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Copper  f lo ta t ion  c o n c e n t r a t e s  can be ox id i zed  while  s i m u l t a n e o u s l y  f ix ing  98 pc t  of the 
su l fu r  a s  CaSO4 and copper  su l f a t e s  if a m i x e d  l i m e - c o n c e n t r a t e  b a l l e d  p e l l e t  i s  r o a s t e d  
at  low t e m p e r a t u r e s .  The  r o a s t i n g  p e l l e t  exh ib i t s  a r e a c t e d  she l l  s u r r o u n d i n g  the u n r e -  
ac t ed  c o r e .  The  r a t e  i s  c o n t r o l l e d  by oxygen d i f fus ion  in the  p o r e s  of the  r o a s t e d  s h e l l  
and k ine t i c  d e t a i l s  a r e  g iven.  At  h igher  t e m p e r a t u r e s  the r a t e  d e c r e a s e s  b e c a u s e  of s in -  
f e t i n g  and d e c r e a s e d  p o r o s i t y  in the  she l l .  Comple t e  r o a s t i n g  of the p e l l e t s  whi le  con-  
t r o l l i n g  the  p e l l e t  t e m p e r a t u r e  to p r e v e n t  f o r m a t i o n  of in so lub le  copper  f e r r i t e s  i s  r e -  
q u i r e d  fo r  subsequent  h y d r o m e t a l l u r g i c a l  e x t r a c t i o n .  

PROCESSES for  t r e a t i n g  s u l f i d e - c o p p e r  f lo ta t ion  
c o n c e n t r a t e s  tha t  do not  cause  a p p r e c i a b l e  a i r  po l l u -  
t ion  by SO2 e m i s s i o n  a r e  needed .  The  r e c e n t l y  d e -  
ve loped  l i m e - c o n c e n t r a t e - p e l l e t - r o a s t  (LCPR) p r o -  
c e s s  1 involves  r o a s t i n g  a m i x t u r e  of f ine ly  ground  
f lo ta t ion  c o n c e n t r a t e s  and n e a r l y  s t o i c h i o m e t r i c  l i m e  
in the  fo rm of a b a l l e d  pe l l e t  fo l lowed by l e a c h i n g  in  
su l fu r i c  a c id  and even tua l  r e c o v e r y  of copper  by e l e c -  
t rowinn ing .  P e l l e t i z a t i o n  i s  n e c e s s a r y  to  r e t a i n  n e a r l y  
a l l  of the  su l fu r  a s  anhydr i t e  (CaSO4) du r ing  r o a s t i n g .  

When a pe l l e t  i s  r o a s t e d ,  ox ida t ion  of the  su l f ide  
m i n e r a l  g r a i n s  o c c u r s  at  the  i n t e r f a c e  s e p a r a t i n g  the  
u n r e a c t e d  p e l l e t  c o r e  f rom a r o a s t e d  she l l ,  p r o v i d e d  
tha t  the m i n e r a l  p a r t i c l e s  a r e  not  too l a r g e .  Al though 
- 2 0 0  m e s h  c o n c e n t r a t e s  w e r e  u sed  in t hese  e x p e r i -  
m e n t s ,  c o n c e n t r a t e s  a s  c o a r s e  a s  35 m e s h  have been  
s u c c e s s f u l l y  t r e a t e d .  The  r e a c t i o n  p r o d u c t s  a r e  p r i -  
m a r i l y  CuO, Fe203 and CaSO4. If  a s u b s t o i c h i o m e t r i c  
amount  of l i m e  i s  u s e d  at  low t e m p e r a t u r e s ,  s o m e  
CuSO4 and CuO �9 CuSO4 wi l l  a l so  be p r o d u c e d .  At  high 
r o a s t i n g  t e m p e r a t u r e s  s o m e  copper  f e r r i t e  i s  f o r m e d .  
Sul fur  d ioxide  gas  i s  p r o d u c e d  by  the r o a s t i n g  r e a c t i o n  
and d i f fuses  out of the  p e l l e t  t h rough  p o r e s  in  the  r e -  
ac t ion  p roduc t  s h e l l .  The d i f fus ing  SO2 r e a c t s  wi th  
l i m e  in a d i f fuse  zone  ad j acen t  to  the  c o r e / s h e l l  i n t e r -  
f ace .  Although l e s s  than  5 pc t  of the  SO2 e s c a p e s  the  
p e l l e t  under  n o r m a l  r o a s t i n g  condi t ions ,  t h e  SO2 tha t  
does  e s c a p e  o r i g i n a t e s  p r e d o m i n a n t l y  f r o m  n e a r  the  
s u r f a c e  of the  p e l l e t  e a r l y  in  the r o a s t i n g  p e r i o d ,  when 
the  r o a s t e d  s h e l l  t h rough  which d i f fus ion  m u s t  o c c u r  
i s  v e r y  th in .  

The  p u r p o s e  of the  p r e s e n t  s tudy i s  to r e p o r t  on the  
s ing le  p e l l e t  r o a s t i n g  k i n e t i c s .  

