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SOLID-LIQUID SEPARATIONS IN PROCESSING DOMESTIC LATERITES

By Gary L, Hundley 1 and R, E. Siemens2

ABSTRACT

The B u re au  o f  M ines h as d e v is e d  and d e m o n stra te d  a p ro c e s s  f o r  re c o v ­
e r in g  N i and Co from  lo w -g ra d e  d o m e stic  l a t e r i t e s .  The p ro c e s s  c o n s is t s  
o f  fo u r  m a jo r s t e p s :  ( 1 )  r e d u c t io n  r o a s t ,  ( 2 )  am m oniaca l l e a c h ,  (3 )
s o lv e n t  e x t r a c t i o n ,  and ( 4 )  e le c t r o w in n in g . S e v e r a l  s o l i d - l i q u i d  se p ­
a r a t io n  s te p s  a re  r e q u ir e d  t h a t  a f f e c t  th e  eco nom ics o f th e  o v e r a l l  p ro ­
c e s s .  In  t h i s  s t u d y , two te c h n iq u e s  f o r  s o l i d - l i q u i d  s e p a r a t io n ,  cen ­
t r i f u g a t i o n  and t h ic k e n in g ,  w ere  in v e s t ig a t e d .  T h is  r e p o r t  p re s e n t s  th e  
r e s u l t s  o f  ( 1 )  la b o r a t o r y  and p i l o t  p la n t  s t u d ie s  to  d e te rm in e  param e­
t e r s  f o r  s i z i n g  c e n t r i f u g e s  and t h ic k e n e r s  and (2 )  an econom ic s tu d y  o f 
th e  two te c h n iq u e s , based  on th e  re q u ire m e n ts  o f  a c o m m e rc ia l- s iz e  
( 5 , 0 0 0 - t p d )  l a t e r i t e  p ro c e s s in g  p la n t .

S iz in g  and o th e r  e q u ip m e n t- re la te d  reco m m e n d a tio n s , based on d a ta  from  
th e  B u re a u 's  s t u d ie s ,  w ere  o b ta in e d  from  co m m e rc ia l m a n u fa c tu r e r s . The 
c o s t s  o f t h ic k e n in g  and c e n t r i f u g a t io n ,  in c lu d in g  a l l  th e  u n i t  o p e ra ­
t io n s  a f f e c t e d ,  w ere d e te rm in e d  by th e  B u re a u 's  p ro c e s s  e v a lu a t io n  
g ro u p . The t o t a l  o p e ra t in g  c o s t s  f o r  s e p a ra t io n  u s in g  th e  two te c h ­
n iq u e s  ( in c lu d in g  d e p r e c ia t io n  on th e  c a p i t a l  c o s t  o f  e q u ip m e n t) w ere 
found  to  be q u it e  c lo s e :  $ 1 7 . 2 6  p e r to n  o f l a t e r i t e  f o r  c e n t r i f u g a t io n
and $ 1 8 . 1 5  p e r  to n  o f l a t e r i t e  f o r  t h ic k e n in g .  F o r  c e n t r i f u g a l  s e p a ra ­
t i o n ,  th e  g r e a t e s t  c o s t  was found to  be th e  i n i t i a l  c a p i t a l  c o s t  f o r  th e  
s e p a r a t io n  e q u ip m e n t; u s in g  t h ic k e n e r s ,  th e  g r e a t e s t  c o s t  was f o r  r e ­
a g e n t r e c o v e r y .

'c h e m ic a l  e n g in e e r .
M e t a l l u r g i s t  a n d  g r o u p  s u p e r v i s o r .

A l b a n y  R e s e a r c h  C e n t e r ,  B u r e a u  o f  M i n e s ,  A l b a n y ,  OR.



INTRODUCTION

The B u reau  o f  M ines has d e v ise d  and 
d e m o n stra te d  a p ro c e s s  f o r  r e c o v e r in g  Ni 
and Co m e ta ls  from  lo w -g rad e  l a t e r i t e  
d e p o s it s  lo c a te d  in  so u th e rn  Oregon and 
n o r th e rn  C a l i f o r n i a  (_5-7) .3  The N i and 
Co g ra d e s  o f th e s e  d e p o s i t s ,  t y p i c a l l y
0 .7  to  1 .2  p e t N i and 0 . 0 6  to  0 . 2 5  p e t 
Co,  a re  too low  to  a l lo w  econom ic t r e a t ­
ment u s in g  p re s e n t  co m m e rc ia l p ro c e s s e s . 
H ow ever, th e s e  l a t e r i t e s  r e p re s e n t  a po­
t e n t i a l  r e s o u rc e  t h a t  co u ld  be e x p lo it e d  
i n  an em e rg e n cy .

