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Abstract:
The experimental work concerning the electrode stability, current efficiencies, and power requirement
per unit weight of manganese dioxide has been undertaken to establish the type of electrical load to be
expected in the electrolytic production of battery active manganese dioxide from Montana manganese
bearing ores. The results have been considered not only to the applicability of the electrical load to a
commercial process but also as to the quality of the product. 
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ABSTRACT

The ex p erim en ta l work concerning th e  e le c tro d e  s t a b i l i t y ,  cur­
r e n t  e f f i c i e n c ie s ,  and power requ irem en t p e r  u n i t  w eight o f  manganese 
d io x id e  has .been undertaken  to  e s ta b l i s h  th e  type o f e l e c t r i c a l  lo ad  
to  be expected  in  th e  e l e c t r o l y t i c  p ro d u c tio n  o f b a t te ry  a c t iv e  man­
ganese d io x id e  from Montana manganese b e a rin g  ores* The r e s u l t s  have 
been co n sid ered  no t on ly  to  th e  a p p l i c a b i l i ty  o f the  e l e c t r i c a l  load  
to a commercial p ro cess  b u t a lso  as to  th e  q u a li ty  o f  the  product*
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I  INTRODUCTION

The s u c c e ss fu l p ro d u c tio n  o f "b a tte ry  a c tiv e  manganese d iox ide  i s  

a m a tte r  o f co n sid e rab le  "importance fo r  b o th  m i l i t a r y  and commercial 

u t i l i z a t i o n .  In  war tim e s , .e sp e c ia lly  d iiring  the  l a s t  w orld war, th e re  

was a heavy demand fo r  a  manganese d io x id e  th a t  would be' pure enough to  

a c t  a s  a d e p o la r iz e r  in  d ry  c e l l  b a t t e r i e s .  I n  th e  p a s t ,  t h i s  demand 

has been  met by n a tu ra l  ore su p p lie s  m ainly  from the  A fric a n  Gold C oast.

In  th e  fu tu re ,., i t  i s .e v id e n t  from, th e  r e s u l t s  o f t h i s  th e s i s  and o th er 

t r e a t i s e s  concern ing  manganese d iox ide  p ro d u c tio n  th a t  th e  demand w il l ' 

be met' by -an e l e c t r o l y t i c  manganese d io x id e . Obviously t h i s  w i l l  "be a
r

bonus to  American in d u s try .

Since- the  c h ie f  source o f" n a tu ra l  .ore a v a ila b le  to  the  U n ited  S ta te s  

i s  the  A fr ic a n  'Gold Coast o re , the p ro d u c tio n  o f e l e c t r o l y t i c  manganese 

d iox ide  from lo c a l  ore. su p p lie s  has. a  tw ofo ld  e f f e c t : (I )  shop ld  th e  ' '

n a tu ra l  ore supply  be cu t o f f ,  n a t io n a l  s e c u r i ty  w i l l  n o t be jeo p ard ized  

by la c k  o f - b a t te r y  a c tiv e  manganese d io x id e ; (S) an abundant supply  o f ■ 

ore h e re to fo re . not used fo r  .b a t te r ie s  (rh o d o c h ro s ite ) ,  can now be u t i l i z e d  

in  the  e l e c t r o l y t i c  p ro cess  to  y ie ld  a b a t te r y  a c tiv e  manganese d iox ide 

w ith  b e t t e r  c h a r a c te r i s t i c s  th an  n a tu ra l  o re s  under heavy c u rre n t d ra in  

c o n d itio n s .

R ussian  p y r o lu s i te , p rev io u s  to  1914, was a s tan d a rd  d e p o la r iz e r  used 

in  d ry  c e l l s .  The supply  was ,c u t . o f f  due t a  World. War I ,  and-nat.ive_p.yro- 

l u s i t e s  were t r i e d  w ith  poor r e s u l t s .  These r e s u l t s  led  ex p erim en te rs  to  

b e l ie v e  th a t  som ething more th a n  the manganese d iox ide  co n ten t determ ined
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th e  a c t io n  in  the  c e l l s ,  s in ce  n a tiv p  p y ro lu s i te  w ith  as much as ninety-r 

f i r e  p e r cen t m anganese'd ioxide was t r ie d ,  a s  a s u b s t i tu te  f o r  R ussian  

p y r o lu s i te .  E le c t r o p la t in g  o f mangapese d iox ide  has been in  the  e x p e r i­

m ental s tag e  s in ce  as  e a r ly .a s  1918-, however, a t  th a t  time the  im port­

ance o f th d ' c r y s ta l .  s t r u c tu r e 'o f . 'th e ;  manganese ■ d iox ide was no t reco g n ized . 

L a te r  work- done .by G-.., W. N ichols (I)  in  1932, brought to  l i g h t  some o f the  

.problems invo lved  in  the  p ro d u c tio n  of e l e c t r o l y t i c  manganese d io x id e ; 

namely the-dependence of the  e le c t r q p la t ih g  on- th e  m icroscopic  su rface  

o f 'th e  anode. One .year . l a t e r ,  Dr. P e te r  Marx (2) p u b lish ed  a paper a t  

B it te r fe ld - ,  Germany which d id . I i t t l q  more, th a n 'c o n f irm  American con­

c lu s io n s  oh th e 'm a t te r * ' _

I t  w asn’t . u n t i l  World.War- I I  t h a t ,  w ith  th e  in c reased  re s e a rc h  due 

to  .the  sh o rtage  o f ■n a tu ra l  manganese d ioxide o r e , th e  im portance o f th e . 

c r y s ta l  s t r u c tu r e  became a p p a r e n t . . The. type o f c r y s ta l  s t ru c tu re  found 

to  be m o s t- s a t is f a c to ry  fo r  use in  d ry  c e l l  b a t t e r i e s  is  c a lle d  "gamma- 

s tru c tu re " - .o r ,  more . commonly, '!gamma-phase" . R e c e n t ly ,. in  1949,. Georgia 

I n s t i t u t e  -of Technology ..(3)'",d id ."a 'considerable amount; o f  work, under th e  

a u sp ice s  o f ..the .U nited  .States..Army S ig n a l "Corps, which i s  d iscu ssed  in  ' 

d e t a i l  i n - t h e i r . r e p o r t  t i t l e d  "The E l e c t r o l y t i c .S y n th es is  o f B a tte ry  

A ctive Manganese. D iox ide". The G e o rg ia .In s t i tu te  o f Technology r e s u l t s  

were a  p o s i t iv e  in d ic a t io n  th a t  the e l e c t r o l y t i c  manganese d iox ide  could 

be produced under c e r ta in  p ro cess  co n d itio n s  to  y ie ld  gamma phase man­

ganese d io x id e . A lso ; work concerning the  anode problem was conducted
-

a t  Georgia- I n s t i t u t e  o f  Technology.

F u r th e r  re se a rc h , on the  p ro jec t,...u n d er th e  a u sp ip e s .o f  th e  U nited



S ta te s  Army-Signal Corps, i s  being- c a r r ie d  on by th e  Montana S ta te  Col­

leg e  E ng ineering  Experim ent S ta t io n  a t  Boss erne n , Montana. S ince  Montana 

i s  the le a d in g  p roducer o f manganese o re s ,  Montana o res  such as rhodo- 

c h ro s i te  from B u tte  and p y ro lu s i te  from P h il l ip s b u rg  a re  used in  th e  r e ­

sea rc h  work.

S ince th e  p ro cess  o f producing  b a t te r y  a c t i v e  manganese d iox ide  i s  

o f  an e le c tro c h e m ic a l n a tu re , the  re s e a rc h  i s  conducted as a  j o in t  p ro ­

j e c t  between th e  E le c t r i c a l  E ng ineering  and th e  Chemical E ngineering  

Departm ents o f  Montana S ta te  C o lleg e . -C onsequently, two th e se s  w i l l  be 

w r i t t e n  on th e  s u b je c t  a t  t h i s  tim e . This th e s i s  w i l l  cover th e  e l e c t r i ­

c a l  a sp ec ts  o f th e  r e s e a rc h , and a second th e s i s  by A rthur M. Magriuson

w i l l  in c o rp o ra te  the  chem ical en g in ee rin g  a s p e c ts 0
• ' ' '

B a tte ry  perform ance t e s t s  on two e l e c t r o l y t i c  manganese d io x id e  

samples from runs. Carbon 7 and Carbon 22 a re  being  conducted :by th e  . 

S q u ie r S ig n a l L a b o ra to r ie s . The r e s u l t s  of" th e  i n i t i a l  b a t te r y  t e s t  

a re  in c lu d ed  in  th i s  t h e s i s .  F u r th e r  r e s u l t s  from the.- S q u ie r S ig n a l 

L a b o ra to r ie s  w i l l  be a tta c h e d  to  t h i s  th e s i s  Mien a v a i la b le .  Chemical 

an a ly ses  on e le c t r o ly t i c  manganese d io x id e  were conducted by the U nited 

S ta te  Army S ig n a l Corps L a b o ra to rie s  on numerous S anp les0
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• I I  EXPERIMENTAL work

The fo llo w in g  d is c u s s io n  o f exp erim en ta l work p e r ta in in g  to  the 

t9APPARATUSH and "IROpEDURElt w i l l  be incomplete" because th e  d is c u s s io n  

o f th e  a p p a ra tu s  used in  p re p a rin g  t h e -e le p tro ly te  and th e  p re p a ra t io n  

o f th e  e l e c t r o ly te  i t s e l f  w i l l  be ex p la in ed  i n  d e t a i l  i n  the  chem ical 

en g in ee rin g  t h e s i s .  I n  t h i s  th e s i s  m ention o f the  chem ical en g in eerin g  

tech n iq u es  used w i l l  be on ly  q i a l i t a t i v e  when c l a r i t y  n e c e s s i ta te s .

A. APPARATUS

The b a s ic  equipm ent used  in  the re s e a rc h  w ork, a f t e r  th e  e le c t r o ly te  

i s  p re p a re d , a re  a  s u i ta b le  d -c  power su p p ly , method o f  h e a tin g  th e  e le c ­

t r o ly te  du ring  o p e ra tio n , e le c tro d e  a n d ,e le c tro d e  su p p o rts , and a  d ry ing  

oven to  determ ine th e  d ry  w eigh t o f anodes b e fo re  and a f t e r  o p e ra tio n .

