdﬁ%s

In all the experimental runs onétype of elecffode holder was used,
The electrode holder was made f?oﬁ g‘l/h inch sheet of polystyréne
which is resistant to sulphuric acid. ‘The outside dimensions of thé
, polystyréhe holder are h:inches by 8 inches with slots provided for the
placement of the anode; bathode,'and a thermometer, To prevent slippiﬁg ,
through the slots, the anode, cathode and thermometer in each eléctrode
holder were clamped in place, With electrodes and thefmometer clamped
. to the electrode holder, the unit was pléced directl& on the pyrex con-
_ tainer in such a manner that the anode, cafhode; and thermométef extended
into the electrolyte. The electrode holder rested on the top r:Lm of the
pyrex container, It was then a simple matter to make eiéctrical cénnec-
tions to the terminal board,

~ In allthe experimental runs, the cathode was made from a chemical

lead sheet 1/16 inches thick with dimensions such thét the cathda%férea
was approximately twice thelanode area, To inéure plating on both‘sides
of ‘the anode, a cafhode was placed on each side of the anode; the total
cathode area being twice the anode areas

Available for research were two types of anodes. The first énode
"used, in runs Carbon 1 through Carbon 6, Wés a hard carbon rod, 7/8 inch.
in diameter, It is believed that this particular type of anode was used
in "arc lights®. At any rate, the anodes of.this type proved of no im-
.portance since they did not provide satisfactory resultso The secogq

type of anode used was an "Acheson Graphite" of grade A.G.R. as designated
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by the National Carbon Company. ‘This type of anode was used in all ruﬁs
subsequent to Carbon 6,. The diménsions of the anode used in most runs
was 9 inches by | inches b& 1/2 inch. In some runs it was necessary to
design the anodes with a smaller effective area.(area submerged in the
electrolyte) in order ﬁo achieve high current densities. To find the '
effective area, in all cases, the actual currenﬁ divided by the current
density will give the effective area. (See Table I for data). Acheson
draphite of grade A. G. R. is a much 'softer material thah the first car-
" bon rod ﬁsed. This soft material did lend itseif td more satisfactory
results,
Lis Drying Oven

| It was found convenient to use a drying oven to determine the dry,
weights of the anodeé before and after an experimental run, In general
the graphite absorbs about 10 grams of the electrdlyte. In order to '
determine current efficiencies, the dry weight of the anode was recorde@
before a run; and gt the.end of the run, the anode plus mangmese dioxide
was dried in the oven at a témperature of about BOMBSO C., and the weight
recorded. By subﬁracting the dry weight of the anode before a run frém
the dry weight of the anode following the run, the manganese dioxide de-

posit was determined.
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B, PROCEDURE
The procedure followed in produéiﬁg battery active manganese dioxiae
from manganese bearing ore can be summarized.in three s#eps: (1) Pfepérau
tion of the Electrolyte. (2) The Electrolysis. (3) = Anode Strippingo

l. Preparation of the Electrolyte-

Briefly, it was required that the manganese bearing ore be put into

a manganese sulphate solution with certain concentrations of manganese,

In the process of obtaining the manganese sulphate, sulphuric acid was

employed, The final solution containing manganese.sulphate and sulphuric
acid cOnstituiéd the electrolyte. The eliminaﬁion of impurities and the
actual preparation of the electrolyte for various conditions is dis=-

¢u33ed in detail in the chemical.engineering thesis on this research,

C 2, EEGW&J&S

The electrolysis itself was performed by passing a prescribéd
amount of current through the electrolyte by means of the électrodes°
However, certain chronélbgical steps must be taken in the electrolysis
process, With pyrex containers filléd @o a prgscribed volume of elec=
trolyte, the hot plateé were turned on allowing the eleétgolyte-tb at-
tain a temperature of about 93o C. This took approximately 2 hours, When
the electrolyte reached 93o C. the-cell holder, completé with anodey; cath-
ode, and thermometer was placed in the cell and connected electrically to
the d-c generator, Before starting.the generator, it Was‘necessary fo
allow about 2 minutes for the electronic tubes in the rectifier circuit
to warm up., After starting the generafor, the control variac in the _

rectifier circuit was varied until the ammeter indicated an appointed
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émount of current passing through the cells,

. While electrolysis was téking place, it was necessary to replace
the spent eiectrolyfe periodically with fresh solution of neutral man-
ganese sulphate, At the same time, the sulphuric acid generated was
withdrawn in proper amounts. The amount of fresh solution added and thgv,
ampgnt of acid removed is covered in aetail in thg chemical engineering
thesis, During the experimental runs,.the changing of.solutién was pers=
formed every 1/2 hour or every hour depending on the quantity added.and
removed, It has been the practice in the research during the pan year
to average the voltage and current reading for the period betﬁeen re-=
plenicshment of the spent electrolyte,

When stopping é run ‘the control variac was changed‘until the ammeter
reading was zero, When the ammeter read zero, it was'then safe to dis;
‘connect the cells énd rembvé the e1e¢trodes from the electrolyte,

