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Introduction

Amalgam c o n c e n t r a t i o n  c e l l s  have  i n t r i g u e d  i n v e s t i ­

g a to r s  f o r  some tim e  m a in ly  b e c a u se  th e y  a r e  among t h e  few  

b e s t  exam p les o f  r e v e r s i b l e  p r o c e s s e s  known i n  n a tu r e  an d  a s  

such  s h o u ld  ad m it o f  e x a c t  therm odynam ic  t r e a tm e n t .  T h is  r e a ­

so n , o f  c o u r s e ,  d id  n o t  m o tiv a te  t h e  e a r l y  w o rk e rs  who f i r s t  

o b se rv e d  n e a r ly  a  c e n tu r y  ago t h a t  am algam ated  m e ta ls  c o u ld  

b e  u s e d  a s  an  e le c t r o d e * .

I t  was G augain  , a  F re n c h  p h y s i c i s t ,  who i n v e s t i ­

g a te d  th e  c u r r e n t -p r o d u c in g  e f f e c t s  o f  a  v o l t a i c  p i l e  whose 

n e g a t iv e  e le c t r o d e  c o n s i s t e d  o f  a  d i l u t e  amalgam o f  z in c  o r  

cadmium. He n o t ic e d  t h a t  t h e  v o l ta g e  o f  t h i s  p i l e  i n c r e a s e d  

w ith  t h e  p e rc e n ta g e  o f  " o x id iz a b le  m e ta l"  a d d ed ; a l s o  t h a t  

f u r t h e r  a d d i t i o n  o f  z in c  b ey o n d  a  c e r t a i n  p o i n t  h a d  no e f f e c t  

upon t h e  e le c t r o m o tiv e  f o r c e .  From  t h i s  h e  c o n c lu d e d  t h a t  

th e  a f f i n i t y  o f  th e  m erc u ry  f o r  th e  am algam ated  m e ta l  o c c a ­

s io n e d  th e  v o l ta g e  v a r i a t i o n s  and  t h a t  t h e  a f f i n i t y  v a r i e d  

w ith  t h e  c o n c e n t r a t io n .

S e v e ra l  s i m i l a r  p a p e r s  ^  a p p e a re d  from  tim e

to  t im e  u n t i l  1877 when th e  f i r s t  r e a l  p r o g r e s s  was m ade.

* A m o st e x c e l l e n t  c h r o n o lo g ic a l  a c c o u n t o f  t h e  h i s t o r y  o f  
such  c e l l s  i s  g iv e n  b y  T . W. R ic h a rd s  and  G. S . F o rb e s  Cl) 
i n  th e  i n t r o d u c t i o n  t o  t h e i r  h i s t o r i c  p a p e r  d e a l in g  w ith  p r e ­
c i s i o n  m easu rem en ts o f  v a r io u s  amalgam c o n c e n t r a t i o n  c e l l s .
A few  m in o r c o r r e c t i o n s  a p p e a r  i n  a  se c o n d  a r t i c l e  fro m  th e  
same l a b o r a to r y  ( 2 ) .  The fo l lo w in g  b r i e f  b a c k g ro u n d  d e a l in g  
w ith  t h e  h i g h l i g h t s  o f  t h e  e a r l y  h i s t o r y  o f  t h i s  s u b j e c t  i s  
a b s t r a c t e d  from  t h e i r  m onum ental w ork .
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H e lm h o ltz  th e n  p u b l i s h e d  a  p a p e r  on  "G a lv a n ic  C u r re n t  

C aused b y  D if f e r e n c e s  i n  C o n c e n t r a t io n " .  H is  p a p e r ,  h o w ev er, 

d e a l t  w i th  aqueous c e l l s .  He p o in te d  o u t  t h a t  t h e  e l e c t r o ­

m o tiv e  f o r c e  o b ta in e d  v a r i e d  w i th  th e  a b s o lu te  te m p e ra tu re  

and a l s o  p r e s e n te d  some e x p e r im e n ta l  w ork t o  v e r i f y  h i s  con ­

c lu s io n s .

So f a r  amafgam c e l l s  h a d  n o t  b e e n  r e g a rd e d  i n  th e  

l i g h t  o f  c o n c e n t r a t io n  c e l l s .  F orm er i n v e s t i g a t o r s  c o n s id e re d  

o n ly  a m a lg a m a te d  e l e c t r o d e s  and  th o u g h t  o f  them  a s  b e in g  s im i­

l a r  t o  t h e  p u re  m e ta l s .  T hus i t  was t h a t  th e y  d id  n o t  g iv e  

f u l l  w e ig h t t o  t h e  r e l a t i o n s h i p  o f  th e s e  e l e c t r o d e s  w ith  each  

o th e r .

L in a e c k  i n  1888 b y  r e a s o n  o f  th e  sco p e  o f  h i s  

work p r e s e n te d  t h e  f i r s t  d a t a  from  w hich  th e  v o l ta g e s  o f  v a r i ­

ous z in c  amalgam c e l l s ,  a s  we know them , c o u ld  b e  fo u n d . He 

i n v e s t i g a t e d  th e  e le c t r o m o t iv e  f o r c e  p ro d u c e d  by  v a r io u s  con­

c e n t r a t i o n s  o f  amalgams o f  Z n, Cd, P b , S n , and  Ag a g a i n s t  

am algam ated  z in c  i n  a  z in c  s u l f a t e  s o l u t i o n .  I n  s p i t e  o f  

t h i s  no advance  i n  t h e o r y  r e s u l t e d  from  t h i s  w ork.

I n  th e  f o l lo w in g  y e a r ,  H e rn s t  p u b l is h e d  h i s  fu n d a ­

m e n ta l p a p e r  "D ie  S le c t r o m o to r i s c h e  W irk sam k e it d e r  

I o n e n " . H is  p a p e r  d id  n o t  d i s c u s s  amalgam c e l l s  i n  p a r t i c u ­

l a r ,  b u t  i t s  a p p l i c a t i o n  t h e r e t o  i s  m a n i f e s t .

The f i r s t  r e a l  t h e o r e t i c a l  t r e a tm e n t  o f  amalgam con­

c e n t r a t i o n  c e l l s  a s  su c h  came i n  1890 when Von T u r in  con­

s id e r e d  them  a s  a  p o s s ib l e  m eans o f  d e te rm in in g  th e  m o le c u la r
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w e ig h ts  o f  m e ta ls  i n  s o l u t io n  w ith  m ercu ry . F o r  t h i s  p u rp o se  

he d iv id ed , th e  amalgam c e l l s  i n to  two ty p e s .  F i r s t  he  c o n s id ­

e re d  a  c e l l  o f  th e  ty p e

Bg Bg s a l t amalgam o f  a  " n o b le11 m e ta l  

an d , a p p ly in g  th e  o sm o tic  th e o r y  d e v e lo p ed  t h r e e  y e a r s  e a r l i e r  

by v a n * t H o ff he  c o n c lu d e d  t h a t  th e  e le c t ro m o tiv e  f o r c e

was g iv e n  by

E = 1 .7 2 8 * 1 0 ~ 4  £  Tv  273

where T i s  th e  a b s o lu te  te m p e ra tu re  and  S i s  th e  num ber o f  

k ilo g ra m  m o le c u le s  o f  th e  m e ta l  i n  a  c u b ic  m e te r  o f  m erc u ry . 

The seco n d  ty p e

Zn amalgam, c o n c 'd . Zn amalgam, d i l .ZnS04 ( a q u .)

r e q u i r e d  d i f f e r e n t  m a th e m a tic a l  t r e a tm e n t .  T h ere  e x i s t e d  an

a n a lo g y  b e tw een  t h i s  c e l l  and  th o s e  aqueous c e l l s  i n v e s t i g a t e d

by H e lm h o ltz , so he  d e c id e d  t h a t

E = 3 .5 6 3 6 * 1 0 5IqK lo g  ^
C1

where q  i s  th e  e le c t r o c h e m ic a l  e q u iv a le n t  f o r  t h e  z in c ,  K th e  

r a t i o  b e tw een  th e  m o le c u la r  w e ig h ts  o f  m ercu ry  and z in c ,  and
Cp
—  th e  c o n c e n tr a t io n  r a t i o  o f  th e  am algam s. No e x p e r im e n ta l  
C1
d a ta  w ere g iv e n  i n  s u p p o r t  o f  th e  fo rm u la , b u t  i t  d o es e s t a b ­

l i s h  th e  p r i o r i t y  o f  Von T u r in  i n  an n o u n c in g  a  c o n s i s t e n t  

th e o ry  f o r  amalgam c e l l s .  H ow ever, i t  i s  p ro b a b le  t h a t  G. 

Meyer (1 2 ) had  w orked o u t much o f  i t  in d e p e n d e n t ly ,  s in c e  one 

month l a t e r ,  a s  a  p o s t s c r i p t  t o  one o f  h i s  a r t i c l e s ,  he  men­

t io n e d  th e  a r t i c l e  o f  Von T u r in  and s a id  t h a t  f o r  t h e  p a s t  

two m onths he h ad  b e e n  o c c u p ie d  i n  d e te rm in in g  m o le c u la r
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w e ig h ts  o f  z in c  and cadmium b y  a  v e ry  s i m i l a r  m ethod , and  t h a t  

h e  w ould p u b l i s h  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  i n  th e  n e a r  

f u t u r e .

I n  th e  m ean tim e , Von T u r in  p u b l is h e d  s e v e r a l  a r t i ­

c l e s  14) c o r r e c t i n g  h i s  e a r l i e r  work and  c h e c k in g  h i s

e q u a t io n  by  means o f  L in d e c k 's  d a ta .  H ow ever, th e  c r e d i t  o f  

c h e c k in g  th e  t h e o r e t i c a l  fo rm u la  g o e s  t o  G. M eyer (1®) who 

n o t  o n ly  d e v e lo p e d  t h e  e q u a t io n s  f o r  z in c  amalgam ty p e  c e l l s  

from  a  c o n s id e r a t i o n  o f  t h e  o sm o tic  work in v o lv e d  i n  a  r e v e r ­

s i b l e  c y c le  ( a  m ore d i r e c t  t r e a tm e n t  th a n  Von T u r i n 's ) ,  b u t  

a ls o  p r e s e n te d  a  h o s t  o f  e x p e r im e n ta l  d a ta  on c e l l s  o f  v a r io u s  

c o n c e n t r a t io n s  o f  amalgam s in c lu d in g  th o s e  o f  Z n , Cd, P b , S n , 

Cu, and  Ha.

Thus i t  was t h a t  th e  amalgam c o n c e n t r a t io n  c e l l  

t h e o r y ,  i n  a  fo rm  much l i k e  we know i t  to d a y ,  was d e v e lo p e d  

and ch eck ed  e x p e r im e n ta l ly .  I n  o r d e r  t h a t  f u r t h e r  p r o g r e s s  

c o u ld  b e  m ade, T . W. R ic h a rd s  and G. S . F o rb e s  ^  and  l a t e r  

T . W. R ic h a rd s  w ith  J .  H. W ilso n  and  R. U. G arrod-Thom as 

u n d e rto o k  i n v e s t i g a t i n g  p o t e n t i a l s  a r i s i n g  from  v a r io u s  am al­

gam c e l l s  w i th  ex trem e  p r e c i s i o n .  Any d e v ia t i o n  o c c u r r in g  

b e tw een  o b se rv e d  r e s u l t s  and  th o s e  c a l c u l a t e d  from  th e  s im p le  

c o n c e n t r a t io n  fo rm u la *  w ould  th e n  n e ed  t o  b e  e x p la in e d  a n d ,

* The te rm  " c o n c e n t r a t io n  fo rm u la "  w i l l  b e  u se d  i n  k e e p in g  
w ith  th e  work o f  R ic h a rd s  and  W ilso n  (2 )  t o  s i g n i f y

Fz=m  21  •k  jjp  i n  C2
T hey  h ave  a p t l y  p o in te d  o u t t h a t  i n  t h i s  fo rm  i t  i s  n o t  th e  
work o f  any  one man; h e n c e ,  i t  w ould b e  a  g r o s s  i n j u s t i c e  t o  
a t t r i b u t e  t o  i t  t h e  name o f  any p re v io u s  i n v e s t i g a t o r .
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i f  p o s s i b l e ,  c a l c u l a t e d  i n  advance  o f  e x p e r im e n t. T h is  l e a d s  

to  th e  s u b je c t  o f  th e  p r e s e n t  i n v e s t i g a t i o n .

