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CHAPTER I

INTRODUCTION, PRINCIPLE OF EXPERIMENTS, AND 

PRELIMINARY EXPERIMENTS

In tro d u c t io n

M eta ls  a re  commonly a s s o c ia te d  w ith  oxygen i n  o r e s .  A lthough 

th e  n a tu r a l ly  o c c u rr in g  m in e ra ls  a re  o f te n  v e ry  complex, th e  ch em is try  

o f  m e ta l l ic  o x id es  i s  o f  g r e a t  im portance  in  th e  s tu d y  o f  p ro c e ss  

m e ta llu rg y . Throughout m ost m e ta l lu r g ic a l  p ro c e sse s  th e  r e d u c tio n  o f  

m e ta l l ic  o x id es  and th e  c o n t r o l  o f  oxygen p a r t i a l  p re s s u re  a r e  o f  

param ount c o n s id e ra t io n . When complex o x id es  system s a re  s u b je c te d  t o  a 

lew oxygen p a r t i a l  p re s s u re  a t  e le v a te d  te m p e ra tu re , two im m isc ib le  

l i q u id  p h ases  g e n e ra l ly  a r e  form ed. One p h ase , o f te n  d e s ig n a te d  a s  th e  

s la g ,  c o n s is t s  o f  a  s o lu t io n  o f  h ig h ly  s ta b le  m e ta l o x id e s , w h ile  th e  

o th e r  i s  a  m e ta l l ic  s o lu t io n  form ed from th e  m e ta ls  w ith  l e s s  s ta b le  

o x id e s . From t h i s  s im ple  d e s c r ip t io n  o f  a  b ro ad  c la s s  o f  m e ta l lu rg ic a l  

p ro c e s s e s , i t  i s  c le a r  t h a t  a  th o ro u g h  knowledge o f th e  chem ical 

s t a b i l i t i e s  o f  m e ta l l ic  o x id e s  and  th e  chem ical p o te n t i a l s  o f  components 

w ith in  m e ta l l ic  s o lu t io n s  i s  e s s e n t i a l  t o  m e ta l lu r g i s t s .  T h is i s  

e s p e c ia l ly  c le a r  when one re c o g n iz e s  t h a t  th e  m e ta l lu r g is t  must s e le c 

t i v e l y  e x t r a c t  one o r  more m e ta ls  from th e  complex s t a r t i n g  system . 

A lthough th e r e  a re  many o th e r  v a r i a b le s  and d e s ig n  f a c to r s ,  te m p e ra tu re , 

oxygen p a r t i a l  p re s s u re ,  and  ch em ical p o t e n t i a l s  o f  m e ta l l ic  components 

a r e  m ajor c o n tro l  f a c t o r s .



T h erefo re , a  number o f  in v e s t ig a t io n s  have been devoted  to  th e  

s tu d y  o f th e  therm odynam ics and k in e t i c s  o f o x id a tio n -re d u c tio n  r e a c t io n s  

o f m etal-oxygen sy stem s. The s ta n d a rd  f r e e  e n e rg ie s  o f fo rm atio n  of 

many m eta l o x ides have been  determ ined  by numerous in v e s t ig a to r s .  The 

s tan d a rd  f re e  en erg y  in d ic a te s  th e  r e l a t i v e  s t a b i l i t y  o f th e  ox ides 

u nder c e r ta in  r e s t r a i n t s .

R ecen tly , E l l i o t t  and G le is e r^  have p u b lish e d  an e x c e l le n t  com

p i l a t io n  of thermodynamic d a ta  w hich in c lu d e s  th e  p ro p e r t ie s  o f  many 

m eta l o x id e s . The ch em ica l p o te n t ia l s  o f  components in  m e ta l l ic  so lu 

t io n s  have been s tu d ie d  e x te n s iv e ly  a ls o  and th e  re a d e r  i s  d ire c te d
2

tow ard th e  co m p ila tio n  o f  Kubaschewski f o r  a  thorough tre a tm e n t.

The in te n t io n  o f  t h i s  d i s s e r t a t i o n  i s  to  p re se n t an ex p erim en ta l 

approach which i s  o f  c o n s id e ra b le  v a lu e  in  s tu d y in g  m etal-oxygen 

system s. In  p a r t i c u l a r ,  i t  i s  shown t h a t  e le c tro m o tiv e  fo rc e  measure

ments on s u i ta b ly  c o n s tru c te d  oxygen c o n c e n tra tio n  c e l l s  can be used  to  

determ ine ( l )  th e  s ta n d a rd  f r e e  energy  o f  fo rm atio n  o f m eta l o x id es;

(2 ) th e  chem ical p o t e n t i a l s  o f  components w ith in  l iq u id  m e ta l l ic  so lu 

t io n s ;  and (3 ) th e  oxygen p a r t i a l  p re s su re  i n  complex gas m ix tu res  

in c lu d in g  CO, C02 , Hg, and 

th e  s u i t a b i l i t y  o f t h i s  tech n iq u e  in  o th e r  system s and s i tu a t io n s .  In  

p a r t ic u la r ,  th e  p re se n t work w i l l  p re se n t d a ta  o b ta in ed  f o r  s e v e ra l  

m e ta l o x id es, f o r  th e  a c t i v i t y  o f  t i n  in  l iq u id  t i n - l e a d  a l lo y s ,  and f o r  

an o r ig in a l  oxygen gauge d e s ig n .

HgO. O ther authors"^ have dem onstrated



E x p erim en ta l P r in c ip le

An oxygen c o n c e n tr a t io n  c e l l  c o n s is t s  o f  two e le c t r o d e s  s e p a ra te d  

by an  e l e c t r o l y t e  th ro u g h  w hich  th e  t r a n s f e r e n c e  o f  e l e c t r i c a l  charge i s  

accom plished  p red o m in a n tly  by th e  m ig ra t io n  o f  oxygen io n s .  

S c h e m a tic a lly , th e  c e l l  can be shown a s  fo llo w s :

e
I

b

E le c t r o ly te

E x te rn a l  e le c t r o n  
S’ co n d u c to r
f

0=

The e l e c t r o n  flo w in g  th ro u g h  th e  c i r c u i t  i s  m atched by 0 m ig ra tio n
5 ,6 ,7 ,20,21 t h a t  th e  ZrO^ -  CaO s o l i d  e l e c t r o -I t  has been  known

ly t e  p ro v id e s  p u re  oxygen an io n  co n d u c tio n  due t o  oxygen v a c a n c ie s  a t  

h igh  te m p e ra tu re s .  Thus, th e  s tu d y  o f  th e  oxygen c o n c e n tra t io n  c e l l  

w ith  t h i s  e l e c t r o l y t e  may have g r e a t  s ig n if ic a n c e  i n  m e ta l lu r g ic a l  

r e s e a rc h  a t  h ig h  te m p e ra tu re  (above 600°C ).

As exam ples o f  th e  a p p l ic a t io n  o f  t h i s  a n io n  co n d u c to r to  th e  

r e s e a r c h ,  th e  fo llo w in g  s e v e ra l  ty p e s  o f  m easurem ent a re  c o n c e iv a b le .

1 .  M easurement o f  th e  s ta n d a rd  f r e e  en erg y  o f  fo rm a tio n  o f  

v a r io u s  m e ta l o x id es  a t  e le v a te d  te m p e ra tu re  from th e  s ta n d a rd  f r e e  

en erg y  o f  th e  r e a c t io n  betw een th e  m e ta l and th e  ox id e  o f  a  d i f f e r e n t  

m e ta l .  T h is  m ethod was u se d  by K iukkola and Wagner^ u s in g  th e  fo llo w in g  

ty p e  o f th e  c e l l .

E le c tro d e  I  E le c tro d e  I I

M etal I t s
Oxide

Zr02 -  CaO 
E le c t r o ly te  

  EMF------

M etal
B

I t s
Oxide



In  th e  case  t h a t  a l l  su b stan ces a re  in  s o l id  s ta te  and th e  

chem ical e q u ilib r iu m  i s  a t t a in e d  a t  b o th  e le c tro d e s ,  th e  EMF i s  sim ply  

determ ined  by th e  e q u a tio n

A ? 0  = -NE^F (1 )

where >aF° i s  th e  d if fe re n c e  between th e  s tan d a rd  f re e  energy  o f 

fo rm atio n  o f b o th  th e  m eta l o x id es .
,, „ . „ o

( 2 )

At E le c tro d e  I I  Mg + 0 = MgO

At E le c tro d e  I  M̂  + 0 = M̂ O

(3 )

ma  + H b° = Mb +  ma 0 + ¥>  w

In  th e  p re se n t work, th e s e  s tan d a rd  f r e e  e n e rg ie s  were m easured

in  th e  tem p era tu re  range o f  700° to  1200°C f o r  th e  r e a c tio n s

CUgO + Ni = 2Cu + NiO

NiO + Fe = FeO + Ni

FbO + 1 /2  Sn = Pb + l/2SnO ,

(5)

(6 ) 

(7)

From A F°, a  F^ can be o b ta in ed , i f  ^ F g  i s  known and v is a  v e rsa , w ith

more accu racy  th a n  w ith  some o f th e  co n v en tio n a l m ethods.

