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N o n - t , p , c h e m i c a l  b e h a v i o r  was s tud ied  dur ing  r educ t ion  of po rous  s p h e r e s  of h e m a t i t e  by 
s t ages  through the i n t e r m e d i a t e  ox ides  and a l so  cont inuous ly  to i r on  by  CO/CO s m i x t u r e s  
at  t e m p e r a t u r e s  of 600 to 900~ (873 to 1173 K). The b e h a v i o r  b e c a m e  m o r e  n e a r l y  t , p , -  
c h e m i c a l  a s  t e m p e r a t u r e  i n c r e a s e d . . S h r i n k i n g  o c c u r r e d  dur ing  the r educ t i on  of hema t i t e  
to magne t i t e  and of magne t i t e  to w(ist i te,  w h e r e a s  swe l l ing  was o b s e r v e d  dur ing  the r e d u c -  
t ion of w~st i te  to i ron .  Shr inking was g r e a t e r ,  and swe l l ing  l e s s ,  a t  h ighe r  t e m p e r a t u r e s .  
The to ta l  s u r f a c e  a r e a  of the so l id  d e c r e a s e d  with i n c r e a s i n g  extent  of r educ t ion  dur ing  
each of the t h r e e  s t a g e s .  A n o n - t , p , c h e m i c a l  model  was deve loped  which s a t i s f i e s ,  b e t t e r  
than p r e v i o u s l y  p r o p o s e d  mode l s ,  the r educ t ion  da ta  for  the s ing le  r e a c t i o n s  and the t h r e e  
r e a c t i o n s  o c c u r r i n g  s imu l t aneous ly .  The model  p r o v i d e s  for  v a r i a t i o n  in p a r t i c l e  s i z e  and 
loca l  changes  in p o r o s i t y  and ef fec t ive  d i f fus iv i ty .  An e m p i r i c a l  " s i n t e r i n g  exponen t "  was 
in t roduced  to d e s c r i b e  changes  in r e a c t i n g  su r f a c e  a r e a .  

C 
O E V E R A L  m a t h e m a t i c a l  mode l s  have been  p r o p o s e d  
in the l i t e r a t u r e  to exp la in  n u m e r o u s  r e s u l t s  obta ined  
in the s tudy of the r educ t ion  of i ron  ox ides .  Although 
a spec i f i c  model  may  exp la in  one se t  of data ,  it  wil l  
s e l d o m  s a t i s f y  o the r  s e t s .  Not only do r e p o r t e d  r a t e  
cons tan t s  d i f fer  by  o r d e r s  of magni tude ,  but  the a c t i -  
va t ion  e n e r g i e s  a l so  v a r y  ove r  a wide r ange .  

These  c o n t r a d i c t i o n s  can be  p a r t i a l l y  exp la ined  by  
the wide d i v e r s i t y  of e x p e r i m e n t a l  condi t ions  and s t a r t -  
ing m a t e r i a l s  used  by  v a r i o u s  i n v e s t i g a t o r s .  Some of 
the conf l ic t ing  o b s e r v a t i o n s  have been  c l a r i f i e d  by  
Sp i t ze r  et  a l .  1-3 who deve loped  s e v e r a l  mode l s  to ex -  
p la in  the  t , p , c h e m i c a l  r educ t ion  of i ron  ox ides  at  one, 
two o r  t h r e e  advanc ing  i n t e r f a c e s .  However ,  t , p , -  
c h e m i c a l  r e ac t i on ,  al though usua l ly  o b s e r v e d  dur ing  
the r educ t ion  of dense  p a r t i c l e s  of i ron  ox ides ,  is  not 
the g e n e r a l  b e h a v i o r .  In po rous  p a r t i c l e s  the i n t e r -  
f a c e s  b e c o m e  diffuse a s  p o r o s i t y  i n c r e a s e s  until  no 
d i s t i ngu i shab le  i n t e r f ace  is  o b s e r v a b l e  be tween  s u c -  
c e s s i v e  so l id  p h a s e s .  This  n o n - t , p , c h e m i c a l  behav io r  
is  not so wel l  ana lyzed  in the l i t e r a t u r e ,  but  it  is  i l l u s -  
t r a t e d  by  some  r e p o r t s  on the r educ t ion  of porous  p a r -  
t i c l e s .  

Ahner  and F e i n m a n  4 s tud ied  the r educ t i on  of Vene-  
zue lan  o r e  with hydrogen  and found that  the r a t e  was 
independent  of p a r t i c l e  s i z e .  M i c r o g r a p h i c  examina t ion  
showed that  no oxygen g r a d i e n t s  e x i s t e d  within a p a r -  
t i c l e  and that  l a r g e r  g r a i n s  we re  in the  s a m e  s t a t e  of 
r educ t ion  as  s m a l l e r  ones .  However ,  i t  was o b s e r v e d  
that  indiv idual  g r a i n s  within the p a r t i c l e  r e d u c e d  f o p , -  
c h e m i c a l l y .  He l f r i ch  and S o l l e n b e r g e r  5 made  s i m i l a r  
o b s e r v a t i o n s .  These  a r e  e x a m p l e s  of homogeneous  
r educ t ion  on the m a c r o s c o p i c  s ca l e  and t , p , c h e m i c a l  
r e a c t i o n  on the m i c r o s c o p i c  s c a l e .  

Reduct ion  b e h a v i o r  is  a l so  a function of t e m p e r a t u r e .  
Hansen et  a l .  6 o b s e r v e d  n o n - t , p , c h e m i c a l  r educ t ion  
when h e m a t i t e  was r e d u c e d  to magne t i t e  a t  430~ with 
CO-COs m i x t u r e s .  E d s t r S m  2'8 noted the reduc t ion  of 
s i n t e r e d  p a r t i c l e s  of h e m a t i t e  to magne t i t e  with c a r -  
bon monoxide  to be  t , p , c h e m i c a l  a t  800~ but  non- 
t , p ,  c h e m i c a l  a t  427~ B a s e d  on a de t a i l ed  s tudy of 
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hydrogen  r educ t ion  of n a t u r a l  and syn the t i c  hema t i t e ,  
Turkdogan  and V in t e r s  9 concluded  tha t  the r a t e  p r o -  
c e s s e s  involved a r e  f a r  m o r e  complex  than those  r e -  
a l i z e d  by  p r e v i o u s  i n v e s t i g a t o r s .  Depending on the 
t e m p e r a t u r e ,  p a r t i c l e  s i z e  and p o r o s i t y ,  and the l eve l  
of r educ t ion ,  t h r e e  bas i c  r a t e  p r o c e s s e s - u n i f o r m  in -  
t e r n a l  r educ t ion ,  l i m i t i n g  mixed  c on t ro l  (diffusion in 
the p o r e s  and r e a c t i o n  on p o r e  wal l s ) ,  and gas  d i f fu-  
s ion in r e d u c e d  i ron  l a y e r ,  m a y  con t ro l  the r a t e  of r e -  
duct ion ind iv idua l ly  o r  c o l l e c t i v e l y .  

Since a t , p , c h e m i c a l  mode l  does  not a c c u r a t e l y  d e -  
s c r i b e  r educ t ion  in po rous  p a r t i c l e s  o r  a t  low t e m p e r -  
a t u r e s ,  e f fo r t s  have been  made  by  s e v e r a l  w o r k e r s  to 
develop  m o r e  c o m p r e h e n s i v e  mode l s .  

B , w e n  and Cheng 1~ p r o p o s e d  a mode l  which a l lows  
r e a c t i o n  to t ake  p l ace  in a n a r r o w  zone of a r b i t r a r y  
width ove r  which the concen t ra t ion  g r a d i e n t  is  a s s u m e d  
cons tan t .  No a n a l y s i s  was made  of any  e x p e r i m e n t a l  
da ta .  I sh ida  and Wen 1''t2 deve loped  a g e n e r a l i z e d  mode l  
which r e d u c e s  to a f o p , c h e m i c a l  mode l  when d i f fus ion  
is  con t ro l l ing  and to homogeneous  r e a c t i o n  when c h e m -  
ica l  k ine t i c s  is  con t ro l l ing .  T h e i r  mode l  was r e s t r i c t e d  
to a s ingle ,  i s o t h e r m a l ,  f i r s t - o r d e r ,  i r r e v e r s i b l e  r e a c -  
t ion with q u a s i - s t e a d y  s t a t e  for  the gas  phase  and p a r -  
t i c l e s  of cons tant  s i ze ,  p o r o s i t y ,  and e f fec t ive  d i f fu s iv -  
i ty .  

Szekely  and Evans  ~3'~4 f o r m u l a t e d  a n o n - t , p , c h e m i c a l  
mode l  by  a s s u m i n g  that  a po rous  p a r t i c l e  c o n s i s t s  of 
n u m e r o u s  dense  s p h e r i c a l  s u b p a r t i c l e s  of i den t i ca l  s i ze  
which r e a c t  f o p , c h e m i c a l l y  on a m i c r o s c o p i c  s c a l e .  
This  model ,  l i m i t e d  to a s ing le  r e a c t i o n  o c c u r r i n g  in 
a p a r t i c l e  of cons tan t  s i ze  with dense  s p h e r i c a l  sub -  
p a r t i c l e s  of unchanging s i ze ,  was s u c c e s s f u l l y  app l i ed  
to the r educ t i on  of n i cke l  oxide  with hydrogen  be low 
620~ Above 620~ th is  mode l  p r e d i c t e d  r educ t ion  
r a t e s  much g r e a t e r  than o b s e r v e d .  