P u rp o se

S in c e  t h e  e le c t r o m o t iv e  f o r c e s  a r i s i n g  fro m  many 

amalgam c e l l s  a r e  known w ith  g r e a t  a c c u ra c y  and  s in c e  no p r o ­

p o sed  m ethod o f  c a l c u l a t i o n  w i l l  s a t i s f a c t o r i l y  c o v e r  a l l  

c a s e s  w i th in  t h e  l i m i t  o f  e x p e r im e n ta l  e r r o r ,  i t  w ould  seem 

t h a t  some f a c t o r  n o t  y e t  c o n s id e r e d  by  o th e r  i n v e s t i g a t o r s  

e n te r s  i n to  t h e  p ro b le m . Such a  f a c t o r  i s  s u r f a c e  t e n s i o n  

and i t s  accom panying s u r f a c e  e n e rg y . I t  i s  th e  i n t e n t  o f  

t h i s  t h e s i s  t o  d e v e lo p  th e rm o d y n a m ic a lly  a n  e x p re s s io n  r e ­

l a t i n g  th e  d i f f e r e n c e s  i n  l e v e l  o f  s u r f a c e  e n e rg y  o f  t h e  two 

e le c t r o d e s  m aking up  t h e  amalgam c e l l  and  th e  e le c t r o m o t iv e  

f o r c e  e f f e c t e d .  I t  i s  h o ped  t h a t  e i t h e r  t h i s  b y  i t s e l f ,  o r  

i n  c o n ju n c t io n  w ith  some e x i s t i n g  " c o r r e c t i v e  f a c t o r " ,  w i l l  

advance th e  th e o r y  t o  a  p la n e  i n  k e e p in g  w i th  t h e  e x p e r im e n ta l  

te c h n iq u e .

S u rv e y  o f  t h e  L i t e r a t u r e

A re v ie w  o f  t h e  l i t e r a t u r e  s in c e  th e  t im e  o f  Yon 

T u r in  and  G. Meyer h a s  y i e l d e d  many d i v e r s i f i e d  e x p la n a t io n s  

and e q u a t io n s  c o r r e l a t i n g  t o  v a r io u s  d e g re e s  t h e  m easu red  

v o l ta g e s  o f  amalgam c e l l s  w i th  t h e  c a l c u l a t e d  v o l ta g e s  d e -
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manded by  th e  c o n c e n t r a t io n  fo rm u la . An e x p l i c a t i o n  o f  th e s e  

p o s s i b i l i t i e s  a s  p r o b a b le  su p p le m e n ta ry  c a u se s  o f  th e  e le c tro *  

m o tiv e  f o r c e  w i l l  now b e  p r e s e n te d .

The Cady E q u a tio n

I n  1898 , s e v e r a l  y e a r s  a f t e r  G. M eyer had  p u b l is h e d  

h i s  p a p e r  on amalgam c e l l s ,  J .  P . Cady.-(16-) p r e s e n te d  h i s  ex­

t e n t  io n  o f  th e  w ork . F o r  th e 'm o s t  p a r t  he  ch eck ed  th e  m olecu­

l a r  w e ig h ts  o f  th e  am algam ated  m e ta ls  i n v e s t i g a t e d  b y  M eyer. 

Sodium , n e v e r t h e l e s s ,  was an  e x c e p tio n .  U s in g  a  more concen­

t r a t e d  amalgam , he o b ta in e d  a  v a lu e  o f  a b o u t one h a l f  th e  a c ­

c e p te d  a to m ic  w e ig h t. T h is  a g re e d  v e ry  w e l l  w i th  a  p re v io u s  

d e te rm in a t io n  on sodium  amalgam c o n d u c te d  b y  Ramsey ( 1 7 ) ,  u s ­

in g  th e  v a p o r p r e s s u r e  m ethod . Thus Cady was l e d  t o  se e k  an  

e x p la n a t io n  t o  th e  phenom enon. T h is  he  fo u n d  i n  th e  h e a t  o f  

d i l u t i o n  o f  th e  amalgam in v o lv e d .

The fo rm u la  came ab o u t i n  t h i s  way. D i f f e r e n t i a t e  

th e  c o n c e n t r a t io n  f o rm u la ,

E = ~  I n  ~  >
hF Cg

w ith  r e s p e c t  t o  T , and  m u l t i p ly  th ro u g h  b y  T . Thus

T* "Vn ^1 — tp1 d T 'h F  c2 c a l c .

H ow ever, t h e  H e lm h o ltz  e q u a t io n ,  w hich  a p p l i e s  t o  any v o l t a i c  

sy stem  w h a te v e r , s t a t e s  t h a t

E =  + T*  hF dT
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w here Q i s  th e  change o f  t o t a l  e n e rg y  in v o lv e d  i n  t h e  d i l u t i o n  

o f  th e  amalgam. S u b s t i t u t i n g  Ec a lc  f o r  T ~  i n  t h i s  e q u a t io n  

g iv e s

E = §F +  Ec a l c .

and shows t h a t  t h e  c o n c e n t r a t io n  fo rm u la  c o u ld  b e  t r u e  o n ly  

i n  c a s e  th e  te rm  th e  h e a t  o f  t r a n s f e r ,  w ere z e r o .  I n  c a se  

i t  w ere n o t  z e r o ,  th e n  th e  f o l lo w in g  o b ta in s :

+ M  -1-n 21  .
riF niF c2

C a lc u la t io n s  a p p l i e d  t o  sodium  amalgam u s in g  th e

Cady fo rm u la  check  o n ly  f a i r l y  w e l l  due t o  th e  d i f f i c u l t y  i n

o b ta in in g  a c c u r a te  d a ta  on th e  h e a t  o f  d i l u t i o n  o f  am algam s.

T h a t  i s  t o  s a y ,  a l l  e r r o r s  a re  lum ped on th e  s m a l l e s t  te rm ,

£L , c a u s in g  e r r o r s  o f  a b o u t th e  same m agn itude  a s  t h e  c o r r e c -  
nF
t i v e  te r ra ,

R ic h a rd s  and G arrod-Thom as ^  exam ined t h e  Cady 

e q u a tio n  v e ry  c a r e f u l l y  and  fo u n d  t h a t  i t  gave  r e s u l t s  w hich  

checked  o b se rv e d  te m p e ra tu re  c o e f f i c i e n t s  w i th in  5 p e r  c e n t  

i n  a l l  c a s e s  and u s u a l ly  w i th in  2 p e r  c e n t .  The d is c r e p a n c y  

ap p ro ach ed  z e ro  a s  t h e  d i l u t i o n  o f  th e  amalgams in c r e a s e d .  I n  

no c a se  was t h i s  d is c r e p a n c y  g r e a t e r  th a n  th e  e x p e r im e n ta l  

e r r o r  in v o lv e d . H ow ever, i n  c h e c k in g  t h i s  e q u a t io n ,  a c t u a l  

h e a t s  o f  d i l u t i o n  w ere n o t  u s e d . R a th e r ,  i t  was re c o g n iz e d  

t h a t  th e  te m p e ra tu re  c o e f f i c i e n t  o f  th e  c e l l ,  s h o u ld  be

■p C-i
e q u a l t o  th e  c a l c u l a t e d  q u a n t i t y ,  —  I n  —  , i f  th e  e q u a t io n
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was t o  h o ld .  I t  was b y  t h i s  m eans t h a t  th e  e q u a t io n  was 

ch eck ed .

R ic h a rd s  and  F o rb e s

I n  o b ta in in g  e x tre m e ly  a c c u ra te  v a lu e s  f o r  th e  v o l t ­

age o f  z in c  and cadmium amalgam c e l l s ,  i t  was o b se rv e d  t h a t  

th e s e  f e l l  n a t u r a l l y  i n t o  tw o s e p a r a te  t y p e s .  Z in c  was o f  th e  

ty p e  w hich  gave  o b se rv e d  v o l ta g e s  l e s s  th a n  th o s e  c a l l e d  f o r  

by  th e  c o n c e n t r a t io n  fo r m u la ,  w h ereas cadmium g av e  v o l ta g e s  

g r e a t e r  th a n  t h e  c a l c u l a t e d  v a lu e s .  I n  e x p la in in g  t h e  c a se  

o f  z in c ,  s in c e  t h e  v o l t a g e  was l e s s  th a n  e x p e c te d ,  p o ly m e r i­

z a t io n  was p o s t u l a t e d .  F o r  cadmium, tw o p o s s i b i l i t i e s  w ere 

p r e s e n te d .  F i r s t ,  s i m i l a r  t o  th e  c a s e  o f  sodium  amalgams 

e lu c id a te d  b y  H aber h y d r a r g y r a te s  c o u ld  b e  fo rm e d , t h e r e ­

b y  g iv in g  a  v o l ta g e  h ig h e r  th a n  t h a t  c a l c u l a t e d .  A more p ro b ­

a b le  e x p la n a t io n  was fo u n d  i n  an abnorm al o sm o tic  p r e s s u r e ,  P .

RT ^  1By a p p ly in g  th e  g a s  law  t o  N e r n s t 's  e q u a t io n ,  E =  ̂ -  I n  ^ = , i t

w i l l  b e  n o t ic e d  t h a t  a  r a t i o  o f  volum es may b e  s u b s t i t u t e d  f o r  

th e  r a t i o  o f  p r e s s u r e s .  S in c e  t h e  r e s u l t i n g  e q u a t io n  i s  con ­

s id e r e d  e x a c t  i n  a s  f a r  a s  t h e  g a s  law  h o ld s ,  t h i s  w ould mean 

t h a t  a  p o r t i o n  o f  t h e  t o t a l  volum e o f  amalgam c o n ta in in g  a  m ol 

o f  cadmium i s  n o t  e f f e c t i v e  a s  a  r e c e p t a c l e  f o r  t h e  d i s s o lv e d  

cadmium.

T h is  volum e may b e  c a l c u l a t e d  b y  assum ing  t h a t  th e  

u s e l e s s  sp a c e  d o es n o t  v a ry  w ith  th e  volum e and  t h a t  p o ly m e r i-
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z a t io n  i s  c o m p le te ly  a b s e n t .

The r a t i o  of* v a lu e s  f o r  u s e f u l  sp a ce  i n  two am al­

gams may be  d e r iv e d  from

I n  ^&=S££L=w Cl)V3 RT > *

w here V4 and  V3 a r e  t h e  i d e a l  o r  h y p o th e t i c a l  v a lu e s  o f  th e

u s e f u l  s p a c e .

The a c t u a l  r a t i o  o f  th e  volum e i s

V2 _ W2D1
v i  t 8 )

fo u n d  from  t h e  w e ig h ts  and  d e n s i t i e s  o f  th e  two m asses con ­

t a i n i n g  th e  same w e ig h t o f  cadmium. Now, c a l l i n g  th e  u s e l e s s  

sp ace  b ,  and  assum ing  i t  t o  p o s s e s s  a  c o n s ta n t  v a lu e  ( i . e . ,

V0= V ', +  b  and  V, = V0 t* b ) ,  from  (1 )  i s  o b ta in e dd J L O

V2 ~ b  .nEF
I n V1 - b  RT L '

w hence, from  (2 ) and  ( 3 ) ,

v  f e i  -  a n t i  m  S ®  
ijW jP g  RTi

| l  -  a n t i  I n

From an a v e ra g e  v a lu e  o f  a l l  t h e  c e l l s  t e s t e d ,  b  i s  fo u n d  to  

be  1 4 .3  m i l l i l i t e r s  f o r  cadmium. R ic h a rd s  and F o rb e s  p o i n t  

o u t  t h a t  t h i s  v a lu e  i s  a  q u a n t i t y  v e ry  n e a r  th e  gram  a to m ic  

volume o f  cadmium, 1 3 .0 .  I t  may o r  may n o t  be a  m ere c o in c i ­

d e n c e . Some o f  t h e  c e l l s  w ere r e c a l c u l a t e d  on t h i s  b a s i s  and  

much b e t t e r  ag reem en t fo u n d . N e v e r th e le s s ,  i t  m ust b e  ob­

s e rv e d  t h a t  w ith  t h e  cadmium c e l l  t h e r e  i s  a  c o n s ta n t  d i f f e r ­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ence b e tw een  c a l c u l a t e d  p o t e n t i a l s  by  means o f  t h e  co n cen ­

t r a t i o n  fo rm u la  and o b se rv e d  p o t e n t i a l s  f o r  e q u a l in c re m e n ts  

o f c o n c e n tr a t io n .

