
was a lso  applied to the r e s u l t s  of F r a s e r  e t  a l  2 for  
nickel ,  again taking X in t he i r  e x p e r i m e n t s  to be 1.33. 
This  d e c r e a s e d  the i r  su r f ace  tension value of ~1960 
d y n e s / c m  to ~1790 d y n e s / c m  at the me l t ing  point. 
F o r  compar i son  pu rposes ,  the data l i s ted  by Lung s for  
n icke l  at i ts  mel t in~ t e m p e r a t u r e  a r e  in the range  
1700 to 1820 d y n e s / c m .  Once again the c o r r e c t e d  r e -  
sui ts  a r e  in line with the data  obtained by s ta t i c  
methods ,  and again the lev i ta t ion  r e su l t  l i e s  n e a r  the 
upper  bound of the data.  

Summary .  It has been demons t r a t ed  that the l ev i t a -  
t ion method for  su r f ace  tens ion  m e a s u r e m e n t  using 
osc i l l a t ing  d rop le t s  can yie ld  r e su l t s  which a r e  in 
a g r e e m e n t  with ex i s t ing  data obtained by o ther  methods .  
However ,  the lev i ta t ion  r e s u l t s  a r e  ve ry  s ens i t i ve  to 
osc i l l a t ion  ampli tude,  as wel l  as  to o ther  f a c to r s  d i s -  
cussed  in Ref.  6, and these  fac to rs ,  if left unaccounted 
for ,  can lead to anomalous ly  high va lues  of y in me ta l s .  
Based  on m e a s u r e m e n t s  with liquid copper ,  an ampl i -  
tude c o r r e c t i o n  fac to r  has been proposed,  which, when 
applied to levi ta t ion  data  in the l i t e r a t u r e  fo r  i ron  and 
nickel ,  b r ings  the high, apparent  va lues  of 7 down to 
the range  of p r e sen t ly  accep ted  r e su l t s  obtained by 
s ta t ic  methods .  M o r e  work  is r e q u i r e d  both to ve r i fy  
the va r i a t i on  of B with X in copper ,  as  wel l  as  to m e a s -  
u re  B for  o ther  me ta l s ,  but the succe s s  of Eq. [5] in 
dea l ing  with data for  copper ,  iron,  and n icke l  sugges t s  

that this approximate relationship is reasonably valid. 
Finally, it is worth restating that the levitation values 
for ),, even after correction for amplitude effects, 
still lie near the upper limits of the surface tension 
data in the l i t e r a t u r e ,  Th i s  may imply  e i the r  that a 
s m a l l  addi t ional  c o r r e c t i o n  is ca l led  for ,  or  that the 
lev i ta t ion  technique leads to the product ion of e x t r a -  
o rd ina r i l y  c lean su r f aces .  

We a r e  p l ea sed  to acknowledge the p rov i s ion  of f i -  
nancia l  suppor t  fo r  this work  by the Nat ional  R e s e a r c h  
Counci l  of Canada.  
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The Reduction of Wustite Disks with 
Carbon Monoxide Over the 
Temperature Range 573 to 845~ 

J .  SZEKELY AND C. KARATAS 

The purpose  of this communica t ion  is to r e p o r t  ex-  
p e r i m e n t a l  m e a s u r e m e n t s  on the ra te  of wust i te  r e -  
duction with carbon  monoxide.  The main mot iva t ion  
fo r  this work was the need for  kinet ic  in fo rmat ion  on 
this  r eac t i on  in a study of the r eac t ion  be tween wust i te  
and carbon,  where  the gaseous  reduct ion  s tep  could be 
a component  of the o v e r a l l  r eac t ion  s cheme .  