2 . A c tiv i ty  measurement o f a l lo y  o r s la g  system s a t  s o l id  o r 

l iq u id  s t a t e .

To m easure th e  a c t i v i t y  o f a  m eta l in  s o l id  o r l iq u id  a l lo y

system , th e  fo llo w in g  G alvanic c e l l  i s  co n ce iv ab le .

M  ̂ = Mg A lloy Zr02 -  CaO
ma + ma°  [■

+ Ma0 A

E le c tro d e  I  E le c tro ly te  E lec tro d e  I I

------------------------------------------   EMF---------------------------------------- -



An e x p re ss io n  fo r  th e  EMF can be o b ta in ed  from th e  c o n s id e ra tio n  o f th e  

e q u ilib r iu m  e x is t in g  w ith in  each e le c tro d e .

MA + 0 = Ma0 ( 8 )

k = - T ^ -  <9)
MA 0

The a c t i v i t y  o f oxygen on th e  r ig h t  s id e  o f th e  c e l l  eq u a ls

aMAO _ _1_ 
a° r ig h t  ~ ^MA = K (10)

i f  Ma  and MA0 e x i s t  in  pure s ta te  w ith  u n i t  a c t i v i t y .

F urtherm ore,

aM.O A
3° l e f t  ^  (a l lo y )  K a ^  (a l lo y ) (11)

The a c tu a l  c e l l  r e a c t io n  may be expressed  a s  an oxygen c o n c e n tra tio n  

c e l l .

° l e f t  ( in  a l l0 y  + MA0) -------------  ° r ig h t  ( in  MA + MA°> (12)

4 F = NEn c? -  NE^f = RT In  (13)
0 O ( le f t)

E = ^  In  aM (a l lo y )  (14)
A

The same d isc u s s io n  i s  v a l id  in  m easuring th e  a c t i v i t y  o f th e  s la g  

.system . In  th e  p re se n t work, th e  m olten l e a d - t in  system has been s tu d ie d .

3 . D ire c t measurement o f  a c tu a l  oxygen p o te n t ia l  i n  h igh  

te m p e ra tu re  atm osphere.

S ince  th e  method used  in  th e  p re se n t work i s  th e  oxygen concen

t r a t i o n  c e l l  and EMF i s  v e ry  s e n s i t iv e  to  th e  ex p erim en ta l atm osphere,



i t  may be p o s s ib le  to  m easure th e  oxygen p o t e n t i a l  i n  a h ig h  tem p e ra tu re  

gas w ith  th e  a p p ro p r ia te  te c h n iq u e .

In  th e  p re s e n t  work, th e  fo llo w in g  oxygen c o n c e n tr a t io n  c e l l s  

have been  c o n s tru c te d  to  m easure th e  oxygen p re s s u re  i n  h ig h  te m p e ra tu re  

g a se s , and c a l ib r a t io n  cu rv es  o f  EMF a g a in s t  gas co m p o sitio n  have been  

o b ta in e d  w ith  good r e p r o d u c ib i l i ty .

C0:C02 : FeO • Pt CaO * ZrO„ Fe • FeO Pt

C0:C02 I FeO • Pt

C0:C02 : P t

ZrO„

EMF

CaO Cu

EMF

Cu2 0 Pt

Zr02 • CaO Ni • NiO 

EMF --------

Pt

A ir o r  :
02 + A i " ZrO. CaO Ni • NiO 

EMF--------

P t

The p a r t i a l  p re s s u re  o f oxygen in  th e  r ig h t - h a n d  s id e  e le c t r o d e s  i s  

d e te rm in ed  by th e  e q u il ib r iu m  oxygen p re s s u re  o f th e  m e ta l ox ide  and 

m e ta l, and th e  EMF may be d i r e c t l y  d e te rm in e d  by th e  oxygen p re s s u re  in  

th e  gas on th e  le f t - h a n d  s id e  e le c t r o d e .  The d e t a i l s  w i l l  be shown i n  

C hap ter I I I .

P re lim in a ry  E xperim ents

The o b je c t iv e s  o f  th e  p re l im in a ry  ex perim en t a r e  (1 ) t o  d e term in e  

th e  perform ance o f  th e  com m ercial s t a b i l i z e d  z i r c o n ia  a s  a pure an io n  

c o n d u c to r; ( 2 ) t o  check w hether th e  gas c le a n in g  t r a i n  w orks s a t i s 

f a c t o r i l y ;  and (3 ) t o  de term ine th e  g e n e ra l  c h a r a c t e r i s t i c s  o f  th e



oxygen c o n c e n tra tio n  c e l l  te c h n iq u e . The EMF a s  a  fu n c tio n  o f tem per

a tu re  has been s tu d ie d  f o r  th e  fo llo w in g  c e l l s .

Pt | Fe • FeO | Zr02 -  CaO | Ni • NiO | P t |

Pt | Ni • NiO | Zr02 -  CaO | Cu • Cu20 | P t |

Pt \ Pb • FbO I Zr02 -  CaO | Sn • Sn02 | P t |

E xperim en tal a p p a ra tu s . The schem atic diagram  o f  th e  experim ent 

i s  shown in  F igu re  1 and Photograph 1 . The a p p a ra tu s  c o n s is ts  o f  (1 ) gas 

c le an in g  and c o n tro l l in g  t r a in s ,  (2) G lobar fu rn a c e , (3 ) e l e c t r i c  power 

so u rce , and (*0 EMF m easuring c i r c u i t .

The gas t r a i n s  have th r e e  independent t r a i n s ,  i . e . ,  f o r  carbon 

monoxide, carbon d io x id e , and argon . For th e  p re lim in a ry  ex p erim en ts , 

o n ly  th e  t r a i n  f o r  argon was u sed .

Commercial argon was c lean ed  th rough  (1 )  i ro n  and t i ta n iu m  ch ip s  

h e ld  a t  700 t o  80°C, (2 ) c o n ce n tra ted  HgSO^, and (3 ) CaCl2 and anhydron. 

The flow  r a t e  was re g u la te d  by a  c a p i l l a r y  flo w  m eter and b u b b lin g  

b le e d e r .

F ig u re s  2 and 3 show th e  diagram  o f th e  fu rn a c e , r e a c t io n  chamber, 

and oxygen c o n c e n tra tio n  c e l l s .  The r e a c t io n  chamber i s  a  pure alum ina 

c y lin d e r  w ith  w a te r-c o o le d  b ra s s  end cap s . The dim ensions o f  th e  

c y l in d e r  a re  1 .8  in c h e s  o u ts id e  d iam eter and 36 in c h e s  lo n g .

The c e l l  was supported  by th e  low er p o rc e la in  tu b e , and argon gas 

was in je c te d  by a q u a r tz  tu b e  in  o rd e r  to  p re v e n t m ixing o f th e  atmos

ph ere  betw een th e  two e le c t ro d e s .

The com plete c le a n in g  of argon and th e  method o f th e  argon  

in je c t i o n  a re  v e ry  im p o rtan t in  o b ta in in g  a  s ta b le  and  c o n s is te n t  EMF.



The tem p e ra tu re  was m easured by a P t -P t  10# Rh therm ocouple  w hich 

was p o s i t io n e d  j u s t  below th e  c e l l ,  and th e  te m p e ra tu re  o f th e  fu rn a c e  

was c o n t r o l le d  by an  o u ts id e  therm ocouple c o n n ec ted  to  an  au to m atic  

r e g u la to r .  The f lu c tu a t io n  o f th e  m easured te m p e ra tu re  was le s s  th a n  

+ 1°C a t  700° to  1200°C. The EMF o f th e  c e l l  was m easured by a  po ten 

t io m e te r  w ith  an e x te r n a l  G alvanom eter, a  s ta n d a rd  c e l l ,  and a  s to ra g e  

b a t t e r y .  The EMF co u ld  be m easured t o  + 0 .00001  v o l t .

The in s id e  p re s s u re  o f  th e  r e a c t io n  chamber was alw ays m a in ta in e d  

ab o u t 3 .0  cm Hg h ig h e r  th a n  th e  a tm o sp h eric  p r e s s u re  t o  p rev en t th e  back  

d i f f u s io n  o f th e  o u ts id e  a i r .

P re p a ra t io n  o f th e  c e l l s  and e x p e r im e n ta l p ro c e d u re .  A diagram  

o f  th e  c e l l s  i s  shown i n  F ig u re  3* The ZrOg -  CaO e l e c t r o l y t e  t a b l e t  was 

p re p a re d  from th e  s t a b i l i z e d  z i r c o n ia  powder o f  m inus one hundred m esh. 