R ic h a rd s ,  W ilso n , and  G arrod-Thom as

T h is  l a t e r  w ork s t i l l  a d h e re d  to  th e  p r e v io u s  

h y p o th e s is .  M o reo v er, t h e  w ork o f  G. 1\F. L ew is 2 0 ’ ,

show ing t h a t  a  more a c c u r a te  m ethod f o r  e x p re s s in g  o sm o tic  

e f f e c t s  i s  fo u n d  i n  th e  g e n e r a l i z a t i o n  t h a t  th e  a c t i v i t y  o f  

a  su b s ta n c e  i s  p r o p o r t i o n a l  t o  i t s  m o l - f r a c t i o n ,  was a p p l ie d  

t o  t h e  c o n c e n t r a t io n  fo rm u la . The fo rm u la  th e n  becom es

n
rjrp II + Ifn

E = %  I n  ---------1nF n
n  + ]$2

where n  s i g n i f i e s  th e  number o f  gram  m o le c u le s  o f  s o l u t e ,  

w h ile  and Ng, th o s e  o f  th e  m ercu ry  i n  t h e  two am algam s, 

r e s p e c t i v e l y .  E x te n d in g  t h i s  fo rm  t o  t h e  Cady e q u a t io n ,  i t  

becom es

e  =  2 _  + n  +  •
nF nF n  +

I t  was p o in te d  o u t ,  h o w ev er, t h a t  t h i s  r e f in e m e n t  changes th e  

c a l c u l a t e d  p o t e n t i a l s  b u t  s l i g h t l y .  A lso  t h e  a d d i t i o n a l  a c c u ­

r a c y  becom es l e s s  and l e s s  a s  d i l u t i o n  p ro c e e d s .

H u l e t t , D elu r.y , C renshaw

W hile w ork ing  w ith  th e  s ta n d a r d  c e l l ,  i t s  b e h a v io r  

seemed t o  i n d i c a t e  t h a t  m ercu ry  re d u c e d  th e  cadmium s u l f a t e
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s o l u t i o n  j fo rm in g  a  v e ry  d i l u t e  amalgam w ith  an  e q u iv a le n t  

amount o f  m erc u ry  p a s s in g  i n t o  s o l u t i o n .  H u l e t t  and  D e lu ry  

(22) -then c o n d u c te d  a  s e r i e s  o f  p r e c i s e  d e te r m in a t io n s  on 

cadmium am algam s, e x te n d in g  th e  r e s e a r c h  t o  ex trem e  d i l u t i o n s  

i n  th e  hope o f th ro w in g  some l i g h t  on t h e  v a lu e  o f  th e  e q u i­

l ib r iu m .  T h a t su ch  an e q u i l ib r iu m  sh o u ld  e x i s t  was shown by  

Ogg who w orked w ith  t h e  sy s tem  m ercu ry  and aqueous s i l ­

v e r  n i t r a t e  s o l u t i o n .  H e re , t h e  e q u i l ib r iu m  c o n c e n t r a t io n s  

a r e  o f  s u f f i c i e n t  m ag n itu d e  t o  b e  d e te rm in e d  a n a l y t i c a l l y .

U sing  e v e ry  p r e c a u t io n  t o  e x c lu d e  oxygen from  t h e i r  

a p p a r a tu s ,  H u le t t  and  D e lu ry  fo u n d  u n m is ta k a b le  e v id e n c e  t h a t  

d i l u t i o n s  g r e a t e r  t h a n  one gram  o f  cadmium i n  10 gram s o f  

m ercu ry  gave  e r r a t i c  p o t e n t i a l s  w hich  c o u ld  b e  a c c o u n te d  f o r  

by  th e  a s su m p tio n  o f  th e  e q u i l ib r iu m , Hg -+- C d S O ^ ^ C d  +  

HggSO^. To c o v e r  t h i s  c a s e ,  a  r e l a t i o n s h i p

s =  y u r
Pi V Ps

d e r iv e d  by  N e rn s t  (2 4 ) was p ro p o se d . H e re , P-^ and  Pg a r e  th e  

c o n c e n t r a t io n s  o f  cadmium and  m ercu ry  i n  th e  am algam , w h ile  

and Pg a r e  t h e i r  r e s p e c t iv e  c o n c e n t r a t io n s  i n  t h e  s o l u t io n ,  

t h e  v a le n c e  change o f  cadmium i s  2 , and  n 2 , t h e  v a le n c e  

change o f  m ercu ry  t o  m ercu ro u s  io n  i s  2 b e c a u se  t h e  io n  con­

s i s t s  o f  two atom s e a c h .

S in c e  z in c  i s  m ore s t r o n g ly  e l e c t r o p o s i t i v e  th a n  

cadmium, amalgams o f  g r e a t e r  d i l u t i o n  sh o u ld  b e  p o s s ib l e  b e ­

f o r e  th e  p o t e n t i a l  becom es e r r a t i c .  C renshaw  (2 5 )  ̂ a-t, -the
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s u g g e s t io n  o f  H u l e t t ,  u n d e r to o k  t h i s  w ork . As i t  was e x ­

p e c te d ,  c o n c e n t r a t io n s  s l i g h t l y  s m a l le r  t h a n  i n  th e  c a s e  o f  

t h e  cadmium c e l l s  w ere p o s s ib l e  b e f o r e  th e y  became e r r a t i c .
o q

C o n c e n tr a t io n s  o f  1 /1 0  and  1 /1 0  seem ed t o  b e  t h e  o r d e r  o f

m ag n itu d e  o f  t h e  c o n c e n t r a t i o n  o f  m ercu ry  io n s  i n  s o l u t i o n .
+ +  + +

I f  t h e  p ro p o s e d  r e a c t i o n ,  Zn -f Zn + 2Hg i s

r e v e r s i b l e ,  i t  's h o u ld  b e  p o s s ib l e  t o  s t a r t  w i th  p u re  m erc u ry  

and  a  tw o -p h a se  amalgam e le c t r o d e  i n  a  z in c  s u l f a t e  s o l u t io n  

and f i n d  e v id e n c e  o f  a  d i l u t e  amalgam fo rm in g . Such was t h e  

c a s e .  The i n i t i a l  h ig h  v a lu e  o f  1 .0 9  v o l t s  a lw ay s s e t t l e d  

down t o  a b o u t 0 .7  v o l t s ,  i n d i c a t i n g  a  d e p o s i t i o n  o f  z in c  i n  

th e  m e rc u ry . T hus i t  i s  s e e n ,  c o n s id e r in g  th e  e q u i l ib r iu m  

r e l a t i o n s h i p ,  t h a t  t h e  a c t u a l  c o n c e n t r a t io n  o f  z in c  i n  th e  

m ercu ry  i s  d e p e n d e n t on  t h e  r e l a t i v e  vo lum es o f  m erc u ry  and  

s o l u t i o n ;  a t  t h e  same t im e ,  th e  r e a c t i o n  m u st p ro c e e d  u n t i l

P1XP2 = K -

H ild eb ra n d *  s E q u a tio n

F o llo w in g  th e  s u g g e s t io n  o f  R ic h a rd s  and  h i s  co ­

w o rk e rs  t h a t  t h e  d i s c r e p a n c i e s  w hich  e x i s t  b e tw een  th e  ob­

s e rv e d  v a lu e s  o f  p o t e n t i a l  and  th e  t h e o r e t i c a l  v a lu e s  may be  

due e i t h e r  t o  t h e  fo r m a t io n  o f  h y d r a r g y r a te s  o r  t o  p o ly m e r i­

z a t io n ,  H ild e b ra n d  ^ 6 , 27) d e r iv e d  fo rm u la e  w hich  e n a b le d  

him  t o  show th e  e f f e c t s  o f  e a c h . A ssum ing th e  c a se  w here 

h y d r a r g y r a te s  o f  t h e  g e n e r a l  fo rm u la  M Hgm a r e  fo rm ed , h e  de­

duced  th e  fo l lo w in g  e q u a t io n  on th e  b a s i s  o f  t h e  work in v o lv e d
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i n  i s o th e r m a l  d i s t i l l a t i o n .

2 .3 0 2 6  HE 
nF

F2 -  m HP -  m +• 1
m lo g  - s ------------ (m — 1) lo g  -J2.

%  -  m -  ra -f 1
w here F  i s  th e  t o t a l  m ols o f  m ercu ry  a s s o c i a t e d  w ith  one mol 

o f  s o l u t e ,  and m r e f e r s  t o  t h e  s u b s c r i p t  i n  th e  g e n e r a l  form ­

u l a ,  M Hgjjj. A p p ly in g  t h i s  fo rm u la  t o  t h a l l i u m ,  he fo u n d  t h a t  

he  h a d  t o  assum e m — 6 ( i . e . ,  T1 Hgg) i n  o rd e r  f o r  th e  c a lc u ­

l a t e d  v a lu e  t o  m o st n e a r ly  e q u a l th e  o b se rv e d  v a lu e .

Where t h e  e le c t r o m o tiv e  f o r c e  i s  l e s s  th a n  t h a t  ob - 

t a i n e d  from  th e  c o n c e n t r a t io n  fo rm u la , p o ly m e r iz a t io n  i s  a s ­

sumed. T h is  he  c o n firm e d  f o r  z in c .  U sin g  th e  v ap o r

p r e s s u r e  t e c h n iq u e ,  he  fo u n d  th e  e q u i l ib r iu m  2 3 n ^ Z n 2  to  

e x i s t  a t  325 C . , t h e  te m p e ra tu re  o f  t h e  e x p e r im e n t. T hen , 

s e t t i n g  up an  e q u i l ib r iu m  e q u a t io n ,  assum ing  t h e  R a o u lt  v ap o r 

p r e s s u r e  law  t o  h o ld  and  t a k in g  an  e q u a t io n  f o r  o sm o tic  w ork, 

h e  was a b le  t o  d e r iv e  t h e  e q u a t io n

i  + u0 + - y » S  +  auto + a
l a  "  ' " a  ', y

nF 1 + ^  Ni +  2ami + a  

w here N i s  th e  m ols o f  m ercu ry  p e r  m ol o f  s o l u t e  m e ta l ,  and  A 

i s  a  c o n s ta n t  in v o lv in g  th e  e q u i l ib r iu m  c o n s t a n t .  I n  t h i s  i n ­

s t a n c e ,  t h e  v a lu e  1 1 .6  f o r  A seem ed t o  g iv e  t h e  b e s t  r e s u l t s .  

I t  sh o u ld  b e  n o te d  t h a t  t h i s  e q u a t io n  a s  g iv e n  i s  n o t  q u i t e  

g e n e r a l  b u t  a p p l i e s  o n ly  t o  t h e  c a se  o f  an e q u i l ib r iu m  b e ­

tw een  b ia to m ic  and  m onatom ic m o le c u le s .  T h u s , w h ile  i t s  u se  

i s  l i m i t e d ,  i t  may b e  a p p l ie d  t o  some o th e r  am algam s, such  as 

le a d  and t i n ,  b y  m e re ly  c h an g in g  th e  v a lu e  o f  A.
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J.  L . C renshaw  h a s  c a l c u l a t e d  v o l ta g e s  u s in g

H i ld e b r a n d 's  e q u a t io n  f o r  z in c  amalgam c e l l s  c o v e r in g  a  w ide 

ran g e  o f  c o n c e n t r a t io n s .  He fo u n d  t h a t  th e  e q u a t io n  c o u ld  be  

made to  a g re e  w ith  any n a rro w  ra n g e  o f  e x p e r im e n ta l  v a lu e s  by  

ch o o sin g  th e  p ro p e r  number f o r  A. H ow ever, h a v in g  ch o sen  . 

t h i s  num ber f o r  t h e  d i l u t e  r a n g e ,  th e  c o n c e n tr a te d  ra n g e  s u f ­

f e r s .  I t  may b e  t h a t  an  e q u a t io n  a llo w in g  f o r  t h e  p re s e n c e  

o f  Zn, Zn2 , and  Zn^ w ould f i t  th e  o b se rv e d  v a lu e s  p e r f e c t l y ,  

b u t  w ith o u t in d e p e n d e n t e v id e n c e  o f  th e  h ig h e r  p o ly m e rs , a  

more c o m p lic a te d  e q u a t io n  w ould  ta k e  on th e  f l a v o r  o f  r a n k  

e m p ir ic ism .

O th e r Work

W hile  n o t  d e a l in g  d i r e c t l y  w ith  amalgam c o n c e n tr a ­

t i o n  c e l l s ,  i t  i s  p e r t i n e n t  t o  n o te  th e  w ork o f  T . E rdey -G ruz  

and A. V a z s o n y i-Z ila h y  who have i n v e s t i g a t e d  e le c t r o d e

p o t e n t i a l s  o f  d i l u t e  am algam s. T h e i r  c e l l  was s e t  up i n  th e  

fo l lo w in g  m anner:

Me -  amalgam Me -  s a l t  s o l u t io n KC1 0 .1  N 
Hg2C l2 Hg

I n v e s t ig a t i n g  amalgams whose m e ta l  c o n te n t  v a r i e d  from  0 to  

0.1 gram  atom s p e r  l i t e r ,  t h e y  fo u n d  t h r e e  d i s t i n c t  r e g io n s  

o f c o n c e n tr a t io n  w here t h e  e le c t ro m o tiv e  f o r c e  p ro d u ce d  m ig h t 

have b e en  c a u se d  b y  d i f f e r e n t  phenom ena.