The r o a s t i n g  r e a c t i o n s  and the  l ime  r e a c t i o n  wi th  
SO2 a r e  e x o t h e r m i e  and m a y  cause  o v e r h e a t i n g  and 
f o r m a t i o n  of coppe r  f e r r i t e  which  i s  r e l a t i v e l y  i n s o l u -  
b l e  in a su l fu r i c  a c i d  l each .  2 F o r  i n d u s t r i a l  s ca l eup ,  
c o n s i d e r a t i o n  should  be given to  a con t inuous ly  fed  
f lu id  bed r o a s t e r  wi th  w a t e r  i n j ec t i on  to ob ta in  t e m -  
p e r a t u r e  c o n t r o l  and t e m p e r a t u r e  un i fo rmi ty  t h r o u g h -  
out  the  bed .  
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EXPERIMENTAL METHODS 

Experiments reported here were limited to flotation 
c o n c e n t r a t e s  o r i g i n a t i n g  a t  Bingham,  Utah  in  which  
c h a l c o p y r i t e  was  the  p r i m a r y  copper  m i n e r a l .  The  
a s s a y  was  24.2 pc t  c o p p e r ,  21.1 pc t  i r o n  and 26.0 pc t  
su l fu r .  Reagen t  l i m e  was  tho rough ly  m i x e d  with - 2 0 0  
m e s h  c o n c e n t r a t e  wi th  the  amount  of l ime  v a r i e d  f r o m  
85 pc t  to  100 pc t  of the  amount  r e q u i r e d  to  c onve r t  
a l l  of the  su l fu r  in the  cha rge  to  CaSO4. W a t e r  was  
added  and p e l l e t s  w e r e  b a l l e d  in a 28 cm d i am l a b o r a -  
t o r y  ba l l i ng  d r u m .  

The  o p t i m a l  m e i s t u r e  content  fo r  p e l l e t i z i n g  was  
14 pc t .  A v e r a g e  d r u m  r e s i d e n c e  t i m e  fo r  1.1 cm p e l -  
l e t s  was  20 to 30 min ,  and the u n d e r s i z e  p e l l e t s  w e r e  
r e c h a r g e d  as  s e e d ing  to  the  d r u m .  

Single  p e l l e t  k i n e t i c s  w e r e  d e t e r m i n e d  us ing  a 
q u a r t z  s p r i n g  ba l a nc e  t h e r m o g r a v i m e t r i c  a n a l y z e r  shown 
in F ig .  1, which m e a s u r e d  both  the weight  gain  a s s o c i -  
a t ed  with r o a s t i n g  and the  SO2 l i m e  f ixa t ion  r e a c t i o n .  
Sulfur  d iox ide  in the eff luent  gas  was  cont inuous ly  
m e a s u r e d  by  an i n f r a r e d  a n a l y z e r  du r ing  the e n t i r e  
TGA oxida t ion  e x p e r i m e n t .  A s ing le  p e l l e t ,  s u s p e n d e d  
f r o m  a qua r t z  he l ix  s p r i n g  having a s e n s i t i v i t y  of 
•  rag, was  hea t ed  to  the  d e s i r e d  t e m p e r a t u r e  in a 
6.5 cm ID tube f u r n a c e  whi le  the  d e h y d r a t i o n  of l i m e  
o c c u r r e d  in an i n e r t  a t m o s p h e r e .  A f t e r  d e h y d r a t i o n  
was  comple t e ,  the  d e s i r e d  oxygen c o m p o s i t i o n  was  in -  
t r o d u c e d  and the weight  ga in  due to the  ox ida t ion  and 
su l fa f ion  of the  p e l l e t  was  fo l lowed as  a funct ion of 
t i m e .  F o r  each  run  the  q u a r t z  ba l a nc e  was  cont inu-  
ous ly  o b s e r v e d  a f t e r  i n s e r t i n g  oxygen unt i l  the  i n i t i a l  
weight  change was  o b s e r v e d  at  which  t i m e  the t i m e r  
was  s t a r t e d ,  t = 0. An i n i t i a l  weight  change of 0.05 pc t  
of the  f i na l  weight  change  was  d e t e c t a b l e .  F o r  each  
run ,  the  i n f r a r e d  r e s u l t s  w e r e  c a l i b r a t e d  by a b s o r b i n g  
a l l  of the  SOe in sod ium hyd rox ide  so lu t ion  and t i t r a t i n g  
with  the iod ine  me thod .  

U p - d r a f t  f ixed bed  r o a s t i n g  e x p e r i m e n t s  w e r e  con-  
duc ted  to o b s e r v e  t h e r m a l  e f fec t s  and d e t e r m i n e d  
m a x i m u m  bed  depths  tha t  could  be used  without  o v e r -  
hea t ing .  An a i r  o r  a i r / n i t r o g e n  m i x t u r e  was  p r e h e a t e d  
in a v e r t i c a l  tube f u r n a c e  and f lowed th rough  a g r a t e  
into an i n su l a t ed  s t a i n l e s s  s t e e l  cup hold ing  the p e l l e t s .  
Bed  depths  up to 18 cm w e r e  used  and t h e r m o c o u p l e s  
w e r e  i n s e r t e d  at  v a r i o u s  dep ths  in the  bed .  T h e r m o -  
coup les  w e r e  a l s o  b u r i e d  in  p e l l e t s  wi th in  the  bed .  
The  gas  flow v e l o c i t y  was  r e g u l a t e d  a t  r o o m  t e m p e r a -  
t u r e  th rough  flow m e t e r s ,  b e f o r e  e n t e r i n g  the p r e h e a t  
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furnace.  Since effluent gases  contained negligible SO2 
they were  vented into the l abora to ry .  