A s im p l i f i e d  f lo w s h e e t  o f th e  B u re a u 's  
r e d u c t io n  r o a s t ,  ammonia le a c h  p ro c e s s  
f o r  t r e a t in g  l a t e r i t e s  i s  shown in  f i g ­
u re  1 . B e ca u se  th e  p ro c e s s  i s  h yd ro m et- 
a l l u r g i c a l ,  i t  c o n ta in s  s e v e r a l  s o l i d ­
l i q u i d  s e p a r a t io n  s te p s  t h a t  may g r e a t ly  
a f f e c t  th e  eco n o m ics o f th e  p ro c e s s . 
Th ese  s e p a r a t io n s  a re  d i f f i c u l t  to  p e r ­
fo rm  b e ca u se  o f  th e  s m a ll  p a r t i c l e  s i z e  
o f  th e  l a t e r i t e .  (A p p ro x im a te ly  75 p et 
o f  th e  s o l id s  i s  l e s s  th an  400 m e sh ). In  
th e  i n i t i a l  (o r  p r im a ry )  s o l i d - l i q u i d  
s e p a r a t io n ,  th e  p re g n a n t le a c h  s o lu t io n  
m ust be s e p a ra te d  fro m  th e  le a c h e d  s o l id s  
to  p ro v id e  a c r y s t a l - c l e a r ,  s o l i d s - f r e e  
s o lu t io n  f o r  th e  s o lv e n t  e x t r a c t io n  s t e p .  
O th e r s o l i d - l i q u i d  s e p a ra t io n  s te p s  a re  
n e c e s s a ry  in  a  c o u n te r c u r re n t  w ash in g  
c i r c u i t  i n  w h ic h  th e  le a c h e d  s o l id s  a re  
washed w it h  w a te r  to  remove r e s id u a l  
s a l t s  b e fo re  th e  r e s id u e  i s  r e tu rn e d  to  
th e  m ine s i t e .

T h ic k e n in g  i s  an e s t a b l is h e d  s o l i d ­
l i q u i d  s e p a r a t io n  method used i n  o th e r  
ammonia le a c h  p ro c e s s e s  su ch  as th o se  
used  i n  o p e ra t io n s  a t  N ic a r o , Cuba , and 
G r e e n v a le , A u s t r a l i a .  A v ia b le  t e c h n i­
c a l  a l t e r n a t i v e  i s  to  use  c e n t r i f u g e s  
f o r  s o l i d - l i q u i d  s e p a r a t io n . Th ese  two 
m ethods— t h ic k e n in g  and c e n t r i f u g a l  se p ­
a r a t io n — a re  com pared in  t h i s  r e p o r t .  
E a r l y  in  th e  r e s e a r c h  i t  was d e te rm in e d  
t h a t  f i l t r a t i o n  w ould  n o t be p r a c t i c a l  
f o r  th e  p r im a ry  s o l i d - l i q u i d  s e p a ra t io n  
b ecau se  o f th e  v e r y  s lo w  f i l t r a t i o n  r a t e s

^ U n d e r l i n e d  n u m b e r s  i n  p a r e n t h e s e s  r e ­
f e r  t o  i t e m s  i n  t h e  l i s t  o f  r e f e r e n c e s  
p r e c e d i n g  t h e  a p p e n d i x e s .

o b ta in e d  and b ecau se  o f  th e  la r g e  amount 
o f  f r e e  ammonia in  th e  le a c h  s o lu t io n .

The econom ic e v a lu a t io n  in c lu d e d  as 
p a r t  o f t h i s  r e p o r t  c o n s id e r s  a l l  u n it  
o p e ra t io n s  in  th e  p ro c e s s  t h a t  a re  a f ­
fe c t e d  by th e  s o l i d - l i q u i d  s e p a ra t io n  
s t e p s .  Among th e se  o p e ra t io n s  a re  c l a r i ­
f i c a t i o n  f i l t r a t i o n  o f th e  p re g n a n t le a c h  
s o lu t io n  a f t e r  th e  p r im a ry  s o l i d - l i q u i d  
s e p a ra t io n  s t e p ,  w a sh in g  o f th e  f i l t e r  
c a k e s  o b ta in e d  in  th e  c l a r i f i c a t i o n  s t e p ,  
and c l a r i f i c a t i o n  o f th e  f i n a l  w ash w a te r  
fro m  th e  c o u n te r c u r re n t  w a sh in g  c i r c u i t .  
The re a g e n ts  i n  th e  w ash s o lu t io n s  have 
to  be r e c y c le d  to  th e  le a c h in g  s t e p .  
T h is  i s  a cco m p lish e d  by steam  s t r ip p in g  
th e  f r e e  ammonia from  th e  s tre a m s  f o l ­
low ed by e v a p o ra t io n  to  c o n c e n t ra te  th e  
r e a g e n t s . The s te a m - s t r ip p e d  f r e e  am­
m onia must th e n  be ab so rb ed  b ack  in t o  th e  
c o n c e n t ra te d  r e c y c le  s o lu t io n .