I .  Power Supply

Run Carbon I  power supply  was a 33 v o l t ,  125 ampere d -c  g en era to r 

w hich i s  s t i l l  a v a ila b le  in  th e  e l e c t r i c a l  en g in ee rin g  la b o ra to ry  in  "the 

even t t h a t  a g r e a te r  power supply  shou ld  be needed. A d-c g e n e ra to r  w ith  

a c a p a c ity  o f  50 v o l ts  and 15 amperes was u sed  in  a l l  runs excep t Carbon I .  

To e x c ite  th e  f i e l d  o f  t h i s  d-c g e n e ra to r , a " f re e  w heeling" r e c t i f i e r  

d r e m i t  was d esig n ed . The r e c t i f i e r ,  p ro v id ed  a convenient means o f con­

t r o l l i n g  the  o u tp u t o f the  g e n e ra to r  s in ce  th e  c o n tro l l in g  v a r ia c  o f th e  

r e c t i f ie r  was p laced  d i r e c t l y  on th e  c e l l  t a b le .  The c ap a c ity  o f  the  d-c 

g e n e ra to r was found to  be q u ite  s a t i s f a c to r y  f o r  th e  la b o ra to ry  work be­

cause , by p ro p e r d esig n  o f  th e  anodes, i t  was p o s s ib le  to  o b ta in  c u rre n t 

d e n s i t ie s  up to  hO amperes p e r  square  f o o t .  Indeed , th e  c u r re n t  d e n s i t ie s
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o b ta in ed  covered more than  the  p r a c t i c a l  range o f th e  p ro cess  as w i l l  

be d iscu ssed  su b seq u en tly . In  p a ss in g , i t  m ight be m entioned th a t  the  

r ip p le  in  th e  o u tp u t v o lta g e  o f th e  d -c  g en e ra to r caused by th e  f i e l d  

r e c t i f i e r s as shqwn on an o s c il lo g ra p h , was approx im ately  eq u a l in  mag­

n itu d e  to th e  in h e re n t  r ip p le  caused by th e  commutator o f  the  d—c gen­

e r a to r ,  Thus, a low r ip p le  f a c to r  v o lta g e  was m ain ta ined  f o r  th e  e -  

I e c t r o I y s i s . ■ The e l e c t r i c a l  s e t  u p . is  shown d iag ram m atica lly  in  F ig ­

u re  I 0

2» E le c t r o ly t i c  C o n ta in er and E x te rn a l Heat Supply

In  o rd e r  to  m ain ta in  th e  e le c t r o ly te  a t  about 93° C. du ring  e x p e r i­

m en ta l ru n s , i t  was n ecessa ry  to h e a t th e  c e l l s  by an e x te r n a l  means.
'

This was accom plished by u s in g  a ho t p la t e  o f  w a tts  c a p a c ity  under­

n e a th  each e le c t r o ly te  c o n ta in e r .  C onsequently , th e  e l e c t r o ly te  con­

t a in e r  was made o f  pyrex w ith  dim ensions as fo llo w ss, 6 in ch  d iam eter by

11 3A  in ch  h e ig h t w ith  approx im ate ly  3900 cub ic  c en tim e te rs  -useable V ol-' :
• ’ > '

ume, W ith t h i s  arrangem ent, h e a t cou ld  be ap p lie d  d i r e c t l y  to  the c e l l  and 

c o n tro l le d  by two m ethods. One c o n tro l  was by means o f the  low-medium-high 

sw itch  on th e  h o t p l a t e ,  and th e  o th e r  c o n tro l was through v a r ia c s  to  which 

the  h o t p la te s  w ere e l e c t r i c a l l y  connected . W ith the  py rex  c o n ta in e r  

p la ce d  d i r e c t l y  on th e  h o t p la t e ,  th e  u n i t  was p laced  on a  c e l l  t a b le s 

A ttached  to  th e  ta b le  was a c e l l  rack  w hich serv ed  as a te rm in a l board 

fo r  e l e c t r i c a l  connec tions and a lso  p rev en ted  th e  pyrex c o n ta in e r  from 

any h o r iz o n ta l  movement w hich would cause th e  c o n ta in e r  to  s l i p  from th e  

ho t p l a t e e
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3» E le c tro d e s  and E lec tro d e  Supports

I n  a l l  the  ex p erim en ta l runs one type o f  e le c tro d e  h o ld e r was used,,

The e le c tro d e  h o ld e r was made from a l / h  in ch  sh e e t o f  p o ly s ty re n e  

which i s  r e s i s t a n t  to  s u lp h u r ic  a c id .  The o u ts id e  dim ensions o f  th e  

. p o ly s ty re n e  h o ld e r are  l i ' in ch es  by 8 inches w ith  s lo t s  p ro v id ed  fo r  the  

placem ent o f  th e  anode, cathode, and a therm om eter. To p re v e n t s l ip p in g  

th rough  th e  s l o t s ,  th e  anode, cathode and therm om eter in  each e le c tro d e  

h o ld e r were clamped in  p la c e .  W ith e le c tro d e s  and therm om eter clamped 

to th e  e le c tro d e  h o ld e r , th e  u n i t  was p laced  d i r e c t l y  on the  pyrex  con­

ta in e r  in  such a manner th a t  the  anode, cathode, and therm om eter extended 

in to  th e  e l e c t r o l y t e .  The e le c tro d e  h o ld e r r e s te d  on th e  top  rim  o f th e  

pyrex  c o n ta in e r .  I t  was th en  a sim ple m a tte r  to  make e l e c t r i c a l  connec­

t io n s  to  th e  te rm in a l bo ard .

In  a l l  the  ex p erim en ta l ru n s , the cathode was made from a chem ical 

le a d  sh e e t l / l 6  in ch es  th ic k  w ith  dim ensions such th a t  th e  cathode,.’a re a  

was approx im ate ly  tw ice th e  anode a r e a .  To in s u re  p la t in g  on bo th  s id e s  

o f  the  anode, a cathode was p laced  on each  s id e  o f th e  anode; th e  t o t a l  

cathode a re a  b e ing  tw ice  th e  anode a r e a .

A v a ilab le  fo r  re s e a rc h  were two ty p es  o f  anodes. The f i r s t  anode 

used , i n  runs Carbon I  th rough  Carbon 6 ,  was a hard  carbon ro d , 7/8 in ch  

i n  d iam e te r . I t  i s  b e lie v e d  th a t  th i s  p a r t i c u l a r  type o f anode was used 

in  " a rc  l i g h t s " . At any r a te ,  th e  anodes o f  th i s  type  proved of no im­

p o rtan ce  s in c e  they  d id  n o t p ro v id e  s a t i s f a c to r y  r e s u l t s .  The second 

type o f  anode used was an "Acheson G raph ite"  o f  grade A.G.R. as d esig n a ted
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by th e  N a tio n a l Carbon Company« -This ty p e  o f anode was used  in  a l l  runs 

subsequent to  Carbon 6„. The dim ensions o f  th e  anode used  i n  most runs 

was 9 in ch es  by U in ch es  by l / 2  in c h . In  some runs i t  was n e ce ssa ry  to  

design  th e  anodes w ith  a  sm a lle r  e f f e c t iv e  a r e a .( a r e a  submerged in  th e  

e le c t r o ly te )  i n  o rd e r  to  ach ieve h ig h  c u rre n t d e n s i t i e s .  To f in d  the  

e f f e c t iv e  a re a ,  in  a l l  c a se s , th e  a c tu a l  c u rre n t d iv id ed  by th e  c u rre n t 

d e n s i ty  w i l l  g ive the  e f f e c t iv e  a r e a .  (See Table I  f o r  d a t a ) . Acheson 

G raph ite  o f grade A. G. R. i s  a much s o f te r  m a te r ia l  than  th e  f i r s t  c a r­

bon rod  used . This s o f t  m a te r ia l  d id  len d  i t s e l f  to more s a t i s f a c to r y  

r e s u l t s .

Iu Drying Oven

I t  was found conven ien t to  use  a d ry ing  oven to determ ine  the  dry, 

w e ig h ts  o f th e  anodes b e fo re  and a f t e r  an experim en tal ru n . In  g en e ra l, 

the  g ra p h ite  abso rbs about 10 grams o f  th e  e l e c t r o l y t e .  I n  o rd e r  to 

determ ine c u rre n t e f f i c i e n c i e s ,  the d ry  w e ig h t o f  th e  anode was recorded  

b e fo re  a ru n ; and a t  th e  end o f  the  ru n , th e  anode p lu s  manganese d iox ide  

was d r ie d  in  th e  oven a t  a  tem peratu re  of about 80-85 C ., and th e  w eight 

re c o rd ed . By s u b tra c t in g  the  d ry  w eigh t o f th e  anode b e fo re  a  run  from 

the  d ry  w eigh t p f  th e  anode fo llo w in g  th e  ru n , the  manganese d io x id e  de­

p o s i t  was determined®
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B. PROCEDURE'

The procedure  fo llow ed in  p roducing  b a t te r y  a c tiv e  manganese d iox ide  

from manganese b ea rin g  o re  can be summarized i n  th re e  s te p s :  ( l )  P rep ara ­

t io n  o f  th e  E le c t r o ly te .  (2) The E le c t r o ly s i s .  (3) ' Anode S tr ip p in g .

1 . P re p a ra tio n  o f  th e  E l e c t r o ly te '

B r ie f ly 5 i t  was re q u ire d  t h a t  the  manganese b earin g  o re  be p u t in to  

a  manganese su lp h a te  s o lu t io n  w ith  c e r ta in  c o n c e n tra tio n s  o f  manganese.

In  th e  p ro c e ss  o f  o b ta in in g  th e  manganese s u lp h a te , su lp h u ric  ac id  was 

employed. The f i n a l  s o lu t io n  c o n ta in in g  manganese su lp h a te  and su lp h u ric  

a c id  c b n s t i tu te d  th e  e l e c t r o l y t e .  The e lim in a tio n  o f  im p u r i t ie s  and th e  

a c tu a l  p re p a ra t io n  o f th e  e le c t r o ly te  f o r  v a r io u s  co n d itio n s  i s  d i s -  

Qtibsed i n  d e t a i l  i n  th e  ch em ica l. en g in ee rin g  th e s i s  on t h i s  r e s e a rc h * ^

2 . EIe c t r o ly s i s '

The e le c t r o ly s i s  i t s e l f  was perform ed by p a ss in g  a p re s c r ib e d  

amount o f c u r re n t  through th e  e l e c t r o ly te  by means of. the  e le c tro d e s . 