F r o m  p r e d i c t i o n s  of mode l s  such as  those  ju s t  ou t -  
l ined  i t  is  o b s e r v e d  that  f o p , c h e m i c a l  r e a c t i o n  o c c u r s  
in a po rous  p a r t i c l e  only if d i f fus ion  c o n t r o l s  the r a t e  
of each  r e a c t i o n .  (The u n r e a c t e d  c o r e  of a t h e o r e t i c a l l y  
dense  p a r t i c l e  m a y  r e c e d e  f o p , c h e m i c a l l y  if c h e m i c a l  
k ine t i c s  a t  the i n t e r f ace  con t ro l s  the r a t e  of r e a c t i o n  
to f o r m  a she l l  of po rous  p roduc t . )  If the r a t e  of an 
ind iv idua l  c h e m i c a l  r e a c t i o n  b e c o m e s  c o m p a r a b l e  to 
that  of t r a n s p o r t  through the po rous  so l id ,  then r e a c -  
t ion wil l  occu r  throughout  a f in i te  vo lume r a t h e r  than 
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at an interface,  and topochemical  behavior  will no 
longer be observed macroscopical ly .  

The non-topochemical  models that have been devel-  
oped thus fa r  make no allowance for changes in ei ther 
local p roper t i e s  or  g ross  dimensions of the par t ic les  
a r i s ing  f rom shrinking, swelling, sintering, or  other 
changes during the react ion,  and hence do not accu-  
ra te ly  descr ibe  the p rocess  in detail. The objective 
of this study was to measure  changes in par t ic le  prop-  
e r t ies  during reduction of porous hemati te  by CO by 
stages and overal l ,  and to descr ibe  these observat ions 
by a mathemat ical  model to predict  the non-topochemical  
reduction of porous hemati te  pel lets .  

THEORY 

The particular reaction system under study is the 
set of consecutive reactions: 

kl 
3Fe,O s + CO = 2FesO 4 + CO s [1] 

k_l 

k2 3 
4 x - 3  FesO4 +COk_2= - - 4 x - 3  FexO +CO2 [2] 

k3 
FexO + CO ~-~ x Fe + COz [3] 

k-3 

For  a differential  volume element in the part icle,  
the equation of continuity for a species  in the gas 
phase fs 

aCiE 
at + v .  e c i v * -  v .  DiVc i = R~ [4] 

The react ions  descr ibed by Eqs. [1] to [3] a re  equi- 
molar  in the gas phase, and it is usually concluded that 
v* is zero.  This is not p rec i se ly  true when the void 
fract ion of the solid is a function of position and ' t ime.  
However, the total volume of gas entering and leaving 
the par t ic le  is so large compared  with the void volume 
and dimensional changes, that the accumulation and 
net convection t e r m s  a re  negligibly smal l  compared 
with the diffusion and react ion t e rms .  Hence, Eq. [4] 
may be simplified to: 

- V . D i V c  i = R'  i [5] 

Neglecting diffusion, the equation of continuity for a 
solid species  may be writ ten 

ac~ ! 
7 + v.cju -- a j  [6] 

where u is the veloci ty of the solid, which, in the ab-  
sence of diffusion, is identical to the molar  average  
velocity of the solid and also to the velocity of each 
species .  The convection t e r m  in Eq. [6] is not always 
negligible, especia l ly  when large volume changes oc-  
cur  during reduction. 

A re la t ively  s imple technique was used to include 
the convection of solids in the numer ica l  solution. 
This technique bas ica l ly  a s sumes  that the convective 
effect is negligible in each radial  increment,  a r ,  dur-  
ing a t ime increment  At. After reduction has occurred  
for this At, new calculations a re  made of solid compo- 
sition. It is a s sumed  that shrinking and swelling a re  a 
function of composit ion alone, so af ter  each t ime in- 
c remen t  a new radia l  increment  is determined.  This 
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radial  increment  will contain the same number of iron 
atoms as it initially did but the width will depend on 
the local composition. Thus, the sys tem is solved nu- 
mer ica l ly  as a se r i e s  of batch r eac to r s  of changing 
size and composition while a constant mass  balance 
is always maintained on the iron a toms.  It is a lso a s -  
sumed for  these calculations that the composit ion is 
uniform over  the radial  increment.  

If it is assumed that the spher ical  par t ic le  is ini- 
t ially homogeneous and that only radial  gradients in 
the gas -  and sol id-phase concentrations exist, Eq. [5] 
for CO in an ideal gas mixture at constant p r e s su re  
becomes 

/d2Pco 2 
--  D C O ~  + r 

0 < r < r  o 

and Eq. [6]: 

~dDco  dPco 
dPc~ ~ dr ") =(RT)R~O 

aCj 1 ~ 
-~ + 7 (r2cju) : R j, 

[7] 

0< r < ro [8] 

These equations a re  subject to the initial and bound- 
a ry  conditions: 

For the reactant  gas phase: 

dPco - k G ( p b o - -  PCO), at r = r o [9] DCO dr 

dPco  
dr - 0 ,  at r = 0  [10] 

For the solid phase: 
t 0 cj = c j ,  t -- 0 [11] 

u = 0 ,  at r = 0  [12] 

The mass  t rans fe r  coefficient, kG, can be de te r -  
mined by the corre la t ion of Ranz. is 

It will be assumed that the hemat i te -magnet i te  r e -  
action is i r r eve r s ib le  and f i r s t - o r d e r  and that both the 
magnetite-wtisti te and wtisti te-iron react ions a re  r e -  
vers ib le  and f i r s t  order  with respec t  to the gas. In ad-  
dition, the reduction ra te  is assumed to be direct ly  
proport ional  to the specific interfacial  a r ea  i.e.,  a rea  
available for react ion per  unit volume of par t ic le .  
F rom Eqs. [1] to [3], the ra tes  of react ions producing 
the var ious solid species a re  given by 

7" 3k~ (ShPco) [13] R{a = RT 

1 { xk 2 
R m =  ~ 2klShPcO 4 x -  3 

x Sm[(1 + 1/Kz)Pc O -  p /K2] t ,  [14] 

1 3 k { "~---:-~-zSm[(1 + 1 /g2 )pco  P/Ks] R w -  RT 

ks Sw [(1 + 1/Ks) p CO-  P/Ks] }, [15] 

1 
{xksSw[(1 + 1 /Ks)PCO-  P/Ks]},  [16] RFe' = RT 

and of CO by: 

, l { 
R c o  -- g ~ -  - k ,  ShPco  -- k,_Sm[1 § 1 / K s ) P c o  - P / N ]  

- k s S  w [(1 + 1/Ks) P C O -  P/Ks] } [17] 
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where  K2 and K 3 a r e  e q u i l i b r i u m  cons tan t s  and equal  to 
le 2/k_2 and le 3/k_3 r e s p e c t i v e l y .  

Solution of the coupled  Eqs .  [7] and [8] with the r e -  
ac t ing  s u r f a e e  a r e a s ,  Sj, and the e f fec t ive  di f fus ivi ty ,  
D c o ,  be ing  funct ions  of pos i t ion ,  c o m p o s i t i o n  and p o s -  
s ib ly  t ime ,  and u a funet ion of loca l  compos i t ion ,  is  
p o s s i b l e  only by  n u m e r i c a l  methods .  

Before  such a n u m e r i c a l  solut ion can be obtained,  
r e l a t i o n s h i p s  among  p a r t i c l e  s i ze ,  loca l  void  f r ac t ion ,  
r e a c t i n g  s u r f a c e  a r e a  and loca l  compos i t i on  mus t  be  
d e t e r m i n e d .  It was found e x p e r i m e n t a l l y  that  the o v e r -  
a l l  p a r t i c l e  s i z e  was p r i m a r i l y  a funct ion of c o m p o s i -  
t ion and s e c o n d a r i l y  inf luenced by  r educ t ion  t ime .  In 
a l l  ca l cu la t ions  i t  has  been  a s s u m e d  that  the o v e r a l l  
p a r t i c l e  s i ze  is  a funct ion of compos i t i on  a lone .  

When a 60 pe t  r e d u e e d  hema t i t e  p a r t i c l e  was s e c -  
t ioned,  it  was noted that  the  p o r o s i t y  n e a r  the su r f a c e  
was  v e r y  high while the  c e n t e r  was quite dense .  It was 
a l so  found tha t  the i ron  concen t r a t i on  was high at  the 
s u r f a e e  while the w[ist i te  coneen t r a t i on  was high at  the 
c e n t e r .  This  ind ica ted  that  sh r ink ing  and swe l l ing  were  
funct ions  of loca l  compos i t i on .  Thus it is  conce ivab le  
that  the p a r t i c l e  was s i m u l t a n e o u s l y  expanding at  i t s  
e x t e r i o r  whe re  i ron  was be ing  p r o d u c e d  and sh r ink ing  
in the i n t e r i o r  where  wfist i te  was fo rming .  