3. Anode Stripping

The method used in the past by other experimenters to remove the
manganese dioxide from the anode was éimply by scraping £he anode with
a wood chisel., This was a most unsatisfactory 5§eration, because the -
adherenée of the manganese diox de to the graphite anode is of such
strength that removal of the manganese dioxide without graphite content
was practically impossible.':Also,'fhiS'was a rather tedidus process.
It was found, during this research; that if the anodes were Eoiled in the
electrolyte whilé still in the electrode holder with the cathodes, the
manganese dioxide, after a matter of L to 5 hours time, became loose at

the surface of the anodes. This(waé due to the softening .of the anodes,
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However, the softening occurs on the surface of the ap9des only, and does
not prevent further use of'the anodes. Since carbon is mixed'with'ﬁan—
éanese dioxide in pfeparation for dry cell Batteries, fhe carbon impurity
was not considered aétrimental._ In fact, A.G.R. gfqhite has been found

to e superior for dry cell battery use,
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c. oBSERVATiONs AND RESULTS
In order to detérmine %Ee type of eiectrical load involved in the

production of battef& active manganese dioxide from local ores, it_waé
_necessary to é$£ablish the range of practical pperating conditions. A
series of runs, designated Carbon 1 through Carbon 21, were performed '
f‘or-that’purpo'se° The essential data has beenfplaced on curves and
tableS'whiEh shall be referred to throughout the following discussion,
Whenever possible, theoretical consideration will be given along with
-the discussich. That is; some of the phenomena in this eiectrolytic
procéss was not fully undefstoodo For instance, Why, when under the
same conditions and when both anodes dre goéd electrical conductors,
doeé one'énode méterial lend itself to the process very weil,'while
anothervwill note. Another phenomenon is the fact that,electrolytic
manganese'dioxide,is not a conductor of electricity when produced a£_
| cell voltage over 1.7 volts (h); and yet, a current was passed through
the cells with ébout~thé saﬁe-voltage required with and without a man=-
ganese dioxide plating on the anode, Does this mean that,. as G.W,
Nichols cdncluded; the pléting could oﬁly take‘pléce underneath the
manganése dioxide coating? (2). For the purpose of establishing the
characteristics of the electricél load, the understanding of such ac-
tion is of secondary importance in tﬁis thesis,

1. Electrode Stability

Much more work has been done on the problem of finding a suitable
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anode than is presented here. However, to show the effecté of different
types of anode material on the electrolytic process, both types of anodes
used in thié research will be discussed, although the results with the /
hard carbon rod anode were far infarior to the A:G.R. graphite -anode
results, A more complete list of anodes tried will be found in the
references, mainly in the Georgia Institute of Technology (3) report . .
and the publication by Dr. Peter Ma_ifx’ (2),
| It is interesting to note that Storey, Steiﬁhoff and ﬂoff (L) .
found that if for graphite anodes the potential drop across the cell
was kept below the decomposiﬁion potential of water acidified with
sulphuric acid (approximately 1.7 volts), there would be no deteriora-
tion of the~anodes; However,'this is impractical for a commercial
operation, | |
The chief factor affecting the anodes is current denéity;

For the hard carbon anodes, current densities of h5=éo amps./ft°2

caused so much deterioration to the ahodes that the electrolyte

became opaque from suspended carbon after-as little as '3 hours

of run time. The AOG;Rw"graphité anodes did not. undergo deter-

ioration to such a dégree. When-A.G.R. graphite anodes were used

with 39'amps/ft,2 current density and S hours of run time? the

eledtrolyte was almost totally clear of suspendéd carbon, The

deterioration at this current density seemed slight, as only a

Small amount of carbon was found on the bottom of' the électrolyfe

container. This amount was an estimated 1/2 gram or less, -
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Although Van Arsdale and Maier (5) did not mention any anode deter-

ioration for current densities up to 30 am.ps.,/ft.,2 using AeGaR,

graphité anodes, bhe Georgia Tnstitabe of Technology (3) did find

considerabie damage to A,;G.,R° gfaphite ariodes after long periodsof
operation (50-75 hours at current demsities of above 20 ampso/it,Z)o
“ The acid concentration caused some anode deterioration, but
‘“not to such an extent ‘as did the current density. In run Carbon 15,
Cell 3 a discolération of the. electrolyte was noticed after about 10
hours of operation. The amount of suspended carbon was still not
enough to cause concern after 15 hours of 0peration;

Temperature seemed to be the éause of serious anode deteriora-
tion, For fun Carbon 6, Cells 1, 2, 3, and L, the decreased tem-—
peratures caused much anode deterioration with other'fgdtofs re—‘
maining constant. In fact, at LO® C. cell temperature the arbde °
Was attacked to such a degree that large surfaces of.the hard car-
bon rod anode were demolished. Under the same conditions, aﬁ'a tem—
perature of 92° C,, the anode did not undergo such inﬁense destruc-
tion. Since it is not advisable to oﬁeraté at low temperatures (see
#Anode Current Efficiencies and Kw-Hr per Pound MnO,s® "CelllTem—
ﬁeratureso")~ this detrimental action may be eliminated.
bo. Cathode | |

In all the experimental runs chemicai lead was used as the cath-

ode, ‘The chemical lead resisted sulphuric aciq reac%ion, and was not
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affected by the.current-density. "In the electrolytic process the chemical
lead cathode acted as’'a 100 per cent liberator of hydrogen.

Cell Voltages

. During the experimental runs the average voltage per cell was obtained

and plotted -along with the curves of current efficiencies and kw-hr per’

pound MhOZ. The voltages were obtained directly from the anodes to elim-

inate>terminal contact potential drop and IR'drOp through the electrical

onnection associated with the cells, -Also, the voltages per cell were

averaged over an entire run. It was fbund that after stopping the elec=

troljsis, a back voltage of about 1,5 volts existed for a short duration

(about 5 minutes) and then dropped to a value of about 0,7 volts,

a. - Anode Current Density

An increased average vdltagevper cell was experienced with an
increase in'current density. The voltage increase is'approxiﬁately
linear in the range of from 1,58 volts at a current dqnsity of 3637
amps./ft,2 t6'2;56 volts at 39 amps,/fto? with the graphite anodes,‘

This is indicated in Figure 2,

~ b, Electrolyte Acidify

Within the useful range of acidity, there was no variation in
the average voltage per cell; other factors held constant. A slight.
voltage increase,occuréd for acidities between 33,5 and 67 gm./1. H550). .

