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An e x p e r i m e n t a l  p r o c e d u r e  for  m e a s u r e m e n t  of the p e r m e a b i l i t y  of d i s s o l v e d  oxygen gas  in 
l iquid  s l ag  has  been  deve loped  using an oxygen concen t ra t ion  ce l l .  The s m a l l  amount  of oxy-  
gen gas  which pene t r a t ed  through the l iquid oxide f rom a pure  oxygen c o m p a r t m e n t  to a pure  
a rgon  c o m p a r t m e n t  was d e t e r m i n e d  by  the ga lvanic  ce l l .  The p e r m e a b i l i t i e s  of oxygen 
through l iquid PbO-StO8 and FeO-I~bO-SiO 8 were  found to be in the range  3 • 10 -8 to 3 • 10 -7 
m o l e s / c m  �9 s. The p e r m e a b i l i t i e s  we re  l i t t l e  inf luenced by  t e m p e r a t u r e  but  m o r e  inf luenced 
by  the compos i t ion .  In s e p a r a t e  e x p e r i m e n t s ,  the oxygen p r e s s u r e  change at  the bo t tom of 
a co lumn of s l ag  was de t ec t ed  by  another  ga lvanic  ce l l .  By th is  method,  i t  is  not n e c e s s a r y  
to quench the s p e c i m e n  to d e t e r m i n e  the concen t ra t ion  p ro f i l e  of d i s s o l v e d  oxygen and to d e -  
t e r m i n e  i t s  d i f fus ivt ty .  Liquid ox ides  in the l~O-SiOs ,  CaO-SiO2-AI~O ~ and FeO-l~oO-SiO2 
s y s t e m s  were  s tudied.  The oxygen d i f fus ion  coef f ic ien ts  (5 • 10 -s to 3 • 10 -~ cmS/s)  were  
found to i n c r e a s e  with t e m p e r a t u r e  for  a f ixed  compos i t i on  of s lag ,  and with an i n c r e a s e  
of n e t w o r k - m o d i f i e r  oxide content  a t  cons tan t  t e m p e r a t u r e .  The so lub i l i t y  of oxygen gas  in 
PbO-SiO8 m e l t s  was e s t i m a t e d  to be 2 • 10 -4 to 2 • 10 -s m o l e s / c m  s f rom the d e t e r m i n e d  d i f -  
f u s tv i t i e s  and p e r m e a b i l i t i e s .  The so lu b i l i t i e s  d e c r e a s e d  with i n c r e a s i n g  t e m p e r a t u r e  in 
the  compos i t i on  range  s tudied.  P h y s i c a l  so lub i l i t i e s  of g a s e s  and me ta l s  in s l ags  d e t e r -  
mined  by o the r  i n v e s t i g a t o r s  a r e  c o m p a r e d  with the p r e s e n t  r e s u l t s .  

IN 1959, Greene  and his  c o - w o r k e r s  publ i shed  two 
p a p e r s ,  ~'8 in which they  m e a s u r e d  the r a t e  of a b s o r p -  
t ion of pu re  oxygen gas  bubbled  into l iquid a lka l i  a l u -  
mina  s i l i c a t e  g l a s s .  These  s tud ies  a r e  among the v e r y  
few d i r e c t  m e a s u r e m e n t s  of oxygen gas  ab so rp t i on  into 
l iquid  oxide  m i x t u r e s  conta in ing no t r a n s i t i o n  me ta l s .  
However ,  only  the p roduc t  of the oxygen d i f fus iv i ty  and 
so lub i l i t y  was a p p r o x i m a t e l y  obta ined.  

In the p r e s e n t  work,  the p e r m e a b i l i t y  and d i f fus iv i ty  
of oxygen gas  through oxide  m e l t s  have been  indepen-  
den t ly  m e a s u r e d ,  and f rom these  two quant i t i es  the s o l -  
ub i l i ty  is  e s t i m a t e d .  

Oxygen gas  can be  p h y s i c a l l y  d i s s o l v e d  in l iquid ox-  
ides  a s  d i a tomic  m o l e c u l e s  3 a c c o r d i n g  to the r e a c t i o n  

O z (gas phase)  ~ 02 (d i s so lved  in oxide mel t )  [1] 

When the me l t  conta ins  a t r a n s i t i o n  me ta l  oxide,  the 
oxygen gas  can be  c h e m i c a l l y  d i s s o l v e d  a c c o r d i n g  to 
the r e a c t i o n  

2M z§ (in mel t )  + �89 O 8 (gas) ~ 2M 3+ (in mel t )  

+ 0 ~- (in mel t )  [2] 

whe re  M 2., M 3§ and 08- a r e  d iva len t  and t r i v a l e n t  m e t a l  
ca t ions ,  and d iva len t  oxygen anions  in the mel t .  Oxygen 
that  d i s s o l v e s  in th is  way e n t e r s  m e r e l y  the anionic  
l a t t i c e  of O 2- ions,  and is  not d i f fe ren t  f rom the O 2- that  
is  a l r e a d y  con t r ibu ted  by the ion iza t ion  of m e t a l  ox ides .  
Thus,  a l l  m e t a l  oxide  m e l t s  contain  r e l a t i v e l y  l a r g e  con-  
c e n t r a t i o n s  of oxygen anions  r e l a t i v e  to p h y s i c a l l y  d i s -  
so lved  d i a t o m i c  oxygen gas .  However ,  the oxygen anions  
do not  con t r ibu te  to the t r a n s p o r t  of oxygen through the 
oxide me l t  a s  long as  t h e r e  is  no e l e c t r o n i c  conduc t iv i ty  
in the me l t .  
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The p r e s e n t  work  was c a r r i e d  out ma in ly  with l iquid 
m i x t u r e s  of ne twork  m o d i f i e r s ,  e .g . ,  PbO, Na20 , CaO, 
and ne twork  f o r m e r s ,  e.g . ,  STO2, A12Oa, GeO2, which 
conta ined  no t r a n s i t i o n  m e t a l  ox ides .  Thus,  p h y s i c a l  
d i s so lu t ion  of oxygen s e e m s  m o r e  l t ke ly  to be p r e d o m -  
inant  than c h e m i c a l  d i s so lu t ion .  The l a t t e r  was s tud ied  
in a few e x p e r i m e n t s  by  adding i ron  oxide.  

An oxygen concen t ra t ion  ce l l  has  been  used  to d e t e r -  
mine  the v e r y  s m a l l  quant i ty  of oxygen gas  which p e r -  
m e a t e d  through l iquid oxide m i x t u r e s  f rom a pu re  oxy-  
gen gas  c o m p a r t m e n t  to a pu re  a rgon  gas  c o m p a r t m e n t .  

F o r  the d i f fus iv l ty  d e t e r m i n a t i o n ,  the p rev ious  e l e c -  
t r o c h e m i c a l  method 4'5 to de t ec t  the oxygen p r e s s u r  e 
change in the oxide mel t  has  been  modi f ied  to enable  
the ca lcu la t ion  of d t f fus ivi ty .  Because  the p r e s e n t  work  
d e a l s  ma in ly  with the p h y s i c a l  d i s so lu t ion  of oxygen gas  
and i t s  t r a n s p o r t  in l iquid ox ides  conta in ing no t r a n s i -  
t ion m e t a l s ,  the r e s u l t s  can be d i s c u s s e d  in c o m p a r i s o n  
to the phys i ca l  so lub i l i t i e s  of s e v e r a l  o the r  e l e m e n t s  in 
l iquid  ox ides .  