W ith  t h e i r  m ore c o n c e n tr a te d  am algam s, th e  fo rm u la  

o f  N e rn s t seem ed t o  hav e  b e e n  obeyed t o  a  g r e a t e r  o r  l e s s  de­

g r e e .  H ow ever, a s  t h e  c o n c e n t r a t io n  d e c r e a s e d ,  t h e r e  was a
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n a rro w  r e g io n  w here th e  p o t e n t i a l  f e l l  o f f  v e ry  g r e a t l y .  The 

c o n c e n t r a t io n  w here t h i s  b r e a k  o c c u r re d  v a r i e d  w i th  th e  am al­

gam ated m e ta l  em ployed a s  w e l l  a s  w ith  th e  s o lv e n t  u se d  f o r  

th e  m e ta l  s a l t  s o l u t i o n .  I n  th e  c a se  o f  aqu eo u s s a l t  s o lu ­

t i o n s  and  amalgams o f  z in c  o r  cadmium, t h i s  p o i n t  o c c u rs  a t  

a  c o n c e n t r a t io n  o f  a b o u t 1 0 "^  gram  atom s p e r  l i t e r .  T h is ,  i t  

w i l l  b e  n o te d ,  was a b o u t t h e  same c o n c e n t r a t io n  a t  w hich 

H u l e t t  and  h i s  c o -w o rk e rs  fo u n d  an  i n s t a b i l i t y  i n  t h e  p o te n ­

t i a l  o f  t h e i r  z in c  and  cadmium am algam s. F u r th e rm o re , w ith  

l e s s  e l e c t r o p o s i t i v e  m e ta ls  l i k e  t i n ,  t h e  b re a k  o c c u rs  a t  a  

s l i g h t l y  g r e a t e r  c o n c e n t r a t i o n  a s  w ould  f o l lo w  fro m  H u le t t* s  

r e a s o n in g .  B u t ,  on th e  o th e r  h a n d , w ith  m ore s t r o n g l y  e l e c ­

t r o p o s i t i v e  m e ta ls  a s  th o s e  o f  th e  a l k a l i  o r  a l k a l i n e  e a r th
—3g ro u p s , th e  b re a k  o c c u r s  a t  c o n c e n t r a t io n s  a s  h ig h  a s  10 o r  

—210 gram  atom s p e r  l i t e r ,  w hich seem s c o n t r a r y  t o  r e a s o n .

I t  may b e  due to  a  r e a c t i o n  w ith  th e  s o lv e n t  b e c a u se  a s  non - 

aqueous s o l u t io n s  a re  em ployed r e s u l t s  a r e  m ore n o rm a l. T h is  

b an d , w here p o t e n t i a l s  d ro p  o f f  g r e a t l y  w ith  d i l u t i o n ,  i s  

r a t h e r  n a rro w  and v a r i e s  i n  w id th  from  a  t e n  t o  a  h u n d re d fo ld  

change i n  c o n c e n t r a t io n .  A t th e  o th e r  end  o f  t h i s  b a n d , t h e r e  

i s  a g a in  an  a b ru p t  c h an g e . T h is  le a d s  t o  t h e  t h i r d  re g io n *  

w hich  i s  m arked b y  a  r a p i d  l e v e l i n g  o f f  o f  t h e  p o t e n t i a l  w here­

i n  th e  e le c t r o m o t iv e  f o r c e  d o es n o t  seem t o  change a t  a l l  w ith

* E rd ey -G ru z  and V a z s o n y i-Z ila h y  ch o se  t o  d i s c u s s  th e  p h e ­
nomenon from  th e  d i l u t e  s id e  so  t h a t  t h i s  c o r re s p o n d s  t o  t h e i r  
f i r s t  r e g io n .
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in c r e a s e d  d i l u t i o n .

E rd ey -G ru z  and V a z s o n y i-Z ila h y  do n o t  a t te m p t  to  

d e r iv e  e q u a t io n s  e x p re s s in g  m a th e m a tic a l ly  th e  b e h a v io r  o f  

t h e i r  amalgams i n  any  r e g io n .  They d o , n e v e r t h e l e s s ,  o f f e r  

an e x p la n a t io n  f o r  t h e  t h i r d  r e g io n .  I t  was n o t i c e d  th e r e  

t h a t  th e  p o t e n t i a l s  o f  th e  m ost d i l u t e  amalgam s do n o t  d i f f e r  

p e r c e p t i b l y  fro m  t h e  p o t e n t i a l  o f  p u re  m erc u ry  i n  th e  same 

s o l u t io n .  C o n se q u e n tly , t h e  c u r r e n t -p r o d u c in g  p r o c e s s  m ust 

b e  th e  same a s  a  m erc u ry  e l e c t r o d e  i n  a  f o r e i g n  io n  s o l u t io n .  

Wow E rd ey -G ru z  and  S z a rv a s  p r e v io u s ly  show ed t h a t ,  u n d e r

th e s e  c o n d i t i o n s ,  t h e  a d s o r p t io n  o f  io n s  -  c h i e f l y  t h e  a n io n  -  

d e te rm in e s  t h e  p o t e n t i a l .  T h is  th e n  p ro d u c e s  a  n e a r l y  con­

s t a n t  e le c t r o m o t iv e  f o r c e  u n t i l  th e  c o n c e n t r a t io n  o f  th e  m e ta l  

becom es s u f f i c i e n t  t o  e s t a b l i s h  c o n t r o l .

A. P rum k in  (^ 2 ) h a s  a l s o  fo u n d  t h a t  s u r f a c e  a c t i v e  

a n io n s  in f lu e n c e  e l e c t r o c a p i l l a r i t y  o f  m erc u ry  and  th e  am al­

gam s. He a l s o  p r e s e n t s  some i n t e r e s t i n g  th e o r y  and  e q u a t io n s  

w hich may b e  o f  u s e  i n  e x te n d in g  t h i s  w ork .

T he w ork o f  J .  E . T re v o r  (33 ) sh o u ld  a l s o  b e  men­

t io n e d .  He h a s  e lu c id a t e d  th e  Cady e q u a t io n .  I t  w i l l  be  r e ­

membered t h a t  Cady c a l l e d  a t t e n t i o n  t o  t h e  f a c t  t h a t  h i s  equa­

t i o n  h e ld  o n ly  i n  t h e  e v e n t t h a t  th e  h e a t  o f  d i l u t i o n  o f  th e  

am aigam from  th e  one c o n c e n t r a t io n  t o  th e  o th e r  was n o t  a  

f u n c t io n  o f  t h e  te m p e ra tu re  o r  was n e g l i g i b l y  s m a l l .  T re v o r  

h a s  p o in te d  o u t  t h a t ,  i n  g e n e r a l ,  t h e  h e a t  o f  d i l u t i o n  i s  n o t  

n e g l i g i b l e  and  shows th e rm o d y n a m ic a lly  t h a t  " th e  d e p a r tu r e
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from  p r o p o r t i o n a l i t y  b e tw ee n  th e  e le c t ro m o tiv e  fo rce , and 

te m p e ra tu re  i s  d e te rm in e d  w h o lly  by  th e  fo rm  o f  th e  h e a t  o f  

d i l u t i o n  r e g a rd e d  a s  a  f u n c t io n  o f  t h e  te m p e ra tu re  and con­

c e n t r a t i o n s  o f  th e  tw o s o lu t io n s  o f  th e  c e l l " .  He f i n d s ,  i n  

g e n e r a l ,

E =  0 « k (h ) +  0.<K©, to) 

w here E i s  th e  e le c t r o m o tiv e  f o r c e ,  © th e  therm odynam ic tem ­

p e r a t u r e ,  and  h  t h e  r e l a t i v e  m asses o f  s o lv e n t  t o  s o l u t e .  He 

goes on to  show th e  fo rm  ta k e n  b y  t h i s  e q u a t io n  i f  t h e  h e a t  

o f  d i l u t i o n  i s  assum ed (1) z e ro ,  (2) n o t  t o  v a ry  w ith  th e  

te m p e r a tu re ,  (3 ) v a r i e s  d i r e c t l y  w ith  th e  te m p e r a tu re ,  o r  (4 ) 

v a r i e s  i n v e r s e l y  w ith  th e  te m p e ra tu re .  The r e s u l t s ,  l i k e  th e  

f r u i t  o f  m ost therm odynam ic r e a s o n in g ,  a re  n o t  i n  a  form  

r e a d i l y  a p p l ic a b le  t o  p r a c t i c a l  p ro b le m s. The p a p e r ,  n e v e r ­

t h e l e s s ,  i s  a  h ig h ly  i n t e r e s t i n g  t h e o r e t i c a l  d i s c u s s io n  o f  

t h i s  h e r e t o f o r e  h a z y  p o i n t ,

<3. F . L ew is and M. R a n d a ll  have  a p p l ie d  th e

c o n c e p t o f  a c t i v i t i e s  t o  amalgam c e l l s .  To do t h i s ,  a c t i v i ­

t i e s ,  a g and  a ?2 > soce u se d  i n  p la c e  o f  c o n c e n tr a t io n s  i n  th e  

u s u a l  c o n c e n t r a t io n  fo rm u la . A f te r  r e a r r a n g in g  t h i s  to

lo g  a 2 = -  ” 7 - f lo g  a '2
and s u b t r a c t in g  lo g  F g , t h e  lo g a r i th m  o f  th e  m ol f r a c t i o n  o f  

m e ta l  i n  t h e  d i l u t e  amalgam, from  b o th  s i d e s ,  th e y  g e t

l o g  I f =  (- “  _ l 0 «  “ 2 )  +  log aV
How, i f  t h e  q u a n t i t y  i n  p a r e n t h e s i s  b e  p l o t t e d  a g a in s t  N2 >
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and th e  cu rv e  e x t r a p o la t e d  t o  z e ro  c o n c e n t r a t io n  w here a-2= ^2
ap

by  d e f i n i t i o n ,  th e n  lo g  ~  becom es z e ro  so t h a t  lo g  a 'g ,  th e  

lo g a r i th m  o f  th e  a c t i v i t y  o f  t h e  m e ta l  i n  t h e  r e f e r e n c e  e l e c ­

t r o d e ,  m ust b e  e q u a l  t o  th e  q u a n t i t y  i n  p a r e n t h e s i s ,  th e  i n ­

t e r c e p t  o f  th e  c u rv e  on th e  y - a x i s .  From t h i s ,  a 'g  may e a s i l y  

b e  fo u n d  and from  t h e  v a lu e  o f  E b e tw een  t h i s  e le c t r o d e  and 

one o f  any  o th e r  c o n c e n t r a t io n ,  th e  a c t i v i t y  o f  th e  new con­

c e n t r a t i o n  may be  c a l c u l a t e d .

H ow ever, a s  may be r e a d i l y  s e e n ,  t h i s  m ethod o f  em­

p lo y in g  a c t i v i t i e s  i s  an  a r t i f i c i a l  m eans o f  f o r c i n g  e x a c t  

r e s u l t s .  I t  t e n d s  t o  h id e  r a t h e r  th a n  t o  e lu c id a t e  any  r e a s o n  

f o r  th e  d e v ia t i o n  b e tw ee n  known th e o r y  and p r a c t i c e  a n d , 

t h e r e f o r e ,  f i n d s  a  p la c e  h e re  o n ly  f o r  th e  sa k e  o f  c o m p le te ­

n e s s .

D evelopm ent o f  th e  E q u a tio n

In  th e  p re c e d in g  s e c t io n  many d i v e r s i f i e d  id e a s  

have b e e n  p ro m u lg a te d  t o  a cc o u n t f o r  th e  d e v ia t i o n  be tw een  

th e  o b se rv ed  v a lu e  o f  t h e  e le c t r o m o tiv e  f o r c e  o f  an  amalgam 

c o n c e n tr a t io n  c e l l  and  th e  v a lu e  p r e d i c t e d  b y  th e o r y .  I n  

none o f  th e s e  t h e o r i e s  h a s  th e  e f f e c t  o f  t h e  s u r f a c e  o f  th e  

e le c t r o d e  b e e n  even  v a g u e ly  a l lu d e d  t o  w ith  t h e  p o s s ib l e  ex­

c e p t io n  o f  th e  work o f  T . E rdey -G ruz  and A. V a z s o n y i-Z ila h y  

who m en tio n  " c a p i l l a r y  a c t iv e "  a n io n s  and sp e ak  o f  a d s o r p t io n  

o f  io n s  on th e  s u r f a c e  o f  t h e i r  m ost d i l u t e  am algam s. Y e t,
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i t  i s  t h e  s u r f a c e  o f  any e le c t r o d e  w hich  r e a c t s  and  g iv e s  r i s e  

t o  th e  e le c t ro m o tiv e  f o r c e .  The n a tu r e  o f  th e s e  s u r f a c e s  

sh o u ld  t h e r e f o r e  be  i n v e s t i g a t e d ,  and  t h e  r o l e  t h a t  th e y  p la y  

i n  th e  c u r r e n t -p r o d u c in g  p r o c e s s  a s c e r t a i n e d .