The value of the voltage at 67 gn./l. was found to be 1.9 volts; and
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at 3% 5 gm./l. the value of the voltage was 2,0 volts, Both values
were taken from.runs where the current density was 1O ampé;/ft.z,
as shown in Figure 3. ‘

c. Electrolyte Manganese Sulphate Concentrations -

The average voltage per Cell'waé not affected by a change in
manganese sﬁlphafe concentrétion, For the entire range of manganese
concentrations plotted in Figure L, i.e., 100 to 176 gmo/lo~MnSOh,'
the voltage Was‘l,875 4+ 0,025 volts under the conditions given in
ﬁigare .

d. Anode to Cathode Spacing

As would be expected, an increase in the spacing of the electrodes
caused a greater voltage drép acposs the cell with alllother“ﬁéctéfsf
being held constant, This voltage drop was due to the 1onger currént'
path through the electrolyte. The average voltage drop occurrlng at ;7¥':ﬂ
a spacing of 0,438 inch was 1,71 volts, and at a spacing of 1s 75 1nches N
the voltage drop was 1,92 volts, This is 1ndlcated in F;gure 5o’ :

3, -Current Efficiénéies and Kw-Hr per Pound of MnOs

The‘aﬁode current efficiency is the ratio of the actual amount othnOZ
plated on the anode to : the aﬁount that should be plated on according pa
Faraday's second law of electrolysis, if all tﬁe manganese cbmbined with
oxygen to form MnO2° To explain this further; consider the chemical ac-
tion in the cell: MnSOj, + 2 Hy0 = HySO) 4 Hp+MnOp. The manganese

changes valence from two, in MnSOh to four, in MnOz, or a total change of




valence of two, The hydrogen_is given off at the cathode, and the MnO,

- is, of course, plated on the anode. Now fhen, Faraday's’law states that
the'weight.of a mgtal depoéited, or of a gas set ffee by an electrolytic
process, is diréctly proportional to the gramyequiyalent weight of the
metal or gas; and that 96540 coulombs will deposite metal or set off gas
to the. amount of one gram-equivalent weight. In equation form the law |

is as follows:

" " S

where m is the weight in grams of the metél deposited,'or‘of tﬁe.

gas set frée, | |

q is fhe quantity of electricity in coulombs passing through

the electrolyte. .

w is the aﬁomic weight of the material deposited, or set free,

n is the valerice of thé material,
Using a valence change of two and the étomic weight of Mn as S5le93, and

the atomiC'wéight of Oy as 32, the theoretical deposite of M_nO2 is, ac—.

| cording to Faraday's Law:

'm = %.x 86;93 Gm, MPOZ

and q = hours x 3600 x amperes

hours x 3600 x amperes x 86,93
9650 x 2

therefore, m

8
]

(1.62 x amperes x hours) Gm. MnO,
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ahd, finally, the current efficiency iss

current efficiency = aétuai weight of MnO, deposited in grams x 100
1,062 x amperes x hours

Directly related to the current efficiencies is the Kw-Hr per pound
of MnO2° ' To show the method used in cglculating this from the data given "
on Table I, a specific example, run Carbon 12 from Table I, will be. taken
as follows:

Avefage volts per cell o o o o v o s o & o ; o s 1o80

Grams MnO, produceds « o - cio o o o o e o oo 060.5

Actu.al CuI‘I‘en'bo o ° o o o ° L e o L] o o o s © 3075

Hours of INs o o o o 2 o 6 ¢ o 6 o o 0 o o & » 17025

Kw-Hr = 1980 X 3072 X 17025
. : 1000

Pounds MnO, = 60,6
“IBh

Kw-Hr per pound M0, = 1,80 X 3,72 x 17,25 x L5k = 0,865
, . ~ %045 x 1000

It should be mentioned that since the'average voltage per cell was
taken directly from the anodes, the power requirements for a commer-
cial process.would be slightly éreater depénding on the terminal vol-
tage drop and IR voltage drop, through the associated electrical éonn
nections.. Iﬁ the case of both current efficiencies'and Kw—Hr perr
pound MnOé the vaiues given in Table I are uncofredted_fbr impurities.
The error introduced in current efficiencies and Kw-Hr per poﬁnd Mﬁoz
would not be serious since_the impurities consitute a smallpercentage
of the anodic deposite,

It is interesting to note that acdording to Kameyama and IIda
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(metallborse 1932, p, 1183) it is ‘possible, by use of alternating cur-
rent, to obtain a dry cell MnO, if the MnSO), is decomposed at the higher
temperatures. This was tried by Peter Marz (2) with platinum gauze
electrodes having an electrode surfa;c.:e of 2 cm.,2 The only result given
was that with a current density of 50 amp,/dm.é (about L63 amps/ft.2)
and a voltage of about é0~25 volts; the power consumption was unreason-
ably high in comparison to the use of direct curreht.