The p h y s i c a l  so lub i l i t y  and d i f fus iv i ty  of he l ium gas  
and neon gas  in oxide m e l t s  have been  d e t e r m i n e d  by  
Mulf inger  and Scholze B and by  F r i s c h a t  and Oel. 7 The 
p h y s i c a l  and c h e m i c a l  so lub i l i t y  of n i t rogen  gas  was 
s tud ied  by Mulf inger  and Meye r ,  8 and by  Mulf inger ,  ~ 
while the p h y s i c a l  so lub i l i ty  of m e t a l s  in s i l i c a t e  m e l t s  
was m e a s u r e d  for  copper  and s i l v e r  by  R i c h a r d s o n  and 
Bl l l ington  1~ and for  gold and l ead  by  Meyer  and R i c h a r d -  
son.U F r o m  these  s tud ies ,  one may  d raw the fo l lowing 
conc lus ions  for  the  p h y s i c a l  so lub i l i t y  of e l e m e n t s  in 
oxide  m e l t s :  

1) The so lub i l i t y  is  p r o p o r t i o n a l  to the p a r t i a l  p r e s -  
s u r e  of the e l e m e n t  in the gas  phase  for  a f ixed oxide 
compos i t i on  and t e m p e r a t u r e .  

2) The so lub i l i t y  i n c r e a s e s  with i n c r e a s i n g  t e m p e r a -  
tu re  at  a f ixed oxide compos i t ion ,  and with an i n c r e a s e  
of the content  of n e t w o r k - f o r m i n g  ox ides  at  a cons tan t  
t e m p e r a t u r e .  

3) F o r  a f ixed oxide compos i t ion  and t e m p e r a t u r e ,  
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the so lub i l i t y  of the e l e m e n t s  d e c r e a s e s  with an in-  
c r e a s e  in the a tomic  o r  m o l e c u l a r  r a d i u s  of the d i s -  
so lved  e l e m e n t s .  

4) The above  r e s u l t s  sugges t  that  the neu t r a l  a t o m s  
and m o l e c u l e s  f i t  into the e l e c t r i c a l l y - n e u t r a I  ho les  in 
the  s i l i c a t e  o r  a lumina t e  ne tworks .  

F o r  the d i f fus ion coef f i c ien t s  of he l ium and neon, the 
fo l lowing a r e  the r e s u l t s  of the s tud ies  by  Mulf inger  
and Scholze 8 and by  F r i s c h a t  and Oel.  ~ 

1) The di f fus ion coef f ic ien t  i n c r e a s e s  with t e m p e r a -  
tu re  for  a f ixed  oxide compos i t ion .  

2) The di f fus ion coef f ic ien t  d e c r e a s e s  with an in-  
c r e a s e  in the content  of ac id i c  oxide at  a cons tan t  t e m -  
p e r a t u r e .  

3) The m e c h a n i s m  of d i f fus ion is  i n t e r p r e t e d  by  the 
combina t ion  of the movemen t  of s p h e r i c a l  a t o m s  
through a v i s c o u s  l iquid and the movemen t  through 
channels  o r  ho les  in the  ne twork  s t r u c t u r e  in the ox -  
ide m e l t s .  

about  2.0 cm and the sh ie ld  was i m m e r s e d  to about 1.0 
cm.  The inner  and ou te r  d i a m e t e r s  of the a lumina  c r u -  
c ib le  were  2.0 and 2.5 cm, and of the sh ie ld  tube,  0.6 
and 1.0 cm.  The c r u c i b l e  a s s e m b l y  was se t  in the r e -  
ac t ion  c h a m b e r .  The out le t  gas  with a s t e a d y  s t a t e  ox -  
ygen content  was led  to a s e p a r a t e  fu rnace ,  in which 
an oxygen concen t ra t ion  ce l l  was hea ted  to 900~ was 
used to d e t e r m i n e  the oxygen content .  The oxygen con-  
cen t r a t i on  ce l l ,  with a so l id  e l e c t r o l y t e  of s t a b i l i z e d  
z i r c o n i a ,  had a s  i ts  r e f e r e n c e  e l e c t r o d e  a mix tu re  of 
m e t a l l i c  n icke l  and n icke l  oxide  powder .  P la t inum 
w i r e s  were  used  as  the e l e c t r o d e s .  A c h r o m e l - a l u m e l  
t h e r m o c o u p l e  on the s u r f a c e  of the so l id  e l e c t r o l y t e  
was used for  t e m p e r a t u r e  m e a s u r e m e n t .  The oxygen 
concen t ra t ion  ce l l  was c a l i b r a t e d  aga ins t  a i r  be fo re  
each e x p e r i m e n t a l  run.  

The p e r m e a b i l i t y  is  def ined by  

l 
I P - J .  ~ -  [3] 

I. EXPERIMENTAL PROCEDURE 

1-1.  M e a s u r e m e n t  of P e r m e a b i l i t y  

The e x p e r i m e n t a l  a p p a r a t u s  is  shown in Fig.  1. The 
gas  phase  in the r e a c t i o n  c h a m b e r  is  s e p a r a t e d  into 
two c o m p a r t m e n t s  s e p a r a t e d  by  the l iquid s l ag  in the 
c ruc ib l e .  To one of them pure  oxygen gas  is  admi t t ed  
and to the o the r  pu r i f i ed  a rgon  gas .  Thus,  oxygen gas  
wi l l  p e n e t r a t e  through the l iquid s l ag  f r o m  the pu re  
oxygen c o m p a r t m e n t  to the  a rgon  c o m p a r t m e n t .  The 
p e r m e a b i l i t y  through the so l id  a lumina  tube was m e a -  
s u r e d  and shown to be neg l ig ib ly  s m a l l .  

The flow r a t e  of pu r i f i ed  a rgon  gas  was f ixed at  a 
cons tan t  va lue  of 1500 (STP) c c / m i n  and the s t eady  
s t a t e  oxygen content  of the out le t  gas  was d e t e r m i n e d  
by  an oxygen concen t ra t ion  ce l l  in a s e p a r a t e  fu rnace .  
The p a r t i a l  p r e s s u r e  of oxygen in the pu r i f i ed  a rgon  
was 10 -e arm,  al though th is  i n c r e a s e d  to 5 x 10 -8 a tm 
upon p e r f o r m i n g  a b lank run.  As the r ange  of oxygen 
p r e s s u r e s  in the  ou t le t  gas  for  ac tua l  m e a s u r e m e n t s  
was 10 -S to 10 -4 a tm,  the  oxygen content  of the b lank  
could be neg lec ted .  