Apparent  dens i t ies  of pe l le t s  were  de te rmined  be-  
fore and af ter  roas t ing  by immers ion  in mercu ry .  
Po ros i t i e s  of roas t ed  pe l le t s  were  de te rmined  by 
benzene absorpt ion.  Measured  values of volume 
shr inkage on roas t ing  and final f i red  po ros i t i e s  at 
var ious  t e m p e r a t u r e s  a r e  shown in Fig .  2. Al l  of t h e  
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Fig .  1 - - C o m b i n e d  t h e r m o g r a v i m e t r i c  and i n f r a r e d  a p p a r a t u s  
for analysis of single pellet oxidation kinetics. 
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Fig. 2--Physical characteristics of roasted LCPR pellets. 

shr inkage at  higher t e m p e r a t u r e s  occur red  on heating 
p r i o r  to inser t ion  of the oxidizing a tmosphere .  Al-  
though the data  shown in Fig .  2 a re  appropr ia te  to this  
pa r t i cu l a r  study and reasonably  typical ,  i t  should be 
noted that pe l le t  poros i ty  wil l  a lso depend on the 
amount of l ime,  the pa r t i c l e  s ize  d is t r ibut ions  of l ime 
and concentrate ,  the ba l l  forming conditions and densi -  
f ication.  The specif ic  sur face  of roared pe l le t s  was de-  
t e rmined  by the BET nitrogen adsorption method. 

Pe l le t  s t rength  is  ve ry  impor tant  for indus t r ia l  p ro -  
cess ing.  A suitable green pe l le t  should withstand 3 an 
average  of 6 drops  f rom 45 cm onto a s tee l  plate and 
have a minimum crushing s t rength of 1.5 kg. The 
labora tory  bal led pe l le t s  su rpas s  these requ i rements .  

SINGLE PELLET EXPERIMENTAL RESULTS 
AND REACTION MODEL VERIFICATION 

Typical  weight gain curves  for  1.15 cm diam bal led 
pe l le t s  a r e  shown in Fig .  3 for  a i r  roas t ing  at  450~ 
and in Fig .  4 for a i r  roas t ing  at 800~ The measured  
weight gain i s  shown with the weight assoc ia ted  with 
the SO2 gaseous effluent de te rmined  from inf ra red  
measu remen t s .  The total  weight gain for sol id  and 
gaseous products  is  a lso  shown and these wi l l  be r e -  
f e r r ed  to as  total  r a te  curves .  The emiss ion  of SO2 
i n c r e a s e s  with t e m pe r a t u r e .  
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Fig .  3 - -S ing le  pe l l e t  ox ida t ion  we igh t  change  at  450~ 

0 . 4  I I I I I I f 
TOTAL 

_z 0.3 
,,:::[ 

o,2! 

w 
J 

W 

SO 2 

0.0 I I I ] I I I 
0 20 4-0 60 80 

t (MINUTES) 

Fig. 4--Single pellet oxidation weight change at 800~ 
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The e x p e r i m e n t a l  k ine t i c  c u r v e s  w e r e  a n a l y z e d  in 
t e r m s  of an oxygen t r a n s p o r t  r a t e  l i m i t i n g  mode l .  
In i t i a l l y ,  oxygen t r a n s f e r  th rough  the  b o u n d a r y  l a y e r  
gas  f i lm  s u r r o u n d i n g  the  p e l l e t  i s  r a t e  con t ro l l i ng .  A 
convec t ive  oxygen d i f fus ion  g r a d i e n t  in r e s i d u a l  n i t r o -  
gen o c c u r s .  Ove r  m o s t  of the r e a c t i o n  p e r i o d  oxygen  
di f fus ion th rough  p o r e s  in the r o a s t e d  s h e l l  i s  r a t e  
con t ro l l i ng .  T h i s  r e a c t i o n  m o d e l  i s  i l l u s t r a t e d  in  F i g .  
5. 

Bounda ry  L a y e r  Gas F i l m  Oxygen T r a n s f e r  

In i t i a l  t angen t s  (t - -  0) to  the  t o t a l  r a t e  c u r v e s  w e r e  
m e a s u r e d  and used  to  d e t e r m i n e  the  i n i t i a l  ox ida t ion  
r a t e  of the pe l l e t ,  VCp. F r o m  t h e s e  data ,  e x p e r i m e n t a l  
va lue s  of the  i n i t i a l  m a s s  t r a n s f e r  coe f f i c i en t s  w e r e  
d e t e r m i n e d  f r o m  the r e l a t i o n ,  

= km4~*" ~ (C02(g' - C02'~ krn4Tvr~ C02(g) % t=o  [1] 
a n d  

A% 
= k m CO~ (g) t .  [2] 4rr~ 

In i t i a l  m a s s  t r a n s f e r  coe f f i c i en t s  w e r e  i ndepend-  
ent ly  c a l cu l a t ed  by two e m p i r i c a l  c o r r e l a t i o n s  fo r  
m a s s  t r a n s f e r  to s p h e r e s :  

F r o e s s l i n g  4 

2rP km= 2.0 + 0.60 [3] 

S t e i n b e r g e r  and T r e y b a l  ~ 

12r  p U \~ ~ \o.31 
2rP km= 2.0 + 0 . 3 4 3 1 ~ /  / ~ | . [4] 
DAB \ U ] tpgDABI 

V i s c o s i t i e s  and b i n a r y  bulk d i f fu s iv i t i e s  fo r  the  oxy-  
g e n - n i t r o g e n  gas  m i x t u r e s  w e r e  c a l c u l a t e d  a t  the  up-  
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Fig.  5--Model of a r o a s t i n g  LCPR pel le t  in c r o s s - s e c t i o n .  