However5 c e r ta in  c h ro n o lo g ic a l s te p s  must be taken  in  th e  e le c t r o ly s i s  

p ro c e ss . W ith pyrex  c o n ta in e rs  f i l l e d  to  a p re sc r ib e d  volume o f  e le c ­

t r o l y t e ,  th e  h o t p la te s  were tu rn e d  on allow ing  th e  e le c tro ly te -  to  a t ­

t a i n  a tem p era tu re  o f  about 93° C. This took  approx im ate ly  2 h o u rs . When
Othe e le c t r o ly te  reach ed  93 C. t h e - c e l l  h o ld e r , com plete w ith  anode, ca th ­

ode, and therm om eter was p la ce d  in  the c e l l  and connected  e l e c t r i c a l l y  to  

th e  d -c  g e n e ra to r . B efore s t a r t i n g  th e  g en era to r., i t  was n e ce ssa ry  to  

allow  about 2 m inutes f o r  th e  e le c t r o n ic  tu bes i n  the  r e c t i f i e r  c i r c u i t  

to  warm up. A f te r  s ta r t in g  th e  g e n e ra to r , th e  c o n tro l  v a r ia c  i n  the  

r e c t i f i e r  c i r c u i t  was v a r ie d  u n t i l  t h e , ammeter. in d ic a te d  an appoin ted



amount o f  c u r re n t p a ss in g  th rough  th e  c e l ls #

. W hile e le c t r o ly s i s  was ta k in g  p la c e , i t  was n ecessa ry  to  re p la c e  

th e  sp en t e l e c t r o ly te  p e r io d ic a l ly  w ith  f r e s h  s o lu t io n  o f n e u tr a l  man­

ganese s u lp h a te « At the  same tim e, th e  su lp h u ric  a c id  g e n e ra te d  was 

w ithdraw n in  p ro p er amounts „ The amount o f  f r e s h  s o lu t io n  added and th e  

amount o f  a c id  removed i s  covered i n  d e ta i l  in  the  chem ical en g in eerin g  

t h e s i s .  During the  exp erim en ta l ru n s , the  changing o f  s o lu t io n  was p e r­

formed every  1 /2  hour o r every  hour- depending on the  q u a n tity  added and 

removed. I t  has been th e  p r a c t ic e  in  the  re s e a rc h  during  th e  p a s t  year 

to  average th e  v o lta g e  and c u r re n t  read in g  f o r  th e  p e r io d  between r e ­

p len ishm en t o f  th e  sp en t e le c t ro ly te #

When s to p p in g  a  run  the  c o n tro l  v a r ia c  was changed u n t i l  th e  ammeter 

read in g  was z e ro # When th e  ammeter re a d  z e ro , i t  was th en  s a f e  to  d is ­

connect th e  c e l l s  and remove th e  e le c tro d e s  from the  e le c t ro ly te #

3 . Anode S tr ip p in g

The method used in  the  p a s t  by o th e r  experim en ters  to  remove th e  

manganese d io x id e  from th e  anode was sim ply by sc rap in g  the  anode w ith, 

a wood c h is e l . '  This was a  most u n s a t is fa c to ry  o p e ra tio n , because th e  ^ 

adherence o f  th e  manganese dioxi. de to  th e  g ra p h ite  anode i s  o f  such 

s t re n g th  t h a t  removal o f  th e  manganese d io x id e  w ith o u t g ra p h i te  co n ten t 

was p r a c t i c a l l y  im p o ss ib le . - A lso , t h i s  was a r a th e r  te d io u s  process#

I t  was' found, du ring  t h i s  re s e a rc h , t h a t  i f  th e  anodes w ere b o ile d  in  the  

e le c t r o ly te  w h ile  s t i l l  i n  the  e le c tro d e  ho ld er w ith  th e  ca th o d es , th e  

manganese d io x id e , a f t e r  a m a tte r  o f  U to  5 hours tim e, became lo o se  a t  

th e  su rfa c e  o f th e  anodes. This .was due to  the  so fte p in g  o f  the anodes®



However, th e  so f te n in g  occurs, on th e  s u r fa c e  o f  th e  anodes o n ly , and does 

n o t p rev en t fu r th e r  use  o f  th e  anodes. S ince  carbon i s  mixed w ith  man­

ganese d io x id e  in  p re p a ra t io n  fo r  dry c e l l  b a t t e r i e s ,  the  carbon im p u rity  

was n o t co n sid e red  d e tr im e n ta l . Ip  f a c t ,  A.G.R. g rq h ite  has been found 

to  be s u p e r io r  f o r  d ry  c e l l  b a t te ry  use*
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C, OBSERVATIONS AND RESULTS

In  o rd e r  to  det'erm ine the  type  6f  e l e c t r i c a l  load  in v o lv ed  in  th e  

p ro d u c tio n  o f b a t te r y  a c t iv e  manganese d io x id e  from lo c a l  o re s , i t  was 

n ecessa ry  to  e s ta b l i s h  th e  range o f p r a c t i c a l  o p e ra tin g  c o n d itio n s „ A'
s e r ie s  o f  ru n s , d e s ig n a ted  Carbon I  th rough  Carbon 21, w ere perform ed 

fo r  th a t  p u rp o se . The e s s e n t i a l  d a ta  has been p la ce d  on curves and 

ta b le s  w hich s h a l l  be r e f e r r e d  to th roughou t the  fo llo w in g  d is c u s s io n . 

Whenever p o s s ib le ,  th e o r e t ic a l  c o n s id e ra tio n  w i l l  be given along w ith  

■ the  d is c u s s io n . That i s ,  some o f th e  phenomena in  t h i s  e l e c t r o ly t i c  

p ro cess  was n o t f u l l y  u n d ers to o d . For in s ta n c e , why, when under th e  

same c o n d itio n s  .and when b o th  anodes a re  good e l e c t r i c a l  conducto rs,

does one anode m a te r ia l  lend  i t s e l f  to  th e  p ro cess  v e ry  w e ll ,  w h ile
.

ano ther w i l l  n o t .  A nother phenomenon i s  th e  f a c t  th a t  e l e c t r o l y t i c  

manganese d io x id e .is  n o t a conductor o f e l e c t r i c i t y  when produced a t  

c e l l  v o lta g e  over 1 ,7  v o l ts  ( 1|.)$ and y e t ,  a c u r re n t was p assed  through 

th e  c e l l s  w ith  about th e  same v o lta g e  re q u ire d  w ith  and w ith o u t a man­

ganese d io x id e  p la t in g  on th e  anode. Does t h i s  mean t h a t , . as G0W, 

N ichols concluded, th e  p la t in g  could o n ly  tak e  p lace  underneath  the 

manganese d io x id e  co a tin g ?  (2 ) ,  For the  purpose o f e s ta b l is h in g  the  

c h a r a c te r i s t i c s  o f  th e  e l e c t r i c a l  lo a d , the  un d ers tan d in g  o f  such ac­

t io n  i s  o f  secondary  im portance in  t h i s  t h e s i s ,

I .  E lec tro d e  S t a b i l i t y

Much more work has been done on the problem  o f f in d in g  a s u i ta b le



anode th a n  i s  p re se n te d  h e re . However5 to  show th e  e f f e c t s  o f  d i f f e r e n t  

ty pes o f  anode m a te r ia l  on the  e l e c t r o l y t i c  p ro c e ss , both ty p es  o f  anodes 

used in  th i s  re s e a rc h  w i l l  be d iscu ssed , a lthough  the  r e s u l t s  w ith  th e  

hard  carbon ro d  anode were f a r  i n f e r io r  to  th e  A.G.R. g ra p h ite  -anode 

r e s u l t s .  A more com plete l i s t  o f  anodes t r i e d  w i l l 'b e  found in  the 

r e fe re n c e s , m ain ly  in  the G eorgia I n s t i t u t e  o f  Technology ( 3 ) re p o rt . 

and th e  p u b l ic a t io n  by D r. P e te r  Marx ( 2 ) .

I t  i s  in te r e s t in g  to  note- t h a t  S to re y , S te in h o f f  and Hoff (k ) . 

found t h a t  i f  fo r  g ra p h ite  anodes th e  p o te n t i a l  drop a c ro ss  th e  c e l l  

was k ep t below the  decom position p o te n t ia l  o f w a ter a c id i f ie d  w ith  

s u lp h u r ic  a c id  ( approx im ate ly  1 .7  v o l t s ) ,  th e re  would be no d e te r io ra ­

t io n  o f  th e  anodes. However,' t h i s  i s  im p ra c tic a l  fo r  a  commercial 

o p e ra tio n .

a .  Anodes

The c h ie f  f a c to r  a f f e c t in g  the anodes i s  c u r re n t d e n s ity .

For th e  hard  carbon anodes, c u rre n t d e n s i t ie s  o f Ii3=60 a m p s . / f t .  ̂

caused so much d e te r io r a t io n  to  th e  anodes th a t  th e  e le c t r o ly te  

became opaque from suspended carbon -a f te r  - as l i t t l e  as '3 hours 

o f  run  time.. The A.G.R. g ra p h ite  anodes d id  not. undergo d e te r ­

io r a t io n  to  such a  d eg ree . When-A.G.R. g rap h ite  anodes were used 

w ith  39 ' a m p s /f t . 2 c u rre n t d e n s ity  and 3 hours o f  run  tim e , the 

e le c t r o ly te  was alm ost t o t a l l y  c le a r  o f suspended carb o n . The 

d e te r io r a t io n  a t  t h i s  c u r re n t d e n s i ty  seemed s l i g h t ,  as  on ly  a 

sm all amount o f  carbon was found on th e  bottom  o f ' th e  e le c t r o ly te  

c o n ta in e r . This amount was an e s tim a te d  1 /2  gram or l e s s .  ■
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A lthough Van A rsdale  and M aier (£) d id  n o t m entiqn any anode d e te r ­

io r a t io n  fo r  c u r re n t  d e n s i t ie s  up to  30 a m p s ,/ f t . 2 u sing  AeGiRe 

g ra p h ite  anodes, th e  G eorgia I n s t i t u t e  Of Technology (3) d id  f in d  

co n sid e ra b le  damage to  A0GeRe g ra p h ite  abodes a f t e r  long  p e rio d so f  

o p e ra tio n  ( 30-75 hours a t  c u r re n t  d e n s i t ie s  o f  above 20 anps0/ f t 0̂ ) 0 

The a c id  c o n c e n tra tio n  caused some anode d e te r io r a t io n ,  b u t 

n o t to  such an e x te n t  'as d id  th e  c u rre n t d e n s ity . In  ru n  Carbon 15, 