Liquid s l a g  was me l t ed  in a fused  a l u m i n a  c r u c i b l e  
(99.8 wt pc t  AltOs) , then a fused  a lumina  tube (99.8 wt 
pc t  A120~) shown as  the sh ie ld  tube in Fig .  1 was dipped 
in the mol ten  s lag .  The depth of the l iquid  s l ag  was 

Reaction Chamber Cell Chamber 

shi0id t0be .] /~ 
I 

Reaction tube-- , 02 0 c0~centrati0nl 

0 i i i  0 

crucible - ~ 
0 0 

M0't%0eO _it- j,. o 
o i 0 

elemen' 
[~I Liquid 

Pure I(I} t paraffin 

Ar 

Fig. 1--Schematic diagram of experimental apparatus used 
for permeabili ty measurements. 

whe re  IP is  the  p e r m e a b i l i t y  e x p r e s s e d  in m o l e s  02 
g a s / c m . s ,  J i s  the r a t e  of oxygen gas  t r a n s f e r  through 
the l iquid s l ag  when pure  oxygen gas  is  in the one c o m -  
p a r t m e n t  and pu re  a r g o n  in the o ther  and is  e x p r e s s e d  
in m o l e s  O3 g a s / s ,  l is  the  e f fec t ive  length of the d i f fu-  
s ion  path in cm, and A is  the ef fec t ive  c r o s s - s e c t i o n  
of the d i f fus ion path in cm ~. 

In the  p r e s e n t  method,  A and l cannot  be  m e a s u r e d  
d i r e c t l y .  However ,  the r a t i o  of A to l, ca l l ed  the ce l l  
cons tan t ,  can be d e t e r m i n e d  f r o m  m e a s u r e m e n t  of the 
p e r m e a b i l i t y  of oxygen gas  through l iquid s i l v e r  under  
the s a m e  condi t ions ,  s ince  the oxygen d i f fus iv i ty  is  wel l  
e s t a b l i s h e d ,  lz, ~a, 14,15, ~6, t7 The p e r m e a b i l i t y  of oxygen 
gas  through l iquid s i l v e r  can be  e x p r e s s e d  by  

l 
IP  = g .  - A  = J . K  = D o ( C  ~ - Cargon) [4] 

where  Do is  the di f fus ion coef f ic ien t  of oxygen in l iquid  
Ag, C o is  the so lub i l i t y  of oxygen gas  in l iquid  Ag under  
pu re  oxygen gas  at  1 a tm  in g r a m - a t o m s  O / c m  3, and 
Cargon is  the so lub i l i t y  of oxygen gas  in l iquid  Ag in 
the a rgon  c o m p a r t m e n t ,  which can be  a p p r o x i m a t e l y  
taken as  ze ro .  K is the ce l l  cons tant  in cm -1 and can 
be d e t e r m i n e d  f r o m  the m e a s u r e d  oxygen t r a n s f e r  r a t e ,  
J ,  and va lue s  of Do and C O (under pure  oxygen gas)  
given in the l i t e r a t u r e .  S i e v e r t s  and Hagenacke r  TM e x -  
p r e s s  the so lub i l i t y  of oxygen a s  fo l lows:  

loglo [wt pct  O] = 737.6 1.107 [5] 
T 

The dens i ty  of s i l v e r  is  9.20 g / c m  3 (Ref. 19) a t  1000~ 

2 [ 

1,0 2,0 
DepthofshiePd tube (cm} 

F i g .  2 - - R e l a t i o n  b e t w e e n  t h e  d e p t h  o f  t h e  s h i e l d  t u b e  ( s e e  F i g .  
1) and cell constant when the diameters of the crucible and 
the shield tube are held constant. 
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so that C O becomes  1.70 x 10 -3 g - a tm  O / c m  3 at 1000~ 
Velho et  al TM give the following equatio-n for the di f fus iv-  
i ty of oxygen: 

r -  7900]  
D O = 2.2 x 10 -3 exp L R T  .J [6] 

These data a re  se lec ted  s imply  because  these  r e su l t s  
a r e  a lmos t  equal  to the mean  va lues  of d i f ferent  i n v e s -  
t iga to rs  and a re  among the oldest .  Fig. 2 shows how 
the expe r imen ta l  cel l  cons tant  changes with the depth 
of i m m e r s i o n  of the shie ld  tube (see Fig. 1) for con-  
s tant  d i a m e t e r s  of c ruc ib le  and shield.  

1-2. Measu remen t  of Diffusivi ty 

The expe r imen ta l  appara tus  is shown in Fig. 3. The 
s ide -wa l l  of the l ime  s tab i l ized  z i r con ia  e lec t ro ly te  
tube was insu la ted  f rom the s lag by a fused a lumina  
tube. Only the ou t s ide -bo t tom of the e lec t ro ly te  tube 
contacted both the p la t inum e lec t rode  and the mol ten  
slag. The annu la r  space between the ins ide  of the in -  
su la t ing  a lumina  tube and outside of the z i r con ia  e l e c -  
t ro ly te  tube was plugged with a s i n t e r ed  powder mix-  
tu re  of z i r con ia ,  a lumina ,  and s i l i ca  (1:1:0.01 by vo l -  
ume). The p la t inum e lec t rode  f rom the outside of the 
z i r con i a  tube was insu la ted  by another  insu la t ing  tube 
and c a r r i e d  in the annu la r  space be tween the z i r con ia  
and a lumina  tubes.  This carefu l  insu la t ion  was v e r y  
impor tan t  in o rde r  to detect  the oxygen p r e s s u r e  change 
only at  the bot tom of the l iquid slag. In the prev ious  
paper ,  s this  insu la t ion  p rocedure  s e e m s  not to have been 
success fu l .  Thus,  the m e a s u r e d  EMF change for the 
prev ious  s tudy should be cons idered  to be more  or l ess  
a "mixed  po ten t i a l . "  Accordingly ,  the diffusion coeff i-  
c ient  given in Fig.  8 in the previous  paper  was about 
twice that of the p r e sen t  r e su l t s .  

The r e f e r e n c e  e lec t rode  was composed of a p la t inum 
wire  and a mix ture  of n ickel  and n ickel  oxide powder. 
A P t - P t ,  13 pct Rh thermocouple  was posi t ioned bes ide  

Mixt 
and 
po~ 

R~ 

(NI 

Argon and oxygen gas inlet 

Fig. 3--Experimental  apparatus for the measurement  of oxy- 
gen diffusivity in molten slag. 

Pt electrodes 

cruc ble 

insu!atOrtube, " -  " ~ S l a g  

Fig. 4--Cell assembly with liquid slag as the electrolyte to de- 
tect the oxygen pressure change at the bottom of the slag (used 
only for the case of CaO-SiO2-A120 a slags). 

the outside wall of the fused a lumina  c ruc ib le .  The c r u -  
cible a s s e m b l y  was placed in the reac t ion  chamber  
which was provided with a gas inle t  and outlet.  The d i s -  
solut ion of the a lumina  c ruc ib le  in the l iquid s lag was 
ins ign i f ican t  dur ing  the expe r imen t s .  

Fig.  4 shows the cel l  a s s e m b l y  which was used only 
for the expe r imen t s  on l iquid CaO-SiO2-A1203 t e r n a r y  
slag.  In this  case,  the s lag  i t se l f  funct ions as  the e l e c -  
t ro ly te  with the unit  cat ion conductor.2~ 

At the given t e m p e r a t u r e ,  the s lag  phase was equ i l i -  
b r a t ed  with a flow of a i r  and thus oxygen gas was phys -  
ica l ly  a n d / o r  chemica l ly  d isso lved  in the slag.  Then, 
the a i r  supply was v e r y  quickly stopped and argon gas 
with an oxygen p r e s s u r e  of 10 -4 a tm was supplied to the 
chamber .  The d isso lved  oxygen then desorbed  into the 
gas phase and the EMF (for example,  in i t i a l ly  about 
600 mV at 1000~ dec reased  as the oxygen diffused 
out. 