The S u r fa c e  P hase

J u s t  v/hat i s  m eant by  th e  " s u r f a c e "  o f  an  e le c t r o d e  

t h a t  i t  s h o u ld  m e r i t  s p e c i a l  c o n s id e r a t i o n  ? R id e a l  * h a s  

t h i s  t o  s a y ,  " I t  h a s  b e e n  fo u n d  t h a t  w here  one d i s t i n c t  p h a se  

a d jo in s  a n o th e r  t h e r e  e x i s t  c o n d i t io n s  w h ich  d i s t i n g u i s h  th e  

b e h a v io r  o f  a  t h i n  l a y e r  o f  m a t te r  from  t h a t  o f  th e  g e n e r a l  

m ass i n  e i t h e r  o f  t h e  hom ogeneous p h a s e s  w h ich  bound i t " .

Prom t h i s  i t  may b e  s e e n  t h a t  th e  s u r f a c e ,  e s p e c i a l l y  i n  t h i s  

c a s e  o f  a  l i q u i d  amalgam and  i t s  s u r ro u n d in g  e l e c t r o l y t e ,  i s  

n o t  a  m ere im a g in ed  b o u n d a ry  on one s id e  o f  w hich  i s  one p h a se  

o f  u n ifo rm  p r o p e r t i e s  and on th e  o th e r  s id e  a  seco n d  p h a se  

w hich i s  everyw here  d i s t i n c t  and  hom ogeneous i n  i t s e l f .  Nor 

i s  i t  t o  be  th o u g h t  t h a t  t h e  two s e p a r a te  p h a s e s  b le n d  r a p i d l y  

b u t  c o n t in u o u s ly  i n t o  one a n o th e r ,  so  t h a t  th e  b o u n d a ry  i s  f o r  

m a th e m a tic a l  c o n v e n ie n c e  r a t h e r  th a n  o f  p h y s i c a l  s i g n i f i c a n c e .  

R a th e r ,  i t  i s  a  s e p a r a te  and  d i s t i n c t  t h i r d  p h a se  p o s s e s s in g  

e n t i r e l y  new b u t  m e a su ra b le  p r o p e r t i e s  l y in g  a s  a  la m in a  b e ­

tw een  th e  o th e r  tw o . L ik e  e i t h e r  b u lk  p h a s e ,  two o f  i t s  d i ­

m ensions may be  v a r i e d  a t  w i l l ,  b u t  i t s  t h i r d ,  a t  r i g h t  a n g le s  

t o  th e  p la n e  o f  t h e  la m in a , may n o t .  T h is  d im e n s io n , i t  i s  

b e l i e v e d ,  e x te n d s  t o  a  d e p th  o f  o n ly  one o r  two m o le c u le s  and
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r e s i s t s  any a tte m p t  a t  a l t e r a t i o n  b y  f o r m in g ;  a  new s u p e r f i ­

c i a l  p h a s e . I t  i s  t h i s  s u r f a c e  p h a se  w hich  m ust g iv e  r i s e  t o  

th e  e le c t ro m o tiv e  f o r c e .

S u r fa c e  T e n s io n

S urfa .ce  t e n s i o n  i s  a  m easu re  o f  t h e  f r e e  e n e rg y  p e r  

u n i t  a r e a  o f  th e  s u r f a c e  p h a s e . B u t b e f o r e  c o n s id e r in g  en e rg y  

r e l a t i o n s h i p s ,  i t  i s  w e l l  t o  lo o k  a t  th e  s u r f a c e  p h a se  from  

th e  s ta n d p o in t  o f  t h e  m o le c u le s  w hich  i t  m ust c o n ta in  and 

w hich m ust su r ro u n d  i t .  By d o in g  t h i s ,  t h e  i d e a  o f  a  " s u r f a c e  

f i lm " ,  such  a s  t h e  te rm  " s u r f a c e  te n s io n "  m ig h t s u g g e s t ,  i s  

e a s i l y  a v o id e d .

M o le c u le s  i n  th e  l i q u i d  s t a t e  a re  u n iq u e  i n  t h a t  

t h e i r  v i b r a t o r y  freed o m  i s  midway b e tw een  t h a t  o f  m o le c u le s  

i n  th e  s o l i d  and g a se o u s  s t a t e s .  T h a t  i s ,  th e y  may move r e l a ­

t i v e  t o  one a n o th e r  b u t  a re  s t i l l  r e s t r a i n e d  s u f f i c i e n t l y  to  

p re v e n t  more th a n  a  s m a ll  p r o p o r t io n  o f  them  from  e sc a p in g  

in to  t h e  v a p o r p h a s e . Wow, i f  a  m o le cu le  be  c o n s id e re d  w hich 

l i e s  i n  th e  b u lk  o f  t h e  l i q u i d ,  i t  w i l l  b e  fo u n d  t o  be  a t ­

t r a c t e d  u n ifo rm ly  i n  a l l  d i r e c t i o n s .  I n  c o n t r a s t  t o  t h i s ,  

c o n s id e r  a  m o le c u le  on th e  s u r f a c e .  I t  i s  s t r o n g l y  a t t r a c t e d  

in w ard s  by  th e  g r e a t  b u lk  o f  m o le c u le s  i n  t h e  c e n te r  and  a t ­

t r a c t e d  to  a  l e s s e r  e x te n t  t o  th e  s id e  b y  i t s  n e ig h b o r in g  

m o le c u le s ,  b u t  t h e r e  i s  no  o u tw ard  a t t r a c t i o n  to  b a la n c e  th e  

in w ard  p u l l  b e c a u se  o f  a  lo w e r d e n s i ty  o f  s i m i l a r  m o le c u le s  

o u t s id e .  H ence , t h e r e  i s  a  g r e a t  in w a rd  a t t r a c t i o n  p e rp e n -
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d i c u l a r  t o  t h e  s u r f a c e  f o r  e v e ry  s u r f a c e  m o le c u le .

T h is  i s  th e  a t t r a c t i o n  w hich c a u se s  s u r f a c e  m o le c u le s  

t o  move c o n t in u o u s ly  i n t o  th e  body o f  th e  l i q u i d  f a s t e r  th a n  

th o s e  from  th e  body move o u t  t o  th e  s u r f a c e .  As a  r e s u l t ,  th e  

s u r fa c e  c o n ta in s  a s  few  m o le c u le s  a s  p o s s ib l e  and  th u s  p r e ­

s e n ts  a  minimum a r e a .  I n  t h i s  l i g h t ,  th e  o ld  id e a  o f  a  sp e ­

c i a l  " c o n t r a c t i l e  s k in "  o r  p h y s ic a l  t e n s io n  p a r a l l e l  t o  th e  

s u r f a c e  o f  t h e  l i q u i d  i s  w ith o u t  m ean ing .

f r e e  en e rg y  and  s o - c a l l e d  s u r f a c e  t e n s io n .  The sp o n tan eo u s 

c o n t r a c t io n  o f  a  l i q u i d  s u r f a c e  d e m o n s tra te s  t h a t  t h e r e  i s  

f r e e  en e rg y  a s s o c i a t e d  w ith  i t .  Work m ust a lw ays be done i n  

e x te n d in g  a  s u r f a c e .  I n  th e  m o le c u la r  schem e, m o le c u le s  m ust 

b e  b ro u g h t from  th e  b u lk  o f  th e  l i q u i d  a g a in s t  an  in w a rd  a t ­

t r a c t i v e  f o r c e  and  t r a n s f e r r e d  t o  th e  s u r f a c e  w henever i t  i s  

e x te n d e d . T h is  c o n s t i t u t e s  work and i s  o f  p rim e  im p o rtan ce  

i n  any p ro b lem  d e a l in g  w ith  th e  s u r f a c e  p h a s e .

fo r c e  i s  fu n d a m e n ta l ,  and  t h a t  m ost p ro b lem s d e a l in g  w ith  s u r ­

f a c e  e q u i l ib r iu m  may be s o lv e d  w ith o u t  know ing much e l s e .  F o r  

t h i s  p u rp o s e ,  a  m a th e m a tic a l  d e v ic e  i s  u se d . I t  c o n s i s t s  o f  

s u b s t i t u t i n g  f o r  t h e  s u r f a c e  f r e e  e n e rg y , " a  h y p o th e t i c a l  t e n ­

s io n  a c t in g  i n  a l l  d i r e c t i o n s ,  p a r a l l e l  t o  t h e  s u r f a c e ,  e q u a l  

to  th e  s u r f a c e  e n e rg y " . T h is  i s  h i s  c o n c e p t o f  s u r f a c e  t e n ­

s io n .  I t  m ust have  th e  same d im en sio n s  a s  s u r f a c e  e n erg y

Wow, b e a r in g  t h i s  p i c t u r e  i n  m ind , c o n s id e r  s u r f a c e

W. K. Adam in t im a te s  t h a t  th e  m agn itude  o f  t h i s

m ust have  th e  same n u m e r ic a l  m agn itude
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A te n s io n  p u l l i n g  w ith  a  f o r c e  o f  cr" dynes p e r  c e n t im e te r  

w i l l ,  upon e x te n d in g  th e  s u r f a c e  one s q u a re  c e n t im e te r ,  be  

e q u iv a le n t  t o  t h e  work o f  cr" e rg s  p e r  s q u a re  c e n t im e te r .

From t h i s ,  i t  c a n  b e  se e n  t h a t ,  w h ile  s u r f a c e  f r e e  e n e rg y  i s  

t h e  fu n d a m e n ta l p r o p e r ty  o f  s u r f a c e s ,  s u r f a c e  t e n s io n  i s  i t s  

m a th e m a tic a l  e q u iv a le n t .  I t  w i l l  b e  so  u s e d  i n  t h i s  w ork.

P r o p e r t i e s  o f  a  S u r fa c e  P hase

I t  i s  t im e  t o  c o n s id e r  w hat p r o p e r t i e s  a  s u r f a c e  

p h ase  p o s s e s s e s  t h a t  d i s t i n g u i s h e s  i t  from  th e  b u lk  p h ase  

w hich h a s  h e r e t o f o r e  b e e n  th e  o n ly  p h a se  r e c o g n iz e d  i n  a c ­

c o u n tin g  f o r  t h e  c u r r e n t - p r o d u c in g  p r o c e s s .  O th e r  p e r t i n e n t  

s u r f a c e  r e l a t i o n s h i p s  s h o u ld  a ls o  b e  p r e s e n te d  h e r e .

A n to n o w ^  R u le

One o f  th e  m ost s im p le  and u s e f u l  e x p re s s io n s  i n  

t h i s  f i e l d  i s  A n tonow 's  r u l e .  I t  d e a l s  w i th  th e  r e l a t i o n s h i p  

b e tw een  i n t e r f a c i a l  t e n s io n  o f  a  u s u a l  tw o -p h a se  ( l i q u i d - l i q ­

u id )  sy s tem  and th e  i n d iv i d u a l  s u r f a c e  t e n s i o n s - o f  th e  tw o- 

com ponent p h a s e s .  I t  s t a t e s  t h a t  t h e  i n t e r f a c i a l  t e n s io n  b e ­

tw een  two p h a s e s  i n  e q u i l ib r iu m  i s  e q u a l  t o  th e  d i f f e r e n c e  o f  

t h e  s u r f a c e  t e n s io n s  o f  each  p h a se  m easu red  s e p a r a t e l y  a g a in s t  

i t s  v a p o r  p h a s e . I n  sy m b o ls , i t  may be e x p re s s e d  b y

cT —cr' -  cT 
12 1» 2 '

w here ex' i s  t h e  i n t e r f a c i a l  t e n s io n  b e tw e e n  l i q u i d  1 s a tu -
JLu

r a t e d  w ith  l i q u i d  2 and l i q u i d  2 s a t u r a t e d  w ith  l i q u i d  1 . The
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p rim e  cl s u b s c r i p t s  r e f e r  t o  th e  p u re  l i q u i d s  s a t u r a t e d  w ith  

r e s p e c t  t o  each  o t h e r .  I t  i s  o b v io u s  t h a t  l i q u i d  1  m ust p o s­

s e s s  t h e  h ig h e r  s u r f a c e  t e n s io n .