The com position  o f  th e  s t a b i l i z e d  z i r c o n ia  i s  93*68# + 0 .7 #  ZrO^, 5»00#

+ 0 .0 1 #  CaO, TiOg 1 .0 # , and 0 .0 7 #  ig n i t i o n  l o s s .  A ll  m e ta l powders 

and ox ide  powders used  w ere ch em ica lly  pu re  and o f  -1 0 0  mesh. D iscs o f 

Ni -  NiO w ere p rep a re d  by  th o ro u g h ly  m ix ing  2 .0 0 0  gm o f  each  and 

com pacting i n  a  d ie  one in c h  in  d ia m e te r . D isc s  o f  Cu -  CugO were 

s im i la r ly  p re p a re d . The d is c s  w ere th e n  p re s s e d  to g e th e r  a t  a  p re s s u re  

o f 1^ .000  p s i  to  form th e  c e l l  NiO • Ni I Zr02 • CaO I Cu • Cu2 0 w ith  a  

r e c ta n g u la r  p la tin u m  sh e e t and le a d  w ire  on b o th  ends o f  th e  com pact.

As a  b in d e r ,  a  sm a ll amount o f w a te r  o r  a lc o h o l  was sometim es u se d .

F or th e  I FeO • Fe I Zr02 -  CaO | Ni • NiO I c e l l ,  th e  m ix tu re  o f  

Fe and  FeO was stam ped in to  th e  p u re  alum ina c r u c ib le  and covered  by  th e  

z i r c o n ia  powder. The m ix tu re  o f  Ni and NiO was stam ped in to  th e  s t a b i l 

iz e d  z i r c o n ia  c r u c ib le ,  th e  o u ts id e  d iam e te r  o f  w hich i s  sm a lle r  th a n
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(1) H2S04
(2) Cu Cl2
(3) Anhydrous
(4) Pt A sbcsto tF u rnace
(5) Soda-L im e
(6) M agnesium  pc rch lo rid c
(7) Sodu-Lim e
(8) P20 5

( 9) B leeder
<10) C ap illary  F low m eter
(11) Gas m ixer
(12) M anom eter
(13) M ercury  p re s s u re  c o n tro lle r
(14) C alib ration  C y linder fo r 

G;is F low -ra te
(15) Fe & T i Chip F u rnace  (7»l)-tf0f)°C)

F ig . 1 . Schem atic Diagram o f  Experim ental Apparatus



Photo. 1 . G eneral View o f th e  E xperim ental A ppara tus.
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Observotion Hole

— Woter-Cooled B rass  Cop
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F ig . 2 . Schem atic Diagram o f  R eaction  Chamber
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F ig . 3* Three Types o f  Oxygen C oncen tra tion  C e l ls .



th e  in s id e  d iam e te r o f  th e  alum ina c r u c ib le .  The two c ru c ib le s  were 

th e n  assem bled a s  shown i n  F ig u re  3» The le a d  w ire  was nichrom e, covered  

w ith  alum ina i n s u l a t o r s ,  w hich i s  s ta b le  i n  th e  p resen ce  o f Ni and Fe 

powder.

For th e  I Fb • FbO I Zr02 -  CaO | Sn • SnO^ | c e l l ,  a s im i la r  

arrangem ent was u se d  a s  i n  th e  case  o f  I FeO • Fe I ZrO^ -  CaO I Ni -  

NiO I c e l l .  However, th e  le a d  and t i n  w ere i n  a g ra n u la te d  s t a t e  and 

th e  le a d  w ire  was p la tin u m  w hich i s  s ta b le  in  th e  p resen ce  o f  Fb and Sn. 

The le a d  and t i n  form s a homogeneous m elt a t  th e  e x p e rim en ta l te m p e ra tu re .

The c e l l  was s e t  in to  th e  r e a c t io n  chamber. The e l e c t r i c  power 

o f th e  fu rn a ce  was tu rn e d  on a f t e r  f lu s h in g  i n  th e  r e a c t io n  chamber w ith  

a rgon  gas p assed  th ro u g h  th e  c le a n in g  t r a i n .  The c e l l s  were k ep t a t  a  

g iven  tem p era tu re  f o r  1 t o  2 h o u rs  to  a t t a i n  e q u ilib r iu m  a t  b o th  

e le c t r o d e s .  When th e  EMF s ta b i l i z e d ,  b o th  th e  tem p era tu re  and th e  EMF 

were re a d  w ith  th e  p o te n tio m e te rs  s e v e ra l  t im e s .

R e s u lts  o f  th e  Experim ents

The r e s u l t s  o f  th e  EMF m easurem ents a re  g iv en  i n  T ables 1, 2, and 

3 f o r  th e  th r e e  d i f f e r e n t  ty p e s  o f  oxygen c o n c e n tra tio n  c e l l s .  The 

m easured EMF i s  th e  d if f e r e n c e  o f th e  s ta n d a rd  f r e e  en erg y  o f fo rm a tio n  

o f th e  o x id es  a t  b o th  e le c t r o d e s .  T h e re fo re , th e  EMF g iv es  t h i s  

d i f f e r e n c e  by  th e  e q u a tio n

>3F° = -nEc? (15)

The 4 F0 | s a r e  shown in  F ig u re s  5, and 6 . In  th e  f ig u r e s ,  a F ° ,  th e  

s ta n d a rd  f re e  en e rg y  c a lc u la te d  from E l l i o t  and G l e i s e r 's  d a ta^  o f  th e



s ta n d a rd  f r e e  energy  o f  fo rm a tio n  o f  m e ta l o x id e s , i s  shown fo r  

com parison . The p re s e n t  r e s u l t s  ag re e d  w ith  them w ith in  0 .5  K c a l .

From th e se  f ig u r e s ,  th e  fo llo w in g  -aF° v a lu e s  a re  o b ta in e d :

NiO + 2Cu = Cu2 0 + Ni (16)

^ F °  = 15,400 -  2 .870  T (°K) (700° -  1050°C) (17)

FeO + Ni = NiO + Fe (18)

•a F° = 5,280 + 5 .8 8  T (°K) (700° -  1200°C) (19)

■§5n02 + Pb = FbO + -|Sn (20)

a F° = 15,550 -  0 .1 5 0  T (°K) (600° -  850°C) (21)

The s ta n d a rd  f r e e  e n e rg ie s  o f  fo rm a tio n  o f th e  o x id es  may n o t be 

p re se n te d  h e re  w ith  th e  l im i te d  number o f  ex p e rim en ts . The f r e e  e n e rg ie s  

o f the  above r e a c t io n s  ag ree  w ith  th e  c a lc u la te d  values,'* ' i f  th e  

a c c u ra c ie s  o f  th e  s tan d a rd  f r e e  e n e rg ie s  o f  formation'*' o f  FeO, NiO, Cu20,

SnOg, and PbO a re  c o n s id e red  w hich a r e  47 ,550  c a l ,  35,910 c a l ,  23,300

c a l ,  89,150 c a l  and 28,750 c a l ,  r e s p e c t iv e ly ,  a t  1000°K.

The f r e e  energy  o f th e  fo rm a tio n  o f w u s t i te  i s  based  upon th e
8 9in v e s t ig a t io n s  by  Humphrey, King, and  K ellog , Darken and G urry,

Dingmann, K irsc h t, and W esselkack ,^*  Gokcen,^* and by C oughlin, King,
12and Bonnickson and th e  a c cu ra cy  i s  v e ry  good. However, th e  s ta n d a rd

f r e e  e n e rg y  o f fo rm atio n  o f  CUgO b ased  upon K iukkola and Wagner^ d a ta

d i f f e r e d  by abou t 500 c a l  from  th e  r e s u l t s  o b ta in e d  by th e  gas

e q u ilib r iu m  m e a s u r e m e n t s ^ * w h i c h  had a  s c a t t e r  o f abou t 1000 c a l .

The f r e e  e n e rg ie s  o f fo rm a tio n  o f  PbO and Sn02 a re  based  on th e  
3

t a b le s  by Coughlin^ w hich may have much more in ac cu ra c y  th a n  th e  above 

c a s e s . T h e re fo re , th e  d e v ia t io n  o f l e s s  th a n  500 c a l  in  th e  p re se n t 

r e s u l t s  may n o t be c o n s id e re d  t o  be s ig n i f i c a n t .



Using th e  same method, F o s te r  m easured th e  s ta n d a rd  f r e e  energy  

o f fo rm atio n  o f tan ta lu m  o x ides w hich a ls o  has some d e v ia t io n  from th e  

c a lc u la te d  v a lu e s . T h e re fo re , th e r e  may be some ty p e  o f  p o la r iz a t io n  o r 

some degree o f  e le c t r o n  conduction  in  th e se  c e l l s .  N e v e rth e le ss , t h i s  

f a c t  i s  no t s ig n i f ic a n t  f o r  th e  p re s e n t  s tu d y  in  w hich a b so lu te  v a lu e s  

o f  EMF a re  l e s s  im p o rta n t.