The diffusion path could be l i t t le  d i s tu rbed  by the in -  
se r t ion  of the oxygen concen t ra t ion  cell .  Therefore ,  
the diffusion p rob lem was t rea ted  as a case  of p lanar  
non - s t eady  state  diffusion neglec t ing  the p r e sence  of 
the oxygen concen t ra t ion  cell .  The magni tude of e r r o r  
due to this neglect ion is d i scussed  l a te r .  

The oxygen content  or oxygen p r e s s u r e  at the bot tom 
of the s lag column can be obtained f rom the solut ion of 
F i ck ' s  second law of diffusion. If one can a s s u m e  that 
the oxygen content  is p ropor t iona l  to the oxygen p r e s -  
su re ,  the EMF change, AEt, dur ing  t ime,  t, is as follows: 

pin i t i a l  
R T  02 R T  [02] i 

AE t =-~-f- In = ~ In - -  
pt  [021t 

- R : r  4 ( - 1 ) "  
= ~ In~-- E ( 2 n + l )  exp n =o 4L2 

[7] 
where R is  the gas constant ,  T is  the absolute  t e m p e r -  
a ture ,  F is the Fa raday  constant ,  p ~ i t i a l  and  P t  2 a re  
the oxygen p r e s s u r e s  at the bot tom of the mel t  before  
and af ter  the change of the gas phase f rom a i r  to argon,  
[O2] / is the in i t ia l  oxygen content  and [02] t is the oxy- 
gen content  at t ime ,  t, both at the bot tom, L is the depth 
of slag,  D is the diffusion constant  of oxygen in the slag, 
and n is an in teger  s t a r t i ng  f rom zero  to infinity.  This  
equation is val id  only for l a rge  t imes ,  or  for D2t >> 4L 2, 
and for example if t is l a r g e r  than 500 s for D = 10 -4 
cm2/s ,  the e r r o r  due to neglect ing the second and other 
higher  t e r m s  becomes  l e s s  than 1 pct of D. 

Neglect ing the t e r m s  except the f i r s t  t e r m ,  Eq. [7] 
can be expressed  by 
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DT 
AEt = -- 0.05212 X 10-4 T § 0.5314 x 10-~ - L T  t [8] 

where  AE t is  in vo l t s ,  T is  in K, L is  in cm, D is in 
cm2/s  and t is  in seconds .  This  d e r i v a t i o n  shows that  
the d i f fus ion cons tan t  of oxygen can be  obta ined  f r o m  
the s lope  of the l ine  of the E M F  change aga ins t  t ime ,  
p rov ided  the so lub i l i t y  of the d i f fus ing s p e c i e s  is  d i -  
r e c t l y  p r o p o r t i o n a l  to the oxygen p a r t i a l  p r e s s u r e .  

The abso lu t e  va lue s  of the oxygen p a r t i a l  p r e s s u r e  
in the gas  o r  l iquid s l a g  phase s  we re  d e t e r m i n e d  using 
the s t a n d a r d  f r e e  e n e r g y  of f o r m a t i o n  of n icke l  oxide 
given b y  Coughlin,  ~7 

A/~ ~ = --57,370 -- 22.09T (K) ( c a l / m o l e  NiO, 

298 to 2000 K) [9] 

This  equat ion was used  in a l l  c a s e s ,  b e c a u s e  the E M F  
of the ce l l  for  a i r  o r  pu re  oxygen aga in s t  a m i x t u r e  of 
n icke l  and n icke l  oxide has  been  m e a s u r e d  in a g r e a t  
number  of e x p e r i m e n t s  and i t  is  v e r y  wel l  con f i rmed  
that  the E M F  e s t i m a t e d  f r o m  this  equat ion a g r e e s  with 
the  m e a s u r e d  v a l u e s  within two m i l l i v o l t s  a t  the p r e s -  
ent  e x p e r i m e n t a l  t e m p e r a t u r e .  

In o r d e r  to d e t e r m i n e  the ef fec t  of the a rgon  flow 
r a t e  on the p e r m e a b i l i t y ,  one e x p e r i m e n t  was made  
with the flow r a t e  of 500 cc (STP) /min .  The r e s u l t ,  
shown in Fig .  5, i nd ica t ed  no effect  of the flow r a t e ,  
and thus a l l  o the r  p e r m e a b i l i t y  e x p e r i m e n t s  we re  made  
with a f low r a t e  of 1500 cc (STP) /min .  

H. EXPERIMENTAL RESULTS 

P e r m e a b i l i t y  

As an example ,  Fig.  5 shows how the E M F  of the 
ga lvan ic  ce l l  changed with t i m e  when v a r i o u s  g a s e s  
we re  suppl ied  to the gas  c h a m b e r s ,  ou t s ide  and ins ide  
of the sh ie ld  tube (see  Fig .  1). The in i t i a l  oxygen p r e s -  
s u r e  in the c a r r i e r  gas  was l e s s  than 10 -8 a tm,  and was 
o c c a s i o n a l l y  checked  by  the ga lvan ic  ce l l .  

The p a r t  of the cu rve  be tween  A and B shows a g r a d -  
ual i n c r e a s e  of oxygen p r e s s u r e  in the o u t l e t - c a r r i e r  
gas  when the a t m o s p h e r e  in the sh ie ld  tube was changed 
f rom argon  to pu re  oxygen.  The E M F  r e a c h e d  a cons tant  
va lue  a f t e r  about  80 rain, ind ica t ing  that  the t r a n s p o r t  of 
oxygen gas  through the l iquid  s l ag  r e a c h e d  a s t e ady  s t a t e  

800 

700 

600 

~ 5oo 
u a  

4OO 

30O 

2OO 

@ ENF against pure oxygen at [atm 

to EMF against pure Argon 

~o ~o ,8o ~o ~o 3~o ~2o 
Time (rain) 

Fig. 5 - -EMF r e s p o n s e  to a r g o n - o x y g e n  m i x t u r e s  in a p e r m e -  
abil i ty expe r imen t ,  showing the ca l ib ra t ion  for  a i r  and pu re  
oxygen (pure  PbO at 1000~ with an a rgon  flow r a t e  500 cc 
(STP) /min) .  