While the reduc t ion  of hemat i t e  with ca rbon  mon-  
oxide has r e c e i v e d  a g rea t  dea l  of at tention,  1-a l i t t le  
work  has been r e p o r t e d  on the k ine t ics  of wust i te  r e -  
duction.  The ac t iva t ion  e n e r g i e s  found ranged  f r o m  
about 13 kcal , /g mole  to 37 kcal, /g mole .  T h e s e  e a r l i e r  
w o r k e r s  used shr inking  co re  type models  for  r e p r e -  
sent ing  the i r  m e a s u r e m e n t s  and one may wel l  ques t ion  
the r e l i ab i l i t y  of the ra te  constants  thus obtained.  4-7 

In the p r e s e n t  work,  the appara tus  was so con- 
s t ruc t ed  that wust i te  d i sks ,  suspended f r o m  a r e c o r d -  
ing balance ,  could be r e a c t e d  with a s t r e a m  of carbon 
monoxide at con t ro l l ed  t e m p e r a t u r e s ,  a The  gas flow 
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ra te  was high enough so that e x t e r n a l  mass  t r ans f e r  
was not ra te  cont ro l l ing .  

The carbon  monoxide used was CP grade,  with a 
m i n i m u m  pur i ty  of 99.3 pct ,  suppl ied by the Union C a r -  
bide Corpora t ion ,  Linde Div is ion .  

The  wust i te  was p r e p a r e d  by r e a c t i n g  magnet i te  
powder ,  suppl ied by the F i s h e r  Scient i f ic  Co., with a 
gas m ix tu r e  cons i s t ing  of ana ly t i ca l  grade  50 pet CO 
and 50 pct  CO2, at 900~ The chemica l  f o rmu la  of the 
wust i te  thus produced was de t e rmined ,  using a method 
r e c o m m e n d e d  by the U.S. Bureau  of Mines,  9 as Fe~92sO. 
This  value  was conf i rmed  independently by both the 
weight  loss  in sample  p repa ra t ion ,  and by the weight  
loss  in the subsequent  r eac t ion  of the wusti te  thus p ro-  
duced. 

The g ra in  s i ze  of the wust i te  p a r t i c l e s  thus made 
was d e t e r m i n e d  us ing a Quant imet  TV Analys ing  Com-  
puter  f r o m  the Union Carb ide  Corpora t ion ,  Meta l s  
Divis ion ,  of N iaga ra  Fa i l s ,  New York.  The  mean value  
obtained for  the gra in  s ize  was 3.52 /an, which was 
cons i s ten t  with the va lues  deduced f rom the examina-  
t ion of the scanning e l e c t r o n m i c r o g r a p h s .  The t rue  
(skeletal)  dens i ty  of the wust i te  thus produced was 5.64 
g//cm s, as  obtained f rom its  composi t ion .  1~ 

The wust i te  powder  was c o m p r e s s e d  at a p r e s s u r e  
of about 700 a tm  into cy l ind r i ca l  d isks ,  28.58 mm in 
diam,  with a half th ickness  of about 0.8 ram. The mean 
value of the poros i ty  of these  d isks  was about 0.38. 

In a typ ica l  run,  the sol id  s ample  was brought  to the 
r eac t i on  t e m p e r a t u r e  in a n i t rogen  s t r e a m  and was 
then a l lowed to r e a c t  with the carbon monoxide unti l  
the r e a c t i o n  was completed.  Th is  l a t t e r  s tage usual ly  
took some  5 to 15 rain. 

In k ine t ic  s tudies ,  it is c u s t o m a r y  to p e r f o r m  ex-  
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Fig. 1--Plots of the extent of reaction of the pellets us time 
at 573 and 656oC. 

p e r i m e n t s  such  that both the r e s i s t a n c e s  a s soc i a t ed  
with e x t e r n a l  m a s s  t r a n s f e r  and with pore  diffusion 
a re  e l imina ted .  In the p r e s e n t  case ,  the effect  of ex-  
t e rna l  m a s s  t r a n s f e r  could be e l imina t ed  by using high 
enough gas flow r a t e s  (in e x c e s s  of 16,000 cm3/min) ,  
giving a pe l le t  Reynolds  number  of about 85 at 900~ 
However ,  the effect  of pore  diffusion was diff icul t  to 
e l imina te ,  even by using v e r y  thin pe l l e t s .  Fo r  this 
reason ,  the c h e m i c a l  r eac t i on  r a t e  constant  was de-  
duced f r o m  the in i t ia l  r a te  m e a s u r e m e n t s ,  when the 
contr ibut ion f r o m  pore  diffusion was at i ts  min imum.  