2. Anode Current Density

The data obtained for the %ariation of current densit& with
electrolyte concentrations of 67 gm./1. H,50), and 137.5 gm./Lo
MnSO,, electrode spacing of 1 inch, ‘temperature of 93° C., has
been plotted in Figure 2, Examination of the curve of current
efficiencies indicates a maximum:efficiency of about 63,7 per
cent, occurring aﬁ a current density of 6,72 am.p’s/ft.,2 The en-
ergy réquired to produce a pound'of MnQ2 at thiSjcurfent denéity
is 0,68l Kw-Hr per pound Mri0,. At lower current, densities, be-
low 5 ampSA/ft.z, the current efficiencies drop rapidly, and the
energy requirement increases so rapidly that'this mighﬁ well be
called the cutoff péint of the electrolysis for éll practical
purposes, For current denéities above 6,72 amps./ftoz the cur- =
rent efficiencies and Kw=Hr per pound MnO2 have a more gradual
increase and decrease respectively, up to é current density éf
about ZOﬂampso/ft,2 Beyond this point, ﬁhé electrolysis be-
comes impractical for two reasons: (1) the energy requirement )

becores excessively high (about 2,3 Kw-Hr for current density of
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39_amps/ft,2) (2). Thé anode deterioration, not evident by in-
spection of the curves, becomes excessive,

Although the amount of anode deterioration is rather diffi-
cult to predict, the amount of anode deterioration found after
.5 hours run time at 39 amps,/f'bb2 current density was an estima-
ted 1/2 gram found on the bottom of the céll° This deterioration
oécurred;when graphite anodes were used,"With the hara carbon
pod anodes, the deterioration at current densities of hS-SQ_
amps.,/ft.,2 was such thaﬁ after about 10 hours of operation these
anodes lost considerable Weight, |

In general, there is a limit to the current densities useable
for reasonable current densities and power requirements., The lower
limif‘is due to the cutoff point of the electrolysis, and ihe ubper
limit is dependent on the type of anode used,

Since the currgnt efficiencies are governed by the amp-hr of
electrolysis the only essential difference between current efficien-—
mies and energy required to produce a pound of MnO2 is in-the vol=
tage per @ll, the Kw-Hr per pound MnO, curves fqllow an inverse |
relationship with current efficiencies° As discussed under %Cell
Voltages," the amount of voltage variation is small for most cases;,
and as a result of this, the linearity of the inverse relatioﬁship

is evident from Figures 2, 3, and l,
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be Electrolyte ‘Acidity

As in the case of current densities, the eleé%folyte'écidity
effects the current efficiencies and energy required in a similar
manner, That is, there is a cutoff péint, and a point for maxi-
mum.vaiues of current efficiencies. As shown in Figure 3, with
an acidity of about_?S ém.,/l° HéSOh and the following conditionss
137.5 gm./l. MnS0), 10 amps./ft,2y 1 inch electrode spacing,

: graphlte anodes of A G.R. type; the maximum current efflclency is
about 72 per cent, and the energy reguired to produce a pound of Mn02
is found to be O,TLl Kw-Hr, The cutoff point due to the electrolyte
acidity is in the region below 10 gmo/io HZSOh for the same condi-
tions as stated above, The upper limit of a01d1ty is not defin-
itely: establlshed° it is believed that the anode deter:oratlon,

as in the case of current densities, will be the determlnlng fac-
tor, This is Eased on the literature consulted (Lo .

c. Cell Temperature

A run called "Carbon 6ﬁﬁwas made to determine the effect of
cell temperatures on current efficiencies and power requirements,
Although this fun'was made with the:hard carbdn rod anodes, where
at best only 26 per cent efficiencies were obtained, it demonstrates
the fact that the process Should'bé conducted with a hiéh tempe ra-
tures On run Carbon 6 not only did the current efficiencies de-

crease with lower temperatures, But also the andde deterioration




Signal Corps Laboratories, rums conducted above 80° C. produced MnO

726-;»-
was more severe at the lower temperatures, For instdhce, Van Argdale
and Maier (5) stated that a higher temperature will increase the speed
of hydrolysis so that the manganic solutions do not have time to dif=
fuse away from the electrode before being decomposed; and that the

rapid breaking.up of manganic salts prevents further oxidation result-

ing in oxygen formed, In addition to this, Georgia Institute of Tech-

nology (3) found that from the numerous samples dent in to the Army

2
that was practically all gamma phase, Lower temperatures gave a

‘mixture of gamma phase MnO, and cryptomelane, With these results in

mind, all runs from Carbon 7 through Carbon 22 were conducted at 93°
c.t 3° c.

d. Anode Material

Although only two types of anodes were used in the electrolyéis
to date here gt Montana State College, the current:efficiencies and
energy requirements demonstrate the dependence of efficient electrolf
ysis on the type of anode used. ‘Fo; exémplég run Carbon 1 using a
hard carton anode at 15 amps./fte2, 13705 gmse/le MnSOy s 67 gms./L
HéSOu,.91° C.y had a cugreht efficiency of 23 per cent, and energy
required was. 2,03 Kw-Hr pér pound MnO,; while run Carbon 18, Cell 2
using A.G.R. graphite anode at 18,6 amRso/ftQ?,113745‘gms./1; MnSO;

67 gms./le HZSOh’ 93° Cey had a current efficignqy'@f'Sh per cent,

- and the energy requirement was 0,906 Xw=Hr per pound MnOs. .Accord-
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ing'ﬂo the chemical equation of thé electrolysis, it would appear as
if eithér anode would prove satisfactory, i,e,,.since the_prime
reason for the anode is to provide a path for the current t@fough
the cells, and both types of anodes are good conductors of electric-—
ity, the electrolysis should not be effected by the type of electri-
cal coﬁductor used° Because.there is a'great difference in the re-
sults of the two types of apodes used; it would seem logical to at= 
tribute this inconsisfency to the microscopic surfaces of . the anodes,

e. Electrolybe Manganese Sulphate Concentration

With a current density of 10 amps,/ftagg electrolyte acidity of
67 gms./1s HQSOh’ 93° Coy, it was found that a maximum current effic-
iency of 73.L per cent existed with a energy requirénent of 0;735 |
Kw-Hr per pound MnOZ; for MnSQh concentration of 150 gmo/;!_° Ki:'
though the airrent, efficiencies varied frbm L3 per cent to 73.L ..

per cent, the Kw-Hr per pound MnO, varied from 1.23 to 0,735, and

2
for the most part remained in the neighborhood of about 0,9 Kw-Hr per
pound MnO,. This is shown in Figure L.