(from A to B in Fig .  5). When the E M F  r e a c h e d  the 
s t e a d y  s t a t e  va lue ,  f i r s t  a i r  and then pure  oxygen were  
in t roduced  into the r e a c t i o n  c h a m b e r  in o r d e r  to c a l i -  
b r a t e  the oxygen concen t ra t ion  ce l l  (C is  aga ins t  a i r ,  
and D is  a ga in s t  oxygen in Fig.  5). The E M F  va lues  at  
C and D s a t i s f i e d  the ca l cu l a t ed  va lues .  When a rgon  
was suppl ied  aga in  as  the c a r r i e r  gas ,  the  E M F  d e -  
c r e a s e d  with t ime  and f ina l ly  r e g a i n e d  i t s  in i t i a l  con-  
s tan t  va lue  (the s a m e  E M F  at  B and E).  Then the oxy-  
gen concen t r a t i on  ce l l  was c a l i b r a t e d  aga in  using pure  
oxygen (F).  Fig .  5 shows that  the f inal  s t e a d y  s t a t e  oxy-  
gen contents  in the out le t  gas  we re  the  s a m e  when a p -  
p r o a c h e d  f r o m  both h igher  and lower  conten ts .  The 
p e r m e a b i l i t y  was c a l c u l a t e d  f rom Eqs.  [4] and [10]: 

]P = K . J  [4] 

1 
J -  22 .4x103  " V ' P o 2  [10] 

where  J is  the r a t e  of oxygen gas  t r a n s f e r  through the 
l iquid  s l ag  (moles  O2/s) ,  V is  the flow r a t e  of c a r r i e r  
gas  (STP c c / s ) ,  Poz is  the oxygen p a r t i a l  p r e s s u r e  in 
the o u t l e t - c a r r i e r  gas  at  s t e a d y  s t a te .  The ce l l  con-  
s tant  K is  def ined by Eq. [2] ( see  Fig.  2). 

Fig.  6 shows that  the e x p e r i m e n t a l l y  d e t e r m i n e d  p e r -  
m e a b i l i t y  is  independent  of the ce l l  cons tant ,  s a t i s fy ing  
Eq. [4] for  a f ixed  compos i t i on  and t e m p e r a t u r e .  

F ig .  7 shows the r e l a t i o n  be tween  - log~o IP and 1/T 
for  v a r i o u s  c o m p o s i t i o n s  in the  PbO-SiO2 s y s t e m  with 
the r ange  of the e s t i m a t e d  r e l a t i v e  e r r o r s .  This  f igu re  
shows that  the p e r m e a b i l i t y  does  not change v e r y  much 
with t e m p e r a t u r e .  However ,  the p e r m e a b i l i t y  of oxygen 
gas  in 100 pc t  PbO, 90 mol  pc t  PbO-10 mol  pct  SiO2 
m e l t s  and 80 mol  pc t  PbO-20 mol  pct  SiO2 d e c r e a s e d  
s l i g h t l y  with t e m p e r a t u r e ,  while  that  in a 70 mol  pc t  
PbO-30 mol  pc t  SiO2 me l t  i n c r e a s e d  s l i g h t l y  with t e m -  
p e r a t u r e .  The p e r m e a b i l i t y  of oxygen gas  in l iquid PbO- 
SiO2 m e l t s  d e c r e a s e d  with an i n c r e a s e  in SiO8 content .  

Dif fus iv i ty  

As an example ,  F igs .  8 and 9 show the E M F  change,  
AEt, which is  def ined as  the in i t i a l  E M F  minus  the E M F  
at t ime  t, for  an 80 mol  pc t  PbO-20 mol  pc t  SiO2 me l t  
a t  v a r i o u s  t e m p e r a t u r e s ,  and for  a 40 wt pc t  CaO-40 wt 
pc t  SIO2-20 wt pc t  AlaO 3 me l t  a t  1380~ r e s p e c t i v e l y .  
A l i n e a r  r e l a t i o n  was obta ined  be tween  t ime  and the 
E M F  change excep t  fo r  the s h o r t  in i t i a l  p e r i o d  in a c -  
c o r d a n c e  with Eq. [11]. In r e a l i t y ,  AE t was z e r o  for  

- -  c F  

I __ , Q 

L 
2 4 .~ 

C e  corst~nt K e - -  , 

Fig. 6- -Rela t ion  between the p e r m e a b i l i t y  of oxygen in liquid 
2 mole  pct FEO-88 mole  pct PbO-SiO 2 at 1000~ and the cell  
cons tant ,  K. 
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Fig.  7 - - T e m p e r a t u r e  d e p e n d e n c y  of oxygen  p e r m e a b i l i t y  m 
the  l iquid PbO-SiO 2 s y s t e m  (in mole  pct).  
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Fig.  8 - - C h a n g e  of EM F  wi~;h t i m e  in l iquid 80 tool pe t  P b O -  
SiO~. 

this  shor t  in i t ia l  period.  Ext rapola t ion  of the l ines  to 
t = 0 i n t e r s ec t  the ord ina te  at about - ( R T / 4 F )  In (4/~). 
The c ruc ib le  d i ame te r  and depth of the liquid was the 
same in the th ree  runs  for  PbO-SiO 2 sys tem.  

If the r a t e  of the EMF change is exc lus ive ly  con-  
t ro l l ed  by diffusion of oxygen gas in l iquid slag, the 
diffusion coeff icient  can be ca lcula ted  f rom Eq. [8]. 
However,  Eq. [8] was s l ight ly  modified 2~ to include the 
effect of the higher  o rder  t e r m s  in Eq. I7] as follows, 2~ 

L~E t = 0.5115 • 10 -4 ( D . t  �9 T / L  ~) - 0.05148 • 10-4T 

[11] 

In our  previous  paper ,  ~ the d isso lved  oxygen in liquid 
oxide was a s sumed  to be monatomic  oxygen. However, 
because  l iquid oxide contains  no f ree  e l ec t rons  as in a 
metal ,  d ia tomic oxygen with a p redomina te  covalent  
bonding s eems  more  l ikely  to be the s table  form.  Thus, 
in the p r e sen t  paper ,  the apparen t  diffusion constant  is 
a s s u m e d  to be the diffusion constant  of dia tomic oxygen 
gas d i sso lved  in the l iquid oxide. 

Figs .  10 and 11 show the re l a t ion  between log DO2 
and 1 / T  for the va r ious  liquid oxide sy s t ems .  In Fig. 
11, the diffusion cons tants  of he l ium in an oxide mel t  
a re  plotted for compar i son .  Fig. 12 shows the re la t ion  
be tween the apparen t  diffusion coeff icient  in F e O - P b O -  
SiO 2 and 1 / T .  It is seen  that the diffusion coefficient  at 
lower t e m p e r a t u r e s  is i nc rea sed  r e m a r k a b l y  by the ad-  

: i  

Fig.  9 - - R e l a t i o n  be tween  EMF change ,  AEt, and t i m e  in 40 
wt pe t  CaO-40  wt pe t  SiO2-20 wt pe t  A1203 at 1380~ 

Fig.  10- -Di f fus ion  coe f f i c i en t  of oxygen  g a s  in l iquid P b O -  
SiO z. 

7.': :.~ ?.? 
) '  ' :2 :  

.% 

- - o - -  :55-',3 -'- :SG -:7'~ 8 

S ) ~ ' ,  

Fig. 11 - -Re la t ion  of - l o g  DO2 to 1/T for  CaO-SiO2-A1203 
m e l t s .  The dot ted l ine s h o w s  the He d i f fus ion  coe f f i c i en t  in 
16 tool pet  Na20-10  mol  pe t  CAO-74 tool pet  SiO2.~ (Simple  
pet  m e a n s  wt pet).  

dit ion of a sma l l  quanti ty of i ron oxide. This effect can 
be in t e rp re ted  by the pronounced i n c r e a s e  in oxygen 
t r a n s f e r  by the chemica l ly -d i s so lved  oxygen. However,  
this  effect is not c l e a r l y  seen  at the higher t e m p e r a -  
tu res .  