The r e a c t i o n  between wusti te  and carbon  monoxide 
is r e v e r s i b l e ,  with a s tandard  f r e e  ene rgy  change of: 

AG ~ =--4300 + 5.24 T (Ref. 11)* 

*This expression provides a better agreement with the experimental measure- 
ments obtained in this investigation and also by Darken 1~ than does the alterna- 
tive relationship cited by Kubaschewski et a117. 

F i g u r e  1 shows a plot  of the extent  of r eac t i on  
agains t  t ime  for  two typica l  runs ,  t oge the r  with the 
tangents drawn at t = 0, which denote the in i t ia l  r a t e s .  
Key p a r a m e t e r s  c h a r a c t e r i z i n g  a s e l ec t i on  of the ex- 
p e r i m e n t a l  runs  a r e  s u m m a r i z e d  in Tab le  I. 

While the equ i l i b r ium condit ions would have al lowed 
carbon depos i t ion  due to the decompos i t ion  of CO, in 
fact ,  no ca rbon  deposi t ion  was found until  the r eac t ion  
approached  comple t ion .  The absence  of carbon  de-  
posi t ion in the in i t i a l  s tages  was conf i rmed  by inde- 
pendent X - r a y  d i f f rac t ion  m e a s u r e m e n t s ,  and by the 
scanning e l e c t r o m i c r o g r a p h s  of the pa r t i a l l y  r eac t ed  
spec imens .  F u r t h e r m o r e ,  even at 50 pct  reduct ion,  the 

m e a s u r e d  weight loss  a g r e e d  within 3 to 5 pct  of the 
va lues  found by c h e m i c a l  ana lys i s  of the pa r t i a l l y  r e -  
ac t ed  spec imen .  

Th i s  absence  of ca rbon  deposi t ion is cons i s ten t  with 
findings r epo r t ed  by Turkdogan,  1 Osman e t  al, 2 and by 
K r a s u k  and Smith 18 and Szekely  and Lin, 19 the l a t t e r  
two fo r  the reduct ion  of n icke l  oxide with CO. Since 
only the in i t ia l  r a t e s  w e r e  used in the i n t e rp re t a t i on  of 
the data,  the effect  of carbon deposi t ion was not taken 
into account  in the ana lys i s .  

In the in t e rp re ta t ion  of the m e a s u r e m e n t s ,  we sha l l  
use  the gra in  model .  12'13 If we a s s u m e  i s o t h e r m a l  be -  
hav ior ,  s l ab - l ike  g e o m e t r y  for  the pel le t  (which is 
r e a sonab l e ,  because  of the s m a l l  value of the r a t io :  
th ickness  per  d i a m e t e r )  and postulate  that the g ra ins  
a r e  spher ica l ,  the conse rva t ion  of the gaseous  r eac t an t  
may be wr i t t en  as :  

D e c o  dR---- T -  rFeO r - - ~ e  O CO K E  ] [1] 

The  conse rva t ion  of the sol id  r eac t an t  is given as:  

dr  CCO2 
- P  FeO ~ = k (Cco  ~-E---E ) �9 [2] 

The  boundary condit ions a r e :  

r = r F e  O at t = 0  [3] 

CCO = C c o s  a t R = R p  [4] 

d C c o  _ 0 at R = 0. [5] 
dR 

In the ana lys i s  of g a s - s o l i d  r eac t ion  s y s t e m s ,  it was 
found that ~, the g a s - s o l i d  r eac t ion  modulus,  p lays  an 
impor tan t  r o l e .  