FIGURE 1, - Bureau of Mines reduction roast, am­
monia leach process.
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A f u r t h e r  c o n s id e r a t io n  i s  t h a t  th e  
f i n a l  r e s id u e  m ust be s u f f i c i e n t l y  d ry  to  
be d e p o s ite d  d i r e c t l y  b ack  in t o  th e  m ine 
s i t e .  D e w a te r in g  in  a  t a i l i n g s  pond i s  
n o t c o n s id e re d  to  be p r a c t i c a l  b e ca u se  o f 
e x c e s s iv e  r a i n f a l l  i n  th e  s o u th e rn  
O re g o n -n o rth e rn  C a l i f o r n i a  a r e a .  S tu d ie s  
h ave  shown t h a t  th e  d is c h a rg e  from  a ce n ­
t r i f u g e  i s  f i r m  enough to  be d e p o s ite d  
b ack  in t o  th e  m ined a r e a ,  b u t f u r t h e r  de­
w a te r in g  i s  n e c e s a ry  b e fo re  a t h ic k e n e r  
u n d e rf lo w  p ro d u c t can  be r e d e p o s it e d . 
The p la n t  s i t e  p ro b a b ly  w ould  be lo c a te d  
a d ja c e n t  to  th e  m ine s i t e ,  so i t  w ould  be 
p o s s ib le  to  h a u l r e s id u e  b ack  to  th e  
m ined a re a  w ith  th e  same t r u c k s  t h a t  
b ro u g h t th e  l a t e r i t e  to  th e  p la n t .

The B u re a u 's  r o a s t - le a c h  p ro c e s s  was 
o p e ra te d  in  a  c o n t in u o u s  p ro c e s s  r e s e a r c h  
u n i t  (PR U ) w it h  a  c a p a c i t y  o f 25 lb  o f

l a t e r i t e  p e r  h o u r , a t  th e  B u re a u 's  A lb an y  
(O R) R e se a rc h  C e n t e r ,  and in  a 5 -tp d  
p i l o t  p la n t  o p e ra te d  u n d e r a Governm ent 
c o n t r a c t  w it h  UOP I n c . , a t  i t s  T u c so n , 
A Z , f a c i l i t y  ( 9 ) .  T h re e  ty p e s  o f  l a t e r -
i t e s  w ere  t e s t e d :  A l im o n i t i c  ty p e  from
Rough and Ready C re e k  i n  s o u th e rn  O regon , 
a s a p r o l i t i c  ty p e  from  G asq u et M ountain  
i n  n o r th e rn  C a l i f o r n i a ,  and a t r a n s i t i o n ­
a l  ty p e  from  E ig h t  D o l l a r  M o u n ta in  in  
so u th e rn  O regon.

The s t u d ie s  on c e n t r i f u g e  a p p l ic a t io n s  
w ere  co nd u cte d  u s in g  le a c h  s l u r r y  ob­
t a in e d  from  th e  PRU. The t h ic k e n e r  r e ­
s u l t s  w ere  o b ta in e d  fro m  s e t t l i n g  r a t e  
d a ta  u s in g  le a c h  s l u r r y  from  th e  Tucson  
p i l o t  p la n t .  P r e l im in a r y  s e t t l i n g  r a t e  
d a ta  w ere  o b ta in e d  u s in g  le a c h  s l u r r y  
fro m  th e  PRU.
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CENTRIFUGAL SEPARATION

EXPERIM ENTAL PROCEDURES

The c e n t r i f u g e  u sed  to  o b ta in  s c a le -  
up d a ta  was a 6 - in - d ia m  h o r iz o n t a l- b o w l 
c o n t in u o u s  c e n t r i f u g e  m a n u fa c tu re d  by th e  
B i r d  M ach ine C o . , I n c . 4 T h is  c e n t r i f u g e  
( f i g s .  2 -3 ) o p e ra te s  i n  a c o u n te r c u r re n t  
m anner w it h  c o n t in u o u s  d is c h a rg e s  o f  de­
w a te re d  s o l id s  fro m  one end o f  th e  ma­
c h in e  and c l a r i f i e d  l i q u i d  ( c e n t r a t e )  
fro m  th e  o th e r  e n d . A s c r o l l  c o n v e y o r , 
r o t a t in g  a t  a s l i g h t l y  s lo w e r  speed th a n  
th e  b o w l, co n v e ys  th e  s o l id s  to  one end 
o f  th e  m a c h in e , up th e  ta p e re d  end o f th e  
b o w l, and o u t o f th e  m a ch in e . The ce n ­
t r a t e  d is c h a rg e s  fro m  th e  o th e r  end

^ R e f e r e n c e  t o  s p e c i f i c  e q u i p m e n t ,  t r a d e  
n a m e s ,  o r  m a n u f a c t u r e r s  i s  m a d e  f o r '  i d e n ­
t i f i c a t i o n  o n l y  a n d  d o e s  n o t  i m p l y  e n ­
d o r s e m e n t  b y  t h e  B u r e a u  o f  M i n e s .

th ro u g h  fo u r  o r i f i c e s .  The p o o l d ep th  o f 
l i q u i d  in  th e  bowl can  be v a r ie d  by 
ch a n g in g  th e  d ia m e te rs  and r a d i a l  p o s i­
t io n s  o f th e se  o r i f i c e s .  The v a r ia b le s  
o f i n t e r e s t  a re  bow l sp e e d , s l u r r y  fe e d  
r a t e ,  p o o l d e p th , and s c r o l l - t o - b o w l  
speed d i f f e r e n t i a l  ( 4 ) .

-Differential-speed 
gear box

-Rotating 
bowl

Cover

]*•— Feed

-Conveyor drive

FIGURE 2.