The loca l  void  f r a c t i o n  within the p a r t i c l e  may  v a r y  
as  a r e s u l t  of two phenomena :  d i f f e r e n c e s  in t h e o r e t i -  
ca l  vo lume  fo r  hema t i t e ,  magne t i t e ,  wf/sti te,  and i ron  
(15.24, 14.9, 12.75, 7.10 e m S / g - a t  Fe ,  r e s p e c t i v e l y ) ,  
and sh r ink ing  o r  swe l l ing  of the so l id  dur ing  r educ t ion .  
V a r i a t i o n s  of the loca l  void  f r a c t i o n  r e s u l t  in v a r i a -  
t ions  of the e f fec t ive  d i f fus iv i ty ,  D c o .  The r e l a t i o n s h i p  
be tween  the e f fec t ive  d i f fus iv i ty  and p o r o s i t y  may  be 
r e p r e s e n t e d  by  the s i m p l i f i e d  f o r m  of an equat ion d e -  
ve loped  by  Newby 16 for  a r andom s y s t e m  of iden t i ca l  
s p h e r e s .  

DCO = ~)CO_CO20.5e (1 + e). [18] 

The loca l  void  f r a c t i o n  is  not r e a d i l y  m e a s u r e d  e x -  
p e r i m e n t a l l y  but wil l  be a s s u m e d  to v a r y  only with loca l  
compos i t i on  in e x a c t l y  the s a m e  manne r  a s  the a v e r a g e  
void f r a c t i o n  v a r i e s  with the a v e r a g e  p a r t i c l e  c o m p o -  
s i t ion .  

Since the e f fec t ive  d i f fus iv i ty  is  a funct ion of void  
f r a c t i o n  which v a r i e s  with loca l  compos i t i on ,  the t e r m  

d D c o  dPco  
- ( d r  d r  �9 of Eq. [7] is  not z e r o  a s  is  often a s -  

sumed  in o the r  mode l s .  It was found that  if th is  t e r m  
was neg lec ted ,  e r r o r s  of up to 16 pct  in the m a s s  b a l -  
ance could  be  in t roduced  when m o l e s  of CO t r a n s -  
p o r t e d  we re  c o m p a r e d  to m o l e s  of oxide  r e a c t e d .  

Not d i r e c t l y  m e a s u r a b l e ,  the spec i f i c  r e a c t i n g  s u r -  
face  a r e a  fo r  each of the t h r e e  r educ t ion  r e a c t i o n s  
can only be e s t i m a t e d .  If i t  is  a s s u m e d  TM that  a po rous  
pe l l e t  c o n s i s t s  of dense ,  s p h e r i c a l  g r a i n s  of un i fo rm 
and unchanging s i ze  and that  each g r a i n  r e a c t s  topo-  
c h e m i c a l l y ,  the r e a c t i n g  s u r f a c e  a r e a  of the g r a i n  can 
be  shown to d e c r e a s e  as  the t w o - t h i r d s  power  of the 
f r ac t i on  of the un reac t ed  so l id .  The BET s u r f a c e  a r e a  
of a porous  hema t i t e  p e l l e t  was equiva len t  to a mean  
g r a i n  r a d i u s  of 5.7 • 10 -6 cm computed  us ing the above 
a s sumpt ion .  In c o m p a r i s o n ,  magne t i t e  r e d u c e d  f rom 
the s a m e  hema t i t e  at  750~ had a m e a s u r e d  s u r f a c e  
a r e a  c o r r e s p o n d i n g  to a mean  r a d i u s  of 13.6 • 10 -6 cm.  
This  r e f l e c t s  c o n s i d e r a b l e  loca l  s i n t e r i n g  and i nva l i -  

da tes  the a s s u m p t i o n  of cons tan t  g r a i n  s i ze .  However ,  
it  s e e m s  r e a s o n a b l e  that  the loca l  r e a c t i n g  s u r f a c e  
a r e a  for  each  r e a c t i o n  v a r i e s  a s  s o m e  funct ion of loca l  
compos i t i on  only.  On a p u r e l y  e m p i r i c a l  b a s i s ,  the 
funct ion is  a s s u m e d  to be of an exponent ia l  f o r m .  

Thus,  fo r  the r e a c t i o n s  of i n t e r e s t :  

S h = S ~  [19 l 

o b [20] S m = SmX m 

o [21] S w = SwX w 

where  Xh, Xm and X w a r e  the d i m e n s i o n l e s s  concen -  
t r a t i o n s  of h e m a t i t e ,  magne t i t e  and w[ist i te ,  r e s p e c -  
t i ve ly ,  def ined as  the f r a c t i o n  of the loca l  c o n c e n t r a -  
t ion of i ron  a t o m s  that  a p p e a r s  in the des igna t ed  s p e -  
c i e s .  The exponents  a,  b, and c a r e  e m p i r i c a l  con-  
s t an t s  which a r e  d e t e r m i n e d  by  v a r i a t i o n  unti l  a b e s t  
f i t  with e x p e r i m e n t a l  da ta  is  ob ta ined .  T h e s e  expo-  
nents  wi l l  be ca l l ed  the sintering exponents. The s p e -  
c i f ic  s u r f a c e  a r e a  of hema t i t e ,  magne t i t e  and w~Jstite 
(S~, Sin, S ~  mus t  be d e t e r m i n e d  e x p e r i m e n t a l l y  for  
a t yp i c a l  p a r t i c l e  under  s tudy.  

EXPERIMENTAL WORK 

A t h e r m o g r a v t m e t r i c  method was  used  to fol low the 
k ine t i c s  of the reduc t ion .  A s p h e r i c a l  p a r t i c l e  was 
suspended  f r o m  a N i - s p a n  C s p r i n g  ba l a nc e  into an 
a lumina  r e a c t i o n  tube hea ted  by  a molybdenum-wound  
r e s i s t a n c e  fu rnace .  A s p r i n g  cons tan t  of 2.802 c m / g  
was d e t e r m i n e d ,  and s p r i n g  d i s p l a c e m e n t s  w e r e  fo l -  
lowed with a c a t h e t o m e t e r  capab le  of r e a d i n g  to within 
0.005 cm.  F u r n a c e  t e m p e r a t u r e s  we re  c o n t r o l l e d  to 
-~2~ 

Preliminary runs were made to observe the varia- 
tion of reduction behavior with temperature, gas com- 
position, particle size and porosity. Most samples 
were green (unsintered) spheres, made from 99.9 pct 
pure hematite powder, with an initial weight of approx- 
imately 2 g and diameter of 1.35 cm. It was found that 
the degree of non-topochemical reduction decreased 
as temperature increased. Catastrophic swelling oc- 
curred at 900~ in highly porous as well as dense par- 
ticles. At higher temperatures (900~ the reduction 
rate decreased as initial particle density increased 
while at lower temperatures (650 to 800~ the reduc- 
tion rate appeared to be independent of the initial par- 
ticle void fraction in the range of 0.45 to 0.78. For 
very dense particles (e ~ =~ 0) the reduction rate was 
significantly decreased by decreasing the initial void 
fraction. Generally, green porous particles shrank 
dur ing  magne t i t e  and w~istite p roduc t ion ,  a l though f u r -  
t he r  s i n t e r i n g  might  not occu r  dur ing  the r educ t i on  of 
p r e s i n t e r e d  p a r t i c l e s .  Carbon  depos i t ion  r a t e s  in the  
r ange  600 to 700~ were  s ign i f ican t ,  n e c e s s i t a t i n g  the 
use  of r e d u c i n g - g a s  c ompos i t i ons  that  would not d e -  
pos i t  c a rbon .  

A se t  of e x p e r i m e n t a l  runs  was made  to show that  
the n o n - t o p o c h e m i c a l  model  could be used to f i t  o r  
p r e d i c t  ac tua l  r e a c t i o n  r a t e s .  T h r e e  t e m p e r a t u r e s  
were  i nves t iga t ed :  750, 775, and 800~ The r e a c t i o n s  
of h e m a t i t e  to magne t i t e  and magne t i t e  to w~st i te  were  
each  s tud ied  independent ly  so that  r a t e  cons tan t s  and 
ac t iva t ion  e n e r g i e s  could be e s t a b l i s h e d  fo r  these  r e -  
ac t ions  without  t h e i r  be ing  masked  by  the w~Jst i te- i ron 
r ea t i on .  This  was done by  con t ro l l i ng  the gas  c o m p o -  
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s i t ion  c a r e f u l l y  so that  an oxide in i t i a l ly  p r e s e n t  could 
r e a c t  only to the  next  lower  one.  Another  s e t  of runs  
was made  at  bulk  gas  c o m p o s i t i o n s  capab le  of r e d u c -  
ing hema t i t e  to i ron ,  so r e a c t i o n s  [1] to [3] o c c u r r e d  
consecu t i ve ly  and the r a t e  cons tan t  of each  of these  
t h r e e  r e a c t i o n s  was d e t e r m i n e d .  F o r  a l l  of the runs  
the in i t i a l  h e m a t i t e  p a r t i c l e  had a d i a m e t e r  of 1.35 cm 
and was not p r e s i n t e r e d .  The hema t i t e  p a r t i c l e s  had 
in i t i a l  weights  of a p p r o x i m a t e l y  2 g (•  g) and in i t i a l  
void  f r a c t i o n s  of o ~ 0.75 (•  In gene ra l ,  the gas  
flow r a t e  through the r e a c t o r  was 10w with a p a r t i c l e  
Reynolds  number  of a p p r o x i m a t e l y  4. 