~ = R p t /  ( I - ) k  (I + 1 
" 2 D e c o r  FeO KE )' [6] 

When ~ < 0.3 the o v e r a l l  r a te  is chemica l ly  cont ro l led ,  
and when ~ > 3 the o v e r a l l  r a te  is con t ro l led  by pore  
diffusion .13 

In the ve ry  in i t ia l  s t ages ,  when the g ra in  s ize  has 
not a l t e r e d  apprec iab ly ,  the solut ion of Eq. [1] may be 
app rox ima ted  by: 

cosh (~/-6 R _r ~) 
R p  r FeO 

C c o ( R )  -- CCOs cosh (vr6 ~r) [7] 

Table I. 

dx t (I/s) Experimental TOC Rp• 10 -2, Deco X 11~ 2, Deco X 10 -~, k, cm/s 
Number cm Wt, gr cm2/s c~n2/s -~ t = 0, observed 6 • 10-3 K E 

X 10 -3 

M12 845 8,80 2.874 12.34 11.30 3.508 1.33 5.332 0.496 
M11 806 8.85 2.950 11,74 10.78 3.145 1.16 4,017 0.530 
M10 752 8.80 2.392 10.90 10.05 2.860 0.99 2.963 0.590 
M9 726 8,92 3.038 10.50 9.699 2.645 0.94 2.531 0.625 
M8 701 8.95 2.540 10.11 9.358 2,518 0.87 2.197 0.660 
M7 656 8.98 2.210 9.418 8.745 2.258 0.77 1.679 0.736 
M6 573 8,89 1.700 8.143 7.612 1.501 0.52 0.756 0.925 
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Then the e f f ec t i venes s  f a c to r ,  ~?, is  given a s :  

1 f + R p  CCO (R) dR - tanh (4-6 ~) [8] 
= 2RpC c o  s - R e  4-6 

h e r e  

s u r f a c e  a r e a  used  for  r e a c t i o n  [9] 
77 = to ta l  s u r f a c e  a r e a  within the porous  r e a c t a n t  " 

In the chemica l l y  con t ro l l ed  r e g i m e ,  7? ~-- 1, but  when 
po re  di f fus ion con t ro l s ,  ~? << 1. 

In the chemica l l y  con t ro l l ed  r e g i m e ,  

k(Cc~ -k-E-E 
X = I -  1 -  - - -  3. 

P FeO " r  FeO 

The e f f ec t ivenes s  f a c t o r  may  a l so  be e x p r e s s e d  in 
t e r m s  of the e x p e r i m e n t a l  da ta ,  viz:  

-~- t = 0, observed = ~ t = 0, observed 

= dx [ Cco2s .  
d--[ t = o ,  c c o = C c O s  3k(Cco s ~ - )  

P FeO ~" FeO 

[10] 

�9 [11]  

Upon combining  Eqs�9 [8] and [11] and a f t e r  s o m e  man i -  
pulat ion,  we obta in  the fol lowing e x p r e s s i o n :  

[tanh (4"6~] ~ dx x 
= ~ -  t = 0, observed 

~ (1 + 1 

Cco~ s 
• p FeO~-FeO/ ' ] -3(C CO s K E " 

[12] 

which has  to be so lved  for  k by t r i a l  and e r r o r .  
F o r  a given app l i ca t ion ,  a l l  the t e r m s  in Eq.  [12] 

a r e  known, except  De CO, which was ca l cu l a t ed  f r o m  
the m o l e c u l a r  d i f fus iv i t i e s  and the Knudsen component ,  
us ing  the " d u s t y  g a s "  mode l  and the Bosanquet  i n t e r -  
po la t ion  f o r m u l a .  14'15 The  t o r t uos i t y  was a s s u m e d  to 
be equal  to the r e c i p r o c a l  of p o r o s i t y .  

As  seen  in Table  I, 0.52 < ~ < 1�9 ind ica t ing  that  
under  the e x p e r i m e n t a l  condi t ions ,  p o r e  d i f fus ion  
p layed  an impor t an t  r o l e  in the r eac t i on .  