In Figs.  11 and 12, the range  of the r e l a t ive  e r r o r s  
is given for each expe r imen ta l  run.  The magnitude of 
the e r r o r  is dependent  ma in ly  upon the mel t  depth, and 
is d i f ferent  for each run  because  of some t i me s  va ry ing  
mel t  depths. 

Because  some of the r e su l t s  on the diffusion coeffi-  
c ients  a re  not given in the f igures ,  a l l  the r e su l t s  a re  
s u m m a r i z e d  in Table I. 
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Fig. 12--Relatton between apparent diffusion coefficient of 
oxygen and temperature in FeO-PbO-10 tool pet SiO a. The 
dashed line shows the diffusion coefficient of oxygen gas in 
the 90 mol pct PbO-10 mol pct SiO 2 without FeO. 

Table I, Summary of Experimental Results on the Permeability 
and Diffusivity of  Oxygen 

IP = IP o exp (-E/R 7") (1000 to 1250~ 
D =D O exp (-E/RT)(1000 to 1450~ 

Slag Composition IP0(O2 Mole/cm s) E(kcal/mole O2) 

100 pct PbO 2.0 X 10- 8 -5 .0  
90 tool pct PbO-10 pct Si02 2.7 X 10 "s -2.7 
80 mol pet PbO-20 pct SiO2 2.0 X 10 "8 -1.1 
70 mol pct PbO-30 pct SiO2 4.1 X 10 "s +1.4 

2 mol pct FeO-88 pct PbO-10 pct SiO2 3.2 X 10 -6 10.0 

Slag Composition Do (cm2/s) E(kcal/mol O 2 ) 

100 pct PbO 8.3 23 
90 mol pct PbO-10 pct SiO2 8.3 24 
80 mol pct PbO-20 pct SiO2 8.3 25 
70 mol pct PbO-30 pct SiO2 8.3 26 
45 wt pct CaO-40 pet SiO2-15 pct A12Oa 4.5 32.5 
40 wt pct CAO-40 pct SiO:-20 pct A1203 4.5 33.0 
25 vet pet CAO-65 pct SiO2-10 pct A12Os 4.5 34.0 

FeO-PbO-SiOz 
Less than 5 tool pet FeO and lower 

than 1250~ 0.21 12.0 
Less than 5 tool pct FeO and higher 

than 1250~ same as PbO-SiO2 same as PbO-SiO2 
without FeO without FeO 

HI. DISCUSSION 

Effects of Natura l  Convect ion on the Measured  
P e r m e a b i l i t y  and Diffusivi ty 

The max imum veloc i ty  of na tu ra l  convection induced 
by a t e m p e r a t u r e  d i f ference  for a f luid sandwiched by 
two pa ra l l e l  ve r t i c a l  p la tes  is known to be p ropor t iona l  
to the t e m p e r a t u r e  d i f ference  of the two plates ,  the t h e r -  
mal  expans ion  coefficient ,  and the r e c i p r o c a l  of the v i s -  
cos i ty  of the l iquid,  2z 

p2~Sb2Ar 
Vma x = 32 5 [12] 

where  Vmax is the max imum veloc i ty  of na tu ra l  convec-  
t ion in the v e r t i c a l  d i rec t ion ,  /3 is the average  dens i ty  
at  mean  t e m p e r a t u r e  T, fl is  the t h e r m a l  expansion co-  
eff icient ,  b is one-hal f  of the d is tance  between the two 
pla tes ,  &T is the t e m p e r a t u r e  d i f ference,  and /7. is the 
v i s cos i t y  of the fluid. However,  the p r e s e n t  case  would 
be with the convect ion between two hor izonta l  p lanes .  
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Fig. 13--Effect of temperature difference between top and bot- 
tom of the crucible on the measured permeability of oxygen 
gas in 100 pct PbO at 1000~ (AT = temperature at slag sur-  
face - temperature at slag bottom). 

Table II. Effect of Melt Size on the Diffusion Coefficient of 
Oxygen in Pure PbO at 1000~ 

Depth of Slag (cm) Diam of Crucibles (cm) Do2(cnl2/s ) 

0.93 1.2 9.6 X 10 -4 
2.41 1.2 10.0• 10 -4 
1.00 3.5 9.8X 10 .4 

A we l l - e s t ab l i shed  equat ion as  the above is  not ava i l -  
able for this case  but the magni tude of convect ion s eems  
propor t iona l  to ~ / ~  f rom this  equation.  22 Therefore ,  one 
may a s s u m e  a s i m i l a r  type of function for convect ion in 
s lag in the p re sen t  exper imen t s ,  where  the shape of the 
cel l  a s s e m b l y  is fixed and the t e m p e r a t u r e  is different  
between the top and the bottom of the c ruc ib le .  Thus, if 
convect ion is  expe r imen ta l l y  known to be negl igible  for 
pure PbO with 13/52/~ equal to about 4.3 • 10  -3 (g. s -1. cm -5 
�9 deg-t), then na tu ra l  convect ion in the other  cases  with 
s m a l l e r  va lues  (flf~2/fi for PbO-10 mol pct SiOz and PbO-30 
mol pct SiO2 at 1000~ is 2.2 x 10 -s and 1.5 • 10 -s, r e s p e c -  
t ively) can be neglected.  Natura l  convect ion in the l iquid 
s lag  can be prevented  if the t e m p e r a t u r e  at the top of the 
c ruc ib le  is cont ro l led  to be higher  than at the bottom, 
i.e., with a higher  dens i ty  at the bot tom. Fig. 13 shows 
the re l a t ion  of the t e m p e r a t u r e  d i f ference  between the 
top and bot tom of the c ruc ib le  to the m e a s u r e d  p e r m e -  
abi l i ty  of oxygen in pure  PbO at 1000~ (the inner  d i -  
a m e t e r  of the c ruc ib le  was 20 mm and the depth of s lag  
was 20 mm).  It is seen  that na tu ra l  convect ion does not 
affect the m e a s u r e d  pe rmeab i l i ty ,  as long as the t e m -  
pe ra tu r e  at the top is h igher  than at the bottom. Thus, 
In the al l  expe r imen t s ,  the t e m p e r a t u r e  at the top of 
the c ruc ib le  was cont ro l led  to be about 20~ higher  than 
at the bot tom. 

F u r t h e r m o r e ,  d i f ferent  c ruc ib l e  d i a m e t e r s  and s lag  
depths were  used in the diffusivi ty m e a s u r e m e n t s  to 
check the effect of these  d imens ions  upon the di f fus iv-  
ity obtained.  Table  1I shows the r e su l t s  for pure PbO; 
in spite of the di f ference in the d imens ions  of the mel t s ,  
the diffusion coeff ic ients  were  nea r ly  same.  F r o m  the 
above expe r imen t s ,  it seemed  that the e r r o r  due to na t -  
u ra l  convect ion was much l e s s  than to other  sources  of 
expe r imen ta l  e r ro r � 9  

Es t ima t ion  of the Relat ive  Exper imen ta l  
E r r o r  

The r e l a t ive  e r r o r  in  the pe rmeab i l i t y  can be d e t e r -  
mined f rom Eq. [4] as follows: 
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dIP/IP = d K / K  § e v / v  + d P o 2 / P o 2  [13] 

Differentiat ion of 

R T  E = ~ In PO~ o P})2 (PO2 is a constant  value) [14] 

gives 

d E / E  = d T / T  +d in P o z / l n  Po2 = d T / T  

+ ( d P o J P 0 2 )  In Po2 [15] 

F rom Eqs. [13] and [15], one then has the following 
express ion  

dIP/1P = d g / K  + d V / V  + In PO 2 (dE /E  - d T / T )  [16] 

The re la t ive  e r r o r s  in each of the exper imenta l ly  m e a -  
sured  quanti t ies a r e  approximate ly  es t imated  as follows, 

d K / K  = +20 pct, d V / V  = =L10 pct, d E / E  = • pct, 

d T / T  = :L 1 pct, 

and PO2 is about 10 -s. Then the re la t ive  e r r o r  in the 
pe rmeab i l i ty  can be es t imated  f r o m  

d l P / I P = •  •  5 x 2 . 3 x  (• •  pct 

= • pct  (as shown in Fig. 7). 