At th e  co n c lu s io n  o f th e  p re lim in a ry  experim en t, i t  was determ ined  

th a t  th e  commercial s ta b i l i z e d  z i r c o n ia  works s a t i s f a c t o r i l y  as  an an io n  

co n d u c to r.
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TABLE 1 .  EMF MEASUREMENT ON

N i • NiO | Z r02 -  CaO | Cu2 0 • Cu I CELL

Tem perature EMF <AF°

773°C 2 6 9 .8  mV 12,440 c a l

763 270 .7 12,480 c a l

761 270 .3 12,470 c a l

764 269 .9 12,450 c a l

768 269*6 12,430 c a l

835 263 .7 12,160 c a l

835 263 .7 12,160 ca l

835 263 .8 12,160 c a l

835 263 .8 12,160 c a l

835 263 .8 12,170 c a l

935 258.O 11,900 c a l
940 257 .7 11,880 c a l
940 257 .9 11,890 c a l
940 257 .9 11.890 c a l
940 257 .9 11,890 c a l

1037 251 .9 11,620 c a l
1038 251 .8 11,610 c a l
1038 251 .9 11,610 c a l

1037 251 .9 11,620 c a l

1037 252.O 11,620 c a l

1037 252.O 11,620 c a l
1170 250 .7 11,560 c a l

1167 250 .8 11,570 c a l
1167 250 .9 11,570 c a l

1163 251.O 11,580 c a l
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TABLE 2 .  EMF MEASUREMENTS ON

| Fe • FeO I Zr02 -  CaO I N i • NiO I CELL

Temperature EMF -AF°

700°C 235.4 mV 10.860 c a l
700 235.9 10,880
700 236.0 10,880
700 236.0 10,880

803 255.5 11,780
800 255.3 11,770
800 255.4 11,780
800 255.3 11,770
800 255.7 11,780

894 268.2 12,370
896 268.2 12,370
897 268.6 12,390
898 268.7 12,390
897 268.7 12,390
897 268.6 12,380

987 271.7 12,530
987 272.6 12,570
987 271.7 12,530

1094 286.3 13.200
1094 286.6 13,220
1095 286.8 13,230
1095 286.9 13,230
10 95 287.0 13.230

1194 301.2 13,890
1195 301.2 13.890
1195 301.2 13.890
1194 301.0 13,880
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TABLE 3 .  EMF MEASUREMENTS ON

I Sn • S n 02 I Z r02 -  CaO | Pb • PbO | CELL

Tem perature EMF <aF°

778 C 334.6  mV 15.430 c a l
778 334.8 15,440
778 334.7 15,440
778 334.9 15,440
778 335.0 15,450

721 335.0 15,450
721 335.0 15,^50
721 335.1 15,450
721 334.9 15,440

670 333.3 15,370
670 333.1 15,360
67 0 333.1 15,360
670 332.9 15,350

620 331.8 15,300
622 331.9 15.310
622 331.9 15.310
622 331 .8 15.300

842 332.1 15,310
842 332.1 15,360
842 332.2 15,320
842 331.8 15.300
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CHAPTER I I

ACTIVITY MEASUREMENTS OF LIQUID IE AD-TIN ALLOYS

S yn o p sis

The a c t i v i t y  o f  t i n  has  b een  m easured a t  700°C, 800°C, and 900°C 

by th e  oxygen c o n c e n tra t io n  c e l l  te c h n iq u e . The a c t i v i t y  o f t i n  d e v ia te s  

i n  a  p o s i t i v e  d i r e c t io n  from i d e a l i t y ,  w ith  th e  d e v ia t io n  in c re a s in g  

w ith  d e c re a s in g  te m p e ra tu re . The a c t i v i t y  o f le a d  was o b ta in e d  by th e  

Gibbs-Duhem e q u a tio n  and  a ls o  shows a  p o s i t iv e  d e v ia t io n  from  i d e a l i t y .  

The f r e e  en erg y  o f  s o lu t io n  o f th e  l e a d - t i n  system  a s  w e l l  a s  th e  ex cess  

f r e e  en e rg y  o f  s o lu t io n  was c a lc u la te d .  A lso, th e  p a r t i a l  m o la l f r e e  

e n e rg ie s  o f  le a d  and t i n  w ere c a lc u la te d .

E x p e rim e n ta l A pparatus

The d e t a i l s  o f  th e  e x p e r im e n ta l a p p a ra tu s  have a l r e a d y  been shown

i n  th e  p re v io u s  c h a p te r .  However, a  q u a r tz  tu b e  was u s e d  to  i n j e c t  th e

o x y g en -free  a rg o n  gas o n to  th e  c r u c ib le  com b in atio n  t o  p re v e n t m ixing 

w ith  th e  e le c t r o d e  a tm osphere .

F ig u re  3 (c )  shows th e  c e l l  assem bly , i n  w hich  p u re  t i n  m e ta l and 

t i n - l e a d  a l l o y  a r e  s e p a ra te d  by th e  z i r c o n ia  c r u c ib l e .

P re p a ra t io n  o f  C e lls  and  E x p e rim en ta l P rocedure

For th e  a c t i v i t y  m easurement o f  t i n  in  m o lten  l e a d - t i n  a l lo y s ,  

2 0 .000  gm o f  le a d  and t i n  m ix tu re  w ere p re s s e d  i n t o  a  t a b l e t  1 .0  in c h  in

d ia m e te r  and th e n  s e t  in to  th e  alum ina c r u c ib le .  The c e l l  was

2 2
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Ipb -  Sn a l lo y  . Sn02 I ZrOg -  CaO I Sn • Sn02 I . The p re s s in g  of th e  

l e a d - t in  m ix tu re  in to  a  t a b l e t  was n ec e ssa ry  to  o b ta in  a  homogeneous 

m elt a t  th e  ex p erim en ta l tem peratu re*

The c e l l  was s e t  in to  th e  r e a c t io n  chamber* The e l e c t r i c  power 

was tu rn e d  on to  h ea t th e  c e l l  a f t e r  f lu s h in g  o u t th e  a i r  in  th e  chamber 

w ith  oxygen-free  argon g a s . When b o th  th e  tem p era tu re  and EMF were 

s ta b i l i z e d ,  th e y  were m easured s e v e ra l  tim es  by th e  p o te n tio m e te rs .

A fte r  co o lin g , th e  l e a d - t in  a l lo y s  were ch em ica lly  analyzed  by 

th e  s ta n d a rd  method o f ASTM, Ek6-56 ( t i n  a n a ly s is  by th e  io d im e tr ic  

t i t r a t i o n  m ethod). Accuracy o f th e  t i n  an a ly ses  was +0.3$>•

Some o f th e  ex p erim en ta l ru n s  were c a r r ie d  ou t in  a c ru c ib le  

made by th e  a u th o r from z ir c o n y l  n i t r a t e  to  compare th e  perform ances of 

th e  commercial c ru c ib le s  w ith  th e  home-made pure z irc o n ia - l im e  c ru c ib le s .  

The procedure f o r  p re p a rin g  th e  pure Zr02 -  CaO c ru c ib le  was a s  fo llo w s :

1 . Mixing o f  Zr0(N0^)2 s o lu t io n  (20$) and d i lu te  n i t r i c  a c id  

s o lu t io n  o f CaCO^.

2 . Drying i n  a  w a te r  b a th  and h e a tin g  a t  120°C fo r  two n ig h ts

to  decompose th e  ZrOfNO^Jg and v o l a t i l i z e  N02 g as.

3 . S in te r in g  a t  1350° t o  1400°C fo r  two days.

P ress in g  th e  s in te r e d  powder to  a 1 .0  in ch  d iam eter b lock

under 15,000 p s i .

5 . Boring th e  b lo ck  w ith  a  d r i l l  t o  form th e  c a v ity  and f in i s h 

in g  in to  a c ru c ib le  shape .

6 . S in te r in g  th e  c ru c ib le  a t  1500° to  1700° C in  a  h igh  frequency  

in d u c tio n  fu rn ace  u nder a  red u c in g  atm osphere fo r  3 h o u rs .

7 . S in te r in g  th e  c ru c ib le  a t  800° to  900°C f o r  1 t o  2 hours in  

an o x id iz in g  atm osphere to  o x id iz e  th e  adsorbed  carbon.



R e s u lts  o f  th e  E xperim en t

The r e s u l t s  o f  t h e  a c t i v i t y  m easurem ent a re  shown i n  F ig u re s  7*

8, and 9 a t  700°C, 800°C, and  900°C, r e s p e c t iv e ly ,  and a ls o  i n  T ab le s  **, 

5, and 6 .