p r o p r i a t e  t e m p e r a t u r e s  by the  C h a p m a n - E n s k o g  f o r m -  
u la .  The  a i r  m a s s  ve loc i t y  f lowing o v e r  the  p e l l e t s  
was ,  pgU = 0.002 g s -1 cm -2 in m o s t  of the  e x p e r i -  
m e n t s .  The  two t h e o r e t i c a l  ( ca lcu la t ed )  m a s s  t r a n s f e r  
coe f f i c i en t s  and the e x p e r i m e n t a l  m a s s  t r a n s f e r  co-  
e f f i c ien t  a r e  shown for  each  t e m p e r a t u r e  in T a b l e  I .  
The  e x p e r i m e n t a l  m a s s  t r a n s f e r  coe f f i c i en t s  a t  each  
t e m p e r a t u r e  w e r e  ob ta ined  by  t ak ing  the  t angen t  a t  
the  o r i g i n  (t = 0) and a r e  s l i gh t ly  l e s s  than the  c a l c u -  
l a t ed  m a s s  t r a n s f e r  coe f f i c i en t s .  Th i s  a g r e e m e n t  i s  
adequa te  and the d i s c r e p a n c y  m a y  be caused  by  s u r -  
face  r o u g h n e s s  o f  the  p e l l e t s  o r  the  r e t a r d i n g  ef fec t  of 
the  p e l l e t  su spend ing  s a d d l e  on the t r a n s f e r  of oxygen .  
The  e x p e r i m e n t a l  a p p a r e n t  ac t i va t i on  e n e r g i e s  a g r e e  
with the  v a l u e s  fo r  c a l c u l a t e d  r a t e s .  

Single  p e l l e t  r o a s t i n g  r a t e  e x p e r i m e n t s  w e r e  a l so  
conducted  a t  500~ in  the  b i n a r y  gas  m i x t u r e s  wi th  the  
oxygen v a r y i n g  f rom 5 to 30 pc t  of the  m i x t u r e  wi th  no 
effect  on the  m a s s  t r a n s f e r  coef f i c ien t .  The  v a r i a t i o n s  
in the  i n i t i a l  m a s s  t r a n s f e r  coef f ic ien t  w e r e  l e s s  than 
• 0.03 cm s -z. T h i s  r e s u l t  i s  a l so  c o n s i s t e n t  wi th  a 
b o u n d a r y  l a y e r  d i f fus ion  r a t e  con t ro l l i ng  p r o c e s s .  

Oxygen T r a n s f e r  Through  the  R o a s t e d  
P e l l e t  She l l  

The  k ine t i c  m o d e l  for  m o s t  of the  r e a c t i o n  p e r i o d  
when s h e l l  d i f fus ion  i s  r a t e  con t ro l l i ng  i s  b a s e d  on 
b i n a r y  gas  d i f fus ion  in a m i x t u r e  of oxygen and n i t r o -  
gen wi th in  a p o r o u s  so l id  a t  cons tan t  t o t a l  p r e s s u r e .  
Al though SO2 i s  f o r m e d  at  the r e a c t i o n  i n t e r f a c e  and 
d i f fuses  ou tward  i t  i s  consumed  in a d i f fuse  zone  n e a r  
the  i n t e r f a c e  and o v e r  m o s t  of the s h e l l - t h i c k n e s s  SO2 
can be n e g l e c t e d .  The  p r e s e n t  s i m p l e  m o d e l  i m p l i c i t l y  
a s s u m e s  tha t  a l l  of the  c h e m i c a l  r e a c t i o n  inc lud ing  
SO2 f ixa t ion  o c c u r s  at  the c o r e / s h e l l  i n t e r f a c e .  I t  i s  
a s s u m e d  tha t  the  p h y s i c a l  c h a r a c t e r i s t i c s  of the  
r o a s t e d  s h e l l  do not change with  r o a s t i n g  t i m e .  

N i t r o g e n  in  the  p o r e s  i s  s t agnan t  and the  n i t r o g e n  
flu.x, N B ,  with  r e s p e c t  to  the  p e l l e t  i s  N B = 0. The  
oxygen f lux with  r e s p e c t  to  the  pe l l e t ,  NA, t a k e s  the  
g e n e r a l  f o r m ,  6 

- C  d X A  [5] 

NAt  1 -  1 + XAr 1 
+ - -  

D A B ,  eft  DKA,  eft 

w h e r e  D A B  , eff i s  the  e f fec t ive  bulk d i f f u s i v i t y  and 
DKA, elf i s  the e f fec t ive  Knudsen  d i f fus iv i ty .  B e c a u s e  a 
b i n a r y  s y s t e m  i s  involved ,  X A = 1 - X B .  