A t f i r s t  s i g h t  t h e  u s e f u ln e s s  o f  t h i s  e q u a t io n  m ig h t 

b e  u n d e re s t im a te d  s in c e  i t  w ould seem t h a t  s u r f a c e  t e n s io n s  o f  

l i q u i d s  s a t u r a t e d  w ith  r e s p e c t  t o  one a n o th e r  a t  v a r io u s  tem ­

p e r a t u r e s  w ould  n o t  b e  a v a i l a b l e .  T h is  i s  t r u e ;  y e t ,  many 

c a s e s  e x i s t  w here one o f  t h e  p h a s e s  i s  p r a c t i c a l l y  in s o lu b le  

i n  t h e  o t h e r .  T hen  i t  i s  t h a t  o r d in a r y  s u r f a c e  t e n s io n  d a ta  

may b e  em ployed w ith  a  f a i r  d e g re e  o f  a p p ro x im a tio n .

The a p p l i c a t i o n  o f  A ntonow ’ s r u l e ,  w h ile  r a t h e r  g e n ­

e r a l ,  i s ,  n e v e r t h e l e s s ,  f r a u g h t  w ith  some d a n g e r . N ot o n ly  i s  

i t s  t h e o r e t i c a l  b a s i s  in a d e q u a te ,  b u t  num erous c a s e s  h ave  b e e n  

r e p o r t e d  w here i t  d o es  n o t  h o ld  g o o d . The c a se  o f  m ercu ry  and 

i t s  amalgams a r e  among th e  e x c e p t io n s .  I t  m ig h t b e  su p p o sed  

t h a t  s in c e  m ercu ry  and  i t s  amalgams a r e  so  i n s o lu b le  i n  e l e c ­

t r o l y t e s ,  and  v ic e  v e r s a ,  t h a t  t h i s  w ould  b e  an  i d e a l  c a s e .  

T h is  i s  n o t  t r u e .  The d e v ia t i o n  fro m  th e  r u l e  i s  p ro b a b ly  due 

t o  e l e c t r o c a p i l l a r i t y  a s  r e f e r r e d  t o  on p age  1 6 . The c h a rg e s  

a d so rb e d  on th e  s u r f a c e  o f  th e  m e rc u ry  r e p e l  each  o t h e r ,  add­

in g  t h e i r  f o r c e s  a l g e o r a i c a l l y  t o  t h e  m o le c u la r  f o r c e s  a l r e a d y  

p r e s e n t  i n  t h e  s u r f a c e .  T h is  c a u s e s  a  f u r t h e r  lo w e r in g  o f  th e  

i n t e r f a c i a l  t e n s i o n ,  g iv in g  a  v a lu e  d i f f e r e n t  from  t h a t  p r e ­

d i c t e d  b y  A n to n o w 's  r u l e .

H ow ever, i n  a l l  known c a s e s ,  t h e  i n t e r f a c i a l  t e n s i o n  

i s  a lw ay s l e s s  th a n  t h e  s u r f a c e  t e n s i o n  o f  t h e  l i q u i d  p o s s e s s -
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in g  t h e  h ig h e r  t e n s io n .  T h is  c a u se s  t h e  d i r e c t i o n  o f  any  i n ­

t ro d u c e d  e r r o r  t o  b e  known and  a llo w e d  f o r .  A n tonow 's r u l e  

w i l l  b e  u se d  w ith  f u l l  r e g a r d  a s  t o  i t s  u n c e r t a i n t y  and th e n ,  

o n ly  f o r  a p p ro x im a tio n s  i n  c a se s  w here n e c e s s a r y  d a ta  i s  mea­

g e r  o r  n o n - e x i s t e n t .

I n f lu e n c e  o f  T em p era tu re

W ith o n ly  two o r  t h r e e  m inor e x c e p tio n s  o c c u r r in g  

w i th in  n a rro w  te m p e ra tu re  r a n g e s ,  s u r f a c e  t e n s io n  d e c re a s e s  

w ith  r i s i n g  te m p e ra tu re .  T h is  i s  l o g i c a l  when one r e c a l l s  

t h a t  a t  th e  c r i t i c a l  p o in t  s u r f a c e  t e n s io n  becom es z e r o ,  and 

t h a t  n a t u r a l  p ro c e s s e s  u s u a l ly  v a ry  u n ifo rm ly  and  c o n tin u o u s ­

l y .  The same g e n e r a l  r u l e  and th e  same l i n e  o f  r e a s o n in g  ap­

p l i e s  a l s o  t o  i n t e r f a c i a l  t e n s io n s  b e tw een  two l i q u i d  p h a s e s . 

M o reo v er, i n  t h i s  c a s e ,  th e  d e c re a s e  o f  i n t e r f a c i a l  t e n s io n  

may a ls o  be  a s c r ib e d  t o  th e  in c r e a s e  i n  m u tu a l s o l u b i l i t y  o f  

th e  two l i q u i d  p h a se s  w ith  te m p e ra tu re .

H e re , E otvos* Law sh o u ld  be  m en tio n e d . I t  i s  a n a l ­

ogous t o  th e  g a s  la w , PV =R T, th e  p ro d u c t  PV b e in g  th e  f r e e  

m o lar volum e e n e rg y  o f  th e  g a s .  C o rre sp o n d in g  t o  th e  c a se  o f  

t h e  l iq u id - v a p o r  s u r f a c e ,  t h e  m o la r  f r e e  e n e rg y  i s  p r o p o r t io n ­

a l  t o  t h e  p ro d u c t  o f  o '  and  th e  s u r f a c e  o c c u p ie d  b y  a  gram

I  \2
m o le c u le ,  w here M i s  th e  m o le c u la r  w e ig h t ,  and yO th e

d e n s i ty .  The co m p le te  law  i s

/  \ —
cry( p j 3 = K (T c -  T -  6) .
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Tc i s  t h e  c r i t i c a l  te m p e r a tu re ,  T th e  te m p e ra tu re  a t  w hich th e  

s u r f a c e  t e n s io n  i s  fo u n d , K a  u n i v e r s a l  c o n s ta n t  o f  a p p ro x i­

m a te ly  2 . 2 , and  6 d e g re e s  a  c o r r e c t i v e  f a c t o r  t o  com pensate  

f o r  th e  n o n - l i n e a r i t y  o f  th e  T c u rv e  n e a r  th e  c r i t i c a l  

p o i n t .

The G ibbs * E q u a tio n

The c o m p o s itio n  o f  t h e  s u r f a c e  p h a se  o f  a  p u re  l i q ­

u id  m ust n a t u r a l l y  b e  t h e  same a s  t h a t  o f  th e  b u lk  p h a s e . 

H ow ever, t h i s  i s  n o t  n e c e s s a r i l y  t r u e  f o r  s o l u t i o n s .  I n  g e n ­

e r a l ,  t h e  a d d i t i o n  o f  a  s o lu t e  t o  a  s o lv e n t  w i l l  change th e  

s u r f a c e  t e n s io n  o f  th e  l a t t e r .  S in c e  th e  f r e e  e n e rg y  o f  t h e  

sy s tem  s t r i v e s  to w a rd  a  minimum, th e  s o l u t e  w i l l  te n d  t o  a c ­

cum ulate  i n  th e  s u r f a c e  p h a se  i f  t h e  s o l u t e  lo w e rs  th e  s u r f a c e  

t e n s io n  o f  th e  s o l v e n t .  S h o u ld  t h e  s o lu t e  r a i s e  th e  s u r f a c e  

t e n s io n  o f  th e  s o l v e n t ,  t h e n  th e  c o n v e rse  w i l l  b e  t r u e .  The 

s o lu te  w i l l  t e n d  t o  a cc u m u la te  i n  th e  b u lk  p h a s e ,  th e r e b y  

le a v in g  th e  s u r f a c e  e n e rg y  a s  s m a ll  a s  p o s s i b l e .  T h is  p r o c e s s  

o f  e n r ic h in g  o r  o f  im p o v e r is h in g  th e  s u r f a c e  p h a se  i s  l i m i t e d  

b y  d i f f u s i o n a l  p r o c e s s e s .  I t  o p e r a te s  b e tw ee n  th e  s u r f a c e  and 

b u lk  p h a s e s  a t  a  r a t e  w hich i s  p r o p o r t io n a l  t o  th e  d i f f e r e n c e  

i n  o sm o tic  p r e s s u r e s  o f  th e  s o lu t e  i n  th e  tw o p h a s e s .

The m a th e m a tic a l  e x p re s s io n  o f  t h i s  f a c t  was d e r iv e d

b y  G ibbs i n  1878 . H is  fo rm u la  i s

f = _  c _  fa c t)
' RT \d c  / a
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w here T  i s  th e  a d s o r p t io n  e x c e s s  i n  m o les p e r  u n i t  s u r f a c e ,

c t h e  h u lk  c o n c e n t r a t io n  o f  th e  s o l u t e  i n  t h e  s o l v e n t ,  R th e

g a s  c o n s t a n t ,  T t h e  a b s o lu te  t e m p e r a tu r e ,  an d  "the change

o f  i n t e r f a c i a l  t e n s i o n  w ith  r e s p e c t  t o  c o n c e n t r a t i o n ,  w i th  t h e

a r e a  o f  t h e  i n t e r f a c e  re m a in in g  c o n s t a n t .  The n e g a t iv e  s ig n

p r e v a i l s  b e c a u se  t h e  v a lu e  o f  (££ -)  m u st i t s e l f  be  n e g a t iv e
^dc / a

i n  o rd e r  f o r  T~ t o  become a  p o s i t i v e  q u a n t i t y .

A c c o rd in g  t o  G ib b s1 th e o re m , t h e n ,  t h e  s u r f a c e  p h a s e , 

t h e  p h a se  w hich  m ust g iv e  r i s e  t o  t h e  e le c t r o m o t iv e  f o r c e ,  

w ould n o t  g e n e r a l l y  h ave  t h e  same c o n c e n t r a t i o n  a s  t h e  body  

p h a se  o f  an  amalgam. I n  a l l  p r e v io u s  e q u a t io n s  r e l a t i n g  e l e c ­

tro m o tiv e  f o r c e  w ith  c o n c e n t r a t i o n ,  i t  was t h i s  body  co n cen ­

t r a t i o n  w h ich  was u s e d . T h is  d o es n o t  mean t h a t  th e  co n cen ­

t r a t i o n  fo rm u la  i s  i n c o r r e c t  b u t  o n ly  t h a t  t h e  d e f i n i t i o n  o f  

s o lu t e  c o n c e n t r a t io n  was m is c o n s tru e d . S in c e  t h i s  q u a n t i t y  

a p p e a rs  a s  a  r a t i o ,  e r r o r s  due t o  t h i s  s o u rc e  a r e  m in im iz ed . 

N e v e r th e le s s ,  i n  v iew  o f  t h e  f a c t  t h a t  s u r f a c e  t e n s io n s  o f  

m ost amalgams a re  n o n - l i n e a r  f u n c t io n s  o f  c o n c e n t r a t io n  i n  th e  

d i l u t e  ra n g e  u n d e r  d i s c u s s i o n ,  i t  i s  b e l i e v e d  t h a t  t h i s  may 

a cc o u n t f o r  some o f  th e  d e v ia t i o n  b e tw ee n  t h e o r y  and  p r a c t i c e .  

Such r e l a t i o n s h i p s  w i l l  p r e s e n t l y  b e  d e r iv e d .

E q u a tio n s  '

R ev iew ing  a l l  a v a i l a b l e  d a t a  p e r t a i n i n g  t o  th e  e l e c ­

tro m o tiv e  f o r c e  o f  amalgam c o n c e n t r a t io n  c e l l s  a s  t h e  amalgam s 

become more and  m ore d i l u t e ,  a t  f i r s t  s i g h t ,  t h e  d a t a  a p p e a r
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n o rm a l. T h a t  i s  t o  s a y ,  t h e  d i l u t e  s o l u t io n  law s seem to  h o ld  

b e t t e r  and b e t t e r  a s  t h e  amalgams become more and  more d i l u t e .  

H ow ever, a s  more d a t a  on t h e  m ost d i l u t e  amalgams a r e  re v ie w ­

e d , i t  i s  n o t ic e d  t h a t  i n  th e  m ost d i l u t e  r e g io n  w here th e  

c o n c e n t r a t io n  e q u a t io n  sh o u ld  h o ld  b e s t ,  t h e  d e v ia t io n s  from  

i d e a l  p o t e n t i a l s  b e g in  t o  i n c r e a s e .  T h is  i s  n o t ic e d  i n  th e  

d a ta  o f  H u le t t  and  D e lu ry  ( 22 ) ,  C renshaw  (35) and  i n  th e  am al­

gam e le c t r o d e  p o t e n t i a l s  o f  E rd ey -G ru z  and V a z s o n y i-Z ila h y  

( 3 0 )  ̂ s t r a n g e l y  enough , s u r f a c e  t e n s i o n  d a ta *  a s  g iv e n  by  

V.K. Sem enchenko, B .P . B e r in g ,  3ST.L. P o k ro v s k ii  and  E .E . S h v a r-  

ev a  (38)  f o r  d i l u t e  amalgams change m ost r a p i d l y  i n  t h i s  r e ­

g io n ,  From t h i s  b a c k g ro u n d , t h e  f i r s t  a t te m p t t o  d e r iv e  a  

s u i t a b l e  e q u a t io n  was made.