T h r e e  impor t an t  p h y s i c a l  p a r a m e t e r s  were  m e a s u r e d  
dur ing  the r e a c t i o n s .  F i r s t ,  the change in p a r t i c l e  s i z e  
was m e a s u r e d  as  a funct ion of r educ t ion  by  s topping  
the r e a c t i o n  at  v a r i o u s  s t age s ,  r e m o v i n g  the p a r t i c l e  
and m e a s u r i n g  i t s  d i a m e t e r .  The change in to ta l  s u r -  
face  a r e a  was  a l so  m e a s u r e d  a t  v a r i o u s  d e g r e e s  of r e -  
duct ion.  The p a r t i c l e  s i z e s  w e r e  used  to p r e d i c t  loca l  
void  f r a c t i o n s  and the s u r f a c e  a r e a  to def ine  the in i t i a l  
spec i f i c  s u r f a c e  a r e a  of each  s p e c i e s  and to ident i fy  m i -  
c r o s c o p i c  s in t e r ing .  F ina l l y ,  the  p a r t i c l e  weight  was 
m e a s u r e d  a s  a funct ion of t i m e  dur ing  reduc t ion .  

CORRELATION OF PARTICLE 
C HARAC TERISTIC S 

In a l l  runs  for  the  r educ t ion  of hema t i t e  to m a g n e -  
t i t e ,  the p a r t i c l e  s i ze  d e c r e a s e d  as  c o n v e r s i o n  in -  
c r e a s e d .  In gene ra l ,  the longe r  the r educ t ion  t ime  
(a lso  the h ighe r  the  conver s ion) ,  the  g r e a t e r  the extent  
of s i n t e r i ng .  Since r e l a t i v e l y  s m a l l  vo lume change o c -  
c u r r e d  (~ 16 pct) when h e m a t i t e  was r e d u c e d  to m a g -  
ne t i t e ,  the void  f r ac t i on  of the p a r t i c l e  did  not change 
a p p r e c i a b l y  ( f rom 0.71 to 0.65). F o r  th is  r e a s o n  it 
has  been  a s s u m e d  that  dur ing  the r educ t i on  of h e m a -  
t i t e  to magne t i t e  the p a r t i c l e  r a d i u s  is  a l i n e a r  func-  
t ion of the a v e r a g e  f r a c t i o n  of magne t i t e ,  

o _ (r ~ ro )Xm [ 2 2 ]  r o = r o 
0 oo 

where  r o and ro a r e  in i t i a l  and f inal  r a d i i  of the p a r -  
t i c l e .  

It was a s s u m e d  e a r l i e r  tha t  the loca l  void  f r ac t ion ,  
E, i s  d e s c r i b e d  by  the s a m e  equat ion as  the a v e r a g e  
void  f r ac t ion ,  excep t  that  the loca l  compos i t i on  is  sub -  
s t i tu ted  for  the  a v e r a g e  compos i t i on .  T h e r e f o r e  the 
loca l  void  f r ac t i on  at  any point  within the p a r t i c l e  is  
given by  

sen ted  m o r e  a c c u r a t e l y  than for  r educ t ion  of hema t i t e  
to magne t i t e .  The da ta  ind ica t e s  that  the p a r t i c l e  r a -  
dius can be r e p r e s e n t e d  by  an e m p i r i c a l  equat ion of 
the f o r m  

oo 
o ( rO_ r o ) ~ q  [24] r o = r o - 

where  q was d e t e r m i n e d  to have a va lue  of 6.15 at  
750~ 2.30 at  775~ and 2.66 at  800~ The loca l  void  
f r a c t i o n  of the p a r t i c l e  was  d e s c r i b e d  by  an equat ion 
s i m i l a r  to [23]. 

In the consecu t ive  r educ t i on  of h e m a t i t e  to i ron,  the 
p a r t i c l e s  s i n t e r e d  v e r y  r a p i d l y  du r ing  the in i t i a l  s t a g e s  
of r educ t ion .  This  s i n t e r i n g  cont inued unti l  a p p r o x i -  
m a t e l y  30 pe t  r educ t ion .  Above 30 pe t  r educ t ion  the 
p a r t i c l e  began  to swel l  to v a r y i n g  d e g r e e s .  The m i n i -  
mum p a r t i c l e  s ize  d e c r e a s e d  as  t e m p e r a t u r e  i n c r e a s e d ,  
r e f l e c t i n g  the effect  of t e m p e r a t u r e  on s i n t e r i ng .  The 
p a r t i c l e s  swe l l ed  m o r e  at  750~ than at  775~ o r  800~ 
This  m a y  be  exp la ined  if the  change in p a r t i c l e  s i z e  is  
thought of a s  a r e s u l t  of s imu l t a ne ous  sh r ink ing  due to 
s i n t e r i n g  and swel l ing  caused  by  c h e m i c a l  e f fec t s .  As  
no swe l l ing  was o b s e r v e d  dur ing  the r educ t ion  of h e m a -  
t i t e  to magne t i t e  and magne t i t e  to wtis t i te ,  it  was con-  
c luded tha t  the swe l l ing  was a r e s u l t  of the w t i s t i t e - t o -  
i ron  r e a c t i o n  r a t h e r  than be ing  caused  by  p u r e l y  p h y s -  
i ca l  f o r c e s .  

When p a r t i c l e s  we re  s ec t i oned  at  v a r i o u s  s t a g e s  of 
r educ t ion  only hema t i t e  and magne t i t e  w e r e  o b s e r v e d  
up to 10 pc t  r educ t ion .  At 30 pc t  r educ t ion  a s m a l l  
amount  of i ron  was o b s e r v e d  n e a r  the s u r f a c e  with the 
r e m a i n d e r  be ing  magne t i t e  and wtis t i te .  Above 50 pc t  
r educ t ion  only wtis t i te  and i ron  were  o b s e r v e d .  This  
ind ica ted  that  the r educ t ion  was e s s e n t i a l l y  s t e p - w i s e .  

The p a r t i c l e  s i ze  was r e l a t e d  to the a v e r a g e  p a r t i c l e  
compos i t i on  by  the e m p i r i c a l  equat ion:  

ro ~ h r ~  + ~ m r O  - -  o - -  o _ - -  = +Xwr m +XFer~e+(r w r ~  q 

[25] 
F o r  the in i t i a l  s a m p l e s  used  in t hese  s tud ies ,  the  v a l -  
ues  of r~ d e t e r m i n e d  f r o m  the e x p e r i m e n t a l  da t a  w e r e :  

o o Temperature r~, cm r m r w r~. e 

(1023 K) 750~ 0.675 0.635 0.478 0.625 
(1048 K) 775~ 0.675 0.653 0.496 0.517 
(1073 K) 800~ 0.675 0.615 0.470 0.502 

Table I. Total Surface Area During Reduction of Hematite to Magnetite 

Run Initial Fractional Surface 
Number (K) Temp., ~ Wt (g) Reduction* Area(mZ/g) 

64 Ambient - 1.6183 0.000 9.98 
65 - 1.8524 0.000 10.10 
66 - 2.1000 0.000 10.22 
67 - 2.3363 0.000 10.59 

177 - 1.8865 0.000 9.78 
178 2.2960 0.000 10.03 
88 1023 750 1.9835 0.627 5.83 
87 750 2.1587 0.932 4.36 

144 1048 775 2.4711 0.965 3.07 
146 775 2.0047 0.959 3.23 
112 1073 800 2.1265 0.997 3.42 
115 800 2.2505 0.939 2.96 

E = I - -  

m ~ (I - 0.0334Xm) 

(4/37 ~" (r~X h + r o X m )  3_ 

3XhM h + 2XmM m 

3XhMh 2XmMm 
- - - I -  

Ph Pm 

[23] 

S i m i l a r  s tud ies  w e r e  made  fo r  the r educ t ion  to 
w{istite of magne t i t e  p r e p a r e d  f r o m  h e m a t i t e .  G e n e r -  
a l ly ,  the d e g r e e  of s i n t e r i n g  i n c r e a s e d  as  the f r a c t i o n a l  
r educ t ion  i nc r ea sed~  The vo lume  change was quite s i g -  
n i f ican t .  F o r  e x a m p l e ,  a t  750~ the vo lume of a p a r -  
t i c l e  d e c r e a s e d  49 pe t  du r ing  the r educ t ion .  This  r e p -  
r e s e n t s  an a v e r a g e  void  f r a c t i o n  d e c r e a s e  of 40 pe t  
( f rom 0.640 to 0o381). It i s ,  t h e r e f o r e ,  impor t an t  that  
the  p a r t i c l e  s i z e  a s  a funct ion of c o n v e r s i o n  be  r e p r e -  

*Fraction of Fe or 0 atoms initially in hematite as magnetite. 

l 1 5 2 - V O L U M E  5, MAY 1974  M E T A L L U R G I C A L  T R A N S A C T I O N S  



Sat is factory  r e p r e s e n t a t i o n  by Eq. [25] of the expe r i -  
menta l ly  obse rved  change of pa r t i c l e  s ize  was ob-  
ta ined with q = 2.15 at 750~ and 1.00 at 775~ and 

800~ The local  void f rac t ion  at any point  within the 
pa r t i c l e  was ca lcula ted  as :  

E = I - -  

m ~ (1 -- 0.3006 XFe -- 0.0893 X w - 0.0334 Xm) 1 

(4//3) 7r - -  --o - ~ - - -  b-- - ~ - ; ' ' - o - -  - 7-'-6- - -  --~ �9 (Xhr h + Xmr m + Xwr m + X F e r F e  + (r w -- rm)  X~) a" J 
XhMh XmMm XwMw XFe MFe 1 