\  R̂otating scroll I 
t conveyor ?

Centrate Solids

Diagram of continuous centrifuge.



FIGURE 3„ - Six-inch continuous centrifuge in operation,,

The fe e d  s l u r r y  to  th e  c e n t r i f u g e  was 
p re p a re d  i n  b a tc h  ru n s  in  th e  PRU and 
s t o r e d  in  5 5 - g a l d ru m s , each  f i t t e d  w it h  
a m ix e r  to  re p u lp  th e  s o l i d s .  M ost o f 
th e  c e n t r i f u g e  t e s t s  w ere  co nd u cted  u s in g  
th e  t r a n s i t i o n a l - t y p e  l a t e r i t e ;  a few  
w ere  co n d u cte d  w it h  th e  s a p r o l i t i c - t y p e  
l a t e r i t e .  The r e s u l t s  o b ta in e d  w ere  s im ­
i l a r  f o r  b o th  l a t e r i t e  t y p e s .  To in s u r e  
an  ad e q u ate  s u p p ly  o f  s l u r r y ,  each  b a tc h  
o f  s l u r r y  was re u se d  by co m b in ing  th e  
c e n t r a t e  fro m  th e  c e n t r i f u g e  w ith  th e  
d e w a te re d  ca ke  and re p u lp in g  th e  s o l i d s .  
E a ch  b a tc h  o f  s l u r r y  was re p u lp e d  o n ly  
o n ce . P a r t i c l e  s i z e  a n a ly s e s  o f th e  
s o l id s  showed t h a t  t h e r e  was no d e g rad a ­
t io n  o f  p a r t i c l e s  when th e  s o l id s  w ere 
re u se d  one t im e . R ep u lp ed  s o l id s  p ro ­
duced th e  same r e s u l t s  i n  th e  c e n t r i f u g e  
a s  f r e s h  s o l i d s .

The g e n e ra l  o p e r a t in g  p ro c e d u re  u sed  to  
o b ta in  d a ta  was to  a d ju s t  th e  bowl and 
sp eed s to  th e  d e s ir e d  v a lu e s ,  s t a r t  th e  
fe e d  to  th e  c e n t r i f u g e ,  and a l lo w  th e  ma­
c h in e  to  re a c h  s t e a d y - s t a t e  c o n d it io n s  
(w h ic h  r e q u ir e d  a p p ro x im a te ly  5 m in ) . 
The fe e d  s l u r r y  to  th e  c e n t r i f u g e  was 
pumped w it h  a p e r i s t a l t i c  tu b in g  pump. 
The fe e d  r a t e  o f  s l u r r y  to  th e  c e n t r i f u g e  
and th e  c e n t r a t e  f lo w  r a t e  ou t w ere  th en  
m easured  f o r  5 to  20 m in , d ep end ing  on 
th e  s l u r r y  fe e d  r a t e ;  and sam p le s  w ere 
ta k e n  o f th e  s l u r r y  f e e d , c e n t r a t e ,  and 
c a k e . The s o l id s  c o n te n t  o f each  o f 
th e s e  sam p le s and th e  d e n s i t i e s  o f  th e  
l i q u i d  sam p le s w ere  d e te rm in e d . The 
s o l id s  c o n te n t  o f  th e  s l u r r y  was d e t e r ­
m ined by f i l t e r i n g  and w a sh in g  th e  s o l id s  
fro m  a w eighed  p o r t io n  o f th e  s l u r r y  and 
d ry in g  th e  s o l id s  o v e rn ig h t  in  a d r y in g
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o v e n . The s o l i d s  r e c o v e ry  in  th e  cake  
w as c a lc u la t e d  a s th e  d i f f e r e n c e  i n  mass 
f lo w  betw een th e  s o l id s  c o n te n t  o f  th e  
f e e d  s l u r r y  and th e  s o l id s  c o n te n t  i n  th e  
c e n t r a t e  d iv id e d  by th e  s o l id s  c o n te n t  o f 
th e  fe e d  s l u r r y .  The mass f lo w  r a t e  o f 
th e  ca ke  was n o t d e te rm in e d  d i r e c t l y .

P a r t i c l e  s i z e  a n a l y s i s  o f th e  s o l id s  in  
th e  fe e d  s l u r r y ,  th e  c e n t r a t e ,  and th e  
c a k e , was p e rfo rm e d  by a w et s c re e n in g  o f 
th e  s o l id s  l a r g e r  th a n  400 mesh and s e d i ­
m e n ta t io n  a n a l y s i s  o f th e  f r a c t io n  s m a l l­
e r  th a n  400 m esh. A S e d iG ra p h  p a r t i c l e  
s i z e  a n a ly z e r  (M ic r o m e r i t ic s  In s t ru m e n t  
C o r p . )  was u sed  to  m easure  th e  p a r t i c l e  
s i z e  d i s t r ib u t io n  o f  th e  sub-400-m esh  
m a t e r i a l .  F o r t h i s  s t u d y , th e  a n a ly z e r  
was u sed  to  m easu re  p a r t i c l e  s i z e s  in  th e  
ra n g e  fro m  0 . 1 4 5  to  40 tim.