£, Anode to Cathode Spacing

It was found that increased spacing frqm cafhode to anode ga&e
a slightly increaséd current efficiency (from 52 per_cept at 0,138
inches to 58.8 per cent.at 1.75 inches,) Because of the increased
voltage pef cell, the energy requirement éid not change for the spac-

ing of 0,L38 inches to 1,75 inches, but remained at 0,90 Kw-Hr per
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pound MnOzs It would seem that for the same energy requirement a
larger spacing of electrodes should be used to utilize the increased

current efficiency; howeﬁer, if the greater amount of cell space is

. considered.on a large scale operation, the advantage of increased

current efficiencies might be over balanced by the cost of floor
space. Figure 5 shows the relation of current efficiencies and power

requirements with electrode épacings of 0,438 inches, 1 inch and 1,75

inches,

If tinm.would_have permitied, it would have been interesting to
experiment on electrode spacings less than 0,438 inches.apart. Since
electrolytic MnO2 is not a conductor of electricity, once a plating
was on the anode, there would be no aanger of short-circuiting the

anqde and cathode,

Electrolytic MnO_ Datg

Reference has already been made to Table I and the'associated curves.

Table I has been prepared directly from the notebook used during the re-

search, The numeral superscripts refer to notes which are Iisted on the

page immediately following Table I, The curves given in Figures 25 3,

L,

and 5 were constructed directly frdm the data given in Table I, Table

I and graphs are included on pages LO to 51,

5. Analysis of Electrolytic MnO,.
[

The chemical analysis was made on certain samples by the Foft Mon~-

mouth Laboratories, The results of thése analyses have been compiled in

Table II. In all cases where a chemical analysis was made the structure
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of Mn02 was found to be “gamma phase*, Run Carbon 12 sample was superior

to the other samples analyzed, This is shown in Table TI.

6. Results of Battery Performance Tests

. Battery performance tests were performed on a .sample from run Car-
bon 7 by the Battery Branch of the Squier Signal Laboratories. The re-
sult of the initial test is given in Table III, Also, a run to_be called
"Carbon 22" will henceforth be completed to provide a battery test., The
run will be made under the same conditioﬁs ;s existed fof Carbon 21, Pro-
vision will be made to include such data in this thesis when obtainable
under Table III.

It should be noted that the ore from the Afric;nlﬁold Coast; when
made up into a battery and tested gives an Average Initial Service of
about 85 hoﬁrs.when'discharged through 166 2/3 olms; while Carbon 7
sample when undergoing a battery test discharge through i66 2/3 olms
gives an Average Initial Sérvice of 109,L hours, as shown in Table IT1,

This manifests the superiority in this respect of run Carben 7 sample

. to the African ore, The shelf life of the battery made from the sample

of run Carbon 7 may or may not compare to that of the battery made from
African ore., Subsequent tests by the Squier Signal Laboratories will

determine the shelf life of the béttery made from run Carbon 7 samples .

o~
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TIT COMMERCIAL APPLICABILITY OF ELECTRICAL LOAD CHARACTERISTIGS

In cases where electric energy ra&es are based on a peak demand of
electrical load, and where it is de31rab1e to have a high load factor,
electrolytic MnOy offers attractive commercial possibilities. Also,
in many cases there is seasonal power available that could very well
be‘utilized.iq the electrolytic production.of battery active Mh02 with-
out redeeién of %he.electrolysis apparaﬁus. From the experimental
data the only eeriously undesirable facgor is the lack of a suitable
"anode. Although graphite anodes cah be used up to a current density
of about 20 amps./ftoé, iﬁ would Be expedient to have an anode that
would not deteriorate under high current densities so that the time
.involed in the eiectrolytic production of battery active Mn02'could
be most efficiently utiliged,

A, Current Density

In order to have a 1dad that would be applicable for abtaééing
a high electrical load factor and reduced power rates on a peak de=
mand basis, the electrical load would have to be rather flexibieo
To illustrate what is meant by the flexibility of the electrolytic
‘load in producing battery active MnOz, a specific exemple will be
given. in the example, it wiil be assumed that a cell room for the
electrolysie is to be used having the .following designe
Anode. . . . . . .A.G.R. graphite with effective area of 15 .2
Gathodes . . . . ~Chemical lead with effective area of 15 fto%

Electrolyte. . . .Concentrations of 67 gm/l. HyS0) and 13705 gm/1.
: Mnsoh

Temperature. . » 393' CJ
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Electrode Spacings o s o & o o 1 inch
Cell unite ¢ o o ¢ o 5 o s o o 20 anodes and 21 -cathodes
Number of cell units. o o » » -1k -
Contact potential, .-o o o o o Assumed to be O.30,vol£s
In a 2L hour.period, the expected output cf Mnoz, power required, and
time to obtain a ton of MnO2 based on the egperimental data found on

the curves of Figure 2, with a current density of 10 amps./ft.2 would

bes '
(10 x 15) amps x 1.62 gm MnO9 x 2L hr, x 1h cell units x 20 anodes
anodes amp=hr cell unit o
Lol gme/1b,

2050 1b, MnOp. in 2L hours,
The power required would be:

2050 1b, x 04906 Kw-Hr x 2,18 = 2160 Kw-Hr for a 2l hr. period.
TheAn0; 1,58

where the quantity 2,18 allows for ‘additional power due to contact
: 1.88

volbtage drop.