Similar ly ,  the e r r o r  in the dtffusivity is calculated as  
follows: 

dD/D = d E / E  + d t / t  + d T / T  + 2dl / l  [17] 

The individual e r r o r s  a re  es t imated  to be approximate ly  
as  fol lows;  

d E / E  = • pct, d t / t  = • pct and d T / T  = • 1 pct. 

The value for  d l / l  was es t imated  to be - 5 pct  and + 10 
pct, because  the t rue  diffusion path is always longer  
than the melt  depth due to the inser t ion  of the oxygen 
cell  (see Fig. 3). Thus, the total e r r o r  becomes  - 11 
pct  and + 21 pct.  

T ranspor t  Mechanism of Oxygen 

Two t r anspor t  mechan i sms  a re  conceivable  for  the 
diffusion of oxygen in PbO-SiO 2 mel t s  unter  our exper -  
imental  condit ions:  the diffusion of phys ica l ly  dissolved 
oxygen gas as  exp res sed  by Eq. [i],  and the diffusion 
of chemica l ly  d issolved oxygen gas (oxygen anions) as  
exp res sed  by Eq. [2]. The la t te r  mechan i sm is well 
known as Wagner ' s  theory  2s which has been proved by 
exper iments  on t rans i t ion  metal  solid oxides at e le-  
vated t empera tu re s .  

If oxygen t r ans f e r  in the p resen t  exper iments  was 
exclusively  by the diffusion of chemica l ly -d i s so lved  
oxygen (divalent oxygen anions), then Wagner ' s  theory  
should be sat isf ied by the p resen t  resu l t s .  According 
to Wagner ' s  theory ,  the ra te  of t r a n s f e r  through the 
liquid oxide can be expressed  for  the p resen t  exper i -  
mental  conditions as  follows; 

_e (1I) 
R T  [ ~ In [18] IP=KJo2 = ~ ~r (1) PO2 

where Jo2 Is the oxygen transfer rate (moles O 2/s), 
R Is the gas constant (1.98 eal/moldeg), T is the tem- 
perature (K), both F and F '  are the Faraday constant 
( F = 23070 e a l / m o l  vol t  eq. and F '  = 96500 A-s /eq . ) ,  
K is the cel l  constant  defined by  Eq. [4] (cm-l), o is 

the specif ic  conduct ivi ty  (A/vol t .cm),  t e is the t r a n s -  
fe rence  number  of e lec t rons ,  Po2(I) is the oxygen p a r -  
tial p r e s s u r e  in the c a r r i e r  gas and PO~ is the oxy-  
gen p r e s s u r e  of pure oxygen in the shie)d pipe (see 
Fig. 1). 

For  example at l l00~ the oxygen t r a n s f e r  ra te  can 
be es t imated  f r o m  the above equation. The conduct iv-  
ity 24 of a pure PbO melt ,  a, is  about 2.0 A/vo l t . cm and 
of a 70 mol pct  PbO-30 tool pct  SiO2 melt  it is about 0.9 
A/vol t . cm.  Ito and Yanagase 25 r epor t ed  that the ionic 
t r ans f e r ence  number  of these two melts  is essen t ia l ly  
unity. However,  es t imat ing  the magnitude of their  ex-  
per imenta l  e r r o r s ,  it s eems  that the maximum t r a n s -  
fe rence  number  of e lec t rons  could be a s sumed  to be the 
o rde r  of 10 -a. There fore ,  the permeabi l i ty ,  IPcal, can 
be calculated f rom Eq. [18]. In the cases  of pure PhO 
and 70 pct PbO-30 pct SiO2, the oxygen p r e s s u r e s  in 
the outlet gas (Po2(I)) a re  5.5 x 10 -5 a tm and 9.1 • 10 -6 
atm, respec t ive ly .  

1.98 x 1373 (2.0 x I x 10 -~) 
IPcal (PhO'II09~ = 16 • 23070 • 96500 

�9 {In I - in 5.5 • I0 -5} = 7.5 • I0 "9 (Oe moles/s.cm) 

Similarly, for 70 tool pct PbO-30 tool pct SiO2, the per- 
meability can be estimated to be 0.8 • 10 -9 (02 moles/ 
s.cm). 
These permeabilities are smaller than those measured 
by a factor of one hundred for pure labO and fifty for the 
PbO-SiOz melt .  (This is t rue  only for  PbO-SiO 2 mel ts . )  

There fore ,  diffusion of chemica l ly  d issolved oxygen 
gas (O 2-) can be judged to play a minor  pa r t  in the oxy-  
gen t r a n s f e r  mechan i sm under the p resen t  expe r imen-  
tal conditions. The major  mechan i sm,  which is sup-  
por ted  by the p resen t  resu l t s ,  s eems  to be the diffusion 
of phys ica l ly  d issolved oxygen. 

Es t imat ion  of Phys ica l  Solubility of Oxygen 
Gas in PhO-StO2 Melts 

Because  the pe rmeab i l i ty  and the diffusivity a re  in- 
dependently measured ,  the physica l  solubil i ty of oxy-  
gen gas in l~O-SiOz mel ts  can be es t imated  f rom Eq. 
[191. 

IP = Do~ (C~) 2 - Cargon) [19] 

where IP is the permeabi l i ty ,  DO2 is the diffusivity of 
C O oxygen gas in liquid slag, O. is the oxygen concen t ra -  

tion in liquid s lag  equil ibrate~ at 1 atm oxygen gas,  and 
Cargon is the oxygen concentra t ion in liquid s lag  equi l i -  
b ra ted  with a rgon  gas.  Cargon could be taken to be zero ,  
because  Poz tn the argon c a r r i e r  gas was in the range 
of i0 -~ to 10 -6 atm. Fig. 14 shows the es t imated  solu-  
bi l i ty  of oxygen gas in the liquid PhO-SiO2 sys t em under 
1 a tm oxygen gas .  The mean values of diffusivity and 
permeab i l i ty  at each t empera tu re  a re  used in the ca l -  
culat ions.  F r o m  this f igure,  the dissolut ion of oxygen 
into the mel ts  seems  to be an exo thermic  reac t ion  with 
a heat  of dissolut ion of about - 29 k c a l / m o l e  0 2. 