2 + 3 + + ] x 1 

X hMh XmM m XwM w XFe M Fe [26] 
- - + -  + ~ +  

2Ph 3p m XPw P Fe 

Total  su r face  a r ea  m e a s u r e m e n t s  were  made with a 
B.E.T.  appara tus .  Table I l i s t s  the m e a s u r e d  a r e a  of 
hemat i t e  undergoing reduct ion  to magnet i te .  For  u n r e -  
acted samples  the total  sur face  a r e a  per  unit  m a s s  was 
e s sen t i a l l y  un i form at 10 m2/g. Signif icant  de c r e a se s  
in a r e a  o c c u r r e d  when hemat i te  was reduced to magne -  
t i te ,  the change be ing  g rea t e r  at h igher  t e m p e r a t u r e s .  
The dec rea se  in a r e a  was the r e su l t  of s eve ra l  phenom-  
ena.  P robab ly  among the most  impor tan t  were  the s i n -  
t e r i ng  of g ra ins  and the c los ing  of po res .  As average  
g ra in  s ize  i n c r e a s e d  by r e c r y s t a l l i z a t i o n  and growth, 
the a r e a  exposed to gas was dec reased .  S imi la r ly ,  if 
pore  necks  closed,  the pores  thus encapsula ted  were  
no longer  ava i lab le  as  effective sur face  or diffusion 
pathways.  

S imi la r  m e a s u r e m e n t s  of sur face  a r e a  were  made 
dur ing  reduc t ion  of magnet i te  to wfistite. Once again,  
the a r e a  dec r ea sed  as the conve r s ion  i n c r e a s e d  and 
the extent  of d e c r e a s e  i nc r ea sed  with i n c r e a s i n g  t e m -  
p e r a t u r e .  

The specif ic  su r face  a r e a  pe r  unit  vo lume of p a r t i -  
cle was computed f rom expe r imen ta l l y  de t e rmined  
va lues  of su r face  a r e a  pe r  unit m a s s  of pure  compo-  
nent  as follows: 

S~ = 10 4 s] m~ rr ( r ] )s] ,  a m - '  [271 

0 The va lues  of sj  used were :  

(1023K) 750~ (1048K)  775~ (1073K) 800~ 

10.0 m2/g 10.0 10.0 

s o 4.25 3.23 2.96 
m 
o s w 1.50 0.95 0.65 

Area  m e a s u r e m e n t s  were  also made on pa r t i c l e s  of 
hemat i te  which had been pa r t i a l l y  reduced  to i ron.  
These  m e a s u r e m e n t s  a r e  l i s ted  in Table  H. Total  s u r -  
face a r e a  dec reased  as  the f rac t iona l  reduc t ion  in -  
c r eased .  The ove ra l l  changes were  by fac tors  of 30 at 
750~ 40 at 775~ and 50 at 800~ It was shown p r e -  
v ious ly  that dur ing  reduc t ion  a pa r t i c l e  in i t i a l ly  sh r inks  
and then begins  to swell  above 30 pet reduct ion .  Yet 
sur face  a r e a  cont inues  to dec rea se  dur ing  the en t i re  
reduc t ion  per iod .  

It thus appea r s  that on the mic roscop ic  sca le  the 
g ra ins  cont inue to grow caus ing  a dec rea se  in sur face  
a rea ,  while the pore  vo lume i n c r e a s e s  as  i ron  begins  
to form as a r e s u l t  of the wh i ske r - l i ke  growth of i ron 
f i l aments .  S inter ing f rom pure ly  phys ica l  effects is 
usual ly  cha r ac t e r i z ed  by both g ra in  growth and con-  

c u r r e n t  dec rea se  in pore  volume,  with a r e su l t an t  de-  
c r e a s e  in macroscop ic  pa r t i c l e  s ize .  However, when 
s i n t e r i ng  occur s  as  a r e s u l t  of chemica l  reac t ion ,  the 
cont inuing coa lescence  of g ra ins  and d e c r e a s e  of s u r -  
face a r e a  a r e  not n e c e s s a r i l y  accompanied  by a de-  
c r e a s e  in pore  vo lume.  

The s i n t e r i ng  exponents  a, b and c a re ,  in a way, a 
m e a s u r e  of the degree  of s i n t e r i ng  dur ing  reduct ion .  
A higher  value of the exponent indica tes  more  ex ten-  
s ive loss  of su r face  a r e a  by s in t e r ing .  

TaMe II. Total Surface Area During Reduction of Hematite-to Iron 

Run Initi~ Fractional Surface 
Number (K) Temp, ~ Wt (g) Reduction* Area (m2/g) 

67 1023 750 2.3363 0.000 10.59 
77 750 2.0515 0.134 4.75 
78 750 2.0199 0.206 3.39 
79 750 2.0061 0.297 1.84 
80 750 1.9615 0.407 1.53 
81 750 1.9053 0.509 1.18 
82 750 1.9117 0.605 1.34 
83 750 2.1676 0.699 1.01 
84 750 1.9480 0.806 0.51 
85 750 1.9566 0.899 0.45 
86 750 1.8437 0.984 0.37 

67 1048 775 2.3363 0.000 10.59 
168 775 2.2972 0.112 4.84 
166 775 2.0129 0.307 1.21 
174 775 2.1278 0.804 0.32 
169 775 2.1434 0.967 0.26 
170 775 2.0699 0.960 0.32 

67 1073 800 2.3363 0.000 10.59 
135 800 2.1675 0.117 3.97 
133 800 2.3273 0.327 0.46 
138 800 2.1444 0.724 0.28 
139 800 2.0225 0.991 0.20 
140 800 2.0031 0.988 0.21 

*Fraction of 0 atoms initially in hematite that have been removed. 

EVALUATION OF MODEL 

Fig.  1 shows a typical  fit of the model  to the expe r i -  
menta l  data for the reduc t ion  of hemat i te  to magnet i te  
at  775~ The model  was fit ted to the expe r imen ta l  
data by adjus t ing  the ra te  constant  and s in t e r ing  expo- 
nent  unti l  a g r e e m e n t  was judged sa t i s f ac to ry  by v i sua l  
inspect ion .  No a t tempt  was made to adjust  these  con-  
s tants  so that a given confidence factor  would be s a t i s -  
fied because  of the excess ive  computer  t ime  requ i red .  
Genera l ly ,  the effect of kl on the pred ic ted  f rac t ional  
reduct ion  was to inf luence the in i t ia l  s tages  of r e a c -  
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Fig. 1--Comparison of model with experimental data for re -  
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Fig. 3--Predicted profiles of void fraction, gas and solid com- 
positions within the particle after 70 s during reduction of 
hematite to magnetite. 

t ion while  the s inter ing  exponent,  a, inf luenced the r e -  
act ion rate  at later  s t a g e s .  

Fig .  2 i s  a plot of Wen's  t7 and S z e k e l y  and Evans 'Is't4 
m o d e l s  and the presen t  n o n - t o p ,  c h e m i c a l  one for run 
68 at 750~ Wen's  mode l  f i ts  the data ini t ia l ly  but p r e -  
d icts  that the react ion  rate  would continue to be rapid 
until 90 pct c o n v e r s i o n  and then d e c r e a s e  with dep le -  
t ion of the reactant  so l id  at the surface �9  Szeke ly  and 
Evans'  mode l  f i ts  the data s o m e w h a t  bet ter  than Wen's  
but not as  we l l  as  the p r e s e n t  mode l .  It may  be con-  
cluded that the e f fec t s  of so l id  c o m p o s i t i o n  and s i n t e r -  
ing muSt be included in the mathemat i ca l  descr ipt ion  
of the reduct ion of porous  p a r t i c l e s  of iron oxide .  

Pred ic ted  pro f i l e s  of vo id  fract ion,  and so l id  and 
gas c o m p o s i t i o n s  within the par t i c l e  at 70 and 670 s 
are  shown in F igs .  3 and 4. No e x p e r i m e n t a l  data have 
been obtained on loca l  c o m p o s i t i o n s  within the par t i -  
c le ,  but qualitat ive observat ions  support  the predic ted  
trends .  The mode l  pred ic t s  that reac t ion  continues  
throughout the ent ire  part ic le ;  the extent  depends on 
the re la t ive  diffusive and c h e m i c a l  r e s i s t a n c e s .  The 
react ion  is  ne i ther  t o p . c h e m i c a l  nor  h o m o g e n e o u s .  

Fig.  3 shows  concentrat ion  p r o f i l e s  af ter  70 s when 
the react ion  rate  i s  fast  near the par t i c l e  surface  and 
s l o w s  gradually towards  the center .  It is  of i n t e r e s t  to 
note that the drop in CO concentrat ion f r o m  the bulk 
s t r e a m  to the par t i c l e  sur face  (10.7 to 6.39 pct) is  
near ly  as  large  as  the drop f r o m  the par t i c l e  surface  
to i t s  center  (6.39 to 2.34 pet) .  

Fig.  4 shows  prof i l e s  after 670 s when the major  
port ion of the reac t ion  is  now o c c u r r i n g  near the c e n -  
ter  rather than near the sur face  of the par t i c l e .  A l -  
though the reactant  gas  concentrat ion i s  higher near  
the surface  than at the center ,  the rate  of react ion  i s  
s l o w e r  near the surface  b e c a u s e  of a s m a l l e r  spec i f i c  
react ing  sur face .  