Bowl speeds o f 3 , 0 0 0 ,  4 , 0 0 0 ,  and 5 , 0 0 0  
rpm , c o rre sp o n d in g  to  c e n t r i f u g a l  f o r c e s  
o f  767g,  l , 3 6 3 g ,  and 2 , 1 3 0 g ,  w ere used
w it h  p o o l d e p th s o f 0 . 1 9 ,  0 . 4 2 ,  0 . 5 3 ,
and 0 . 5 9  i n .  The s l u r r y  fe e d  r a t e s  
u se d  ran g ed  fro m  0 .5  to  2 .5  g a l/ m in . A l l  
t e s t in g  was co n d u cte d  w it h  th e  s l u r r y  a t  
room te m p e ra tu re . The s o l id s  c o n te n t  o f 
th e  s l u r r y  was a n o m in a l 1 0 . 0  wt  p e t .

RESU LTS AND DISCUSSION

R e s u l t s  o f t e s t s  w it h  th e  b a tc h  sam p le s 
o f  le a c h  s l u r r y  in d ic a t e d  t h a t  bowl speed 
and s l u r r y  fe e d  r a t e  w ere  th e  most im­
p o r ta n t  v a r i a b l e s .  When th e  fe e d  r a t e  
e xceed ed  1 g a l/ m in , th e  s o l i d s  c o n te n t o f 
th e  c e n t r a t e  exceed ed  2 p e t  and th e  s o l ­
id s  r e c o v e ry  f e l l  be low  80 p e t ( t a b le  1 ) .  
As th e  fe e d  r a t e  was in c re a s e d  beyond 1 
g a l/ m in , th e  s o l i d s  c o n te n t  o f th e  cake  
in c re a s e d  s l i g h t l y ,  w h i le  in c r e a s e s  i n  
th e  s o l i d s  c o n te n t  o f th e  c e n t r a t e  w ere  
p r o p o r t io n a l ly  much g r e a t e r .  In c r e a s in g

th e  p o o l d ep th  im proved  c e n t r a t e  c l a r i t y  
s l i g h t l y ,  and th e  s o l id s  c o n te n t  o f  th e  
ca ke  rem a in ed  h ig h . The s o l id s  c o n te n t  
o f  th e  cake  ranged  fro m  50 to  63 p e t ,  
w ith  th e  m a jo r i t y  o f th e  sam p les h a v in g  
v a lu e s  betw een 53 and 58 p e t .  T a b le  2 
shows s i m i l a r  d a ta  f o r  s e p a r a t io n s  d u r in g  
th e  w ash s t a g e s .  The d a ta  from  t a b le s  1 
and 2 w ere  used  as th e  b a se s  f o r  a s c a le -  
up to  d e te rm in e  th e  re q u ire m e n ts  f o r  a 
c o m m e rc ia l- s iz e  p la n t ;  th e s e  re q u ire m e n ts  
a re  p re se n te d  and d is c u s s e d  l a t e r  in  the 
r e p o r t .

D u r in g  th e  PRU o p e r a t io n s ,  two ro u n d - 
t h e - c lo c k  t e s t s  o f 80 h d u ra t io n  each  
w ere  co nd u cte d  in  w h ic h  th e  c e n t r i f u g e  
f i r s t  s e p a ra te d  f r e s h l y  le a c h e d  s o l id s  
fro m  th e  p re g n a n t le a c h  s o lu t io n  and th en  
s e p a ra te d  th e  s o l id s  from  th e  w ash w a te r  
i n  th e  w a sh in g  c i r c u i t .  By s t o r in g  r e ­
p u lp ed  s l u r r y  i n  su rg e  ta n k s  in  th e  wash 
c i r c u i t ,  one c e n t r i f u g e  s e rv e d  th re e  
f u n c t io n s :  th e  p r im a ry  s o l i d - l i q u i d  se p ­
a r a t io n  and th e  s o l i d - l i q u i d  s e p a ra t io n  
i n  e a ch  o f two w ash s t a g e s .  The r e s u l t s  
o f th e s e  s e p a ra t io n s  a re  shown in  t a b le
3 . The cake  had a h ig h e r  s o l id s  c o n te n t 
th a n  was a t t a in e d  in  th e  b a tc h  t e s t s ,  and 
th e  s o l id s  c o n te n t  o f  th e  c e n t r a t e  was 
s l i g h t l y  lo w e r . T h is  was p ro b a b ly  due to 
a s l i g h t l y  l a r g e r  p a r t i c l e  s i z e  d i s t r i ­
b u t io n  i n  th e  fe e d  s l u r r y  f o r  th e  c o n t in ­
uous t e s t s .  Cake fro m  th e  p r im a ry  se p a ­
r a t io n  a ve rag e d  62 wt p e t  s o l id s  f o r  fo u r  
s a m p le s , w h i le  20 sam p le s o f th e  f i n a l  
r e s id u e  a f t e r  a tw o -s ta g e  c o u n te r c u r re n t  
w ash a ve rag e d  72 wt p e t  s o l i d s .  H ow ever, 
as shown in  t a b le  3 , th e  s o l id s  c o n te n t 
o f th e  fe e d  was h ig h e r  f o r  th e  w a sh -s ta g e  
s e p a r a t io n s .  F ig u r e  4 shows a cake  d i s ­
ch a rg e  h ig h  in  s o l id s  c o n t e n t ; su ch  a 
d is c h a rg e  can  be h a n d le d  and p la c e d  
b ack  in t o  th e  m ine s i t e  w ith o u t  f u r t h e r  
d e w a te r in g .
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TABLE 1 . -  P r im a ry  s o l i d - l iq u i d  s e p a r a t io n s  in  6 - in - d ia m  c e n t r i f u g e