A so lu t ion  to the  o v e r a l l  r e a c t i o n  k i n e t i c s  fo r  a 
s p h e r i c a l  p e l l e t  under  condi t ions  when t r a n s p o r t  

Table I. Experimental and Theoretical Results of Boundary Layer 
Oxygen Transfer Rate Controlling Step in Pellet Oxidation 

k~ (cm s-b 450~ 500~ 600~ 700~ 800~ 

Apparent 
Activation 

Energy 

Experimental 
Froessling 4 
Steinberger and 

Treybal s 

1.79 1.92 2.29 2.99 3.35 2,81 kcal mole "1 
2.60 2.90 3.52 4.23 5.19 3.05 kcal mole "1 
2.23 2.50 3.02 3.67 4.49 2.87 kcal mole "1 
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t h r ough  the r o a s t e d  s h e l l  i s  r a t e  con t ro l l i ng  i s  a v a i l -  
ab l e  fo r  the  c a s e  of e q u i m o l a r  c o u n t e r - c u r r e n t  d i f fu-  
s ion,  NB = - N A ,  and the f lux equat ion,  

N A t  = - -  C D e f  t dXA [6] 
d r  " 

F o r  c o u n t e r - c u r r e n t  e q u i m o l a r  d i f fus ion  the m o l a r  
f low th rough  the  s h e l l  f r o m  the  s u r f a c e  of the  co re ,  rl, 
to the o u t e r  l i m i t  of the  she l l ,  rp, i s :  

4~r C D e f  t (X A l - -  XAp ) 

[7] $p 4 rpNA . 
= --  1 1 r =r l 

r t rp 

When the  m o l a r  f low of oxygen ~Vp, for  bulk d i f fus ion  
in s tagnan t  n i t rogen  i s  c o n s i d e r e d ,  NB = O, with the  
condi t ion  DKA ' eff >> DAB, eff then the  so lu t ion  to Eq.  
[5] b e c o m e s  

VVp ~- 4frCDAB, eff ln {XBp~ . [8] 
1 1 \xB / 
rt rp 

Hence,  i t  can be shown that  an o v e r a l l  e f fec t ive  diffu-  
s i v i t y  fo r  u se  with Eq.  [7] i s  

1 = 11 + ( X B ) I n  [9] 
Deft DKA, eft DAB, eff 

w h e r e  

XBp -- X s l  [10] 
(XB) In = In (XBp/XBI)"  

F o r  r o a s t i n g  in a i r  wi th  XBp = 0.79 and oxygen d e p l e -  
t ion  at  the  r e a c t i n g  i n t e r f a c e ,  XB l = 1.0 and the l oga -  
r i t h m i c  mean  va lue  of the  n i t rogen  mo le  f r a c t i o n  i s  
(Xs)  In = 0.89. 

When p o r e  v o l u m e  f r ac t ion ,  0, and p o r e  t o r t u o s i t y ,  
r ,  a r e  c o n s i d e r e d  fo r  the  r o a s t e d  she l l ,  

DABO [11] 
T DA B, eff - 

and 

DKAO [12] 
DKA, elf = 7 

M e a s u r e d  v a l u e s  of the  p o r o s i t y  of f i r e d  p e l l e t s  w e r e  
u sed  in ca l cu l a t i ng  e f fec t ive  d i f fu s iv i t i e s  while  v a r i o u s  
v a l u e s  of the  t o r t u o s i t y  w e r e  c o n s i d e r e d .  

Bulk d i f fu s iv i t i e s  fo r  o x y g e n - n i t r o g e n  m i x t u r e s ,  
DAB , w e r e  c a l c u l a t e d  us ing,  

0 00=10 

DAB = P gAff  ~D, AB 

and the a p p r o p r i a t e  C h a p m a n - E n s k o g  p a r a m e t e r s .  
Knudsen  d i f fu s iv i t i e s  fo r  oxygen,  DKA w e r e  ca l cu -  

l a t ed  s u s ing  the  a v e r a g e  p o r e  r a d i u s ,  r e: 

~ T  [141 DKA = 9700 r e MA 

Sur face  a r e a ,  p o r o s i t y ,  and bulk d e n s i t y  m e a s u r e -  
m e n t s  of r o a s t e d  p e l l e t s  w e r e  u sed  to d e t e r m i n e  the 
a v e r a g e  p o r e  r a d i u s ,  

20 [15] 
,F e = Sgpp 

The f r a c t i o n a l  c o n v e r s i o n  of the  s p h e r i c a l  pe l l e t  
du r ing  r o a s t i n g ,  F ,  m a y  be  def ined by not ing that  

Volume of u n r o a s t e d  pe l l e t  = ( r l  ~ a  [16] 
1 - F = To ta l  p e l l e t  vo lume \ rp ] 

I n t e g r a t i o n  of the f lux equat ion  (Eq. [6]) l e a d s  to the 
fo l lowing e x p r e s s i o n  ~ in  t e r m s  of f r a c t i o n a l  conver -  
s ions ,  

6 C D e f  t (SAp -- XA l) t 
1 + 2(1--  F ) -  3 ( 1 -  F )  ='s = [17] 

w h e r e  ApA i s  the i n c r e a s e  in m o l a r  d e n s i t y  of oxygen 
r e s u l t i n g  f r o m  comple t e  r o a s t i n g  of the  p e l l e t  in-  
c luding SO2 f ixa t ion .  The  m e a s u r e d  r a d i u s  of the 
r o a s t e d  p e l l e t  was  used  fo r  r# .  

E x p e r i m e n t a l  r o a s t i n g  da ta  inc luding both weight  
gain  and SO~ e m i s s i o n  w e r e  used  to compute  F(t) and 
ApA. T h e s e  da ta  w e r e  p lo t t ed  in the  f o r m  of Eq. [17], 
(1 + 2(1 - F )  - 3(1 - F) 2/3 vs t) for  a i r  r o a s t i n g  at 
s e v e r a l  t e m p e r a t u r e s ,  F ig .  6. The s t r a i g h t  l ine f i t  of 
t h e s e  da ta  out to n e a r l y  c o m p l e t e  e x t r a c t i o n  suppor t  
the  she l l  d i f fus ion  mode l .  E x p e r i m e n t a l  va lue s  of D e f  t 
w e r e  d e t e r m i n e d  f rom the s l opes  of F ig .  6, taking 
XA1 = O. 