The physica l  solubil i ty of gaseous  e lements  (helium 
etc) and meta ls  (Au etc) have been studied by a few 
workers.6 '8 '1~ 11 Mulfinger and Scholze 6 measu red  the 
solubil i ty of helium gas in Na~O-CaO-SiO2, Na20-CaO- 
A12Os, KzO-SiO2, Na~O-SiO 2 and Li20-SiO2 mel ts  at 
1200 to 1480~ Their  r esu l t s  indicated that the solu-  
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Fig. 14--Estimated solubility of oxygen gas in liquid PbO-SiO z 
under 1 atm oxygen gas. 
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Fig. 15--Relation between logarithm of solubility of neutral 
atoms or molecules in liquid slag and atomic or molecular 
diameter. (Solid line is reproduced from Ref. i l l  

b i l i ty  i nc rea sed  with t e m p e r a t u r e  and with the content  
of n e t w o r k - f o r m i n g  oxides,  e.g., SiOz or A1203. Thus, 
they conc luded  that the he l ium atoms a re  a c c o m m o -  
dated in e l e c t r i c a l l y - n e u t r a l  holes of the liquid s t r u c -  
tu re  of the oxide mel t s ,  the concen t ra t ion  of which 
s eems  to i n c r e a s e  with t e m p e r a t u r e  and the content  of 
acidic  oxides.  R ichardson  and his coworkers  l~ n de-  
t e r m i n e d  the phys ica l  so lubi l i ty  of the neu t ra l  meta l s  
Au, Ag, Pb, and Cu in CaO-SlO~-Al20~ melts. The sol- 
ubility increased with temperature and the silica con- 
tent, similarly to the case for helium. At a fixed tem- 
perature of 1530~ a vapor pressure of metal of 1.0 
mm Hg, and a fixed slag composition, the physical sol- 
ubility decreased with increasing atomic radius as 
shown in Fig. 15. In this figure, the results of Mul- 
finger and Scholze 6 and those of the present study are 
converted to the solubility under a I mm Hg vapor pres- 
sure and plotted for comparison. Here, the molecular 
radius of O2 gas at 25~ (1.82A) was used for the plot. 
From this figure, it seems that the physical solubility 
depends very much on the slag composition but not 
much on the temperature. 

Contrary to other studies, 6'I~ the present results 
indicated that the solubility decreases with an increase 
in silica content in the range of 100 pct to 80 pct PbO, 
and increases slightly between 80 pct and 70 pct PbO. 
However, in the range of pure PbO down to 70 mol pct 
PbO, the molar volume of the melt decreases with in- 
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creasing silica content. 26 Thus, it can be assumed, in 
agreement with the present results, that the concentra- 
tion of neutral holes decreased with silica content in 
this  composi t ion  range.  Other worke r s  G'l~ n used a 
more  acidic  composi t ion  than in the p r e se n t  study, 
where the mola r  volume s e e m s  to i n c r e a s e  with in -  
c r e a s i n g  s i l i ca  content  (the n e c e s s a r y  dens i ty  to e s t i -  
mate  the exact mola r  vo lumes  a re  not avai lable) .  

In the p r e se n t  study, the oxygen so lubi l i ty  in bas ic  
mel t s  dec rea sed  with t e m p e r a t u r e ,  while it i n c r ea sed  
with t e m p e r a t u r e  in the more  acidic  mel t s  in previous  
s tudies .  6,x~ Thus, it can be deduced that the "e f fec -  
t i ve "  volume or " e f f ec t i ve"  content  of holes in the v e r y  
bas ic  mel t s  d e c r e a s e s  with t e m p e r a t u r e  because  of the 
t he r ma l  v ib ra t ion  of ca t ions  and f ree  oxygen anions,  a l -  
though the mola r  volume i n c r e a s e s  with t e m p e r a t u r e .  
These cons ide ra t ions  suggest  that the r e l a t ion  between 
the solubi l i ty  and t e m p e r a t u r e  or the content  of ne t -  
work f o r m e r s  would change for e x t r e me l y  bas ic  or 
acidic composi t ions .  

The product  of the so lubi l i ty  and diffusivi ty  of oxygen 
in b a r i u m - a l u m i n a - a l k a l i - s i l i c a t e  mel t s  can be e s t i -  
mated to be in the range  of 10 -12 to 10 -1~ m o l e s / c m  �9 s 
at 1000 to 1300~ f rom the slope of the curves  in Figs.  
5 and 6 of the paper  by Greene  and Gaffney. 

Although the expe r imen ta l  e r r o r s  a re  not always 
sma l l  in this kind of high t e m p e r a t u r e  exper iment ,  this 
la rge  di f ference between the va lues  suggests  that the 
product  of the so lubi l i ty  and diffusivi ty  does depend 
v e r y  much upon the composi t ion  of oxide mel t s .  (Com- 
pare  Figs .  10 and 11 for a r e l a t i ve ly  la rge  di f ference 
in the diffusivities in PbO-SiO 2 melts and CaO-SiO2- 
Al20 s melts.) 

IV. CONCLUSION 

An exper imen ta l  p rocedure  for the m e a s u r e m e n t  of 
the p e r m e a b i l i t y  of d isso lved  oxygen in liquid s lag  has 
been  developed us ing an oxygen concent ra t ion  cell .  The 
sma l l  amount  of oxygen gas which pe r me a t e d  through 
the l iquid oxide f rom the pure  oxygen compar tmen t  to 
the pure  argon c ompa r t me n t  was de t e rmined  by the 
galvanic  cell .  The p e r m e a b i l i t i e s  of oxygen through 
l iquid PbO-SiO 2 and FeO-PbO-SiO 2 at 1000 to 1250~ 
were in the range  of 3 x 10 -8 to 3 • 10 -7 m o l e s / c m  .s. 
The p e r m e a b i l i t y  was l i t t le  inf luenced by t e m p e r a t u r e  
but  more  inf luenced by composi t ion.  

Independent ly f rom the above method, an e x p e r i m e n -  
tal  p rocedure  for the de t e rmina t ion  of the diffusion co-  
eff icient  of d i sso lved  oxygen in l iquid s lag  has been de-  
veloped us ing an oxygen concen t ra t ion  cell .  In this 
method it is not n e c e s s a r y  to quench the spec imen  to 
de t e rmine  the concen t ra t ion  prof i le  of d isso lved  oxy- 
gen. Instead,  the oxygen p r e s s u r e  change at the bot tom 
of the s lag  column was detected by the galvanic cel l .  

Liquid oxides in the FoO-C-eO2, Na20-GeO2, CaO- 
SiO2-A120 s and FeO-l~oO-SiO2 sys t e ms  were studied. 
The diffusion coeff icients  de t e rmined  a re  in the range  
of 5 x 10 -~ to 3 x 10 -s cm2/s  at 1000 to 1450~ The dif-  
fusion coeff ic ients  i nc rease  with t e m p e r a t u r e  for fixed 
composi t ions  of slag.  The coeff icients  i nc r ea se  with an 
i n c r e a s e  in the content  of ne twork-modi fy ing  oxides at 
constant  t e m p e r a t u r e .  

The so lubi l i ty  of oxygen gas in PbO-SiO 2 mel t s  was 
es t ima ted  to be 2 x 10 -~ to 2 x 10 -s m o l e s / c m  3 f rom the 
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determined diffusivity and permeability. The solubility 
decreased slightly with an increase tn si l ica content in 
the present composition range and with an Increase in 
temperature. 

Physical solubilities of gases and metals In molten 
slags determined by other Investigators are compared 
to the present results.  
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