( 1 0 . 0  wt p e t s o l id s  in  fe e d  s l u r r y )

Bowl 
sp e e d , 

rpm

Feed  r a t e ,  
g a l/ m in

S c r o l l - t o - b o w l  
d i f f e r e n t i a l , 

rpm

S o l id s  r e c o v e ry  
in  c a k e , wt p e t

S o l id s  c o n te n t 
o f  c e n t r a t e ,  

p e t

S o l id s  co n te n t 
o f  c a k e , pet

0 . 1 9 - i n  POOL DEPTH
5 , 0 0 0 . . . 0 . 5 20 8 9 . 3 1 . 3 5 4 . 8

. 5 30 8 8 . 7 1 . 4 5 3 . 3

. 6 40 8 9 . 7 1 . 3 5 3 . 5
1 . 9 20 7 3 . 9 5 . 0 5 6 . 7
2 . 1 30 6 9 . 6 5 . 1 5 7 . 9
2 . 0 40 6 6 . 9 4 . 2 5 4 . 3

4 , 0 0 0 . . . . 7 20 8 8 . 7 1 . 8 5 4 . 8
. 6 30 8 4 , 4 2 . 1 5 6 . 0

2 . 1 20 6 5 . 4 4 . 9 6 0 . 6
1 . 9 30 ND 5 . 3 5 5 . 0

0 . 4 2 - in  POOL DEPTH
5 , 0 0 0 . . . 0 . 5 10 8 9 . 5 1 . 0 5 5 . 7

. 6 20 9 0 . 6 1 . 2 5 6 . 2
2 . 0 10 ND 2 . 7 57 . 1
2 . 1 20 7 3 . 3 2 . 5 6 0 . 2

4 , 0 0 0 . . . . 6 10 8 9 . 8 1 . 3 5 7 . 7
. 6 20 8 9 . 8 1 . 3 5 7 . 3

2 . 0 10 6 7 . 9 3 . 6 6 0 . 6
2 . 0 20 6 7 . 3 3 . 8 6 1 . 9

Q n n n c 1 n J7-7  .1 O Q ç  R  7•j  j U U U »  •  • • 3 1 U r t  •  T Z  • o J J  • /

. 5 20 8 1 . 5 2 . 4 5 2 . 1
1 . 0 10 5 3 . 5 4 . 7 5 1 . 9
1 . 1 20 5 9 . 6 4 . 7 5 4 . 2
1 . 0 25 5 8 . 8 4 . 4 5 0 . 8
1 . 9 10 5 3 . 8 5 . 4 5 6 . 8
1 . 8 20 5 6 . 6 5 . 8 5 8 . 2
2 . 2 25 ND 6 . 0 5 5 . 9
2 . 6 10 5 0 . 2 5 . 2 6 3 . 3
2 . 5 20 5 6 . 4 5 . 4 5 6 . 4
2 . 7 20 54 . 1 5 . 2 6 1 . 6

0 . 5 2 - i n  POOL DEPTH
5 , 0 0 0 . . . 0 . 6 10 8 8 . 7 1 . 2 5 6 . 2

.  6 20 8 9 . 7 1 . 1 5 5 . 3
1 . 1 10 8 1 . 0 2 . 1 5 7 . 6
1 . 1 20 7 8 . 3 2 . 5 5 7 . 4
1 . 6 10 7 2 . 5 4 . 3 6 1 . 6
1 . 5 20 7 6 . 7 2 . 9 5 9 . 8

4 , 0 0 0 . . . . 4 10 9 0 . 5 1 .1 5 3 . 9
.  6 20 9 0 . 0 1 . 3 5 4 . 1
. 9 10 7 8 . 9 2 . 6 5 5 . 2

1 . 0 20 6 6 . 0 3 . 6 5 3 . 3
1 . 2 10 6 8 . 6 3 . 4 5 6 . 9
1 . 2 20 6 5 . 9 4 . 2 5 8 . 6
1 . 8 20 6 9 . 7 3 . 6 5 9 . 0

0 . 5 9 - i n  POOL DEPTH
5 , 0 0 0 .  . . 0 . 6 7 9 0 . 8 1 . 5 5 7 . 1

1 . 0 10 7 5 . 2 2 . 9 5 6 . 4
ND Not de te rm in e d .
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TA B LE 2 . -  Wash s ta g e  s o l i d - l i q u i d  s e p a ra t io n s  in  6 - in - d ia m  c e n t r i f u g e  

(C o n d i t io n s :  w ash s o l id s  p u lp  d e n s i t y :  30 p e t ;  bowl sp e e d : 5 , 0 0 0  rpm)

Wash Feed  r a t e , S c r o l l - t o - b o w l S o l id s  r e c o v e ry S o l id s  c o n te n t S o l id s  c o n te n t
s tag e g a l/m in d i f f e r e n t i a l , i n  c a k e , wt p e t o f c e n t r a t e , o f  c a k e , p et

rpm p et
0 .4 2 - in  POOL DEPTH

F i r s t . . .