C e ll 3 a d is c o lo ra t io n  o f  the . e le c t r o ly te  was n o tic e d  a f t e r  about 10 

hours o f  o p e ra tio n . The amount o f  suspended -carbon was s t i l l  n o t 

enough to  cause concern a f t e r  15 hours o f opera tion*

Tem perature seemed to  be the  cause o f s e r io u s  anode d e te r io r a ­

t io n .  For ru n  Carbon 6 , C e lls  I ,  2, 3, and k , the  d ecreased  tem­

p e ra tu re s  caused much anode d e te r io r a t io n  w ith  o th e r  f a c to r s  r e ­

m aining c o n s ta n t .  In  f a c t ,  a t  i|0° C. c e l l  tem peratu re  the  anode 1 

was a tta c k e d  to .su c h  a deg ree  th a t  la rg e  su rfa c e s  o f th e  h a rd  c a r­

bon rod anode were dem olished. Under th e  same c o n d itio n s , a t  a tem­

p e ra tu re  o f 92° C ,, th e  anode d id  n o t undergo such in te n s e  d e s tru c ­

t i o n ,  S ince i t  i s  n o t ad v isab le  to  o p e ra te  a t  low tem p era tu res  (see 

"Anode. C u rren t E f f ic ie n c ie s  and Kw-Hr p e r  Pound MnOgs" "C e ll Tem­

p e r a tu r e s ." )  ■ th is ,  d e tr im e n ta l  a c tio n  may be e lim inated*

b . Cathode

In  a l l  th e  ex p erim en ta l runs chem ical le a d  was used as th e  ca th ­

ode, The chem ical le a d  r e s i s t e d  su lp h u ric  acic| r e a c t io n ,  and was no t



a f fe c te d  by th e  c u r re n t  d e n s i ty . ' In  th e  e l e c t r o l y t i c  p rocess th e  chem ical 

le a d  cathode a c te d  as a 100 p e r c e n t l ib e r a to r  o f hydrogen»

2 e C e ll  V oltages

. During th e  exp erim en ta l runs the  average v o lta g e  p e r c e l l  was o b ta in ed  

and p lo t te d  a long  w ith  th e  cu rv es  o f c u r re n t  e f f ic ie n c ie s ' and- "icw-hr p e r ' 

pound MhOg. The v o lta g e s  were o b ta in e d  d i r e c t ly  from th e  anodes to  e lim ­

in a te  te rm in a l c o n ta c t  p o te n t ia l  drop and IR drop through th e  e l e c t r i c a l  

connection a s s o c ia te d  w ith  th e  C e l l s 0 'A lso ? th e  v o lta g e s  p e r c e l l  were 

averaged over an e n t i r e  ru n . I t  was found th a t  a f t e r  stopping, the e le c ­

t r o l y s i s ,  a back v o lta g e  o f  about l e5> v o l ts  e x is te d  fo r  a s h o r t  d u ra tio n  

(ab o u t 5 m inutes) and th e n  dropped to  a  value o f about 0„7 v o l t s 0 

a e Anode C u rren t D ensity

An in c re a se d  average v o ltag e  p e r  c e l l  was experienced  w ith  an 

in c re a se  i n  c u rre n t d e n s i ty .  The v o lta g e  in c re a se  i s  approxim ately  

l in e a r  i n  th e  range o f  from 1*^8 v o l ts  a t  a  c u rre n t d e n s i ty  o f  3„37 

amps . / f t . 2 to  2 *5)6 v o l t s  a t  39 a m p s« /ft*2 w ith  th e  g ra p h ite  anodes.

This i s  in d ic a te d  in  F ig u re  2* 

b . E le c t ro ly te  A c id ity

W ith in  the  u s e fu l  range o f  a c id i ty ,  th e re  was no v a r ia t io n  in  

th e  average v o lta g e  p e r c e l l ;  o th e r  f a c to r s  h e ld  c o n s ta n t. A s l ig h t  

v o lta g e  in c rease , occured  f o r  a c id i t ie s  between 33o5> and 6? g n i./ l . HgSO^0 . 

The v a lue  o f th e  v o lta g e  a t  6? g m ./l .  was found to be 1 .9  v o l t s ;  and
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a t  33. 5 gme/ l .  th e  v a lu e  o f th e  v o lta g e  was 2 .0  v o l t s .  Both values - /  

were tak en  from .runs where the  c u r re n t  d e n s ity  was 10 a m p s ./ f t .^ ,  

as shoim in  F ig u re  3 .

c . E le c t ro ly te  Manganese S u lpha te  C o ncen tra tions

The average v o lta g e  p e r c e l l  was n o t a f fe c te d  by a change in  

manganese su lp h a te  c o n c e n tra tio n . For th e  e n t i r e  range o f manganese 

c o n c e n tra tio n s  p lo t te d  in  F igure  k s i . e . ,  100 to  1?6 g m ./ l .  MnSO^, 

the v o lta g e  was 1 .875 0 .025 v o lts  under the  c o n d itio n s  g iven  i n

F igu re  Uo

d . Anode to  Cathode Spacing

As w ould be expected , an in c re a s e  in  th e  spacing  o f  th e  e le c tro d e s  

. caused a  g re a te r  v o lta g e  drop access the. c e l l  w ith  a l l  o th e r 'f a c to r s ' 

be ing  h e ld  c o n s ta n t .  T his v o lta g e  drop was due to  th e  lo n g e r cu rrd p t,

p a th  th rough  the  e l e c t r o l y t e .  The average v o lta g e  drop o c cu rrin g  a t  "•
• - . . . . .  .

a spacing  o f 0 .U38 in ch  was 1 .71  v o l t s ,  and a t  a spacing  p.f 1 <s'75 inches
.

th e  v o ltag e  drop Was I . $2 v o l t s .  This i s  in d ic a te d  in  F ig u re  5o ’

3 . C u rren t E f f ic ie n c ie s  and Kw-Hr p e r  Pound o f  MnOp

The anode c u rre n t e f f ic ie n c y  i s  th e  r a t i o  o f the  a c tu a l amount o f  MnOg 

p la te d  on th e  anode t o ' t h e  amount th a t  shou ld  be p la te d  on acco rd in g  to. 

F araday’ s second law  o f  e l e c t r o l y s i s ,  i f  a l l  th e  manganese combined w ith  

oxygen to  form MhOg. To e x p la in  th i s  f u r th e r ,  co n sid e r the  chem ical ac­

t io n  i n  the  c e l l s  MnSO^->■ 2 HgO = HgSO^ 4* Hg4-MnOg. The manganese 

changes va lence  from two, i n  MnSO  ̂ to  fo u r , in  MnOg, o r a  t o t a l  change o f  '

I
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valence  o f  two.. The hydrogen i s  given o f f  a t  th e  cathode, and th e  MnO2 

i s ,  o f  co u rse , p la te d  on th e  anode. Now th e n , F a rad ay 's  law s t a t e s  th a t  

th e  w eigh t o f  a  m eta l d ep o sited , o r  o f a gas s e t  f r e e  by an e le c t r o ly t ic  

p rocess, i s  d i r e c t l y  p ro p o r tio n a l to  th e  g ram -equivalen t w e ig h t o f  the  

m eta l o r  gas5 and th a t  965UO coulombs w i l l  d e p o s its  m etal o r  s e t  o f f  gas 

to th e  amount o f  one g ram -equ ivalen t w e ig h t. I n  eq u a tio n  form th e  law 

i s  as fo llo w s:

m = qw
9& h0  n

where m i s  th e  w eigh t in  grams o f  th e  m eta l d e p o s ite d , o r  o f  the

gas s e t  f r e e ,

q i s  th e  q u a n ti ty  o f  e l e c t r i c i t y  i n  coulombs p a ss in g  through

th e  e le c t r o l y t e .

w i s  th e  atomic w eigh t o f th e  m a te r ia l  d e p o s ite d , o r s e t  f r e e .

n i s  th e  valence  o f th e  m a te r ia l .

Using a v a len ce  change o f  two and th e  atom ic w eight o f Mn as 5U»93, and 

th e  atom ic w eigh t o f O2 as 32, th e  th e o r e t ic a l  d e p o s its  o f  MnO2 i s ,  a c - . 

cord ing  to  F a ra d a y 's  Laws ■ ‘

m = q .x  86,93 Gm. MnO2 
96^UO x 2

and q -  hours x  3600 x amperes

th e re fo re ,  m = hours x 3600 x amperes x 86,93
9 6 ^ 0  x 2

m = (1 ,62  x amperes x h o u rs ) Gm. MnO2
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andj f i n a l l y ,  the c u rre n t e f f ic ie n c y  i s :

c u rre n t e f f ic ie n c y  = a c tu a l  w eight o f  MhO9 d ep o sited  in  grams x 100
1 ,62  x amperes x hours

D ire c t ly  r e la te d  to  th e  c u rre n t e f f i c i e n c ie s  i s  th e  Kw-=Hr p e r pound 

o f  MnO0 . To show th e  method used in  c a lc u la t in g  th i s  from the d a ta  g iven  

on T able I ,  a s p e c i f ic  example, run  Carbon 12 from Table I ,  w i l l  be. tak en  

as fo llo w s:

Average v o l ts  p e r c e l l  . . . . . . . .  i . 1 ,80

Grams MnOg produced. . . . . , . . . . . . . I .  .6 0 ,5

A ctual c u r r e n t .  . . . . . . . . . . . . . . . .  3o

Hours o f ru n . . . . . . . . . . . . o . . .  * * IT o 2 ̂

Kw-Hr = 1 ,80  x 3»72 x 17,23 
1000

Pounds MnO0 = 60,6
2 ' ~ W l

Kw-Hr p e r pound MnO z 1 ,80 x 3*72 x 17,25) x h&h -  0 ,865 
,  ̂ 60 ,5  x 1000

I t  should  be m entioned th a t  s in ce  th e  average v o ltag e  p e r c e l l  was 

tak en  d i r e c t l y  from th e  anodes, th e  power requ irem en ts  f o r  a  commer­

c i a l  p ro cess  would be s l i g h t l y  g re a te r  depending on the  te rm in a l v o l­

tag e  drop and IR v o lta g e  d ro p ,th ro u g h  the  a ss o c ia te d  e l e c t r i c a l  con- 

n e c tio n s . In  th e  case o f bo th  cu rren t e f f ic ie n c ie s  and Kw-Hr per 

pound MnOg th e  v a lu es  g iven  in ' Table I  a re  u n co rrec ted  f o r  im p u r i t ie s .