F ig u re s  10 and  11 , r e s p e c t iv e ly ,  show th e  f r e e  energy  o f  m ix in g  

and th e  ex c e ss  f r e e  e n e rg y  o f  m ixing  o f  le a d  and  t i n .  F ig u re s  12 and 13 

show th e  m o la l f r e e  e n e rg y  o f  le a d  and t i n  and  th e  m o la l ex c e ss  f r e e  

en e rg y  o f  le a d  and t i n .  The a c t i v i t y  o f b o th  th e  le a d  and t i n  d e v ia te  

i n  a  p o s i t iv e  d i r e c t i o n  from  i d e a l i t y  and th e  degree o f  th e  d e v ia t io n  

in c re a s e d  w ith  d e c re a s in g  te m p e ra tu re .  The f r e e  en e rg y  o f s o lu t io n  o f  

th e  Fb -  Sn system  was c a lc u la t e d  by th e  e q u a tio n :

D isc u ss io n  o f  th e  R e s u l t s

As shown i n  F ig u re  1**, th e  s o - c a l l e d  0( p lo t  i n  th e  Gibbs-IXihem 

in t e g r a t i o n  was s c a t t e r i n g  v e ry  much because  th e  a c t i v i t y  c o e f f i c i e n t  o f  

t i n  i s  v e ry  c lo s e  t o  u n i t y  i n  th e  p r e s e n t  r e s u l t s .  T his means t h a t  any

*  ^  = RT<NPbln a Pb + NSnXnaSn> (2 2 )

The ex ce ss  f r e e  e n e rg y  o f  th e  s o lu t io n  was c a lc u la te d  by

. - e x c e s s (23 )

sm a ll f lu c tu a t i o n  o f  th e  g n ( a c t i v i t y  c o e f f i c i e n t )  v a lu e  r e s u l t s  i n  a  

v e ry  la r g e  d e v ia t io n  i n  th e  o( p lo t  a s  shown below .

1
—  because  l n ( l  ) =  £

i f  t  «  1 . (2*0
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TABLE 4 .  ACTIVITY MEASUREMENTS OF Pb -  Sn
SYSTEM AT ?00°C

Run No, NSn EMF (mV) a Sn V Sn

10 0.734? 8 .89 0.795 1.082

12 0.587? 14.9 0.701 1.193

13 0.2953 34 .1 0.443 1.501

16 0.1429 4 9 .1 0.310 2.167

1? 0.7236 10.3 0.783 1.082

2.1 0.07108 72 .2 0.179 2.517

24 0.1622 4 8 .9 0.310 1.913

30* 0 . 162? 49 .0 0.309 1.900

31* 0.3059 34 .2 0.441 1.441

32* 0.4232 24 .1 0.562 1.329

33* 0.5905 13.9 0.718 1.215

35* 0.1615 43 .3 0.355 2.195

40 0.6349 11 .9 O.752 1.184

41 0.7183 9 .0 0.806 1.123

42 O .8O35 7 .7 0.832 1.036

♦
For th e s e  ru n s , th e  pure  ZrOg -  CaO c r u c ib le s ,  which have been 

made by th e  a u th o r , v*re u sed .
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TABLE 5* ACTIVITY MEASUREMENTS OF Pb -  Sn 
SYSTEM AT 800°C

Run No. NSn EMF (mv) a
Sn I s n

12 0.53^7 21 .1 0.620 1.160

13 0.2953 4 2 .1 0.402 1.362

15 0.7665 11 .7 0.777 1.014

16 0.1429 68 .7 0.227 1.585

17 0.7236 12 .5 0.783 1.053

18 0.4282 32.2 0.498 1.164

19 0.8401 7 .5 0.849 1.010

20 0.6214 17 .4 0.686 1.104

21 0.07108 84.7 0.160 2.255

23 0.1625 68.2 0.229 1.407

24 0.1622 68.3 0.228 1.406

32* 0.4232 32 .1 0.500 1.181

35* 0.1615 66 .8 O.236 1.460

40 0.63^9 16 .2 0.704 1.108

41 0.7183 12.2 0.768 1.069

42 0.8035 8.5 0.832 1.035
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TABLE 6 . ACTIVITY MEASUREMENTS OF 
SYSTEM AT 9000 C

Pb -  Sn

Run No. NSn EMF (mV) aSn Ysn

36 0.1597 87.0 0.179 1 .121

37 0.3006 53.3 0.348 1.159

38 0.4205 38 .4 0.468 1.112

39 0.5427 27.5 O.58O 1.069

40 0.6349 2 2 .1 0.646 1.018

41 0.7183 15.2 0.740 1 .030

42 0.8035 10.3 0.816 1.016

Sn
Sn In r 2dN

N'Pb
Sn Pb

Sn N;Pb

(25)

* V
Vsn ® Sn

d Tc

2 ^ P b
NPb

f L
^Sn^ fen "

+ 2
dNPb
NPb

fo r  Ifsn  ^  1 *°

For exam ple, KSn = 1 .0 5 , d 

r e s u l t s  in

dN

(26)

(2?)

= 0.02 and N —  = 0.05
Pb

^ y s n
ifcn

= 0 .4  + 0 .1  = 0 .5 (28)
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The p re v io u s  s ta te m e n ts  r e s u l t  i n  th e  in h e re n t  in a c c u ra c y  o f th e  

c a lc u la t io n  o f th e  a c t i v i t y  o f le a d .  No a c t i v i t y  d a ta  a re  a v a i la b le  on 

th e  le a d  t i n  system  e x c ep t th e  c a lc u la te d  v a lu e  from  th e  Pb-Sn-Cd

and t i n  by  E l l i o t t  and Chipman i s  shewn by th e  broken l i n e s  i n  F ig u re  7» 

In  g e n e ra l, th e  Gibbs-Duhem c a lc u la t io n  o f a  t e r n a r y  s o lu t io n  i s  

v e ry  in a c c u ra te ;  th e r e f o r e ,  r e s u l t s  c a lc u la te d  by E l i o t t  and Chipman may 

be in c o r r e c t .  N e v e r th e le ss , t h e i r  c a lc u la te d  a c t i v i t y  seems t o  ag ree  

w ith  th e  p re se n t d a ta ,  a lth o u g h  th e  e x p e r im e n ta l te m p e ra tu re  i s  d i f f e r e n t  

by ab o u t 200°C.

In  o rd e r  t o  de term ine w hether th e  l e a d - t i n  a l lo y  i s  a  r e g u la r  

s o lu t io n  o r  n o t, th e  fo llo w in g  c o n d it io n s  sh o u ld  be c o n s id e re d .

1 . W hether OC i s  c o n s ta n t a t  a  g iv en  te m p e ra tu re  f o r  any 

com position  o f  a l lo y .

2 . W hether th e  fo llo w in g  r e l a t i o n  i s  s a t i s f i e d .

Both o f  th e  above c o n d itio n s  should  be s a t i s f i e d  f o r  a  r e g u la r  s o lu t io n .  

The p re s e n t  system  seems t o  s a t i s f y  c o n d i t io n  (1 ) b u t n o t (2 ) ,  and i t  

can be concluded  t h a t  th e  l e a d - t in  s o lu t io n  i s  n o t a  r e g u la r  s o lu t io n ,  

a lth o u g h  th e  f r e e  en erg y  o f m ixing seems a lm o st sym m etrica l a t  Np^ =

Ngn = 0.5» The second c o n d itio n  can be d e r iv e d  e a s i ly  from th e  d e f in i 

t i o n  o f  th e  r e g u la r  s o lu t io n  where th e  e n tro p y  o f  m ixing i s  id e a l  and 

h e a t  o f  m ixing i s  ind ep en d en t o f  te m p e ra tu re .

te r n a r y  d a ta  by E l l i o t t  and Chipman 18 The c a lc u la te d  a c t i v i t y  o f  le a d

(29)
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-  T ^ S M (30)

In  ^  = 0 ^ ,  In  1T2 = o<.h|

=* RT^NjNg'* + ^  lnN1 + NglnN^ (32)

(31)

(33)

(34)

= RT0( NxN2 (35)

“ A  ( - T T ^ - ’ P N A  -  BTd' Hi H2 = 0
(36)

The e f f e c t  o f oxygen in  l e a d - t i n  a l lo y s  on th e  a c t i v i t y  o f t i n  

o r  le a d  i s  assumed t o  be n e g l ig ib le ,  because th e  s o lu b i l i t y  o f oxygen in

d ecreased  from th e  charge  com position*

The EMF was v e ry  s e n s i t iv e  to  th e  atm osphere over th e  c e l l .  I f  

pu re  CO o r CO2 was mixed w ith  th e  a rgon  atm osphere, th e  EMF sp o n tan eo u sly  

d ec reased  o r  in c re a s e d ;  and i f  f*ire a rgon  flow ed over th e  c e l l ,  th e  EMF 

re tu rn e d  to  th e  o r ig i n a l  r e v e r s ib le  EMF v a lu e  in  a s h o r t  tim e .

In  a d d i t io n ,  fo u r  z i r c o n ia  c ru c ib le s  o f d i f f e r e n t  s iz e s  have been  

u se d  and one o f them was made by th e  p re se n t a u th o r  a s  d e sc rib e d  above. 