Seco n d . .

0 .5
1.1
1 .0
1 .5

.4

.5
1.0
1 .5

20
20
30
20

10
20
20
20

9 7 . 4  
8 4 . 6  
8 2 . 9
7 9 . 4

100.0
9 6 . 5  
88.1
7 9 . 5

1 . 4
7 . 3
7 . 9
9 . 6

.2
2 .0
6.2
9 . 1

6 3 . 3  
6 4 . 5
6 2 . 4  
6 5 . 0

6 2 . 9
6 5 . 4
6 5 . 7
6 5 . 8

TABLE 3 . -  S o l id - l iq u i d  s e p a r a t io n s  in  6 - in - d ia m  c e n t r i f u g e ,  c o n t in u o u s  PRU t e s t s

(C o n d it io n s :  bow l sp e e d : 5 , 0 0 0  rpm ; s c r o l l - t o - b o w l  d i f f e r e n t i a l :  20 rpm ;
p o o l d e p th : 0 . 5 3  i n )

Feed  r a t e ,  
g a l/m in

S o l id s  c o n te n t 
o f  c e n t r a t e ,  p e t

S o l id s  c o n te n t  
o f c a k e , p et

1 .2 2 .0 6 1 . 0
1 . 2 . 9 6 7 . 2
1 . 2 . 7 59 . 1
1 . 3 2 . 8 6 1 . 0

Wash s e p a r a t io n s :2
.9 1 .7 6 8 . 2

1 . 3 2 . 2 7 0 . 0
1 . 3 . 4 6 6 . 0
1 . 5 . 4 6 8 . 0

1 . 2 1 . 2 7 0 . 0
1 . 5 . 9 71 . 1
1 . 4 . 5 6 8 . 7
1 . 5 ND 6 9 . 8

F in a l  r e s id u e ,  2 0 -sam p le  a v e ra g e ................... NAp NAp 7 2 . 5
NAp Not a p p l i c a b le .  ND Not d e te c te d .
*14 wt p e t s o l id s  in  fe e d  s l u r r y .
2 18 wt p e t s o l id s  in  e a ch  fe e d .
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FIGURE 4. * Solids discharge from centrifuge.
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To be c e r t a in  t h a t  th e  c e n t r i f u g e  fe e d  
m a t e r ia l  had a c o n s ta n t  s i z e  d i s t r i b u ­
t i o n ,  e a ch  b a tc h  o f  le a c h  s l u r r y  was sam­
p le d  and i t s  p a r t i c l e  s i z e  d i s t r ib u t io n  
d e te rm in e d . Some c e n t r a t e  sam p les and 
some f i n a l  s o l id s  sam p le s w ere  a ls o  a n a ­
ly z e d  f o r  p a r t i c l e  s i z e .  A t y p i c a l  
s c re e n  a n a l y s i s  and p a r t i c l e  s i z e  d i s t r i ­
b u t io n  f o r  a fe e d  s l u r r y  a re  shown in  t a ­
b le  4 and f ig u r e  5 , r e s p e c t i v e l y .  Ap­
p ro x im a te ly  75 p e t o f th e  s o l id s  w ere 
l e s s  th a n  400 mesh (3 8  ym d iam ) in  s i z e .  
Of th e  s o l id s  in  t h i s  m inus 400-m esh 
f r a c t i o n ,  50 p e t w e re  l e s s  th a n  1 .4  um in  
d ia m e te r . Th ese  v a lu e s  w ere  t y p i c a l  o f 
a l l  th e  fe e d  s l u r r i e s  t e s t e d .  The ce n ­
t r a t e  fro m  th e  p r im a ry  s o l i d - l i q u i d  se p a ­
r a t io n  s te p  showed a much n a rro w e r  s i z e  
d i s t r i b u t io n  ( f i g .  6 ) .  A l l  o f  th e  cen ­
t r a t e  was l e s s  th a n  400 m esh , w ith  80 p e t 
o f  th e  s o l id s  i n  th e  ran g e  o f 0 . 6 5  to  1 . 6  
pm and 50 p e t o f  th e  m a t e r ia l  l e s s  th a n
1 .1  ym in  d ia m e te r . The s o l id s  i n  th e  
c e n t r a t e  m ust be rem oved in  a c l a r i f i c a ­
t io n  s te p  p r io r  to  s o lu t io n  p u r i f i c a t i o n  
and s o lv e n t  e x t r a c t io n .