A typical  fit  of the mode l  to e x p e r i m e n t a l  data for 
the reduct ion of magnet i te  to wiist i te  at 800~ i s  shown 
in Fig .  5. All  magnet i te  p a r t i c l e s  used  in t h e s e  s tudies  
w e r e  prepared  f r o m  green hemat i t e  p a r t i c l e s .  In the 
mode l  it was  a s s u m e d  that the magnet i te  par t i c l e  was  
ini t ia l ly  uniform in p o r o s i t y  and spec i f i c  s u r f a c e .  

As  in the case  of the h e m a t i t e - t o - m a g n e t i t e  react ion,  
the rate  constant ,  ks, inf luences  the init ial  react ion  rate  
p r i m a r i l y ,  whi le  the s inter ing  exponent,  b, inf luences  
the la ter  s tages  of react ion .  Both ks and b are  adjust -  
able p a r a m e t e r s  which w e r e  var ied  until a s a t i s f a c t o r y  
f it  was  obtained. During the reduct ion of magnet i te  to 
w~istlte, shr inkage  was  o b s e r v e d .  The d e g r e e  of shr ink-  
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Fig. 4--Predicted profiles of void fraction, gas and solid 
compositions within the particle after 670 s during reduc- 
tion of hematite to magnetite. 
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age increased  as t empera tu re  increased .  Similar ly ,  the 
ra te  of dec rease  of surface  a r ea  inc reased  as t e m p e r a -  
ture  increased .  

Radial  p rof i les  p red ic ted  by the model were s i m i l a r  
to those shown in Figs .  3 and 4 for the hema t i t e -mag-  
netite reac t ion  except that the gradients  in local  void 
f ract ion were g rea te r  as a resu l t  of more  extensive 
s inter ing during the react ion.  

Fig. 6 shows a typical  fit of the model incorporat ing 
three  consecutive reac t ions  to exper imenta l  data for 
the reduction of hemati te  to iron at 775~ The fi ts  
were genera l ly  be t te r  than those for  the hemat i t e - to -  
magneti te and magnet i te- to-wfis t i te  reac t ions .  This 
may be expected since only two p a r a m e t e r s  were ad-  
justed for  the single reac t ions  while six p a r a m e t e r s ,  
two for  each react ion,  could be va r ied  to obtain a good 
fit for the reduction of hemati te  to iron. However, as 
wiI1 be shown, adjusting six p a r a m e t e r s  to one set  of 
data is not as questionable as it may f i r s t  appear  to 
be. 

At al l  three  t empera tu re s ,  the data exhibited s i m i -  
l a r  c h a r a c t e r i s t i c s .  Init ial ly,  the react ion ra te  was 
ve ry  high, but above 20 pct reduct ion an abrupt change 
occur red .  Between 20 and 30 pct reduction, the ra te  
dec reased  dramat ica l ly ,  indicating a change in e i ther  
the mechanism that control led the reac t ion  ra te  or the 
predominant  react ion.  Above 30 pct reduction, the ra te  
was essen t ia l ly  constant or gradual ly  decreas ing .  If 
the three  reduction react ions  were s tep-wise  and uni- 
form throughout the par t i c le ,  the ent i re  pa r t i c l e  would 
be converted to magnetite af ter  approximate ly  10 pct 
reduction and to wtistite af ter  30 pct reduction.  Since 
the change in react ion ra te  occur red  between 20 and 
30 pct reduction,  it is in fe r red  that the dominant r e a c -  
tion was changing from magneti te- to-wUsti te  to w[istite- 
to - i ron .  

When pa r t i a l ly  reduced pa r t i c l e s  were sect ioned it 
was observed that at 8 pct reduction, hemati te  and 
magnetite were the only vis ib le  components in the p a r -  
t ic le .  At 20 pct reduction neither  hemati te  nor iron was 
vis ible ,  but wfistite and magnetite were observed.  At 
30 pct  reduction, iron was p resen t  near the surface of 
the par t i c le ,  and the s t ruc ture  was p r i m a r i l y  wtistite 
with some magneti te at the center .  Above 30 pct r e -  
duction, the amount of magneti te  dec reased  continually 
until none was evident at 50 pct reduction.  Above 50 
pct  reduction,  only wfistite and iron were presen t .  

It may, therefore ,  be concluded that at low CO con- 
centra t ions  (about 72 pct CO) in the inlet gas the r e -  
duction is near ly  s tep-wise ;  i .e. ,  h ema t i t e - t o -magne -  
t i te  is  the main react ion ini t ial ly,  the magne t i t e - to -  
wfistite react ion dominates the in termedia te  s tages,  
and finally the w~tsti te-to-iron react ion gains ascen-  
dancy. 

If the model p red ic t s  the observed behavior ,  then 
var ia t ions  in k 1 and a should only affect the f i r s t  10 
pct of reduction;  changes in k2 and b should influence 
the reduction r a t e p r i m a r i l y  in the range f rom 10 to 
30 pct reduction; and ks and c should affect the p r e -  
dictions above 30 pct reduction.  For  this  reason,  ad-  
justing all  these p a r a m e t e r s  to fit the data is not as 
a r b i t r a r y  as it might seem.  

Fig. 7, a plot of pred ic ted  average pa r t i c l e  compo- 
sit ion as a function of t ime for Run 105 at 750~ shows 
that the hemati te  pa r t i c l e  begins to r eac t  ve ry  fast  ini-  
t ia l ly  to form magneti te.  After  approximate ly  300 s 
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all  hemati te  has been reduced to magneti te.  The ra te  
of conversion of hemat i te  to magneti te is near ly  con- 
stant during the f i r s t  200 s of reduction.  

The concentrat ion of magneti te i nc reases  sharp ly  
to about 65 pct at 85 s and then begins to dec rease .  
The dec rease  is rapid  in i t ia l ly  and then slows af ter  
500 s. Since the magneti te concentrat ion does not 
reach 100 pct, the reduction is not t ru ly  s tep-wise ,  but 
the rapid  inc rease  and then dec rease  in concentration 
gives a s tep-wise  appearance .  

The model p red ic t s  a t ime lag of approximate ly  20 s 
before  any wtistite is formed.  This is because  no wfis- 
tire can form until the CO concentrat ion at the pa r t i c l e  
surface reaches  32 pct, which does not occur until 25 s 
of reduction t ime has elapsed.  Once wtistite begins to 
form, i ts concentrat ion inc reases  rapid ly  and then de-  
c r e a s e s  at an a lmos t  constant ra te .  F rom Fig.  7 it is 
apparent  that the reduction of magneti te to w[istite is 
near ly  s tep-wise  since the concentration of w~istite 
reaches  a maximum of 90 pct before  decreas ing .  At 
the point of maximum Xw, which occurs  at 625 s, l i t t le  
magneti te (6 pct) and iron (4 pct) a re  presen t .  No iron 
forms  until all  the hemati te  has been converted to mag-  
netite,  which occurs  at about 325 s. This coincides with 
the t ime when the gas at the pa r t i c l e  surface  becomes 
r ich enough in CO to reduce wfistite to iron. The ra te  
of production of iron is much slower than that of mag-  
netite or wftstite. This is the resu l t  of s eve ra l  fac tors .  
F i r s t ,  the reac t ing  surface a r ea  is much less  for the 
reduction of w~istite than for the higher oxides because  
of s in ter ing  and agglomerat ion of gra ins .  Second, at a 
given CO concentration,  the thermodynamic  driving 
force  is much l e s s  for the production of iron than for 
w{istite or  magneti te.  
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F igs .  8 to 10 show the p r e d i c t e d  r a d i a l  p r o f i l e s  of 
gas  and so l id  concen t r a t i ons  and void  f r a c t i o n  for  Run 
105 a f t e r  25, 325, and 1105 s, r e s p e c t i v e l y .  Af te r  25 s 
of r educ t ion ,  no i ron  is  p r e s e n t  in the p a r t i c l e  and 
wiis t i te  i s  j u s t  beginning  to f o r m  at  the  p a r t i c l e  s u r -  
face .  The gas  compos i t i on  is  such that  wi is t i te  can be  
f o r m e d  only in the ou te r  25 pc t  of the  p a r t i c l e  r ad iu s .  
The magne t i t e  concen t ra t ion  p ro f i l e  is  p r a c t i c a l l y  the 
m i r r o r  image  of the h e m a t i t e  concen t r a t i on  p r o f i l e  
s ince  no i ron  is  p r e s e n t  and Xw is  qui te  s m a l l .  The 
void  f r ac t i on  i s  f a i r l y  cons tan t  a c r o s s  the en t i r e  p a r -  
t i c l e .  

Af te r  325 s (F ig .  9), p r a c t i c a l l y  a l l  of the h e m a t i t e  
has  r e a c t e d  to f o r m  magne t i t e .  I ron  has  jus t  begun to 
f o r m  at the  s u r f a c e  of the p a r t i c l e ,  b e c a u s e  the  CO 
concen t r a t i on  of 65 pc t  a t  the p a r t i c l e  s u r f a c e  s l i gh t ly  
exceeds  the equ i l i b r i um concen t ra t ion  of 62.5 pc t  for  
the  w i i s t i t e - i r o n  r e a c t i o n .  