The e r r o r  in tro d u ce d  ip  c u rre n t e f f ic ie n c ie s  and Kw-Hr p e r  pound MnOg 

would n o t be s e r io u s  s in c e  th e  im p u r i t ie s  c o n s itu te  a sm aH percentage 

o f  th e  anodic d e p o s i t s .

I t  i s  i n t e r e s t in g  to  n o te  th a t  accord ing  to  Kameyama and I Id a
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(m e ta llb o rse  1932, p« 1183) i t  i s  p o s s ib le ,  by use o f  a l te r n a t in g  cu r­

r e n t ,  to  o b ta in  a d ry  c e l l  MnO2 i f  th e  MnSO  ̂ i s  decomposed a t  th e  h igher 

te m p e ra tu re s . This was t r i e d  by P e te r  Marx (2) w ith  p la tin u m  gauze 

e le c tro d e s  having an e le c tro d e  su r fa c e  o f 2 cm. 2 The o n ly  r e s u l t  given 

was th a t  w ith  a c u r re n t d e n s i ty  of £0 amp./dm. 2 (about U63 a m p s /f t .2 ) 

and a v o lta g e  o f about 20—25 v o l t s ,  the power consum ption was unreason­

ab ly  h igh  i n  com parison to  t h e  use o f d i r e c t  c u r re n t ,  

a .  Anode C u rren t D en sity  -

The d a ta  o b ta in ed  f o r  the  v a r ia t io n  o f  c u r re n t d e n s ity  w ith  

e le c t r o ly te  co n ce n tra tio n s  o f  6? g m ./ l .  H^SO^ and 137<>£ g m ./ l .

MnSO^, e le c tro d e  sp ac in g  o f I  in c h , tem pera tu re  o f  93° C ., has 

been p lo t te d  i n  F ig u re  2 . Exam ination o f th e  curve o f c u r re n t 

e f f ic ie n c ie s  in d ic a te s  a maximum e f f ic ie n c y  o f about 63 .7  p e r 

c e n t ,  o ccu rrin g  a t  a c u r re n t  d e n s ity  o f  6.72 a m p s/ft. 2 The en­

ergy  re q u ire d  to  produce a  pound o f  MnO2 a t  th is ;  c u r re n t  d e n s ity  

i s  O068I1 Kw-Hr p e r  pound MhO2 . At low er cu rren t, d e n s i t i e s ,  be­

low £ a m p s i / f t .2 , the  c u r re n t  e f f ic ie n c ie s -  drop r a p id ly ,  and the 

energy requ irem en t in c re a s e s  so ra p id ly  t h a t  th i s  m ight w e ll be 

c a l le d  th e  c u to f f  p o in t  o f  th e  e l e c t r o l y s i s  fo r  a l l  p r a c t i c a l  . 

p u rp o se s . For c u rre n t d e n s i t ie s  above 6.72 a m p s ./ f t . 2 the  c u r-  

r e n t  e f f ic ie n c ie s  and Kw-Hr p e r  pound MnO2 have a more g rad u a l 

in c re a se  and d ecrease  r e s p e c tiv e ly , up to  a c u rre n t d e n s ity  o f  

about 20 .a m p s ./ f t . 2 Beyond t h i s  p o in t ,  the  e l e c t r o ly s i s  be­

comes im p ra c tic a l  fo r  two re a so n s : ( l )  th e  energy requ irem en t

becomes e x c e s s iv e ly  h igh  (abou t 2 .3  Kw-Hr f o r  c u r re n t d e n s ity  o f
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39. am ps/fto2) (2)„ The anode d e te r io r a t io n ,  no t e v id en t by i n ­

sp e c tio n  o f  th e  cu rves, becomes e x c e s s iv e .

A lthough th e  amount o f  anode d e te r io r a t io n  i s  r a th e r  d i f f i ­

c u l t  to  p r e d ic t ,  the  amount o f anode d e te r io r a t io n  found a f t e r  

.5 hours ru n  tim e a t  39 a m p s , / f t c u r r e n t  den sity ' was an estim a­

te d  1/2 gram found on th e  bottom  o f  th e  c e l l .  This d e te r io ra t io n  

occu rred  when g ra p h ite  anodes were u sed . W ith th e  h a rd  carbon 

ro d  anodes, th e  d e te r io r a t io n  a t  c u r re n t  d e n s i t ie s  o f 1)5-60 

a m p s ,/ f t .  was such th a t  a f t e r  about 10 hours o f o p e ra tio n  th e se  

anodes l o s t  c o n s id e rab le  w e ig h t.

In  g e n e ra l, th e re  i s  a l im i t  to  th e  c u rre n t d e n s i t ie s  u seab le  

f o r  reasonab le  c u rre n t d e n s i t ie s  and power req u ire m e n ts . The low er 

l im i t  i s  due to  the  c u to ff  p o in t o f  the  e l e c t r o ly s i s ,  and the upper 

l im i t  i s  dependen t on th e  type o f anode used .

S ince th e  c u rre n t e f f ic ie n c ie s  a re  governed by th e  ampyhr o f 

e l e c t r o ly s i s  the  on ly  e s s e n t i a l  d if f e re n c e  between c u r re n t  e f f ic ie n ­

c ie s  and energy re q u ire d  to  produce a pound o f  MnO0 i s  in  th e  v o l-  

tag e  p e r c e l l ,  the  Kw-Hr p e r pound MnOg curves fo llow  an in v e rse  

r e la t io n s h ip  w ith  c u rre n t e f f i c i e n c i e s .  As d iscu ssed  under wC ell 

V o ltag es ,"  th e  amount o f  v o lta g e  v a r i a t io n  i s  sm all f o r  most cases , 

•and as a r e s u l t  o f  t h i s ,  th e  l i n e a r i t y  o f  the  in v e rse  r e la t io n s h ip  

i s  e v id e n t from F ig u res  2 , 3S and I),
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b e E le c t ro ly te  A c id ity

As in  th e  case o f  c u r re n t  d e n s i t i e s  th e  e l e c t r o l y te  a c id i ty  

e f f e c t s  th e  c u rre n t e f f ic ie n c ie s  and energy re q u ire d  i n  a  s im ila r  

m annere That i s ,  th e re  i s  a c u to f f  p o in t ,  and a p o in t f o r  maxi­

mum v a lu es  o f  c u r re n t e f f i c i e n c ie s .  As shown in  F igu re  3 , w ith

an a c id i ty  o f about 95 g m ./ l ,  S and th e  fo llo w in g  c o n d itio n s ;
2137*5 gnio/lo MnSO^, 10 a m p s ./ f te , I  in ch  e le c tro d e  sp ac in g , 

g ra p h ite  anodes o f  A.G.R. ty p e j th e  maximum c u rre n t e f f ic ie n c y  i s  

about 72 p e r  c e n t ,  and th e  energy  re q u ire d  to  produce a pound of MnOg 

i s  found to  be 0 o-7Ul Kw-Hr6 The c u to f f  p o in t  due to  th e  e le c t r o ly te  

a c id i ty  i s  in  the  re g io n  below  10 gm6/ l 6 HgSO^ fo r  th e  same condi­

t io n s  as s t a t e d  above, The upper l im i t  o f a c id i ty  i s  n o t d e f in ­

i t e l y  e s ta b l is h e d  j i t  i s  b e lie v e d  t h a t  th e  anode d e te r io r a t io n ,  

as in  th e  case o f  c u rre n t d e n s i t i e s ,  w i l l  be the determ in ing  fa c ­

tor.* This i s  based  on th e  l i t e r a t u r e  c o n su lted  (U)e .

C 6 C e ll Temperature

A run  c a l le d  "Carbon 6U was made to  determ ine the  e f f e c t  o f 

c e l l  tem pera tu res on c u rre n t e f f ic ie n c ie s  and power req u irem en ts„ 

A lthough t h i s  ru n  was made w ith  the. ha rd  carbon rod  anodes, where 

a t  b e s t  o n ly  26 p e r  c e n t e f f ic ie n c ie s  were o b ta in ed , i t  dem onstrates 

the f a c t  t h a t  th e  p ro cess  sh o u ld  be conducted w ith  a  h ig h  tem pera­

tu r e .  On run  Carbon 6 n o t on ly  d id  th e  c u rre n t e f f ic ie n c ie s  de­

c rease  w ith  low er te m p e ra tu res , b u t a lso  the  abode d e te r io r a t io n
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was more sev ere  a t  th e  low er te m p e ra tu re s6 For In s ta h c e 5 Van A rsdale  

and M aier (£) s ta t e d  th a t  a h ig h e r tem peratu re  w i l l  in c re a s e  the  speed 

o f h y d ro ly s is  so t h a t  th e  manganic s o lu t io n s  do n o t have tim e to  d i f ­

fu se  away from the  e le c tro d e  b e fo re  b e in g  decomposed; and th a t  the 

ra p id  b reak in g -u p  o f  manganic s a l t s  p re v e n ts  fu r th e r  o x id a tio n  r e s u l t ­

in g  in  oxygen form ed. In  a d d itio n  to  t h i s 5 G eorgia I n s t i t u t e  o f  Tech­

nology (3) found th a t  from th e  numerous samples den t in  to  th e  Army 

S ig n a l Corps L a b o ra to r ie s 5 runs conducted above 80° Co produced MnOg 

th a t  was p r a c t i c a l l y  a l l  gamma p h ase . Lower tem p era tu res  gave a 

m ix ture  o f  gamma phase MnO2 and cryptom elane. W ith th e se  r e s u l t s  in  

mind5 a l l  runs from Carbon 7 th rough  Carbon 22 were conducted a t  93° 

C .±  3° C.

d . Anode M a te r ia l

A lthough on ly  two ty p es  o f  anodes were used  in  th e  e le c t r o ly s i s  

tp  date here  at-M ontana S ta te  C o llege5 th e  c u rre n t e f f ic ie n c ie s  and 

energy req u irem en ts  dem onstrate  th e  dependence o f  e f f i c i e n t  e l e c t r o l ­

y s i s  on th e  type  o f anode u sed . For examples ru n  Carbon I  u sing  a 

hard  c a r to n  anode a t  l£, a m p s . / f t .^ 5 137o5> g m s ./l .  MnSO^s 67 g m s ./l . 