E x p e r i m e n t a l  (points)  and t h e o r e t i c a l  v a l u e s  (curves)  
of the e f fec t ive  d i f fu s iv i t i e s  fo r  r o a s t i n g  in a i r ,  XAL 
= 0.21, a r e  shown in F i g .  7. The da ta  a r e  p r e s e n t e d  p 
in the  fo rm of an A r r h e n i u s  plot :  log Deft vs 1/T.  Be-  
cause  of d e c r e a s i n g  p o r o s i t y  in the r o a s t e d  pe l l e t  
s h e l l  with i n c r e a s i n g  r o a s t i n g  t e m p e r a t u r e  at  the high 
t e m p e r a t u r e  end of the  t e m p e r a t u r e  r a n g e  inves t iga ted ,  
a s l ight  nega t ive  a p p a r e n t  ac t iva t ion  e n e r g y  i s  theo-  
r e t i c a l l y  p r e d i c a t e d  and e x p e r i m e n t a l l y  o b s e r v e d .  
Good a g r e e m e n t  with e x p e r i m e n t a l  and t h e o r e t i c a l  
v a l u e s  of the  e f fec t ive  d i f fus iv i ty  w e r e  ob ta ined  but a 
t o r t u o s i t y  f a c t o r  s l i gh t ly  g r e a t e r  than the u sua l  value ,  
r = 2, i s  r e q u i r e d .  

The e f fec t ive  d i f fus iv i ty  should  be i n v a r i a n t  with 
changes  in the  oxygen p a r t i a l  p r e s s u r e  and mo le  f r a c -  
t ion,  XAp, prov ided  the t o t a l  p r e s s u r e  r e m a i n s  con- 
s t an t .  E x p e r i m e n t a l  e f fec t ive  d i f fu s iv i t i e s  d e t e r m i n e d  
at  500~ in b i n a r y  gas  m i x t u r e s  conta in ing f rom 5 pc t  
to 30 pct  oxygen a r e  shown in F ig .  8. As  expec ted ,  a 

84 I I I I ~ I /  I I I I 
78 ~,40~ or~ (~ 

.66 ~ / ~  <d .1,OOfi 
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I r I I I I I I I 

IO 20 30 40 50 60 70 80 90 I00 

MINUTES 

Fig. 6--Pellet  roasting rate data plotted to fit a shell-diffu- 
sion model. 
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s y s t e m a t i c  v a r i a t i o n  in D e f  t wi th  oxygen concen t r a t i on  
was  not o b s e r v e d .  

A t e m p e r a t u r e  r i s e  o c c u r s  in the p e l l e t s  du r ing  
r o a s t i n g  b e c a u s e  of the e x o t h e r m i c  c h e m i c a l  r e a c -  
t i ons .  A t y p i c a l  t e m p e r a t u r e  r i s e ,  r e c o r d e d  by a 
t h e r m o c o u p l e  imbedded  at  the  c e n t e r  of the  pe l l e t  i s  
shown in F i g .  9. The  gas  t e m p e r a t u r e  and i n i t i a l  p e l -  
le t  t e m p e r a t u r e  w e r e  500~ A s i m i l a r  t e m p e r a t u r e  
p r o f i l e  has  been  p r e d i c t e d  by a c o m p u t e r  p r o g r a m  
b a s e d  on the  r e a c t i o n  r a t e  and hea t  t r a n s f e r  c o n s i d e r -  
a t ions  us ing  a un i fo rm p e l l e t  t e m p e r a t u r e  m o d e l  ( in-  
s t an taneous  t h e r m a l  conduc t iv i ty  in the  so l id ) .  Th i s  
t e m p e r a t u r e  r i s e  wi l l  i n c r e a s e  the  e f fec t ive  d i f fus iv i ty  
by only 10 to 15 pc t  ove r  the  va lue  c a l c u l a t e d  for  the  
n o m i n a l  r o a s t i n g  t e m p e r a t u r e .  

DISCUSSION OF HEAT T R A N S F E R  IN A 
ROASTING BED 

The r o a s t i n g  p r o c e s s  i s  e x t r e m e l y  e x o t h e r m i c  and 
hea t  t r a n s f e r  d o m i n a t e s  the  r o a s t e r  de s ign .  F o r  the  
o v e r a l l  r e a c t i o n ,  

CuFeS2 + - ~ O ~  + 2CaO ~ 2 CaSO4 + CuO + 1/2 Fe~O3 

[18] 
at 527~ the hea t  of r e a c t i o n  i s  ~- /  = - 4 7 4 , 2 0 0  ca l  
p e r  m o l e  of CuFeS2. However ,  hea t  r e l e a s e  wi l l  v a r y  
wide ly  be tween  d i f f e r en t  c o n c e n t r a t e s  depending  on the 
amount  of o the r  su l f ides  and gangue p r e s e n t .  