At th is  s t age  of r educ t ion  (25.4 pct) i t  is  qui te  e v i -  
dent  tha t  the p r e d o m i n a n t  r e a c t i o n  i s  the c o n v e r s i o n  
of magne t i t e  to wi is t i te .  The void  f r ac t i on  changes  con-  
s i d e r a b l y  a c r o s s  the  p a r t i c l e .  The a v e r a g e  p a r t i c l e  
void  f r a c t i o n  has  d e c r e a s e d  f r o m  0.70 to 0.50 and the 
p a r t i c l e  r a d i u s  f r o m  0.675 to 0.544 cm.  Be c ause  of 
c o n s i d e r a b l e  s i n t e r i n g  o c c u r r i n g  dur ing  wiis t i te  f o r -  
ma t ion  and a h ighe r  w(ist i te  concen t r a t i on  at  the p a r -  
t i c l e  s u r f a c e  than at  the c e n t e r ,  the void  f r ac t i on  at  
the  p a r t i c l e  s u r f a c e  is  s ign i f i can t ly  l e s s  than that  a t  
the  c e n t e r .  

F ig .  10 shows no hema t i t e  and v e r y  l i t t l e  magne t i t e  
r e m a i n i n g  a f t e r  1105 s .  The m a j o r  r e a c t i o n  now is  
the r educ t ion  of w•stite to i r on  and r educ t ion  i s  s t i l l  
n o n - t o p . c h e m i c a l .  (Although the d i f fus ional  r e s i s t a n c e  
i s  i n c r e a s i n g  r e l a t i v e  to the  c h e m i c a l  r e s i s t a n c e . )  
Since the o v e r a l l  r e a c t i o n  r a t e  has  d e c r e a s e d  s i g n i f i -  
cant ly ,  the  CO concen t ra t ion  g r a d i e n t  i s  no l onge r  a s  
l a r g e  as  shown in F i g s .  8 and 9. 

It i s  i n t e r e s t i n g  to note that  the g r a d i e n t  in the void  
f r ac t i on  has  r e v e r s e d .  The i n c r e a s e  in void  f r a c t i o n  
n e a r  the p a r t i c l e  s u r f a c e  is  the r e s u l t  of swe l l ing  when 
i ron  i s  p roduced .  Since the  mode l  a s s u m e s  that  s w e l l -  
ing i n c r e a s e s  with i n c r e a s i n g  i ron  concen t ra t ion ,  the 
void  f r a c t i o n  p r o f i l e  a p p r o x i m a t e l y  p a r a l l e l s  the i ron  
concen t ra t ion  p r o f i l e .  

F o r  each  of the  t h r e e - r e a c t i o n  s y s t e m s  s tud ied  
( h e m a t i t e - m a g n e t i t e ,  magnet i te -w~is t i te ,  h e m a t i t e -  
magne t i t e -w~is t i t e - i ron )  s e v e r a l  e x p e r i m e n t a l  runs  
we re  made  at  each  of the t h r e e  t e m p e r a t u r e s  (750, 
775, and 800~ This  was done in o r d e r  to obta in  
m o r e  r e l i a b l e  a v e r a g e  va lue s  of r a t e  cons tan t s  and 
s i n t e r t n g  exponents .  

F o r  the r educ t ion  of h e m a t i t e  to magne t i t e  and of 
magne t i t e  to w~istite, the  va lue s  of the  r a t e  cons tan t s  
and s i n t e r i n g  exponents  w e r e  d e t e r m i n e d  ind iv idua l ly  
for  each  run .  F ig .  11 shows an A r r h e n i u s  plot  of k l  
for  the  h e m a t i t e - t o - m a g n e t i t e  r e a c t i o n .  Although not  
h ighly  r e p r o d u c i b l e ,  the  indiv idual  va lue s  a t  each  t e m -  
p e r a t u r e  v a r y  no m o r e  than 50 pc t  f r o m  the a v e r a g e .  
The a v e r a g e  va lue s  fa l l  c l o s e l y  on a s t r a i g h t  l ine .  As 
to the  va lue  of a ,  they  v a r y  within 30 pc t  of the  a v e r -  
age at  each  t e m p e r a t u r e .  V e r y  s i m i l a r  v a r i a t i o n s  
were  noted in ~ and b for  the  m a g n e t i t e - t o - w f i s t i t e  
r e a c t i o n .  The ac t iva t ion  e n e r g y  was d e t e r m i n e d  f r o m  
the s t r a i g h t  l ine  d rawn through the a v e r a g e  v a l u e s  of 
k s a t  each  t e m p e r a t u r e .  Table  IT[ l i s t s  the  a v e r a g e  
va lue s  of r a t e  cons tan t s ,  s i n t e r i n g  exponents  and a c -  
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t iva t ion  e n e r g i e s ,  inc luding  those  deduced  f rom the 
da ta  for  the r educ t ion  of h e m a t i t e  to i ron .  

In f i t t ing  the model  to the  da ta  fo r  the r educ t ion  of 
h e m a t i t e  to i ron ,  s ix  cons tan t s  mus t  be ad jus t ed :  kl ,  a ;  
k2, b; k s and c .  The va lue  of a used  at  each t e m p e r a -  
tu re  was the a v e r a g e  for  the s ing le  h e m a t i t e - m a g n e t i t e  
r eac t i on .  It has  been  ment ioned  p r e v i o u s l y  that  the r e -  
duct ion of h e m a t i t e  to i ron  o c c u r s  n e a r l y  s t epwise  and 
consequen t ly  the ad ju s tmen t  of t he se  p a r a m e t e r s  is  
somewha t  r e s t r i c t i v e .  

It might  be  po in ted  out that  if the gas  flow r a t e  were  
i n c r e a s e d  to such a point  that  the  CO concen t r a t i ons  at  
the p a r t i c l e  s u r f a c e  and in the  bulk gas  were  n e a r l y  
iden t i ca l ,  wfist i te  and i ron  would be p r o d u c e d  a l m o s t  
i n s t an t aneous ly .  I f  t h e r e  we re  no t i m e  lag  be fo re  i ron  
was p roduced ,  then the ef fec ts  of i ron  p roduc t ion  would 
m a s k  the o the r  two r e a c t i o n s  making  it v e r y  diff icul t  to 
d e t e r m i n e  t h e i r  r a t e  cons t an t s .  At low gas  flow r a t e s ,  
a s  used  in the p r e s e n t  work,  m a s s - t r a n s f e r  r e s i s t a n c e  
i s  r e l a t i v e l y  s ign i f i can t  in the o v e r a l l  r educ t ion  r a t e  
with the r e s u l t  that  s m a l l  v a r i a t i o n s  in r a t e  cons tan ts  
p r oduce  even s m a l l e r  v a r i a t i o n  in the p r e d i c t e d  r e d u c -  
t ion r a t e .  Thus the  r e a c t i o n  r a t e  is  not h ighly  s e n s i -  
t ive  to the r a t e  cons t an t s .  C o n v e r s e l y ,  s m a l l  changes  
in r e a c t i o n  r a t e  wi l l  s ign i f i can t ly  af fec t  the va lues  of 
f i t t ed  r a t e  cons t an t s .  

C o m p a r i s o n s  among  the va lue s  given in Table  III 
show that  the  a v e r a g e  va lues  of kl ,  k2 and b obta ined 
f r o m  the consecu t ive  r e a c t i o n  a r e  in r e a s o n a b l e  a g r e e -  
ment  with those  d e t e r m i n e d  for  the s ing le  r e a c t i o n s .  
However ,  the va lue s  for  the s ingle  r e a c t i o n s  a r e  p r o b -  
ab ly  m o r e  r e l i a b l e  s ince  t h e r e  we re  few da ta  poin ts  
be low 30 pc t  r educ t ion  fo r  the consecu t ive  r eac t ion ,  
to which the model  was f i t ted .  

F r o m  the a v e r a g e  va lue s  of k s a t  each  t e m p e r a t u r e  
an ac t iva t ion  ene rgy  of 27.7 k c a l / g - m o l  was d e t e r -  
mined  for  the w f i s t i t e - t o - i r o n  r eac t i on .  This  a c t i v a -  
t ion ene rgy  m a y  be c o m p a r e d  with a va lue  of 24.5 
k c a l / g - m o l  r e p o r t e d  by  S c r i v n e r  ~8 for  the r educ t ion  
of dense  wflst i te  ( o  = 0.15 to 0.20) to i r on  by CO at 
775 to 925~ 

When eva lua t ed  in t e r m s  of p r e d i c t i o n s  of f r ac t i ona l  
r educ t ion  the ef fec t  of n o n - r e p r o d u c i b i l i t y  of the f i t ted  
r a t e  cons tan t s  and s i n t e r i n g  exponents  is  not a s e r i o u s  