The time required to produce a ton of MnO, would bes

2000 x 2L = 23,1 hours,
5050

The cost of energy at 1/L cent per Kw-Hr is $5,27 per ton. Since AGR
graphite anodes are being used, a safe variation in the current density
would be from 5 amps./ftw to 18,6 ampse/ft° . To shcw the effect of

variation of current density the values used above will be tdken as a
base for per unit valués, i.eo.y, 10 ampse/ftoz corresponds to a per unit

" current density of 1.0; and so on for the other values above, Since the




extreme conditions of flexibility are the values of interest, Table
IV is shown belows

TABLE IV. "Flexibility of Output and Electrical Load in Per Unit
Values

Current Output Energy Required 'Time Required Cost of Elec~— -

- Density of MnO% For Output of for ton of trical Energy
T's

in 2L MnOo ~ MnBy Per Ten of MnOs
1 1 1 1 1
065 Oohilih - 0177 2.25 1.07

1,86 1,765 2,1 0l 1,21

wI'nSpe'ct_i;)n'Of Table IV iﬁdicatés*that.the loéd'(energy reqﬁi%éd-
for output of MnOy) may be varied from a per unit energy requifement
éf 0,477 to 2,1l with a variation of cost of electrical power per'ton
MnOy in pe£ unit values of only 1,07 to-i,2l° JIn other words, the e=

lectrical load can be varied through a wide range without increasing

' to any appreciable ﬁmount the power cost of the electrolysis for a

unit weight of Mn02. This would be an important item, if on a large
scale operation the electricity cost per month was based on a peak

demand for that month, . That is, at the time of anticipated peak de=

- mand, the electrolysis power requiremént could be reduced and thus

save a considerable amount of power cost fof_the month, Conversely,
the production could be increased when a slack period of power de-
mand occurred and ﬁhus theAlbad factor of an electrolysis plant could
be maintained at a higher value than if this practice were not adopted,

The actual values involved may be found by'multiplyipg the per .
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unit value by the base values giveﬁ-in the previous calculation for cur-
rent density of 10 amps./ft.2.

The values shown above are very conservative values. For instance,
as shown in Table I for runs Carbon 13, Cell 33 Carbon 1l Cell 2; Car-
bon 15, Cell 1; Carbon 20, Cell 1 and Carbon 2i, current efficiencies of
about 70 per cent are obtainéble under ceftain conditions. The conditions
for run Carbon 21 were chosen from fhe maximum conditions‘as shown in-
Fiéures 2, 3, and o Since thé other runs produced efficiencies in the
region of 70 perlcent the optimum conditiéns assumed from brevious EeXe

periments do not seem to be too criticals
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B. ELECTROLYTE CONCENTRATIONS

In a commercial operation; the electrolyte is usually contimu-
ously replenished with fresh solution by a natural gra%ity flow from .
a stdrage tank, Also, it is usudlly the practice to have the discharge
from one cell unit flow directly into the next, and so on, in a ser-
ies arrangement of electvnlyte flow, 'As a result of this, the concen-
trations of the first cell of‘the series arréngement will be differ-
ent from that in the last cell in the series arrangement following
a period of-oberatiop, As Figures 3 and l indicate, the current ef-
ficiency mé& be held at or above 50 per cent with pbncentratién vari-
ations of 115 to 176 gms/L. WnSO), and 30 to 130 gms/L. H,SO,. Thus
the electrolysis would not be effected substantially by the differ-

ent electrolyte concentrations in the various cell units,
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G. POWER FAILURE

In the production of electrolytic maﬁganese ﬁetal (6) it is
| ne cessary to provide an auxiliary power supply such és storage
batteries, in event of power failure, to keeﬁ the manganese plated
on the cathodes from going back into éolution° In the case of e~
lectrolytic Mn02,.the process does not tend to go into reverse,
as indicated by the experimental a-c electrolysis tried. by Peﬁer
Marx (2). Also, numerous trials to remve the MnO, plating by
boiling anodes, having an MnO, plating, in the electrolyte were
attempted without redissolvihg the‘MnOQ platings Therefore, it
is concluded that no auxiliary power supply is needed to prevent

the MnO, from returning to solution in event of a poWer failure,

’
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D. ELECTRODE SPACING AND CELL SIZE

As mentioned prgviouély,_the electrolytic MO, Produced at vol- -
tages over 1.7 volts is a.nonconductor of electricity; and since
Opération on é commercial basis would be above 1,7 volts, it would
seem advisable to use a closef spacing of electrodes once the anode
has a plating of MnOs on its surface, To give an idea of the space'
consideration involved in a cell unit of the type used in the fore- ‘
going “Curfent Density®, suppose the graphite anode was 1 inch thick,
and the cathode 1/8 inch thick., Then, with a 1 inch‘spacing between
cathqde and anode the required ﬁinimum 1;ngth of the cellunit would
be 5022 feet; and since the cell unit would be roughly 3 feet wide,
a‘minimum area of floor space fequired'woulé be 15,66 ft,g. Howevenr,
say the spacing between electrodes was reduced to 0.5 inches, then
the minimum area required would be 16965 Fto? per cell unit; or a ng# ’
saving of floor spacing of about 5 ft,z. Since a large number of |
cell units~would be required in-a commercial operation; the saving.

in floor space would be a cardinal point,.
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IV CONCLUSIONS

Under a number‘of ﬁarious conditions the current efficiencies:
obtained were in the neighborhOOd of'70 per -cent, and from these
data the possibility of an eiectrolytic process that coﬁld be opera- -
“ted at that efficiency is conceivable with the use of én A.G.R. anode,
Of course, the advantages to be realized with a solution to the anodic
problem whereby greater curfent densities may be utilized without harm
to the anodes is pbﬁiousp _ |