HgSO^5 91° C .5 had a c u rre n t e f f ic ie n c y  o f  23 p e r  c e n t5 and energy 

re q u ire d  was- 2 . If? Kw-Hr p e r  pound MnO2 ; w h ile  run  Carbon IB5 C e ll 2 

using  A.G.R. g ra p h ite  anode a t  18.6 amps . / f t . ^ 5 137.5: g m s ./ l .  MnS0 ,5 

67 g m s ./ l .  H2SOjj5 93° C .5 had a c u r re n t  e ff ic ie n c y  ,of 3L p e r  cen t5 

and th e  energy  req u irem en t was 0 .906 Kw-Hr p e r  pound ^MnOg.. - Accord­
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in g  to  the  chem ical equation  o f  th e  e le c t r o ly s is s i t  would' appear as 

i f  e i t h e r  anode would prove s a t i s f a c to r y ,  i . e . ,  s in c e  the  prim e 

reaso n  f o r  th e  anode i s  to  p ro v id e  a p a th  f o r  the  c u rre n t through 

th e  c e l l s ,  and b o th  ty p es  o f  anodes a re  good conductors o f  e l e c t r i c ­

i t y ,  the  e le c t r o ly s i s  should  n o t be e f f e c te d  by the  type o f e l e c t r i ­

c a l  conductor u sed . Because th e re  i s  a g re a t  d if fe re n c e  i n  th e  r e ­

s u l t s  o f th e  two ty pes o f anodes used j i t  would seem lo g ic a l  to  a t ­

t r i b u t e  th i s  in c o n s is te n c y  to  the  m icroscop ic  su rfa c e s  o f  th e  anodes,

e . E le c tro ly te  Manganese S u lpha te  C o n cen tra tio n

W ith a c u r re n t  d e n s ity  o f  10 a m p s ,/ f t . ,  , e le c t r o ly te  a c id i ty  o f  

67 g m s ./ l .  H^SO^, 93° C ., i t  was found th a t  a  maximum c u r re n t  e f f i c ­

ie n c y  o f  73oil p e r  cen t e x is te d  w ith  a energy  requ irem en t o f  0,735
J-" /  '.

Kw-Hr p e r  pound MnO2 , fo r  MhSO  ̂ c o n c e n tra tio n  o f 1^0 g m ./ l .  Al­

though th e  current, e f f ic ie n c ie s  v a r ie d  from k3 p e r c en t to  7 3 .Ii . -„
'

p e r  c e n t ,  th e  Kw-Hr p e r  pound MnÔ  v a r ie d  from 1.23 to  0 .7 3 5 , and 

f o r  the modt p a r t  rem ained in  th e  neighborhood o f about 0 .9  Kw-Hr p e r 

pound MnOg. This i s  shown in  F igure  It.

f . Anode to Cathode Spacing

I t  was found t h a t  in c re a se d  spacing  from cathode to  anode gave 

a  s l i g h t l y  in c re a se d  c u r re n t  e f f ic ie n c y  (from  52 p e r c e n t a t  O.l^S 

,.inches to  58 ,8  p e r  cent .a t  1 .75  in c h e s .)  Because o f th e  in c re a se d  

v o lta g e  p e r  c e l l ,  th e  energy requ irem en t d id  n o t change f o r  the  spac­

in g  o f O.I1.38 in ch es  to  1 .75  in ch es , b u t rem ained a t  0 .90  Kw-Hr per
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pound MnO^0 %t would seem th a t  f o r  the same energy requ irem en t a 

la r g e r  spacing  o f e le c tro d e s  shou ld  be used to u t i l i z e  the  in c re a se d  

c u rre n t e f f ic ie n c y ;  however, i f  th e  g r e a te r  amount o f  c e l l  space i s  

. co n sid e red .o n  a la rg e  s c a l e ' o p e ra tio n , th e  advantage o f in c re a se d  

c u rre n t e f f ic ie n c ie s  might be over b a lanced  by the  co st o f  f lo o r  

sp ace . F igu re  S shows th e  r e l a t i o n  o f  c u r re n t e f f ic ie n c ie s  and power 

requ irem en ts  w ith  e le c tro d e  sp ac ings o f  O0ItfS in c h e s , I  in ch  and 1 .75 

in c h e s .

I f  tim e would have perm itted, i t  w ould have been in t e r e s t i n g  to 

experim ent on e le c tro d e  spac ings le s s  th an  OeItfS in c h es  a p a r t .  S ince 

e l e c t r o l y t i c  MnO2 i s  n o t a conductor o f  e l e c t r i c i t y ,  once a p la t in g  

was on th e  anode, th e re  would be no danger o f s h o r t - c i r c u i t in g  the 

anode and cathode e -

h« E le c t r o ly t i c  MnÔ  Data

R eference has a lre a d y  been  made to  Table I  and th e  a s s o c ia te d  cu rv es. 

Table I  has been p rep a red  d i r e c t l y  from th e  notebook used  d u rin g  th e  re ­

s e a rc h , The n u m era l■s u p e r s c r ip ts ’ r e f e r  to  n o tes  which a re  l i s t e d  on th e  

page im m ediately  fo llo w in g  Table I .  The cu rves given in  F ig u res  2, 3,

I*, and 5 were c o n s tru c te d  d i r e c t l y  from th e  d a ta  given in  Table I .  Table 

I  and graphs a re  in c lu d ed  on pages Ij-O to  5lo 

5 . A nalysis  o f  E l e c t r o ly t i c  MnÔ

The chem ical a n a ly s is  was made on c e r ta in  samples by the  F o r t  Mon­

mouth L a b o ra to r ie s . The r e s u l t s  o f th e se  an aly ses have been compiled in  

Table I I .  In  a l l  cases where a  chem ical a n a ly s is  was made the  s t r u c tu r e
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o f  MnO2 was found' to  be "gamma p h a se "„ Run Carbon 12 sample was su p e r io r  

to  the  o th e r  san p les  an a lyzed . This i s  shown in  Table T I,

6« R e su lts  o f  B a tte ry  Perform ance T ests

B a tte ry  perform ance t e s t s  were perform ed on a -sample from run  Car­

bon 7 by th e  B a tte ry  Branch o f  th e  S q u ie r S ig n a l L a b o ra to r ie s , The re ­

s u l t  o f  th e  i n i t i a l  t e s t  i s  g iven  in  Table I I I .  A lso, a run  to  be c a l le d  

"Carbon 22" w i l l  h en ce fo rth  be com pleted to  p rov ide  a  b a t te r y  t e s t .  The 

run  w i l l  be made under th e  same co n d itio n s  as e x is te d  fo r  Carbon 21. P ro­

v is io n  w i l l  be made to in c lu d e  such d a ta  in  t h i s  th e s i s  when o b ta in ab le  

under Table I I I 0

I t  shou ld  be n o ted  th a t  th e  o re  from th e  A frican  Gold C oast, when 

made up in to  a  b a tte ry , and te s t e d  g ives an  Average I n i t i a l  S e rv ice  o f  

about 8£ hours when d isch a rg ed  through 166 2 /5  ohms; w h ile  Carbon 7 

sample when undergoing a b a t te r y  t e s t  d isch arg e  th rough 166 2 /3  ohms 

g iv e s  an Average I n i t i a l  S e rv ice  o f  109 ,1  h o u rs , as shown in  Table I I I 0 

This m an ife s ts  th e  s u p e r io r i ty  i n  t h i s  r e s p e c t  o f  run  Carbon 7 sample 

to  th e  A frican  o re .  The s h e l f  l i f e  o f th e  b a t te r y  made from th e  sample 

o f  ru n  Carbon 7 may o r  may n o t compare to  t h a t  o f th e  b a t te r y  made from 

A frica n  o r e .  Subsequent t e s t s  by th e  S q u ie r S ig n a l L a b o ra to rie s  w i l l  

determ ine th e  s h e l f  l i f e  o f  th e  b a t te r y  made from run  Carbon 7 s a m p le ,.



I I I  COMMERCIAL APPLICABILITY OF ELECTRICAL LOAD CHARACTERISTICS 

In  cases  where e l e c t r i c  energy r a n i s ' '^ re  based on a peak demand o f  

e l e c t r i c a l  lo a d , and where . i t  i s  d e s ir a b le  to  have a h igh lo a d  f a c to r ,  

e l e c t r o l y t i c  MnOg o f f e r s  a t t r a c t i v e  commercial p o s s i b i l i t i e s .  A lso, 

in  many cases th e re  i s  sea so n a l power a v a ila b le  th a t  could  very  w e ll 

be u t i l i z e d . i n  th e  e l e c t r o l y t i c  p ro d u c tio n .o f  b a t te r y  a c t iv e  Mn02 w ith ­

o u t re d e s ig n  o f 'the  e l e c t r o ly s i s  a p p a ra tu s . From the  exp erim en ta l 

d a ta  th e  o n ly  s e r io u s ly  u n d e s ira b le  f a c to r  i s  th e  la c k  o f a s u i ta b le  

anode. A lthough g ra p h ite  anodes can be used  up to  a c u rre n t d e n s ity  

o f about 20 amps. / f t . 2 , i t  would be ex p ed ien t to  have an anode th a t  

would n o t d e te r io r a te  under h ig h  c u rre n t d e n s i t ie s  so th a t  th e  tim e 

in v o le d in  th e  e l e c t r o l y t i c  p ro d u c tio n  o f  b a t te r y  a c tiv e  MnOg could 

be most e f f i c i e n t l y  u t i l i z e d .

A. C urren t D en sity

I n  o rd e r to have a lo ad  th a t  would be a p p lic a b le  fo r  o b ta in in g  

a h igh  e l e c t r i c a l  lo ad  f a c to r  and reduced  power r a te s  on a  peak de­

mand b a s i s ,  th e  e l e c t r i c a l  lo ad  would have to  be r a th e r  f l e x i b l e .