Table III. Average Rate Constants and Sintering Exponents 

Activation 
Energy 

750~ 775~ 800~ kcal/g-mole 
(1023 K) (1048 K) (1073 K) (kJ/mole) 

kl X 104, cm/s 
Single rxn 0,916(- + 50%)* 1.257(-+ 30%) 1.585(-+ 50%) 23.9 (100) 
Consecutive rxn 0.893(-+ 40%) 1.086(-+ 40%) 1.300(- + 70%) 16.5 (69.0) 

a 
Single rxn 1.17 1.40 1.72 
Consecutive rxn 1.17 1.40 1,72 

k2 X 104, cm/s 
Single rxn 2.96(- + 15%) 3.66(-+ 30%) 4.21(-+ 20%) 15.4 (64.4) 
Consecutive rxn 2.35( + 50%) 3.39(-+ 45%) 4.18(-+ 30%) 18.7 (78.2) 

b 
Single rxn 1.70 1.80 1.90 
Consecutive rxn 1.75 1.71 1.56 

k3 X 104, cm/s 
Consecutive rxn 2.63(+ 1 0%) 3.50( + 40%) 4.97(-+ 45%) 27.7 (116) 

C 
Consecutive rxn 1.10 1.30 2.00 

*Figures in parentheses are percentage variations of the fitted values from the 
average. 
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Fig.  1 2 - - C o m p a r i s o n  of p r e d i c t e d  c u r v e s  fo r  the  r e d u c t i o n  
of h e m a t i t e  to i r o n  at  800~ u s i n g  a v e r a g e  and  ind iv idua l ly  
f i t ted  v a l u e s  of  r a t e  c o n s t a n t s  and s i n t e r i n g  e x p o n e n t s .  

one.  F ig .  12 c o m p a r e s  the p r e d i c t e d  f r a c t i o n a l  r e d u c -  
t ion us ing  the a v e r a g e  va lue s  of hz, a ,  h2, b, k s and c to 
the ind iv idua l ly  f i t t ed  cu rve  fo r  Run 140 at  800~ This  
p a r t i c u l a r  run was chosen  b e c a u s e  the ind iv idua l  va lue  
of k s had the l a r g e s t  dev ia t ion  f rom a v e r a g e  k 3. It is  
noted that  the two c u r v e s  a r e  v e r y  c lo se  dur ing  the 
f i r s t  30 pc t  of r educ t ion  and that  the  p r e d i c t e d  va lue s  
of f r a c t i ona l  r educ t ion  d i f fe r  no m o r e  than 8 pc t .  

C ONC L US IONS 

The r educ t ion  of po rous  i ron  ox ides  (hemat i te ,  m a g -  
ne t i t e  and w~istite) o c c u r s  n o n - t o p o c h e m i c a l l y ,  the d e -  
g r ee  of n o n - t o p o c h e m i c a l  r educ t ion  d e c r e a s i n g  with 
i n c r e a s i n g  t e m p e r a t u r e .  

As t e m p e r a t u r e  i n c r e a s e s ,  the extent  of s i n t e r i n g  
i n c r e a s e s  and the swe l l ing  of r e d u c e d  i ron  d e c r e a s e s .  
The s u r f a c e  a r e a  of a p a r t i c l e  undergoing  reduc t ion  
d e c r e a s e s  cont inuous ly ,  independent  of o v e r a l l  changes  
in p a r t i c l e  s i z e .  The r a t e  of d e c r e a s e  of s u r f a c e  a r e a  
with f r a c t i ona l  r educ t ion  i n c r e a s e s  a s  t e m p e r a t u r e  in-  
c r e a s e s .  

A n o n - t o p o c h e m i c a l  model  is  p roposed ,  which a) a l -  
lows p a r t i c l e  s i ze  to change dur ing  r educ t ion ;  b) in -  
c ludes  loca l  changes  in void f r ac t ion ,  e f fec t ive  d i f fus iv -  
i ty,  and r e a c t i n g  s u r f a c e  a r e a ;  c) a l lows  m o r e  than one 
r e a c t i o n  to occu r  in any r eg ion ;  d) r e d u c e s  to the t opo -  
c h e m i c a l  o r  homogeneous  c a s e  when di f fus ion o r  c h e m -  
i ca l  r e s i s t a n c e ,  r e s p e c t i v e l y ,  c o n t r o l s  the r e a c t i o n  
r a t e ;  and e) f i t s  e x p e r i m e n t a l  da ta  b e t t e r  than non-  
t o p o c h e m i c a l  modes l  p r o p o s e d  by  o t h e r s .  

The r e a c t i o n - r a t e  cons tan t  of the w[ i s t i t e - i r on  r e a c -  
t ion is  g r e a t e r  than that  of the magne t i t e -wf i s t i t e  r e -  
ac t ion,  which i s  g r e a t e r  than that  of the h e m a t i t e - m a g -  
ne t i t e  r e a c t i o n  at  any given t e m p e r a t u r e .  The a c t i v a -  
t ion e n e r g i e s  d e t e r m i n e d  for  each  of the r educ t ion  r e -  
ac t ions  l ie  within the r ange  of p r e v i o u s l y  r e p o r t e d  a c -  
t iva t ion  e n e r g i e s .  

The r e a c t i n g  s u r f a c e  a r e a  can be  r e l a t e d  to the in i -  
t i a l  r e a c t a n t  s u r f a c e  a r e a  and the f r a c t i o n  of r e a c t a n t  
r e m a i n i n g  r a i s e d  to a power  ca l l ed  the s i n t e r i n g  expo-  
nent,  which is a m e a s u r e  of the d e g r e e  of m i c r o s c o p i c  
s i n t e r i n g  o c c u r r i n g  within a p a r t i c l e .  The s i n t e r i ng  
exponent  for  each of the t h r e e  r educ t ion  r e a c t i o n s  in-  
c r e a s e s  as  t e m p e r a t u r e  i n c r e a s e s .  
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NOMENCLATURE 

a Stnter ing exponent  for  h e m a t i t e - m a g n e t i t e  
reac t ion  

b Stnter ing exponent  for  magnet i te-w~ist i te  
r eac t ion  

c Sinter ing exponent  for  w~ist i te-iron reac t ion  
c i Moles of gas i / c m  s of gas (10 s mo l .m  -s) 
c"1 Moles of sol id  j / c m  s of pa r t i c l e  
c~ Init ial  concent ra t ion  of sol id j, m o l / c m  s of 

pa r t i c l e  
D i Effec t ive  di f fus ivi ty  of i, cm2/ s  (10 "4 mS.s -x) 
~)CO C ~ Bina ry  diffusion coeff ic ient  of CO in CO2, 

- ..2 cm2/s 

kG 

kl, k - i  

k2, k_s 

ks, k_, 

K 2  

Ks 

m ~ 

Mj 
P 
Pi 

q 

R 

r 

ro 
r o 

~ 

Mass  t r a n s f e r  coeff ic ient  of CO, c m / s  
(10 -2 m.s  -1) 
Rate constants for hematite-magnetite 
reaction, cm/s 
Rate constants for magnetite-wfistite reac- 
tion, cm/s 
Rate constants for w~istite-iron reaction, 
cm/s 

Equilibrium constant for magnetite-wiistite 
reaction, k g/k_ 2 
Equilibrium constant for w~istite-iron reac- 
tion, ks~k_ a 
Ini t ial  m a s s  of pa r t i c l e ,  g (10 -3 kg) 
Moleeu la r  weight of solid spec i e s  j 
Tota l  p r e s s u r e ,  a rm (1.013 x 10 s Pa) 
Pa r t i a l  pressure of gas i, a rm 

Pa r t i a l  p r e s s u r e  of i in bulk gas  phase ,  a rm 
Radial  s in te r ing  fac tor  fo r  magnet i te-w~ist i te  
reac t ion ,  Eq. [24] 
Universa l  gas constant ,  82.06 arm cmS/mol  
K (8.314 J mo1-1 K -x) 
Radial  posi t ion,  cm (10 -2 m) 
Pa r t i c l e  rad ius ,  cm 
Init ial  r ad ius  of pa r t i c l e ,  cm 
Final  rad ius  of pa r t i c l e ,  cm 
Radius of pa r t i c l e  of pu re  j, cm 
Genera t ion  ra t e  of gas  i pe r  unit vo lume of 
pa r t i c l e ,  m o l / c m  s s (10 s mol.m-S.s  -x) 
Genera t ion  ra t e  of sol id  j pe r  unit vo lume of 
pa r t i c l e ,  m o l / s  cm s 

Sj 

0 Sj 

o s j  

t 
T 
U 

V* 

x j  

Surface a r e a  of sol id r eac tan t  j pe r  unit vo l -  
ume of pa r t i c l e ,  cm -1 (102 m -1) 
Init ial  su r f ace  a r e a  of pure  sol id r eac t an t  j 
pe r  unit vo lume of pa r t i c l e ,  cm -1 
Init ial  su r f ace  a r e a  of pu re  sol id r e ac t an t  j 
pe r  unit m a s s ,  ma /g  (103 m2.kg -x) 
T ime ,  s 
T e m p e r a t u r e ,  K 
Vel0ci ty of sol id,  e m / s  (10 -2 m . s  -x) 
Molar  a v e r a g e  ve loc i ty  of gas ,  c m / s  
S to ich tomet r ic  f ac to r  for  va r i ab l e  w~istite, 
FexO , compos i t ion  
F rac t ion  of i ron a toms  as  component  j local ly  
Average  f rac t ion  of i ron a toms  as  j 

Greek 

E 

E ~ 

Pj 

Local  void f rac t ion  of sol id 
Init ial  void f rac t ion  of pa r t i c l e  
Densi ty  of pure  sol id component  j, g / c m  3 
(10 3 Kg.m -3) 

Subscr ip t  j 

h hemat i t e  
m magnet i te  
w wtistite 
Fe i ron  
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