D i lu te  S o lu t io n  C o n s id e r a t io n

I t  seem ed l o g i c a l ,  a s  t h e  f i r s t  p o i n t  o f a t t a c k ,  t o  

a t te m p t  t o  c o r r e c t  t h e  c o n c e n t r a t io n  te rm  o f

i n  o r d e r  t o  conform  w ith  t h e  a c t u a l  s u r f a c e  c o n c e n tr a t io n s  as 

e x p re s s e d  b y  G ib b s1 e q u a t io n  when th e  a r e a  o f t h e  amalgam 

e le c t r o d e  re m a in s  c o n s t a n t .  G ib b s ’ e q u a t io n  i s

Now, s in c e  f~ i s  t h e  a d s o r p t io n  e x c e s s  i n  th e  s u r f a c e  p h a se

* See A ppend ix .

( 2 )
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o v e r and above t h a t  a p p e a r in g  i n  t h e  b u lk  p h a s e ,  i t  sh o u ld  be 

added to  th e  c o n c e n tr a t io n  te rm  o f  e q u a t io n  (1) t o g e t h e r  w ith  

an a p p ro p ia te  c o n s ta n t* ,  k ,  d e s ig n e d  t o  make th e  u n i t s  o f  P , 

gram  atom s p e r  s q u a re  c e n t im e te r ,  conform  w ith  th e  u n i t s  s e ­

l e c t e d  f o r  c ,  gram  atom s p e r  l i t e r .  T h is  g iv e s

E = ^ = ’' I n  nF
=i  + k r x

_c 2 + k P  2

U sing  th e  e q u iv a le n t  o f  T~ a s  g iv e n  i n  e q u a t io n  ( 2 ) ,

(3 )

I nnF
C1

c l k
RT

'2  RT ^ d c y 2
a n d , a f t e r  f a c t o r i n g  o u t a  c from  th e  b r a c k e te d  e x p re s s io n ,

(4 )

E =  23L In" riF
c i  [?• M a P J (S)

* k i s  a p p ro x im a te ly  e q u a l t o  6 and depends upon th e  r a t i o  
o f  th e  a r e a 'o f  th e  e l e c t r o d e  t o  i t s  volum e. I t  comes a b o u t 
i n  t h i s  way. L e t c 1 b e  t h e  c o r r e c t  c o n c e n tr a t io n  a t  th e  s u r ­
f a c e  and c be  th e  u s u a l  b u lk  c o n c e n t r a t io n .  Then

c ' ^ c = |
w here V i s  th e  volum e c o n ta in in g  N gram  atom s o f  s o l u t e .
T h en , i f  H , th e ' s u r f a c e  e x c e ss  p e r  sq u a re  c e n t im e te r ,  and a ,  
t h e  a r e a  o f  th e  e l e c t r o d e ,  be  m u l t i p l i e d ,  th e  e x c e s s  o f  gram  
atom s i n  th e  s u r f a c e  w a l l  r e s u l t .  T h u s ,

c . _ It + r  a
V o r  c » — c  +  r f

H ence, t o  o b ta in  th e  c o r r e c t  s u r f a c e  c o n c e n t r a t io n ,  f~ m ust 
b e  m u l t i p l i e d  by  a/V  o r  k ,  b e fo r e  i t  i s  added  t o  th e  b u lk  con ­
c e n t r a t i o n  te rm  o f  e q u a t io n  ( 1) .

To e v a lu a te  k ,  i t  i s  o b se rv e d  t h a t  l i q u i d s  a re  u su ­
a l l y  h a n d le d  i n  p a r c e l s  whose d im e n sio n s  a re  a p p ro x im a te ly  
sy m m e tr ic a l. T h u s , f o r  e i t h e r  a  cube o r  a  sp h e re  o f  e q u a l 
l i n e a r  d im e n s io n s , t h e  r a t i o  o f  a/V  may be  shown to  be  6/ d  
w here d  i s  e i t h e r  th e  le n g th  o f  a  s id e  o r  th e  d ia m e te r  depen­
d in g  on th e  shape  assum ed. H e re , d  i s  ta k e n  as one c e n t im e te r  
s in c e  t h a t  q u a n t i t y  seem s a  l o g i c a l  amount o f  m a t e r i a l  t o  u s e .
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t h e  r i g h t  member may b e  s p l i t  up i n t o  two p a r t s .

E nF I n + RT
nF

I n
1 _ k  / a o']  

RT Idc ) ±
( 6 )_ k  (&cf)

RT \dc  / .

Now, th e  f i r s t  te rm  o f  th e  r i g h t  member i s  th e  c o n c e n t r a t io n  

fo rm u la , a n d , t h e r e f o r e ,  t h e  seco n d  te rm  m ust be  a  c o r r e c t i v e  

f a c t o r  g iv in g  th e  change i n  p o t e n t i a l  o f  a  c e l l  r e s u l t i n g  from  

an e x c e s s  ( p o s i t i v e  o r  n e g a t iv e )  o f  m e ta l  i n  th e  i n t e r f a c e .  

T h is  s h a l l  be  c a l l e d  Z^E, h e n c e ,

x RT (dc / -

x  RT ^dc /  2
(?)

Now, th e  q u a n t i t y  i s  so e x c e e d in g ly  s m a ll  t h a t  any  n a t u r a l
/  \

v a lu e  m ig h t assum e s t i l l  l e a v e s  t h e  te rm  v e ry

s m a ll .  I t  i s  a  known f a c t  t h a t  th e  n a t u r a l  lo g a r i th m  o f  one 

p lu s  a  v e ry  s m a ll  num ber i s  a p p ro x im a te ly  e q u a l  t o  t h a t  num­

b e r .  A p p ly in g  t h i s  s im p l i f y in g  p r o c e d u r e ,  e q u a t io n  (7 ) b e ­

comes

o r

A E s S g
riF

nF

k  fd <7' \  _  k  /d<f ^
RT (dc /  2 RT \dc /1

s a  -  r '

(3 )

(9 )
,dc /  l j

w hich becom es th e  f i n a l  e q u a t io n .  B u t ,  th ro u g h  a  s tu d y  o f

u n i t s ,  i t  i s  s e e n  t h a t  th e  r i g h t - h a n d  member m ust b e  d iv id e d
7b y  t h e  f a c t o r  10 t o  change e rg s  t o  j o u l e s .  The q u e s t io n  o f  

u n i t s  f o r  th e  v a r io u s  sym bols m i l  b e  c o n s id e re d  l a t e r .
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F re e  S u r fa c e  E nergy  C o n s id e r a t io n

I n  o rd e r  t o  ch eck  t h e  above d e r i v a t i o n  and  a ls o  p o s ­

s i b l y  t o  o b ta in  more c o m p le te  in f o r m a t io n  on th e  c u r r e n t - p r o ­

d u c in g  p r o c e s s ,  an a t te m p t  was made t o  e v o lv e  th e  r e l a t i o n s h i p  

from  therm odynam ic r e a s o n in g .  The fo l lo w in g  d e r i v a t i o n  i s  

b a s e d  upon  a  c o n s id e r a t i o n  o f  th e  d e c re a s e  i n  f r e e  s u r f a c e  

e n erg y  and  t h e  e q u iv a le n t  e l e c t r i c a l  f r e e  e n e rg y  p ro d u c e d .

The sym bols u s e d  a r e :

A E = t h e  p o t e n t i a l  due t o  s u r f a c e  e f f e c t s  
o' = i n t e r f a c i a l  t e n s i o n  
S = f r e e  s u r f a c e  e n e rg y
H = th e  num ber o f  gram  atom s o f  m e ta l  t r a n s f e r r e d  
c = t h e  c o n c e n t r a t io n  o f  m e ta l  i n  t h e  amalgam 
p =  t h e  d e n s i ty  o f  t h e  m e ta l  u se d  
/3 '= th e  d e n s i ty  o f  t h e  m e rc u ry  
M = th e  a to m ic  w e ig h t o f  th e  m e ta l  

M1 = t h e  a to m ic  w e ig h t  o f  th e  m ercu ry  
a = t h e  a r e a  o f  t h e  e l e c t r o d e  
V = t h e  volum e o f  t h e  e l e c t r o d e  
p = t h e  " sh a p e  f a c t o r "
n = t h e  v a le n c e  change  o f  t h e  s o l u t e  m e ta l  
F = t h e  f a r a d a y  

sub  1 = c o n c e n t r a t e d  amalgam 
sub  2 =  d i l u t e  amalgam

T h en , a t  c o n s ta n t  te m p e r a tu re  and  p r e s s u r e ,

c) , (10)

and  th e  s u r f a c e  f r e e  e n e rg y  i s  g iv e n  b y

S =  <^a . (11)

C o n s id e r in g  th e  e l e c t r o d e s  t o  b e  o f  s u f f i c i e n t  s i z e  so a s  n o t

t o  a f f e c t  t h e  c o n c e n t r a t io n  o f  t h e  s o l u t e  m e ta l ,  t h e  d e c re a s e

i n  f r e e  e n e rg y  p e r  dN gram  atom s o f  s o l u t e  m e ta l  e l e c t r o l y z e d

from  th e  c o n c e n tr a te d  t o  t h e  d i l u t e  amalgam may b e  r e p r e s e n te d

a s  dS2 -  dS-j_. The e q u iv a le n t  e l e c t r i c a l  f r e e  e n e rg y  i s
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A E n F  dN. Thus

dSg -  dSx =  A EriF dN . (12)

ITow th ro u g h  t h e  d i f f e r e n t i a t i o n  o f  e q u a t io n  (11) , i t  fo l lo w s  

t h a t

dS2 -  2&&2 ~ ^ l d a l  +  a-2^LCr'2  ~ a l d £ r l  • ( 1 3 )

A p p ly in g  c o n d i t io n  ( 1 0 ) ,  t h e n ,

dS2 -  dS-j^ ^ 2da2  -  dc) 2 ~ a l ( l 5 “  dc)  ±

(14)

Mow, th e  volum e o f  th e  amalgam e le c t r o d e  i s  made 

up o f  N gram  atom s o f  s o l u t e  p lu s  IT' gram  atom s o f  s o lv e n t  

o f  a to m ic  w e ig h ts  M, M1 and  d e n s i t i e s  o f  p ,  p ' , r e s p e c t i v e l y .  

I f  volum es he  assum ed a d d i t i v e ,  and  th e y  may a t  ex trem e d i l u ­

t i o n ,  th e n

V = M  +  M111. ( 15)

whence

d V = §  dN (16)
r

B ut volum e and a r e a  a r e  i n t e r r e l a t e d  b y  th e  f o l lo w in g  e q u a t io n

w h e re in  p r e p r e s e n t s  a  c o n s t a n t ,  t h e  "sh ap e  f a c t o r "
3 /2

V = p a  (17 )

whence
o  .1 .

dV =  g p a 2d a  (18)

o r ,  s u b s t i t u t i n g  e q u a t io n  (16 ) i n  (1 8 ) and r e a r r a n g in g ,  i t  i s  

o b v io u s t h a t

d a = — §§L dN . (13 )
3pa2|0

B u t, i f  t h e  r i g h t - h a n d  member be  m u l t i p l i e d  and d iv id e d  b y  a ,
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e q u a tio n  (1 7 ) may be  a p p l ie d  t o  th e  d e n o m in a to r , r e d u c in g  th e  

e x p re s s io n  t o

d a =  w  (20)

Now ta k in g  th e  e x p re s s io n  f o r  c o n c e n t r a t i o n ,

c = |  , (21 )

d i f f e r e n t i a t i n g  w ith  r e s p e c t  t o  N, and  a p p ly in g  e q u a t io n  ( 1 6 ) ,  

i t  f o l lo w s  t h a t

( 22)dc — 1 
<3N~V

1
v2 /°

T hese  e x p re s s io n s  a re  now i n  a  fo rm  to  be  u t i l i z e d .  