To i l l u s t r a t e  w hat i s  meant by th e  f l e x i b i l i t y  o f th e  e l e c t r o l y t i c

lo ad  in  p roducing  b a t te r y  a c tiv e  MnO , a  s p e c if ic  example w i l l  be
2

g iv en . In  th e  exam ple, i t  w i l l  be assumed t h a t  a c e l l  room fo r  th e

e le c t r o ly s i s  i s  to  be u sed  having th e  .fo llo w in g  designs'

Anode. . . . . .  .A.G.R. g ra p h ite  w ith  e f f e c t iv e  a re a  o f 15> f t . ^

Cathodes . . . . .  .'Chemical le a d  w ith  e f f e c t iv e  a re a  o f  I^  f t . ^

E le c t r o ly te .  . . .C o n cen tra tio n s  o f  6? gm /l. HoSOii and 137.5 gm /l.
MnSOli 4 ' ' ;

o
.93 ■ C*

-  30 ^

■■ .'," i'

Tem perature. . .
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E lec tro d e  sp ac in g . . . . . . .  I  in ch

C e ll  u n i t .  ............................... . . 2 0  anodes and 21 cathodes

Number o f  c e l l  u n i t s .  . . . . . l l ;

C ontact p o t e n t i a l .  . . . . . .  Assumed to  be 0 .30  v o l t s

In  a' 2k hour, p e r io d , th e  expected  o u tp u t o f  MnOg5 power re q u ire d , and 

tim e to  o b ta in  a ton  o f  MnOg based on th e  experim en ta l d a ta  found on 

the  curves o f  F ig u re  2, w ith  a  c u r re n t d e n s ity  o f  10 a m p s ./ f t .2 would 

be s

(10 x 1E>) amps x  1.62 gm MnO0 x 2k h r .  x  li* c e l l  u n its  x 20 anodes
_______ anodes amp-hr ■ c e l l  u n i t  „

k£h g m ./lb . ~ ”  ! “ “

20^0 lb .  Mn02 in  2U h o u rs .

The power re q u ire d  would be:

20^0 lb .  x  Q,o'9.06 Kw-Hr x  2 .18  = 2160 Kw-Hr f o r  a 2h h r .  p e r io d .
' I b 0 -MnO2 TTHH

where th e  q u a n ti ty  2 .18 allow s fo r  a d d i t io n a l  power due to  c o n ta c t
- T T H H

v o lta g e  d rop .

The tim e re q u ire d  to  produce a to n  o f MnOg would be:

2000 x 2i| s  23®lt h o u rs .
2m

The c o s t o f  energy  a t  l / h  cen t p e r  Kw-Hr i s  $3.27 p e r to n . S ince AGR 

g ra p h ite  anodes a re  being  u sed , a s a fe  v a r ia t io n  in  th e  c u r r e n t  d e n s ity  

would be from 5 a m p s . / f t .2 to  18 .6  a m p s . / f t . T o  show the  e f f e c t  of 

v a r ia t io n  o f  c u r re n t d e n s ity  th e  v a lu es  used  above w i l l  be taken  as a 

base f o r  p e r  u n i t  v a lu e s , i . e 0, 10 a m p s . / f t .2 corresponds to  a  p e r  u n i t  

c u r re n t  d e n s ity  o f  1 .0 ;  and so on f o r  th e  o th e r  v a lues above. S ince the



extreme c o n d itio n s  o f  f l e x i b i l i t y  a re  th e  v a lu e s  o f  i n t e r e s t .  Table 

IV i s  shown below?

TABLE IV. F l e x i b i l i t y  o f  O utput and E l e c t r i c a l  Load in ' P er U nit 
Values
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C u rren t
D en sity

O utput 
o f  MnOg 
i n  2k  h r .

Energy R equired 
For Output o f  

MnOg

Time R equired 
fo r  ton  o f 

MnOg

C ost o f  E le c -  ' 
t r i c a l  Energy 
P er Tbn o f MnOg

I I I I I

o ,5 O6ItUl ■' 0.177 2 ,25 1,07

1 ,86 1,765 2 , l i t 0oUt5 . 1 .21

" In sp ec tio n ' o f  Table IV In d ic a t e s 't h a t  th e  lo ad  ( energy r e q u i r e d - 

fo r  o u tp u t o f  MnOg) may be v a r ie d  from a p e r  u n i t  energy requ irem en t 

o f  Ool;?? to  2elU w ith  a  v a r ia t io n  o f c o s t  o f  e l e c t r i c a l  power p e r  to n  

MnOg in  p e r  u n i t  v a lues o f on ly  I „07 to  I eB l0 ,In o th e r  w ords, th e  e -  

l e c t r i c a l  lo ad  can be v a r ie d  th rough  a w ide range w ith o u t in c re a s in g  

to  any ap p re c ia b le  amount the power c o s t o f th e  e l e c t r o ly s i s  fo r  a 

u n i t  w eigh t o f  MnOge This would be an im p o rtan t item , i f  on a  la rg e  

s c a le  o p e ra tio n  th e  e l e c t r i c i t y  c o s t  p e r  month was based  on a peak 

demand fo r  t h a t  month, , That i s ,  a t  th e  tim e o f a n t ic ip a te d  peak d e - • 

mand, th e  e l e c t r o ly s i s  power requ irem en t could  be reduced and thus 

save a  co n sid e rab le  amount o f  power c o s t  fo r . the  month. C onversely , 

the  p ro d u c tio n  cou ld  be in c re a se d  when a s lack  p e rio d  o f  power de­

mand occu rred  and thus th e  lo ad  f a c to r  o f an e le c t r o ly s is  p la n t  could 

be m ain ta ined  a t  a h ig h e r v a lu e  th an  i f  t h i s  p r a c t ic e  were n o t adopted . 

The a c tu a l  v a lu es  in v o lv ed  may be found by' m u ltip ly in g  th e  p e r
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u n i t  v a lu e  by th e  base v a lu es  given in  th e  p rev ious c a lc u la t io n  fo r  cu r­

r e n t  d e n s ity  o f  10 amps. / f t , 2 .

The v a lu es  shown above a re  v e ry  co n se rv a tiv e  v a lu e s . For in s ta n c e , 

as shown in  Table I  fo r  runs Carbon 13, C e ll 3j Carbon lU , C e ll  2; Car­

bon 153 C e ll I j  Carbon 20, C e ll I  and Carbon 21, c u r re n t e f f ic ie n c ie s  o f 

about 70 p e r  c e n t a re  o b ta in a b le  under c e r ta in  c o n d itio n s . The co n d itio n s  

fo r  ru n  Carbon 21 w ere chosen from th e  maximum co n d itio n s  as shown in  ' 

F ig u res  2 , 3, and ij.. S ince th e  o th e r  runs produced e f f ic ie n c ie s  in  the  

re g io n  o f 70 p e r  cen t th e  optimum c o n d itio n s  assumed from p rev io u s  ex­

perim en ts do no t seem to be too  c r i t i c a l .



B. ELECTROLYTE CONCENTRATIONS'

■ In  a commercial o p e ra tio n , th e  e l e c t r o ly te  i s  u s u a lly  con tinu ­

o u s ly  re p le n ish e d  w ith  f  re s h  s o lu t io n  by a n a tu ra l  g ra v ity  flow  from • 

a s to ra g e  ta n k . A lso , i t  i s  u sually  th e  p r a c t ic e  to  have th e  d isch arg e  

from one c e l l  u n i t  flow  d i r e c t l y  in to  th e  n e x t, and so on, in  a  s e r ­

i e s  arrangem ent o f e le c t r o ly te  flow . As a  r e s u l t  o f t h i s ,  the  concen­

t r a t io n s  o f  th e  f i r s t  c e l l  o f  th e  s e r ie s  arrangem ent w i l l  be d i f f e r ­

e n t from th a t  i n  th e  l a s t  c e l l  in  th e  s e r ie s  arrangem ent fo llo w in g  

a p e r io d  o f  o p e ra tio n . As F ig u res  3 and U in d ic a te ,  th e  c u rre n t e f -  

f ic ie n c y  may be h e ld  a t  o r above £0 p e r cen t w ith  c o n c e n tra tio n  v a r i ­

a tio n s  o f 115 to  1?6 g m s/l. MnSO  ̂ and 30 to  130 g m s/l. HgSO,. Thus 

the  e l e c t r o ly s i s  would no t be .e f fe c te d  s u b s ta n t ia l ly  by the  d i f f e r ­

e n t  e le c t r o ly te  c o n c e n tra tio n s  i n  th e  v a rio u s  c e l l  u n i t s 0
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G0 POWER FAILURE

I n  th e  p ro d u c tio n  o f e l e c t r o l y t i c  manganese m eta l ( 6) i t  i s  

n ecessa ry  to  p ro v id e  an a u x i l ia ry  power supply  such as s to ra g e  

b a t t e r i e s ,  in  event o f  power f a i l u r e ,  to  keep th e  manganese p la te d  

on th e  cathodes from going back in to  solution®  In  th e  case  o f  e -  

l e c t r p l y t i c  MnOg, th e  p ro cess  does no t te n d  to. gp in to  r e v e rs e , .. 

as in d ic a te d  by th e  ex p erim en ta l ,a-c e le c t r o ly s i s  t r i e d .b y  P e te r  

Marx (2 )„  A lso , numerous t r i a l s  to remove the  MnO2 p la t in g  by 

b o i l in g  anodes, having an MnOg p la t in g ,  in  th e  e le c t r o ly te  were 

a ttem p ted  w ith o u t red isso lv ihg  th e  MnO2 p la t in g .  T h e re fo re , i t  

i s  concluded th a t  no a u x i l ia r y  power supp ly  i s  needed to  p rev en t 

the  MnOg from re tu rn in g  to  s o lu t io n  i n  ev en t o f  a power fa ilu re®
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D. ELECTRODE SPACING AND CELL SIZE 

As m entioned p rev io u sly ^  th e  e l e c t r o l y t i c  MnO0 produced a t  v o l-  

tag es  over 1 .7  v o l ts  i s  a nonconductor o f e l e c t r i c i t y ;  and s in ce  

o p e ra tio n  on a commercial b a s is  would be above 1 .7  v o l t s s i t  would 

seem a d v isab le  to  use  a  c lo s e r  spacing  o f  e le c tro d e s  once th e  anode 

has a  p la t in g  o f  MnO2 on i t s  s u r fa c e . To g ive  an id e a  o f  th e  space 

c o n s id e ra tio n  in v o lv ed  i n  a c e l l  u n i t  o f  th e  type  used  i n  th e  f o r e ­

going “C urren t D e n s ity " , suppose th e  g ra p h ite  anode was I  in ch  th ic k ,  

and th e  cathode 1 /8  in c h  th ic k .  Then, w ith  a I  in ch  spac ing  between 

cathode and anode the  re q u ire d  minimum le n g th  o f the  c e l l u n i t  would 

be 5><,22 f e e t ;  and s in ce  th e  c e l l  u n i t  would be rough ly  3 f e e t  w ide, 

a minimum a re a  o f f lo o r  space re q u ire d  would be 13.66 f t . 2 . However, 

say  th e  spacing  between e le c tro d e s  was reduced  to  0 .3  inches,, then  

the  minimum a re a  re q u ire d  would be 10.63 f t . ^ p e r  c e l l  u n i t ;  o r  a n e t 

sav ing  o f f lo o r  spac ing  of about 3 f t .  .  S ince a la rg e  number o f 

c e l l  u n its  would be re q u ire d  in  a commercial o p e ra tio n , th e  saving ., 

in  f lo o r  space would be a c a rd in a l  p o i n t . ■
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IV CONCLUSIONS