The EMF o b ta in e d  was c o n s ta n t r e g a rd le s s  o f th e  d if f e re n c e  in  th e  s iz e  

o f  th e  c r u c ib le s .  T h is  im p lie s  t h a t  th e  e f f e c t  o f m ixing o f  bo th

19l iq u id  le a d  has been  d e term ined  by Alcock to  be about 0.13 atom ic Jb a t

700°C, u s in g  th e  coulom braetric t i t r a t i o n s .  Thus, th e  e f f e c t  o f  th e

oxygen on th e  a c t i v i t y  o f  t i n  i s  assumed to  be n e g l ig ib le .
* ̂  oThe vapor p re s s u re  o f  t i n  i s  r a th e r  la rg e  (10 atm a t  692 C and 

IQ- 3 atm a t  809°C), th e r e f o r e ,  th e  f i n a l  t i n  c o n ten t i n  Fb-Sn a l lo y s  was



e le c t r o d e  a tm ospheres on th e  EMF i s  n e g l ig ib le  in  th e  p r e s e n t  a c t i v i t y  

m easurem ent.

From th e  above c o n s id e ra t io n s ,  th e  a u th o r  b e l ie v e s  t h a t  th e  

p r e s e n t  r e s u l t s  g iv e  th e  a c c u ra te  a c t i v i t y  o f  t i n  i n  l i q u i d  l e a d - t i n  

a l l o y s .  The f lu c tu a t io n  o f  th e  EMF was l e s s  th a n  + mV.

To s tu d y  th e  m o b ili ty  o f oxygen th ro u g h  th e  e l e c t r o l y t e ,  th e  

p o l a r iz a t io n ,  and th e  p o s s i b i l i t y  o f  coulom bm etric t i t r a t i o n ,  th e  

fo llo w in g  c e l l  was c o n s tru c te d .

 - j  Fb j Zr02 -  CaO j Sn • Sn02 j - - -
-------------------------------  EMF------------------------------

A f te r  hom ogen ization  o f th e  c e l l ,  an  e x te r n a l  p o t e n t i a l  o f  0 t o  900 mV 

was a p p l ie d  a t  628°C, and th e  c u r re n t was m easured . The r e s u l t s  o f  

th e s e  m easurem ents a r e  g iven  i n  F ig u re  15*

F ran  th e s e  m easurem ents, th e  r e v e r s ib le  EMF i s  d e te rm in ed  a t  ze ro  

c u r re n t  and  i s  r e v e r s ib le  w ith  r e s p e c t  to  th e  a p p l ie d  p o t e n t i a l s .  The 

r e v e r s ib l e  EMF was 2 3 8 .8  mV by th e  Galvanom eter and  2 4 3 .?  mV by th e  

m icroam m eter.

The s lo p e  o f th e  c u r re n t  v s .  th e  a p p lie d  p o t e n t i a l  cu rv e  g iv es  

th e  m o b i l i ty  o f  oxygen th ro u g h  th e  e l e c t r o l y te ,  and th e  e m p ir ic a l  

r e s i s t i v i t y 2 1 ’ 22 o f th e  c e l l ,  w hich i s  about 4 .5 9  x  lO ^ tfX a t 628°C. The 

c e l l  c u r r e n t  a t  th e  r e v e r s ib le  EMF a t  628°C was 5-90  j u  A and  d id  n o t go 

to  z e ro  due t o  p o la r iz a t io n ,  showing p o la r iz a t io n  was n o t e x i s t e n t  a t  

th e  r e v e r s ib l e  EMF.

From th e s e  r e s u l t s ,  i t  was shown th a t  th e  EMF i s  r e v e r s ib le  w ith  

r e s p e c t  t o  th e  a p p l ie d  p o te n t i a l  and th e r e  i s  no p o la r iz a t io n  a t  th e  

r e v e r s ib l e  EMF.



Then, an e x te rn a l  p o te n t ia l  o f  2 v o l t s  was a p p lie d  to  pump out 

th e  oxygen in  l iq u id  le a d  o r pump in  oxygen in to  l iq u id  le a d  from th e  

t i n  e le c tro d e  s id e  to  study  th e  p o s s i b i l i t y  o f th e  coulombmetric t i t r a 

t io n  a t  7 1 0 ^ + 5 ° . However, th e  q u a n t i ta t iv e  coulom bm etric t i t r a t i o n  was 

no t su c c e ss fu l because th e  oxygen p re s su re  over th e  l iq u id  le a d  could 

no t be c o n tro lle d .
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CHAPTER I I I

DIRECT MEASUREMENTS OF THE PARTIAL PRESSURE OF OXYGEN 

IN HIGH TEMPERATURE GASES

Synopsis

The p a r t i a l  p re s s u re  o f oxygen in  carbon m onoxide-carbon d io x id e  

and argon-oxygen have been  m easured a t  tem p era tu re s  o f 800°C, 900°C, 

1000°C, 1100°C and 1200°C by an oxygen c o n c e n tra tio n  c e l l  m ethod. The 

c e l l s  employed a r e  shown below :

1 . CO • C0o I FeO • Pt I Zr0o -  CaO I FeO • Fe I Pt
I II--------------------  EMF----------------- 1

2 . CO • C09 I P t I ZrO^ -  CaO | Ni • NiO I P t
I II-------------------- EMF  1

3 . CO • C0o : FeO - P t I Zr0o -  CaO I Cu • Cu,0 | P t

4 . | P t I Zr09 -  CaO Ni • NiO I P t
2 I 2 I

I--------------------  EMF------------------- 1

I t  was shown t h a t  t h i s  method i s  v e ry  conven ien t in  a n a ly z in g  d i r e c t l y

th e  gas co m p o sitio n  o f  CO and COg, o r Ar and 0^ a t  th e  e le v a te d

te m p e ra tu re s  a s  w e l l  a s  o f  o th e r  gas m ix tu re s . C a lib ra tio n  cu rv es  o f

EMF a g a in s t  gas com position  a re  p re se n te d .

41



In tro d u c tio n

In  th e  p re se n t c h a p te r , i t  i s  shown th a t  th e  oxygen c o n c e n tra tio n  

c e l l s  w ith  th e  s o l id  e l e c t r o ly te  o f ZrO^ -  CaO and w ith  th e  re fe re n c e  

e le c tro d e  o f a  powdered m ix tu re  o f a  pure m eta l and i t s  oxide can be 

u sed  a s  a conven ien t method o f an a ly z in g  d i r e c t ly  th e  com position  o f 

gases w hich have a  f ix e d  oxygen p re s su re  a t  th e  tem p era tu re  range o f 

800° to  1200°C. The p r in c ip le  o f th e  p re se n t method i s  g iven  by th e  

fo llo w in g  e q u a tio n :
pT ight

4 F  = - „ ? E = ^ l n - ^ -  (37)

2

f o r  th e  r e a c t io n :

0n ( in  P t e le c t ro d e )  s s  0 . , . ( in  Fe • FeO re fe re n c e  /PP\ 
l e f t  r ig h t  e le c tro d e )  (38)

f o r

G?  ! FeO • P t 1 ZrO, • CaO | Fe • FeO I Pt
c02 * I II------------------  EMF---------------------1

T h e re fo re , th e  d if f e re n c e  i n  th e  p a r t i a l  p re ssu re  o f oxygen a t  th e  

cathode and  th e  anode sim ply r e s u l t s  in  an e le c tro m o tiv e  fo rc e  accord

in g  to  th e  above e q u a tio n . In  a d d it io n , th e  p a r t i a l  p re s s u re  o f oxygen 

in  th e  re fe re n c e  e le c tro d e , Fe • FeO i s  f ix e d  by th e  e q u ilib r iu m  oxygen 

p re s su re  o f  th e  fo llo w in g  r e a c t io n .



To o b ta in  th e  c a l i b r a t io n  curve o f EMF v s .  gas co m p o sitio n , th e  

r a t i o  o f  th e  flow  r a t e s  o f carbon  monoxide and d io x id e , and argon  and 

oxygen have been  changed to  c o n tro l  th e  oxygen p re s s u re  i n  th e  gas p h ase . 

T h is  method can be a p p lie d  f o r  any gases  i n  m e ta l lu r g ic a l  w orks, which 

a r e  i n e r t  a g a in s t  p la tin u m  and z i r c o n ia  e l e c t r o l y t e ,  such  a s  

m ix tu re s , SOg-SO^ m ix tu re s , to p  gas o f  th e  b l a s t  fu rn a c e , e t c .

P re p a ra t io n  o f th e  C e lls  and 
E x p e rim en ta l P rocedure

Three ty p e s  o f oxygen c o n c e n tra tio n  c e l l s  w ith  th e  re fe re n c e  

e le c t r o d e  o f Fe • FeO, Ni -  NiO, and Cu • Cu^O have been  c o n s tru c te d .

The sch em atic  diagram  o f  th e  c e l l  i s  shown in  F ig u re  16 and Photograph 2 . 