R e f e r r in g  b ack  t o  e q u a t io n  ( 1 4 ) ,  s u b s t i t u t e  e q u a t io n s  (20 ) and 

( 2 2 ) .  T h is  g iv e s

dS2 -  dS-^
2a^Vl

-  o'-i
2 a 2M

dN +3V2/o ~ -  3V2/o

a (M l)  (± -  _  wlS
a i ld c  v ? p /

m
_a2 idc j  2 \ v 2 v||0y

dN (23 )

The above e q u a t io n  may be  s i m p l i f i e d  i f  t h e  seco n d  

te rm  o f th e  r ig h t - h a n d  member o f  e q u a t io n  (2 2 ) be  c o n s id e re d  

n e g l i g i b l e .  T h is  i s  p e r m is s ib le  s in c e  f o r  d i l u t e  s o l u t io n s  

N w i l l  be  v e ry  sm a ll  and V2 v e ry  l a r g e .  F u r th e rm o re , i f  th e  

a r e a  and volum es o f  b o th  e le c t r o d e s  be made e q u a l  and  e q u a t io n  

(1 2 ) a p p l i e d ,  th e n

2M
3p

{cr'o -  cr'-.) + _  (i
(dc Jo V- ‘ A

AEnF

(24)

I n  p r a c t i c e ,  t h e  d i f f e r e n c e  b e tw een  th e  i n t e r f a c i a l  

t e n s io n s  o f  th e  two amalgam e le c t r o d e s  i s  g e n e r a l l y  much l e s s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-33-

t h a n  50 dynes p e r  c e n t im e te r ,  e x c lu d in g  th e  a l k a l i  m e ta l s .

T h is  amount in tro d u c e d  i n t o  th e  f i r s t  te rm  o f  t h e  q u a n t i t y  

a p p e a rin g  i n  "b rack e ts  i s  i n s i g n i f i c a n t  a s  com pared t o  th e  

v a lu e  o f  t h e  seco n d  te rm . T h u s , t h e  w hole f i r s t  te rm  may* in  

m ost c a s e s ,  be n e g le c te d  w i th o u t  i n t r o d u c in g  an  e r r o r  o f  m ore 

th a n  0 .5  p e r  c e n t .  T h e r e f o r e ,  e q u a t io n  (24 ) may h e  re d u c e d  to

AE = -----
VnF*10

w hich  i s  t h e  same a s  e q u a t io n  (9 )  d e r iv e d  b e f o r e .  From a  com­

p a r i s o n  o f  th e  two e q u a t io n s ,  i t  i s  a p p a re n t  t h a t  k  i s  e q u i ­

v a le n t  t o  ~  f o r  th e  tw o e q u a t io n s  t o  be  s i m i l a r .

P r e d i c t i o n s

A f t e r  s tu d y in g  e q u a t io n  ( 2 5 ) ,  s e v e r a l  im p o r ta n t  con­

c lu s io n s  may b e  draw n. F i r s t ,  i t  i s  n o t ic e d  t h a t  A E  becom es 

z e ro  when

t e n s io n  v s .  c o n c e n t r a t io n  c u rv e  m ust be  l i n e a r  b e tw een  th e  two 

c o n c e n t r a t io n s  o f  amalgam s t u d i e d .  T h is  i s  a c t u a l l y  t h e  c a s e  

a t  h ig h  c o n c e n t r a t io n s  o f  a l l  amalgams f o r  w hich  t h e r e  a re  

d a ta .  T h is  w ould mean t h a t  t h e  s u r f a c e  c o n c e n t r a t io n  i s  p r o ­

p o r t i o n a l  t o  t h e  b u lk  c o n c e n t r a t i o n ,  and  t h e  c o n c e n t r a t io n  

fo rm u la  a p p l i e s  i n s o f a r  a s  i t  h o ld s .

I n  g e n e r a l ,  t h i s  c o n d i t io n  i s  r a r e  f o r  t h e  u s u a l  

d i l u t e  amalgams s t u d i e d .  R a th e r ,  o b t a in s .

The a c t u a l  s ig n  o f  t h e  s lo p e  th e n  becom es im p o r ta n t .  F o r  

th o s e  m e ta ls  w hich  r a i s e  th e  s u r f a c e  t e n s io n  o f  m e rc u ry , su ch

. F o r  t h i s  t o  o c c u r ,  t h e  i n t e r f a c i a l
d c / o  U c 7 t

(ifl ~ (if). (25 )
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a s  z in c  o r  c o b a l t ,  th e  s lo p e  i s  p o s i t i v e .  T h is  makes A E  p o s ­

i t i v e  and th e  o b se rv e d  v o l ta g e  sh o u ld  b e  g r e a t e r  th a n  t h a t  c a l ­

c u la te d  w ith o u t  t a k in g  i n t o  a c c o u n t t h e  f r e e  s u r f a c e  e n e rg y .

On th e  o th e r  h a n d , th o s e  m e ta ls  w hich  lo w er th e  s u r f a c e  t e n s io n  

o f m e rc u ry , su ch  a s  th e  a l k a l i  m e ta l s ,  h ave  n e g a t iv e  s lo p e s  

an d , t h u s ,  make A E  n e g a t iv e .  The o b se rv e d  e le c t r o m o tiv e  

f o r c e  sh o u ld  th e n  be  l e s s  th a n  t h a t  c a l c u l a t e d  w h ile  n e g l e c t ­

in g  th e  f r e e  s u r f a c e  e n e rg y .

C a lc u la t io n s

The u n i t s  o f  th e  v a r io u s  q u a n t i t i e s  a p p e a r in g  i n  

e q u a t io n  (25) a r e :

A E , v o l t s .
a /V , a b o u t s i x  r e c i p r o c a l  c e n t im e te r s .  

o' , dynes p e r  c e n t im e te r ,  
c ,  gram  atom s p e r  c u b ic  c e n t im e te r ,  
n ,  a  number r e p r e s e n t i n g  th e  v a le n c e  change .
F ,  t h e  f a r a d a y ,  9 6 ,5 0 0  coulom bs.

H ence , f o r  z in c ,  u s in g  th e  d a ta  ta k e n  from  th e  A ppendix  f o r  a

d i l u t e  amalgam o f  a  c o n c e n t r a t io n  o f  0 .0 1 3 2 0  gram  atom s p e r

l i t e r ,  -^ ^ -= -1 5 2 ,0 0 0  e rg  c e n t im e te r s  p e r  gram  atom . I f  t h e

more c o n c e n tr a te d  amalgam be  ta k e n  a s  0 .0 4 3 3  gram  atom s p e r

l i t e r ,  th e n  - ^ ^ -  =  5 6 ,0 0 0  e rg  c e n t im e te r s  p e r  gram  atom .

E = -------------------B- f l5 2 ,0 0 0  -  56,OOol = 3 ^ 1 0 ~ 7 v o l t s
2*96 ,500  <107 L ’ J J

I f  t h e  r e f e r e n c e  e le c t r o d e  b e  a  tw o -p h ase  e l e c t r o d e ,

th e n  | becom es z e r o ,  and  A s  becom es 4.7-* 10 ^ v o l t s ,
v A c  ) x

F o r a  p o ta s s iu m  amalgam b e tw een  th e  c o n c e n t r a t io n s  

o f  0 .0 0 2 2 8  and 0 .0 0 8 9  gram  atom s p e r  l i t e r ,  A E  becom es
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AE== 6--------- - 1 9 . 2 * 1 0 6 + 4 . 4 * 1 0 6 j = -  4 .6 * 1 0 “ 5 v o l t
2 < 9 6 ,5 0 0 * io 7 L J

T hese  v a lu e s  a re  n e c e s s a r i l y  m ere a p p ro x im a tio n s  s in c e  a c t u a l  

i n t e r f a c i a l  t e n s io n  d a t a  a r e  n o t  a v a i l a b l e .  I t  h a s ,  t h e r e f o r e  

b een  assum ed t h a t  th e  s lo p e s  o f  c u rv e s  f o r  e i t h e r  i n t e r f a c i a l  

o r  s u r f a c e  t e n s io n  v s .  c o n c e n t r a t io n  a re  i d e n t i c a l .  T h is  

w ould b e  t r u e  i f  A n tonow 's r u l e  h e ld  e x a c t ly .  The r e s u l t s ,  

t h e n ,  a r e  r e l i a b l e  o n ly  to  th e  e x te n t  o f  show ing th e  m agn i­

tu d e  o f  th e  c o r r e c t i o n  f a c t o r ,  A E .

C o n c lu s io n s

I t  w i l l  b e  rem em bered t h a t  th e  p u rp o se  o f  t h i s  t h e ­

s i s  was t o  d e te rm in e  th e  e f f e c t  o f  th e  s u r f a c e  c o n d i t io n  o f  

th e  amalgam e le c t r o d e  upon th e  e le c t ro m o tiv e  f o r c e  o b ta in e d  

from  th e  c e l l .  T h is  h a s  b e e n  done . I t  i s  r e g r e t t a b l e  t h a t  

th e  m ag n itu d e  o f  t h i s  p o t e n t i a l  due t o  s u r f a c e  e n e rg y  tu r n e d  

o u t t o  be  so s m a ll  s in c e  i t  h ad  b e e n  hoped  t h a t  th e  d i f f e r e n c e  

o f  s u r f a c e  c o n d i t io n s  b e tw een  two e le c t r o d e s  w ould a c c o u n t 

a lm o st e n t i r e l y  f o r  t h e  d is c re p a n c y  b e tw een  th e  o b se rv e d  and 

th e  c a l c u l a t e d  p o t e n t i a l  o f  th e  c e l l .

W ith such  s m a ll  v a lu e s  a s  A E  r e p r e s e n t s ,  an  e x p e r i ­

m e n ta l check  o f  e q u a t io n  (2 5 ) w ould be  e x tre m e ly  d i f f i c u l t .  A 

c o l l e c t i o n  o f s u i t a b l e  d a ta  w ou ld , how ever, be  o f  v a lu e  n o t  

o n ly  i n  c h e c k in g  t h i s  e q u a t io n  b u t  a ls o  i n  f u r t h e r  s u b s ta n ­

t i a t i n g  Gibbs* e q u a t io n  w hich h a s ,  f o r  so lo n g , b e e n  th e  ob­
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j e c t  o f  e x p e r im e n ta l  v e r i f i c a t i o n  due t o  t h e  d i f f i c u l t y  i n  

f in d in g  a  means o f  m e a su rin g  th e  a c t u a l  s u r f a c e  c o n c e n tr a ­

t i o n s .  I f  s u r f a c e  e f f e c t s  o f  t h e  e le c t r o d e s  c o u ld  be  s u i t ­

a b ly  i s o l a t e d  from  o th e r  c u r r e n t -p r o d u c in g  p r o c e s s e s ,  t h i s  

v o l ta g e  m ethod w ould a f f o r d  an  e x c e l l e n t  m easu re  o f  s u r f a c e  

c o n c e n t r a t io n s .
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TABLE I

S u r fa c e  T e n s io n  o f  Some* Amalgams

M eta l o' \ cm. / M e ta l o '
V cm. /

Hg 410 Zn 0 .0 0 9 9 2 411

0 .0 1 6 5 412

K 0 .0 0 1 6 4 392 0 .0 7 0 1 415

0 .00289 368 0 .1 2 1 0 417

0 .00540 326 0 .1 5 3 419

0 .0 1 2 3 296 0 .3 6 0 420

0 .0 2 5 2 289 0 .8 8 0 420

0 .0 2 5 7 286

0 .0 8 3 0 282 Cd 0 .0 0 7 4 4 409

0 .0 9 1 8 283 0 .0 1 7 4 408

0 .1 7 8 2 '2 8 4 0 .0 7 0 0 407

0 .6 1 0 406

Na 0 .0 0 3 0 5 386 0 .8 2 2 406

0 .0 0 5 3 7 368

0 .0 1 3 0 356 Ba 0 ,00287 407

0 .0 1 6 7 354 0 .0 0 5 4 8 398

0 .0 3 3 2 348 0 .0 0 7 3 5 392

0 .0 3 6 9 337 0 .0 1 5 0 384

0 .0 5 2 3 328 0 .0 4 2 2 366

0 .09112 337 0 .1 1 5 4 356

* See f o o t n o te ,  p .  39 .
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SURFACS TENSION VS. CONCENTRATION OF AMALGAMS*

4 5 0
Za Co

400

350

300

200 o.m 0,500 C a /v % .

P hc. 1.

FIGURE 1

* T hese  d a ta  a re  due t o  V.K. Sem enchenko, B .P . B e r in g , N .L . 
P o k ro v s k ii  and E .E . S h v a rev a  (3 8 ) .  A more co m p le te  t a b l e  
ap p ea rs  i n  t h e i r  a r t i c l e  in c lu d in g  such a d d i t i o n a l  m e ta ls  a s  
Cs, R b, L i ,  S r ,  Mg, Ag, Cu, P b , S n , B i and  Co.

\
\
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