Under a number' o f v a rio u s  c o n d itio n s  th e  c u rre n t e f f ic ie n c ie s  

o b ta in ed  were in  th e  neighborhood o f  70 p e r  c e n t  ̂ and from th e se  

d a ta  th e  p o s s i b i l i t y  o f  an e l e c t r o l y t i c  p ro cess  th a t  could  be o p era - 

te d  a t  th a t  e f f ic ie n c y  i s  conceivab le  w ith  the  use o f  an A.G.R. anode« 

Of c o u rse , th e  advantages to  be r e a l iz e d  w ith  a so lu tio n  to  th e  anodic 

problem whereby g re a te r  c u r re n t  d e n s i t ie s  may be u t i l i z e d  w ith o u t harm, 

to  th e  anodes i s  o bv iouso

The p ro d u c t as f a r  as t e s t e d  i s  s u p e r io r  to  the n a tu ra l  manganese 

d io x id e  from th e  A frica n  Gold C oast, and the  f l e x i b i l i t y  o f  th e  e le c ­

t r i c a l  lo ad  i s  conducive to low power rates®

A nd-in co n c lu s io n , i t  i s  th e re fo re  lo g ic a l  th a t  the  p ro d u c tio n  o f
"

b a t te r y  a c t iv e  manganese d io x id e  in  a e l e c t r o l y t i c  p rocess from Mon­

ta n a  o res  i s  com m ercially f e a s ib le  as to  th e  q u a l i ty  o f  th e  p ro d u c t - 

and the  p o s s i b i l i t y  o f o b ta in in g  low power rates®
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Table I ,  E le c tr o ly t ic  MnOg Data

#  Q
mi - s  c  a)

!-af -H lO . OSn E-I M  mtH  W h i s .  H  O  -IB o  H  g -
r o  ' i o  h . e

3 , 5 3 "Carbon I Hard Carbon 
ChemicalILd&d

2 C^.lls

Carbon 2 
D isco h t. 
h f t e r  
5 h r s .

Carbon 3 
I  C e ll

Hard Carbon 
Chemical Lead

Carbon 4 
I  C e ll

Hard Carbon 
Chemical Lead

Hard Carbon 
Chemical Lead

Carbon 5 
I  C e ll

Hard Carbon
iC ell I Chemical Lead

Carbon 6 
C e ll  2

Hard Carbon 
Chemical Lead

77 137.-5



Table I 6 E le c tr o ly t ic  MhOg Data (continued)

g >—> _

,
/ — » -

I " . S  I ■ BC--K

.  „

S B

■ 1 1
5 i

RU
M 

AN
D 

CE
LL I l : h|i Is CNiig I III' I l l I l  ■ IIII s m ' IS BJ

Carbon 6 
C e ll 3

Hard Carbon 
Chemical Lead

7 8.3
■

10.3
•

32 , 7 ,.! 3 .0$ 8.26 60
■ .

137V5 •

6 7 I
I Carbon 6 I Hard Carbon _ 7 • 9 .3 11.5 32 7 .1 2.95 L .7.15 41
C ell k ; uHemical Lead 6?

I Carbon 7 
I Ay0 .,of 
5 C e lls

I

.

Soft Carbon(2) 
Chemidal Lead

17.5 86 .2 50 10 6.06 1 .92 1.P7

I

93 137.5
.67

C arbon.8.
:
d438

:
S oft Carbon 18 61.9 52 ' i o . i -4.1- 1 .71 . .90$ 93 . 137 <

C ell 6' Chemical Lead 67

Carbon 8 1.75. Soft Carbon. 18 ' 70.3 58.8 10 .1 4..1 1 .92 .898 93 137.5
C ell 7 Chemical .Lead:

-  ;
- . ■

■

.  -I '6 7

Carbon 9 I S oft Carbon .  5 28.7 3 0 .8 39 . - 11.5 2V$6 -2.33 93 137.5 "
C e ll I

(3 )
I Carbon 9 I

Chemical Lead 

S o ft Carbon .. 5. . 17 .1 18 .4 3 0 .4 11.5 2 .6 3 .9 8 93

67

127.^5.
C e ll 2 Chemical Lead 67

I Carbon 9 I S o ft Carbon ■ 5 • 50,1 54 1 8 .6 11.5 2 .1  . 1.094 93. 1 3 M
I  C ell 6 Chemical Lead ■ •67



Table I ,  E le c tr o ly t ic  MnOg Data (continued)

p  k
E-I M (I) M
P " H  O k  %-E4H H

I' P  &

I Carbon" 10 I  ■ 
C e ll I  I

S o ft Carbon 
Chemical Lead

Carbon 10| I  I S o ft Carbon 
C e ll 2 I I Chemical Lee

Carbon IOi I  
C e ll 6 '

(4) .
Carbon 11

Soft.. Carbon 12
ChemibMl Lead

Carbon 12 
I  C e ll

S o ft Carbon 137; 5
Chemical Lead

Carbon 13 
C e ll I Chemical Lead

Carbon 13 
C e ll 2

I  S o ft Carbon. :
Chemical Lead

Carbon 13 
C e ll 3

S o ft Carbon 
Chemical Lead

|Carbon 14 
C e ll I

S o ft Carbon
. (Chemical Lead



Table I ,  Ele c t r o ly b ic  'MnO  ̂ Data (continued).

Cti o
ES 9  . S %  E-t- «5

H.f* «J|
wvL40 H—«

Carbon 
C e ll 2

. Soft. Carbon 
T Chemical Lead

Carbon 14 
C ell 3

S oft Carbon
Chemical Lead

S o ft CarbonCarbon 15 
C e ll I Chemical Lead

Carbon 
C ell 2

rSoft. Carbon 
Chemical Lead

125 '
Carbon 15 
C e ll 3

S o ft Carbon . 
^heniical > Lead

Carbon 16 
I  C e ll Chemical Lead

Carbon 17 
I  C e ll .

S o f t Carbon: 
Chemical Lead

Carbon 18 .982 ( 93
C ell I

Carbon 18 S o f t . Carbon
I C e ll 2 Chemical Lead;'



Table I.. E le c tr o ly t ic  MnOg Data (continued)

. -Q
ti -S-

Q  S  O !.COQH. b b g  O^ ,2 ,6 Il H (DA- '

... (7)
Carbon 18 

I C ell 3 .
I  S o ft Carbnn •

•ChemicSl Lead

I Carbon 18 
C e l l -4

S oft. Carbon 
Chemical Lead

Carbon 19 
I  C ell

C oft ,Carbon,. 
.Chemical Lead

• I  !'S o f t .Carbon.. 
Chemical Lead.

I  s d f t  Carbon 
Chem icil Lead

Carbon 20 
C e ll 2 .

855 93

Carbon 21 
! C e l l

S o f t . Carbon • 
Chemical Lead



Table I  ( con tinued) ■

NOTES ■

Vr Run Carbon Ii and run  Carbon 5 a re  in a c c u ra te  due to  th e  f a c t  th a t  

d e te r io r a t io n  o f  th e  anodes caused co n sid e rab le  carbon to be sus­

pended i n  th e  e le c t r o ly te  w hich cou ld  n o t be e a s i ly  s e p a ra te d  from 

t h e .manganese d io x id e o

(1) Carbon rods 7 /8  in ch es  in  d iam eter w ith  in s c r ip t io n  ltEtlO P la n ia  

EFFEKT."

(2) N a tio n a l Carbon Company anodes, A.G.R. ty p e  g ra p h ite ,  a re  l / 2  

in c h  th ic k  and It in ch es  Wide0

(3) Made a  r e - ru n  on t h i s  p o in t  (Carbon 16 ) .

(U) Due to  th e  f a c t  t h a t  MnSO  ̂ c o n ce n tra te s  w ere not c o n s is te n t ,  the  

d a ta  o f  t h i s  run  a re  n o t r e l i a b l e .

(5 ) S o lu tio n  p rep a red  from  ro a s te d  p y r o lu s i te .  .

(6) Anode p la te d  on one s id e  o n ly .

(7) P o ss ib le  e r r o r  in  w e ig h ts .
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Table I I .  A n a ly sis  o f  E le c t r o ly t i c  MnOg

CARBON AW  
CELL '

STRUCTURE AVAILABLE Og AS 
PER CENT OF MnOg

% Mn. % Fe. %Pb. RATING

Carbon I  
C e ll I Samma 70.6 U8.3 I . U 0.15 _
Carbon 7 
A ll C e lls Gamma 75.6 5U.6 2.5 0.13 2

Carbon 9 
C e l l  I Gamma 37.8 0 .11 6 .
Carbon 9 
C e ll  2 Gamma 65.0 5o.o 1 .9 0.13 3

Carbon 9 
C ell. 6 Gamma / 53.0 39.8 IoU O o ll 5
Carbon 10 
C e l l  I Gamma 111 .7 3U.8 . 1 . 8 0.08 7
Carbon 10 
C e l l  2 Gamma ■ 6U .ii U7.2 0.17 U
Carbon 12 
I  C e ll Gamma 82.p . 5U.7 1.2 I
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Table I I I *  B a tte ry  T es t B ata

SAMPLE DISCHARGE. TYPE OF ■ TEST END AVERAGE ■' INITIAL
RESISTANCE' DISCHARGE VOLTAGE INITIAL CAPACITY

(ohms) SERVICE- REQUIREMENTS
(hours) (bpecso)

Carbon
7 16 .2 /3 ' Cpntinuous 1 .0

Carbon
7 166 2 /3 Continuous 1.13 109*1; 130

Carbon
22
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Figure 2 -  The R e la tio n  o f  Current E f f ic ie n c y ,  Energy Requirements and C ell V oltage
to  V arious Current D e n s it ie s .
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Figure 3 -  The R e la tio n  o f  Current E f f ic ie n c y ,  Energy Kequirements and C e ll V oltage
to  Various E le c tr o ly te  A cid C oncentrations.
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Figure 4 -  The H e la tion  o f  Current E f f ic ie n c y  and Energy Hequirememts to  Various
Manganese Sulphate C oncentrations.
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Figure 5 -  The R e la tio n  o f  Current E f f ic ie n c y ,  Energy Requirements and. C e ll V oltage
to  E lectrod e Spacing.
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