The product as fgr as tested is superior to the natural manganese
dioxide from.the African Gold Coast, and the flexibility of the elec~
trical load is conducive to low power rates, |

And-iﬁ conclﬁsion; it is therefore logical thaf the production of
béttery active manganese dioxide in a electroiytic process from Mon=
tana ores is commercially feasiblé as to the guality of the producf -

and the possibility of obtaining low power rates,
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Table I. Electrolytic MnOp Data

8 3 4921 b 0
(@} [} 0 [ N - o= o] o
=5 L S~ 3 o K ) N ‘-ﬂi 00
g4 3888 S s oalas BERE
5 238 .8 7 PaisEties Bab-geg | 57 EdECSSS
8 BRE 4B Pr PEieEcEEEs BaiBRE | o BEELS
. :3 [SU=S Qi ‘;é 4 NG Ojng = ht)E%m;Q?_Eg;?Jhi m:ﬁtﬁ uE% E(gCJC>g§ -
85 = =8 28 B2 %%§§E&§5%EZ%S§ i=hel= “Eo moﬁgwﬁ
Carbon-1 | 1 |}Hard Carbon 26.5 |35 23 15,5 :;3;53' 2 2.43 |91 ;”7?5
Av, of -Chemical Léad - . - . - 67
2 Cells
Carbon 2
Discont.
after
5hrs, g . N _ o _ : :
Carboh 3 [ 1 |[Hard Carbon | 5 }13.6 if23.3i 33.2 702, | 24 | 2,89 192 11375
1 Cell 1Chemical Lead : N T 67
Carbon 4 |- 1 .|Hard Carbon _ | 3 7.5 | 1h:2 |45 10,8 | 2.8 | 5.5 {92 {1375
1 Cell |Chemical Lead" S 167
Carbon 5 | 1 |Hsrd Carbon | 3 {10.47] 14.3 |60 | 15 3.2 | 6.28 |92 |137s5
1 Cell .{Chemical Lead “ ' : 67
Carbon 6 | 1 |Hard Carbon 7 j17.6 | 21.8 (32 7l 13 3.85 192 113755
iCe1l 1 |Chemical Lead : 67
Carbon 6 | 1 |Hard Carbon | 7  .|14 17.3 |32 Tol | .26 | 4o18 177 1375
Cell 2 Chemical Lead 67




Table I. Electrolytic MnOs Data (continued)

- 41 -

e} ) P - ~~
) d o —~~ ’ 0]
Q.. o o] o - o e |
g 3 fesd B - 1 es BEELE |
=g AN £ E [0} = 8 0 &y [07) L Elé Eﬂ; =9l 0~
=) 180 al iR Z fHAS LIS 0 biEHSN LY lBEd By S4IQPP 3
5 [Eid &8 B PriERciEEs Boh BEE | 2o BEHE LA
= OQ© =) o= g cv§~05§+asqt)§cn o (- R W (= S ».§§§ grelegolo .
== 25 = 28 BhEELREEEsE 588 288 |-48 [BEEBRE
RS M- =115 2L §938§Q3059 cgy_wpm.:am Ev@zmv
Carbon 6 |1 ‘{Hard Carbon 7 8,3 { 10.3 32 7.1 3.05 8.26 6¢ 1,7
Cell '3 Chemical Lead o : | e,
JCarbon 6 |1 Hard Carbon. __7 -1 9.3 | 11,5 | 32 7.1 12,95 | 7.15 (a1 {137:5
Cell 4 | - Uhemical Lead |- : 67
Garbon 7 |1 [Soft Carbon(2) |17.5 le6.2 | 50 10 6,06 | 1,92 | 1.07 |93 |a37ss°
Av, .of Chemical Lead o -] .67
5 Cells 1 .
Carbon.8.| .438|Soft Carbon (18 |61.9 | 52 10,1 | kel | a.7 | .905 {93 f137.5
Cell 6 Chemical Lead ' ' Y
|Carbon 8 11.75 iSoft Carbon |18 ~ |70.3 |58.8 | 10,1 | 4,1 |} 1.92 | .88 |93 |137:5°
Cell 7 Chemical Lead = -] . . L -eT
Carbon 9 {1 Soft:Carbon " |. 5 28.7 | 30.8 | 39 11.5 2:56 1.2.33 |93 '%7 o
Cell 1( ) |Chemical Lead 1767
Carbon 9 |1 Soft Carbon 5 (17,1 | 18.4 | 30.4 | 11.5 2,6 3.98 {93 [137.5
Cell 2 Chemical Lead . ' : 67
Carbon 9 |1 Soft: Carbon -5 50,1 | 54 18,6 11.5 2.1 1,094 93 1137.5
CJCell 6 UChemical Lead . \ |67