The com m ercial s t a b i l i z e d  z i r c o n ia  tu b e s , w hich a re  supposed  t o  be gas 

t i g h t  up t o  1 0 '6 mm Hg and up to  1000°C, have been  u se d  a s  th e  s o l id  

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

A m ix tu re  o f pu re  i r o n  powder and w u s t i te  powder was stam ped in to  

th e  b o tto m  o f  th e  z i r c o n ia  tu b e  a lo n g  w ith  p la tin u m  le a d  w ir e .  The 

e l e c t r o l y t e  tu b e  was 2 f e e t  lo n g , 3 /^  in c h  o u ts id e  d ia m e te r  and 5 /8  in c h  

in s id e  d ia m e te r .

P la tinum  w ire  o f 0 .005 in c h  d iam ete r was wound on th e  o u ts id e  o f 

th e  bo ttom  end o f  th e  tu b e  and connected  t o  th e  0 .020  in c h  p la tin u m  

le a d  w ir e .  W u stite  s lu r r y  was sometim es p u t on t h i s  p la tin u m  w inding 

a s  th e  s o lv e n t  f o r  oxygen.

In  th e  c e l l  w ith  th e  Ni -  NiO r e fe re n c e  e le c t r o d e ,  o n ly  th e  

p la tin u m  w inding  was u sed  w ith o u t th e  w u s t i te .

A f te r  c o n s tru c t io n  o f  th e  c e l l ,  i t  was s e t  i n t o  th e  r e a c t io n  

cham ber a t  room te m p e ra tu re  and p u r i f i e d  argon  gas was in je c te d  in to  th e
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Photograph 2 . Oxygen Gauge w ith  
Ni-NiO R eference E le c tro d e .



c e l l  and CO -  C02 o r  Ar -  02 gas in to  th e  r e a c t io n  cham ber. A fte r  

h e a tin g  t o  th e  ex p e rim en ta l tem p era tu res  and c o n t r o l l in g  th e  flow  r a t e s  

o f  carbon monoxide and d io x id e  o r argon and oxygen, th e  e le c tro m o tiv e  

fo rc e s  were m easured by a  p o te n tio m e te r  w ith  an  e x te r n a l  galvanom eter 

s e v e ra l  tim es a f t e r  s t a b i l i z a t i o n  o f  th e  EMF, a s  w e ll  a s  th e  gas com

p o s i t io n  and th e  te m p e ra tu re .

The EMF seemed to  respond  spo n tan eo u sly  a g a in s t  a  change o f gas 

com position  b u t i t  to o k  ab o u t 10 to  20 m inu tes  t o  have a  f ix e d  gas 

com position  by th e  p re se n t gas t r a in s  f o r  carbon  monoxide and d io x id e , 

depending upon t h e i r  flow  r a t e s .  T h e re fo re , th e  EMF s t a b i l i z e d  a f t e r  

10 to  20 m inutes when th e  flow  r a t e  was changed. The EMF responded 

sp o n tan eo u sly  a g a in s t  a  tem p era tu re  change.

R e s u lts  o f  Experim ents

The r e s u l t s  o f th e  e le c tro m o tiv e  fo rc e  m easurem ents f o r  th e  c e l l s  

a re  g iven  below and i n  T ables 7. 8, 9 . 10. and 11, r e s p e c t iv e ly .
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TAB IE 7 . EIEGTROMOTIYE FORGE MEASUREMENTS OF C0-C02 MIXTURES 
AGAINST AN Fe • FeO REFERENCE ELECTRODE

D ata No.
Tem perature

°C
EMF
mV*

CO
Flow Rate 

cm3(STP)/min

C°2

cm3 (STP)/m in * C02

FF-1 1000 31.85 **1.87 27 .0 39 .20
FF-2 1000 55.95 41.87 **2.3 50.26
FF-3 * 1000 75.54 **1.87 61.6 59.53
FF-4 1000 92.**8 41.87 82.3 66.52
FF-5 1000 10**. 86 41.87 108.2 72 .10

FF-6 1000 116.65 41.87 127.5 75.28
FF-7 1000 30.56 41.87 27 .5 39 .64
FF-8 1000 55.25 41.87 4**. 5 51.52
FF-9 1100 31. 16** **1.87 22.3 34.75
FF-10 1100 **1.75 **1 .8  7 27 .0 39 .20

FF-11 1100 59.05 **1.87 37.2 47 .05
FF-12 1100 75.32 41.87 48 .9 53.87
FF-13 1100 85.82 **1.87 58.3 58.20
FF-14 1100 9**.03 41 .87 67 .2 61 .61
FF-15 1100 101.75 **1.87 76 .4 6** .60

FF-16 1100 112.75 41 .87 9 2 .4 68 .82
FF-17 1100 130.25 41 .87 126.1 75.07
FF-18 1200 41.17 41 .87 22.3 34.75
FF-19 1200 59.14 **1.87 31.3 **2.78
FF-20 1200 82.72 41.87 46 .7 52.73

FF-21 1200 97.6** **1.87 58.9 58.**8
FF-22 1200 113.53 **1.87 75.9 64 . **8
FF-23 1200 123.84 41.87 89.9 68 .22
FF-2** 1200 143.30 41.87 127*5 75.28
FF*i25 1300 59.74 41.87 2**. 5 36 .91
FF-26 1300 1**0.87 41.87 108.9 72.23
FF-27 1300 161.17 41.87 127.5 75 .28

*A11 EMF v a lu e s  in  T ables 7. 8, 9 , 10 and 11 a re  th e  average  o f 
th e  fo u r  o r  f iv e  re a d in g s .

T his EMF was o b ta in e d  by keeping th e  c o n s ta n t tem p era tu re  and th e  
gas com position  f o r  11 h o u rs .



TABLE 8 . ELECTROMOTIVE FORCE MEASUREMENT OF C0-C02 MIXTURES 
AGAINST AN Ni -  NiO REFERENCE ELECTRODE

Temp. Time EMF Flow R ate ^ 2  $ COg
oc m in . mV Cm3 (STP)/m in cm3 (STP)/min

NP-5 1000 30 279.56 41 .87 11.3 21 .25

NP-6 1000 20 250.83 41 .87 2 5 .8 38 .15

NP-7 1000 80 227.18 41.87 4 1 .7 49 .9 0

NP-8 1000 20 214.80 41 .8 7 53 .7 56 .19

NP-9 1000 20 199.43 41 .87 72 .8 6 3 .4 9

NP-10 1000 15 188.70 41.87 88.2 6 7 .8 1

NP-11 1000 15 180.01 41 .87 104.2 71 .39

NP-12 1000 15 167.02 4 1 .8  7 131.3 75 .82
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TABI£ 9 .  EIECTROMOTIVE FORCE MEASUREMENTS OF C0-C02 MIXTURES 

AGAINST A Cu • Cu20 REFERENCE E1ECTRODE

D ata No. Temp.

°C
Time
m in.

EMF
mV

CO
Flow R ate 

cm3 (STP)/m in

co2

cm^(STP)/min

% C02

FC-1 800 15 477.87 41 .87 81 .4 66 .03
FG-2 800 20 465.65 41 .87 105.4 71 . 5?
FC-3 800 10 458.47 41 .87 125.3 74.95
F C-4 800 10 453.49 4 1 .8 ? 140.9 77.09
FC~5 900 15 438.74 41 .8? 140.9 77.09

FC-6 900 110 449.86 41.87 113.7 73.09
FC-7 900 20 460.35 41 .87 90 .8 6 8 .4 4
FG-8 900 25 470.59 41 .87 75 .7 64 .39
FC-9 900 25 483.69 41 .87 58.3 58.20
FC-10 900 20 498.09 41.87 4 4 .5 51 .52

FC-11 900 28 531.87 4 1 .8 ? 22 .2 34 .65
FC-12 900 40 562.44 4 1 .8 ? 10 .2 19.59
FC-13 900 7 h rs .4 5  min. 573.53 4 1 .8 ? 10.2 19.59
FC-16 1000 35 497.11 41 .87 39 .0 48 .23
FC-1? 1000 20 478.72 41 .87 54.2 56.42

FC-18 1000 20 462.15 . 41 .87 74.3 63.96
FC-19 1000 15 451 .44 41 .87 89.6 6 8 .1 5
FC-20 1000 15 440.28 41 .87 110.4 72 .50
FC-21 1000 15 427.52 41 .87 140.9 77 .09
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TABLE 10. ELECTROMOTIVE FORCE MEASUREMENTS OF AIR AND PURE OXYGEN 
MIXTURES AGAINST AN NI • NiO REFERENCE ELECTRODE

Data No. Time
min.

Tem perature
°C

EMF
mV

D ire c tio n  o f
A pproaching
E q u ilib riu m

PN-1 15 800 688.39 downward
PN-2 5 900 639.25 downward

PN-3 3 1200 506.03 downward
PN-4 5 1300 464.04 downward
PN-5 2 1300 464.04 upward
PN-6 2 1200 506.07 upward
PN-7 2 1100 547.16 upward
PN-8 2 1000 590.84 upward

PN-9 2 900 636.27 upward
PN-10 2 800 687.35 upward
PN-11 2 700 729.45 upward
PN-12 2 700 731.56 upward
PN-13 1 800 668.84 downward

A gainst 02 (P ure)

PN-28 10 900 683.02 —

PN-29 13 h r  s . 40 m in. 900 682.55 <*» mm
PN-14 1 1000 636.81 downward
PN-15 3 1100 595.40 downward
PH-16 1 1200 552.33 downward
PN-20 5 1300 513.31 downward



5 1

TABLE 11. ELECTROMOTIVE FORCE MEASUREMENTS OF Ar-0£ MIXTURES 

AGAINST AN Ni • NiO REFERENCE ELECTRODE

Data No. Flow R ate o f 0^  
cc /m in .