The  fo l lowing c o n s t r a i n t s ,  s o m e  b a s e d  on c a l c u l a -  
t ions  not p r e s e n t e d  h e r e ,  m u s t  be s u m m a r i z e d .  The  
r a t e  of hea t  r e l e a s e d  c h e m i c a l l y  i s  d i r e c t l y  p r o p o r -  
t i ona l  to the  ex t ens ive  r a t e  of c h e m i c a l  r e a c t i o n ,  which 
b e c a u s e  of the s p h e r i c a l  p e l l e t  g e o m e t r y  and d i f fus ion  
c o n t r o l l e d  r e a c t i o n  k i n e t i c s  i s  g r e a t e s t  du r ing  the 
i n i t i a l  r o a s t i n g  p e r i o d .  The  peUet  t e m p e r a t u r e  m u s t  
be l i m i t e d  to p r e v e n t  f o r m a t i o n  of f e r r i t e s  tha t  a r e  
r e l a t i v e l y  i n so lub le  in l each ing .  The  s e n s i b l e  hea t  of 
the  p e l l e t s  i s  only about  7 pc t  of the  c h e m i c a l  hea t  r e -  
l e a s e d ,  o r  20 pc t  if  Ca(OH)2 d e h y d r a t i o n  i s  inc luded .  
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Fig. 7--Effective diffusivities for the shell-diffusion con- 
trolled roasting rate:  experimentally determined points and 
theoretical curves. 
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Fig. 9--Experimental and numerical results  of part icle tem- 
perature during the course of roasting. 

Hence ,  the  p e l l e t s  a r e  not a s ign i f i can t  hea t  s ink  and 
r e c y c l e  of cooled ,  r o a s t e d  p e l l e t s  w i l l  not  be  a p r a c t i -  
ca l  me thod  of e l i m i n a t i n g  the hea t  r e l e a s e d .  

W a t e r  i n j ec t ion  can be u sed  to cool  a f lu id i zed  bed  
(wel l  m i x e d  so l id s )  r o a s t e r  but  hea t  m u s t  be e l i m i n -  
a t ed  by t r a n s f e r  to the  r o a s t e r  g a s e s  p a s s i n g  th rough  
a f ixed  p e l l e t  bed .  L a r g e  v o l u m e s  of cool ing  gas  m u s t  
be  used  b e c a u s e  gas  hea t  c a p a c i t i e s  a r e  s m a l l .  F o r  
f ixed  bed  r o a s t e r s ,  p e l l e t  f l u id i za t i on  in  upd ra f t  m a -  
ch ines  o r  a high p r e s s u r e  d rop  a c r o s s  t he  bed  i m p o s e  
a p r a c t i c a l  upper  l i m i t  on the  gas  v e l o c i t i e s  tha t  can 
be  u sed  and th i s  in t u r n  l i m i t s  the  r a t e  a t  which  hea t  
can be  r e m o v e d  f r o m  the p e l l e t  bed  and a l s o  l i m i t s  
the  p e l l e t  bed  he ight  o r  t h i c k n e s s  t h rough  which  the 
gas  i s  f lowing.  Th i s  c o n s t r a i n t  e l i m i n a t e s  a shaf t  
f u r n a c e  p r o c e s s .  

I n c r e a s i n g  the p e l l e t  s i z e  r a d i c a l l y  i n c r e a s e s  the  
t i m e  to c o m p l e t e  r o a s t i n g ,  ~-p cc r ~ ,  but  only  s l i gh t ly  
d e c r e a s e s  the  i n i t i a l  (max imum)  hea t  r e l e a s e  r a t e ,  

I cc rp ,  hence ,  i n c r e a s i n g  the p e l l e t  r a d i u s ,  rp ,  bed t=o 

i s  an unsu i t ab l e  d i r e c t i o n  t o w a r d  e f fec t ing  adequa te  
bed  t e m p e r a t u r e  con t ro l .  The  p e l l e t  s i z e  should  be  the  
s m a l l e s t  c o n s i s t e n t  with a good su l fu r  r e t e n t i o n  and 
l each ing ,  and a p r a c t i c a l  r a n g e  of s i z e s  fo r  i n d u s t r i a l  
o p e r a t i n g  p r a c t i c e .  

Wi th  the  r e q u i r e m e n t s  of a s h o r t  bed  he igh t  and 
v a r i a b l e  hea t  r e m o v a l  r a t e s  and gas  v e l o c i t i e s ,  a 
c r o s s - c u r r e n t  cont inuous  p r o c e s s  wi th  r e s p e c t  to bed 
m o v e m e n t  and gas  f low was  c o n s i d e r e d  us ing  a t r a v e l -  
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i ng  g r a t e  m a c h i n e  s i m i l a r  to  t ha t  u s e d  in i r o n  o r e  p e l -  r e 
l e t i z a t i o n .  H igh  b l o w i n g  r a t e s  wou ld  be  r e q u i r e d  e a r l y  Sg 
in t he  r o a s t i n g  c y c l e  when  the  m a x i m u m  r a t e  of  h e a t  t 
r e l e a s e  i s  e n c o u n t e r e d .  At 

A l t e r n a t e  u p - d r a f t  and d o w n - d r a f t  gas  f low c y c l i n g  T 
i s  not  v e r y  u s e f u l .  T h e  c y c l e  p e r i o d  m u s t  be  v e r y  U 
s h o r t ,  b e c a u s e  of t he  l i m i t e d  s e n s i b l e  h e a t  of t he  
s o l i d s  r e s u l t i n g  f r o m  a l l o w a b l e  t e m p e r a t u r e  c h a n g e s  ~Vp 
c a u s e d  by a l t e r n a t i v e  u p - d r a f t  and  d o w n - d r a f t  f low.  