F i g u r e  2 shows an A r r h e n i u s  plot  deduced  f r o m  the 
m e a s u r e m e n t s .  The  ac t iva t ion  ene rgy  obta ined  (13 
kcab /g  mole)  is  v e r y  c l o s e  to the  r e s u l t  of B i c k n e s e  and 
C la rk ,  6 who found a va lue  of 13.9 kcab/g  mole  o v e r  the 
t e m p e r a t u r e  r ange  980 to 1165~ 

We note that  the ac t iva t ion  e n e r g i e s  r e p o r t e d  fo r  the 
r educ t ion  of hema t i t e  with CO range  f r o m  about  8 to 10 
kcab/g  mole .  2,s Since  the o v e r a l l  r a t e  of r e a c t i o n  (in 
the chemica l l y  con t ro l l ed  r eg ime)  is  thought to be  
l im i t ed  by the r a t e  of wus t i t e  r educ t ion ,  the f indings  in 
the p r e s e n t  p a p e r  a r e  cons i s t en t  with the e a r l i e r  work�9 
If, in these  p r e v i o u s  s tud ies ,  no ful l  a l lowance  was 
made  for  the d i f fus iona l  e f fec t s ,  then the r e s u l t a n t  
ac t iva t ion  e n e r g i e s  would have been  lower  than the 
i n t r i n s i c  va lues ,  which may  wel l  be the c a s e .  

F i g u r e  3 dep ic t s  a plot  of the g a s - s o l i d  r e a c t i o n  
modulus  ~ aga ins t  t e m p e r a t u r e .  It is  s een  that  ~ tends  

5 0  

~,0 
o 

X 

k:l.O6exp(13,0 /RT) (cm/sec) 

e 

0 THIN PELLET 

AE :13.0 kcal/o- mole 

9 iO 
I / T  xlO 4 ( I /~  

Fig. 2--Arrhenius plot of the intrinsic reaction rate constant 
k. 

to i n c r e a s e  with i n c r e a s i n g  t e m p e r a t u r e .  
F i n a l l y ,  F ig .  4 shows a scann ing  e l e c t r o m i c r o g r a p h  

of an u n r e a c t e d  wust i te  pe l l e t ,  which ind ica t e s  that  
the a s s u m p t i o n  of F p  = 3 ( s p h e r i c a l  pe l l e t s )  was not 
u n r e a s o n a b l e .  

CCO, CCO~ 

C c o ,  Cco2s  

D e c o  

AFeO 
VFeO 
FFeO 

k 
R 
R p  

rFeO 
KE 
t 
T 
AG ~ 

XFeO 

N o m e n c l a t u r e  

M o l a r  concen t r a t i on  of c a rbon  monoxide  
and ca rbon  d iox ide ,  r e s p e c t i v e l y ,  g m o l e /  
cm 3, 
m o l a r  concen t ra t ion  of c a rbon  monoxide  
and ca rbon  d iox ide  a t  p e l l e t  s u r f a c e ,  r e -  
spec t ive ly ,  g m o l e / c m  3, 
ef fec t ive  d i f fus iv i ty  of ca rbon  monoxide,  
c m 2 / s ,  
s u r f a c e  a r e a  of wus t i t e  g ra in ,  cm 2, 
vo lume of wus t i t e  g ra in ,  cm s, 
shape  f ac to r  of wus t i te  g ra in  (= 3 fo r  
s p h e r e s ) ,  
r e a c t i o n  r a t e  constant ,  c m / s ,  
pe l l e t  coord ina te ,  cm,  
pe l l e t  h a l f - t h i c k n e s s ,  cm, 
g r a i n  coord ina te ,  cm,  
g r a i n  r ad iu s  of wust i te ,  cm, 
equ i l i b r i um cons tant ,  
r e a c t i o n  t ime ,  s ,  
t e m p e r a t u r e ,  K, 
s t a n d a r d  f r e e  ene rgy  change,  cab /mole ,  
and 
extent  of r eac t i on .  
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Fig. 3--Plot  of gas -so l id  react ion modulus ~ v s  react ion 
tempera ture .  