Flow R ate  o f A 
cc/m in . * °2

EMF
mV

PN-28 119.7 0 100.00 683.02

PN-29 119-7 0 100.00 682.55

PN-30 119.7 33-7 78.03 676 .78

PN-31 80.0 33.7 70.36 674.19

PN-32 63 .9 33.7 65.47 672.12

PN-33 49-3 33 .7 59.40 669.05

PN-34 3 2 .7 33 .7 49 .25 663.34

PN-35 , 20 .6 33.7 37.94 658.56

PN-36 12.3 33 .7 26.74 645.10



The c a l ib r a t io n  cu rv es  o f th e  EMF a g a in s t  gas com position  a re  

g iven  i n  F ig u res  17* 18, 19, 20, and 21 . Some p o in ts  i n  F igu re  18 were 

o b ta in e d  by keeping a  c o n s ta n t te m p e ra tu re  and gas com position  f o r  one 

n ig h t a s  shown i n  Table 7 ; th e re b y  showing th a t  th e  EMF was v e ry  s ta b le  

f o r  a  long  tim e . The c a lc u la te d  v a lu e s  in  th e  f ig u re s  a re  g iven  by a  

ch a in  l i n e  b ased  upon th e  s ta n d a rd  f r e e  energy ’*' o f  th e  fo rm a tio n  o f 

th e  o x id e s .

D iscu ss io n  o f th e  R e s u lts

Comparing th e  p re s e n t  r e s u l t s  w ith  th e  c a lc u la te d  v a lu e s  o f EMF, 

a ls o  shown as  in  F ig u re s  22 and 23, th e r e  a re  a  few p ercen tag e  d i f f e r 

ences betw een them, p o s s ib ly  due t o  th e  e le c t r o n ic  co n d u c tio n . However, 

t h i s  d if f e re n c e  i s  n o t s ig n i f i c a n t  so long a s  re p ro d u c ib le  and s e l f -  

c o n s is te n t  c a l ib r a t io n  cu rv es  a r e  o b ta in e d .

L ife tim e  o f th e  c e l l s  was so good t h a t  th e  EMF was c o n s ta n t f o r  

s e v e ra l  days a t  a  c o n s ta n t gas com position  and te m p e ra tu re . However, 

w u s t i te  had a  ten d en cy  t o  d i f f u s e  r a th e r  r a p id ly  th ro u g h  and on th e  

e l e c t r o l y te ,  so t h a t  th e  l i f e t im e  o f  th e  c e l l s  w ith  w u s t i te  was s h o r te r .

The purpose o f  th e  w u s t i te  on th e  p la tin u m  w inding was to  

d is s o lv e  th e  oxygen a cc o rd in g  t o  th e  oxygen p re s su re  a s  a  so lv e n t f o r  

oxygen and p o s s ib ly  a s  a  c a t a l y s t .  However, th e  resp o n se  tim e o f EMF 

a g a in s t  gas com position  was im m easurably s h o r t ,  so t h a t  t h i s  u se  o f 

w u s t i te  i s  n o t n e c e s sa ry . As t o  i n d u s t r i a l  a p p l ic a t io n ,  th e r e  m ight be 

many a p p l ic a t io n s  o f  t h i s  oxygen gauge i n  m e ta l lu rg ic a l  fu rn a c e s . 

However, th e  fo llo w in g  ad v an tag es  and d isad v a n ta g es  can be ex p ec ted .

1 . As f a r  a s  th e  c o n s tru c t io n  o f th e  c e l l s  i s  concerned, i t  i s  

r a th e r  easy  to  o b ta in  th e  n e c e ssa ry  m a te r ia ls  w r i t t e n  above.



2 . The c a l ib r a t io n  sh o u ld  be done b y  some g ases, th e  oxygen 

p re ssu re  o f  which has  been w e ll  e s ta b l is h e d ,  such a s  CO-CO  ̂

m ix tu re  o r  Hg-HgO m ix tu re ,

3* The l i f e t im e  of th e  c e l l  may be long  b u t th e  f i r s t  c e l l  u sed  

above cou ld  se rv e  f o r  ab o u t 60 h o u rs . However, th e  l i f e t im e  o f 

th e  c e l l  w ith  Ni-NiO w ith o u t w u s t i te  on p la tinum  w inding may be 

much lo n g e r due to  no co n tam in a tio n  o f  th e  e l e c t r o ly te  ( s e v e ra l  

d a y s ),

k .  Tem perature o f th e  measurement should  be above 800° t o  in su re  

a  r a p id  response  and a h ig h  tra n s fe re n c e  number f o r  oxygen,

5« The oxygen d i f f u s e s  th ro u g h  th e  e l e c t r o ly te ,  a lthough  i t  i s  

a p p a re n tly  v ery  slow . Thus, e i t h e r  th e  m e ta l o r  th e  m eta l oxide 

i n  th e  re fe re n c e  e le c tro d e  may d isap p e a r e v e n tu a lly  due to  

o x id a tio n  o r r e d u c tio n ,

6 , I f  th e  o u tp u t EMF i s  connected  t o  th e  au tom atic  re c o rd e r , th e  

con tinuous measurement o f  th e  gas com position  may be p o s s ib le .
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CHAPTER IV

CONCIUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

C onclusions

By th e  a p p l ic a t io n  o f th e  oxygen c o n c e n tra tio n  c e l l  te ch n iq u e  

w ith  a  s o l id  e l e c t r o l y t e ,  th r e e  k in d s  o f  r e s e a rc h  work have been  c a r r ie d  

o u t .  The f i r s t  work was t o  s tu d y  th e  perform ance o f  com m ercial 

s t a b i l i z e d  z i r c o n ia  a s  an  a n io n  co n d u c to r. The s ta n d a rd  f r e e  e n e rg ie s

f o r  th e  fo llo w in g  r e a c t io n s  w ere o b ta in e d .

NiO + 2Cu = Cu20 + Ni (16)

-*F° = 1 ,570  -  2 .87T  (700° t o  1050°C) (17)

FeO + Ni *  NiO + Fe (18)

* F °  = 5 ,280  + 5 .88T  (700° t o  1200°C) (19)

|S n02 + Pb = PbO + iS n  (20)

o F °  = 15.550 -  0.150T (600° t o  850°C) (21)

In  th e  second w ork, th e  a c t i v i t y  o f  t i n  in  m o lten  l e a d - t i n  a l lo y s  

was determ ined  a t  700°, 800°, and 900°C. The a c t i v i t i e s  o f t i n  and le a d  

e x h ib i te d  p o s i t iv e  d e v ia t io n  from i d e a l i t y  and th e  degree  o f d e v ia t io n  

i s  sm a lle r  a t  th e  h ig h e r  te m p e ra tu re . The f r e e  energy  o f th e  s o lu t io n  

a s  w e ll  a s  th e  e x c e ss  f r e e  en e rg y  o f  s o lu t io n  was c a lc u la te d  from  

a c t i v i t y  d a ta .  A lso th e  m o la l q u a n t i t i e s  o f  le a d  and t i n  i n  s o lu t io n  

w ere c a lc u la te d .

In  th e  t h i r d  ex p erim en t, th e  oxygen gauge was developed and th e  

c h a r a c t e r i s t i c s  o f  th e  oxygen  gauge a s  w e l l  a s  c a l ib r a t io n  d a ta  were
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obtained. The s e lf -c o n s is te n t  and reproducible EMF against oxygen

pressure were su ccessfu lly  obtained by several reference e lectrod es for
Of)oxygen pressure in  the range o f 10“ to  10“ atm. Also, the l ife t im e  

of the oxygen gauge was determined and proved to  be long enough for  

in d u str ia l purposes.

Re commendations for  Future Research

In the present study, i t  was demonstrated that the sta b iliz e d  

zircon ia  could be used as a so lid  e le c tr o ly te  w ith pure anion conduction 

at high temperature. Thus, th is  technique can be used to  determine the  

standard free  energies o f formation o f many m eta llic  oxides, which were 

not yet measured accu rately .

Also, the oxygen concentration c e l l  method can be applied to  the  

a c t iv ity  measurement o f  many metal system s. More improvement on the  

construction of the c e l l  assembly i s  a lso  d esirab le . F in a lly , the oxygen 

gauge developed here i s  desired  to  be used in  in d u str ia l furnaces and 

i t s  performances w i l l  be studied  in  many in d u str ia l furnaces.
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