E x p e r i m e n t s ,  w i t h  an  u p - d r a f t  f i xed  bed  p e l l e t  AWp 
r o a s t e r  s h o w e d  tha t  to p r e v e n t  an  e x c e s s i v e  t e m p e r a -  
t u r e  e x c u r s i o n  d u r i n g  the  i n i t i a l  r e a c t i o n  p e r i o d ,  t he  X A  
bed  h e i g h t  m u s t  be  l i m i t e d  to  7 to  15 c m  f o r  two c o n -  X B 
c e n t r a t e s  s t u d i e d .  T h e s e  r e s u l t s  l i m i t  t he  p r a c t i c a l  (XB)ln 
a p p l i c a t i o n  of a f i xed  bed  r o a s t e r  and  i n d i c a t e  tha t  i n -  
d u s t r i a l  s c a l e - u p  shou ld  c o n c e n t r a t e  on a c o n t i n u o u s l y  0 
o p e r a t e d  f lu id  bed  r o a s t e r  w i th  w a t e r  i n j e c t i o n  in to  t he  /~ 
bed  to  o f f s e t  the  r e l e a s e d  h e a t  and c o n t r o l  t he  r o a s t i n g  pp 
t e m p e r a t u r e ,  pg 
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N O M E N C L A T U R E  

t o t a l  gas  s p e c i e s  c o n c e n t r a t i o n ,  m o l e s  cc  -~ 
o x y g e n  c o n c e n t r a t i o n  a t  t h e  r e a c t i o n  s i t e ,  
m o l e s  ca  -~ 
o x y g e n  c o n c e n t r a t i o n  in t h e  bulk  gas ,  m o l e s  
c a  -1 

o r d i n a r y  d i f f u s i o n  c o e f f i c i e n t  f o r  an  o x y g e n /  
n i t r o g e n  m i x t u r e ,  am  2 s - 1  

e f f e c t i v e  bulk  d i f f u s i o n  c o e f f i c i e n t  f o r  an  o x y -  
g e n / n i t r o g e n  m i x t u r e  in p o r e s ,  c m  2 s -1 
K n u d s e n  d i f f u s i o n  c o e f f i c i e n t  f o r  oxygen ,  cm 2 
s-1 

e f f e c t i v e  k n u d s e n  d i f f u s i o n  c o e f f i c i e n t  f o r  
oxygen ,  a m  2 s -1 

o v e r a l l  e f f e c t i v e  o x y g e n  d i f f u s i o n  c o e f f i c i e n t ,  
am  2 s -1 

v o l u m e  f r a c t i o n  of  the  p e l l e t  t h a t  h a s  b e e n  
r o a s t e d  
m a s s  t r a n s f e r  c o e f f i c i e n t  f o r  oxygen ,  cm s -1 
m o l e c u l a r  w e i g h t  of oxygen ,  M / / m o l e  
m o l e c u l a r  w e i g h t  of n i t r o g e n ,  M / / m o l e  
m o l a r  f lux  of  oxygen ,  m o l e s  cm -2 s -1 
m o l a r  f lux  of n i t r o g e n ,  m o l e s  c m  -2 s -~ 
p r e s s u r e ,  E q .  [13], a rm 
r a d i a l  p o s i t i o n  in  the  p e l l e t ,  cm  
rp - r l ,  cm 

a v e r a g e  p o r e  r a d i u s ,  cm  
s p e c i f i c  s u r f a c e  a r e a  of  t he  p e l l e t ,  cm  2 g-1 
t i m e ,  s 
t i m e  i n c r e m e n t ,  s 
t e m p e r a t u r e ,  K 
s u p e r f i c i a l  g a s  v e l o c i t y  t h r o u g h  the  bed  o r  
a r o u n d  the  p e l l e t ,  cm  s -I 
m o l a r  r a t e  of  o x i d a t i o n  p e r  p e l l e t ,  m o l e s  
o x y g e n  p e l l e t  -I s -I 
f i n i t e  i n c r e m e n t  of o x i d a t i o n  of  a pe l l e t ,  m o l e s  
o x y g e n  p e l l e t  -I 
m o l e  f r a c t i o n  of o x y g e n  
m o l e  f r a c t i o n  of n i t r o g e n  
l o g a r i t h m i c  m e a n  m o l e  f r a c t i o n  of n i t r o g e n ,  
s e e  E q .  [10] 
p e l l e t  p o r o s i t y  ( v o l u m e  f r a c t i o n )  
g a s  v i s c o s i t y ,  g cm -~ s -~ 
p e l l e t  a p p a r e n t  d e n s i t y ,  g cm -s 
gas  d e n s i t y ,  g c m  -s 
i n c r e a s e  in  m o l a r  d e n s i t y  of o x y g e n  r e s u l t i n g  
f r o m  c o m p l e t e  r o a s t i n g ,  m o l e s  cc  -~ 
c o l l i s i o n  d i a m e t e r ,  Eq .  [13], A 
t o r t u o s i t y  f a c t o r  f o r  a p o r o u s  s o l i d  
c o l l i s i o n  i n t e g r a l ,  Eq .  [13]. 
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c h a r a c t e r i s t i c  of t he  bulk  gas  
e v a l u a t e d  a t  t h e  p e l l e t  s u r f a c e ,  rp 
e v a l u a t e d  a t  t he  p e l l e t  r e a c t i o n  i n t e r f a c e ,  r l 
e v a l u a t e d  a t  r a d i u s  r .  
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