- 49 =

a

-Table’I, _Electrolytié MnOQ Data (continued)
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Carbon 14| 1 |Soft Carbon 4.5 1 99.8] 73.4 | 10.6 | 5.8 {1,901 <735 193 | 150
4Cell 2 |- |Chemical Lead | . : : C67
Carbon 14 Soft Carbon _ {145 | 82.5| 60.6 .1 10.6 5.8 11,90 .88 |93 1165 -
Cell 3 Chemical Lead {. - - . ' 67 .
{Carbon 15 . o Soft “Carbon SR | 1 . ' .o i o i
Cell 1 Chemical Lead |15 {101.7] 72 9.97 5.8 {1,904 741 193 |137.5
‘Carbon 15 :Sof't. Carbon L : ] ‘ : - ; o :
Cell 2 . Chemical Lead |15 . § 78 | 55.3 9.97 5.8 }1.904 «965-193 | 137,
. e N A R NP
| Garbon 15 Soft Carbon |15 | 41.3] 29.3 9.97 | 5.8 11.903 | 1.82 |93 1137,
1Cell 3 Chemical Lead o ' : : _ . 150°
|Carbon 16]  |Soft Carbon_ | 5.5 | 36.9] 37 28.2 | 11,2 |2:42 | 1.83" 93 |137:
1 Cell ) Chemical lead : ‘ 67
(6 - L -
Carbon 17 Soft Barbon - - 110 21,1} 45.25 5 2,88{1.834 | 1l.14 {93 {137.
1 Cell . Chemical Lead | : 67
. {Carbon 18 Soft, Carbon _ {10 | 50.2| 53 10,1 5.86]1.865 | .988 |93 |125_
1Cell 1 Chemical Lead ' 67
Carbon 18 Séft Carbon  110.° | 5h.7| 57.7 | 10.2 -|  5.86{1.86. | .906 |93 |137.5
Cell 2 Chemical Lead: | s . 67

_Table I, Electrolytic MnOz Data (continued)




Table I, Electrolytic MnOp Data (continued)
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| Carbon 18] 1 |Soft Carbon - 110 |36.6]°38.6.110 - |5.86 1.88 | 1.37 |93 {140
Cell 3. © I Chemicél Lead . . . ' ‘ ' 67
Carbon 18] 1 |Soft Carbon  |10. [53.7| 56.6 }10.4 15,86 | 1.864 1 .925 193 160"
Cell-4 " | Chemical Lead o N 67
Carboi 19| 1 |{Soft Carbon |15 [35.8) 50.7 | 5 _ _{2.9 1.75 | .966 {93 113755 |
1 Cell ¢ Chemical Lead |.© '} B IV R A
| Carbon 20} ‘1 |Soft Carbon |10 |64.1| 68.3 {10  |5.8 1.83 752 193 { 152,
Cell1 } - yChemical Lead : P - ' S o7
Carbon 20| 1 |S&ft Carbon 10 |56.9 60.5 |10 . |5.8 1.85 855193 l%é;ﬂ ‘
Cell 2 Chemical Lead ' ' 7
Carbon 21| 1 |Soft Carbon. |11- |49 70.4 | 6.77 13.9 1,81 | 719 {93 |150
1 Cell | Chemical Lead | - _ 95




(2)

(3)
(L)

(5)
(6)
(7)

-5 -
Table I (continued) -
NOTES'
Run Carbon li' and run Carbon 5 are inaccurate due to ‘the faét.that
deterioration of the anodes caused considerable carbon to be sus-
pended in the electrolyte Which could not be easily separated from
the manganese dioxide,.
Carbon rods 7/8 inches in diameter with inscription "510 Plania
EFFEKT. " |
National Carbon Company anodes, A.G.R. type graphite, are 1/2 -
inch thick and L inches wide,
ﬁade,a re-run 6njthis point (Carbon 16 ).
Due to_fhe fact that MnSOh concentrates were not consistant, the
data of this run afe'not reliable,
Solution prepared from roasted.byrolusitea.
Anode plated an one side only,

Possible error in weights.




- 16 -

: Table“iI. Analysis of Electrolytic MnO,

CARBON AND STRUCTURE AVAILABLE O, AS % Mn. % Fe, #%Pb, RATING

CELL ___ PER CENT OF MnO,
Carbon 1 : | ' ~
Cell 1 Gamma 70,6 18,3 1ol 0615 ewm—-
Carbon 7 o . |
All Cells  Gamma - 7506 Ble6 2s5 0,13 2
Carbon 9 . . .
Cell 1 Gamma L8s5 " 3768 e 0,11 6
Carbon 9 o ‘ : .
Cell 2 Gamma 65,0, 5040 1.9 0,13 3
Carbon 9 - ) X :
Cell. 6 Gamma, .- 53,0 39,8 1.k 0o0ll 5
Carbon 10 ' - _ C
Cell 1 Gamma: I1e7 34,8 1.8 0,08 7
Carbon 10 - : :
Cell 2 Gamma, S 6Ll h7.2 ——= 0017 L
Carbon 12

1 Cell . Gamma - 82,0 She7 162  =memew 1
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" Table III., Battery Test Data

IYPE OF

22

SAMPLE DISCHARGE. TEST END AVERAGE - INITIAL
. RESISTANCE® DISCHARGE VOLTAGE INITIAL CAPACITY
(ohms) SERVICE. REQUIREMENTS
- (hours) (5pecs.)
Carbon - ‘
7 16 2/3° . Continuous 1,0 565 5e5
Carbon, o - - .
T 166 2/3 Continuous ‘113 109,L 130
' Carbon
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PER CENT CURRENT

Figure 2 - The Relation of Current Efficiency, Energy Requirements and Cell Voltage
to Various Current Densities.
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PER CENT CURRENT EFFICIENCY

Figure 3 - The Relation of Current Efficiency, Energy Kequirements and Cell Voltage
to Various Electrolyte Acid Concentrations.
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PER CENT

ANODE -A.6.R. GRAPHITE
CATHODE - CHEMICALLEAD
nx2n4 ~67 gmll
CURRENT DENSITY-,Ocrnp,”
ELECTRODE SPACING-Lin. ’
TEMPERATURE-936C- 3eC

CURRENT EFFICIENCIES__ !

--KILOWATT- HOURS PER POUND MnO,

150 175
GRAMS MnSO. PER LITER

Figure 4 - The Helation of Current Efficiency and Energy Hequirememts to Various
Manganese Sulphate Concentrations.
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Figure 5 - The Relation of Current Efficiency, Energy Requirements and. Cell Voltage
to Electrode Spacing.
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