T h e  a u t h o r s  w i s h  to t h a n k  the  T u r k i s h  S c i e n t i f i c  and  
R e s e a r c h  Co u n c i l  of T u r k e y  f o r  p a r t i a l  s u p p o r t  of  t h i s  
i n v e s t i g a t i o n  t h r o u g h  a NATO F e l l o w s h i p  to C. K a r a t a s ,  
M o r e o v e r ,  t h an k s  a r e  due  to the  U n i o n  C a r b i d e  C o r -  
p o r a t i o n ,  M i n i n g  and  M e t a l s  D i v i s i o n ,  f o r  t he  u s e  of 
t h e  Q u a n t i m e t .  
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Inverse Segregation in AI-IO pct Cu 

Fig. 4--Scanning e lec t romicrograph  of the unreacted wusti te 
pel lets  at a magnification of 2370 t imes .  

M e a s u r e d  w e i g h t  l o s s  a t  t i m e  t~./ 
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t h e o r e t i c a l  t o t a l  we igh t  l o s s  
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I n v e r s e  s e g r e g a t i o n  in A1-Cu  a l l o y s  h a s  b e e n  s h o w n  
to o c c u r  a s  a r e s u l t  of e n r i c h e d  i n t e r d e n d r i t i c  f low 
t o w a r d  the  ch i l l  f a c e  due  to v o l u m e  s h r i n k a g e  on c o o l -  
i ng  and  s o l i d i f i c a t i o n .  E x p e r i m e n t a l  o b s e r v a t i o n s  of 
t he  s o l u t e  c o n c e n t r a t i o n  a t  the  ch i l l  f a c e  h a v e  b e e n  
s h o w n  to a g r e e  w e l l  w i t h  c a l c u l a t e d  v a l u e s  d e t e r m i n e d  
f r o m  a m a t h e m a t i c a l  m o d e l  of the  p r o c e s s .  1,2 So lu te  
c o n c e n t r a t i o n s  away  f r o m  the  i n t e r f a c e  a l s o  s h o w e d  
good a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and  m o d e l  c a l c u -  
la t ions .Z T h e  a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and  c a l -  
c u l a t i o n s  a p p e a r  to c o n f i r m  the  a s s u m p t i o n s  in the  
m o d e l  and  a l low the  m o d e l  to  be  e x t e n d e d  to o t h e r  a s -  
p e c t s  of s e g r e g a t i o n .  ~ 

So lu te  s e g r e g a t i o n  r e s u l t i n g  f r o m  i n v e r s e  s e g r e g a -  
t i o n  i s  d i f f i cu l t  to  m e a s u r e .  T h i s  i s  due to  e x u d a t i o n s  
on  the  s u r f a c e ;  t h e  s m a l l  i n c r e a s e  in c o n c e n t r a t i o n  
w h i c h  o c c u r s ;  t he  s h o r t  d i s t a n c e s  a t  the  c h i l i  f a c e  i n -  
v o l v e d ,  and the  m i c r o s e g r e g a t i o n  w h i c h  is  a l s o  p r e s -  
e n t  in  the  s a m e  r e g i o n .  T h e  p u r p o s e  of the  p r e s e n t  in -  
v e s t i g a t i o n  w a s  to r e p e a t  the  m e a s u r e m e n t s  on  A I - 1 0  
p c t  Cu a l loy ,  t he  a l l oy  g i v i n g  the  l a r g e s t  s e g r e g a t i o n  
a t  t he  c h i l l  f a c e ,  u s i n g  r a d i o a c t i v e  t r a c e r  t e c h n i q u e s .  
W i t h  t h e s e  t e c h n i q u e s  i t  w a s  hoped  to o b t a i n  m o r e  
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