TA BLE 4 . -  S c re e n  a n a l y s i s  o f t y p i c a l  
fe e d  s l u r r y 1

PARTICLE SIZE ANALYSIS

Mesh s i z e  w t p e t

P lu s  6 5 .................................................................  10 . 2
65 by 100 ...........................................................  3 . 0
100 by 150 ..................................................... 3 . 6
150 by 2 0 0 ..................................................... 2 . 6
200 by 2 7 0 ..................................................... 3 . 1
270 by 4 0 0 ..................................................... 3 . 0
M inus 4 0 0 ...........................................................  7 4 . 5

T o t a l ........................................................  100 . 0
^ ro m  t r a n s i t i o n a l  typ e  l a t e r i t e .

Sam ples o f th e  f i n a l  cake  and f i n a l  
w ash  w a te r  from  th e  wash c i r c u i t  were 
a ls o  a n a ly z e d . The s o l id s  in  th e  wash 
w a te r  showed e s s e n t i a l l y  th e  same s i z e  
d i s t r ib u t io n  as th e  s o l id s  in  th e  cen ­
t r a t e  fro m  th e  p r im a ry  s e p a r a t io n . The 
a v e ra g e  p a r t i c l e  s i z e  o f th e  s o l id s  in  
th e  f i n a l  washed ca k e  was s l i g h t l y  la r g e r  
th a n  th e  a ve ra g e  s o l id s  p a r t i c l e  s i z e  in  
th e  p r im a ry  s e p a ra t io n  b ecau se  a p o r t io n  
o f  th e  f i n e s  was rem oved in  th e  c e n t r a t e .

FIGURE 6. - Size distribution of centrate sol­
ids from typical primary solid-liquid separation.

A p p ro x im a te ly  th e  same amount o f m a t e r ia l  
was l a r g e r  th a n  400 m esh, but o f th e
m inus 400-m esh m a t e r i a l ,  50 p e t was l e s s
th a n  2 .0  pm in  d ia m e te r  in  th e  cake  v e r ­
su s  50 p e t l e s s  th an  1 .4  ym f o r  th e  p r i ­
m ary s e p a r a t io n .

COMMERCIAL APPLICATIO N

C e n t r i fu g e  equipm ent s i z e s  and c o s t s  
f o r  a c o m m e rc ia l- s iz e  p la n t  w ere p ro v id e d  
by th e  B i r d  M achine Co. ( _1) . Th ese  r e c ­
om m endations w ere  f o r  a 5 ,0 0 0 - tp d  l a t e r ­
i t e  p ro c e s s in g  p la n t  and w ere based on a
s c a le - u p  o f th e  PRU d a t a . A 5 ,0 0 0 - tp d
p la n t  was assumed based on a p re v io u s
t e c h n ic a l  and econom ic e v a lu a t io n  o f th e  
B u re a u 's  r o a s t - le a c h  p ro c e s s  (8^). A de­
t a i l e d  f lo w s h e e t  and m a t e r ia l  b a la n c e  fo r

3  ~50 10 5 • I 0.5 0.2
°  EQUIVALENT SPHERICAL DIAMETER, urn

FIGURE 5. - Size distribution of minus 400-mesh 
fraction of typical slurry feed.
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th e  p r im a ry  s o l i d - l i q u i d  s e p a ra t io n  s t e p ,  
s o l id s  w a sh in g  c i r c u i t ,  and re a g e n t r e ­
c o v e ry  s e c t io n  o f  th e  p ro c e s s  a re  shown 
i n  f ig u r e  7 and t a b le  5 , r e s p e c t i v e l y .

The f lo w s h e e t  shows th e  b a s ic  o v e r a l l  
s te p s  r e q u ir e d  in  t h i s  p o r t io n  o f  th e  
p r o c e s s . ( P o s s ib le  a l t e r n a t e  r o u t in g  o f 
some o f th e  w ash w a te r  s tre a m s  was not

FIGURE 7. - Process flowsheet for centrifugal separations: Primary solid-liquid separation, 
solids washing, and reagent recovery sections.
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TA BLE 5 . -  M a t e r ia l  b a la n c e  f o r  c e n t r i f u g e  c i r c u i t

S tream  number and name
S o l id s , 
lb /m in

L iq u id , 
g a l/m in

S o l­
id s  , 
p e t

Sp g r 
o f  

l iq u id

( nh4 ) 2s o 4 ,
g / L

NH40H
g /L

1 . 5 , 7 5 0 3 , 5 9 9 14 1 . 15 300 100
2. P re g n a n t le a c h  s o lu t io n ............................ 862 3 , 3 2 5 2 . 6 1 . 15 300 100
3 . 4 , 8 8 8 274 65 1 . 1 5 300 100
4 . C l a r i f i e d  p re g n a n t le a c h  s o lu t io n 0 3 , 2 6 5 0 1 . 1 5 300 100
5 . C l a r i f i c a t i o n  f i l t e r  s o l i d s ................ 862 60 60 1 . 1 5 300 100

6 . 0 120 0 1 . 0 0 0
7 . 862 60 60 1 . 05 100 33
8 . Wash s o lu t io n ........................................................... 0 120 0 1 . 05 100 33
9 . 0 563 0 1 . 0 0 0

10. 53 589 1 1 . 05 137 45

11. 4 , 8 3 5 248 70 1 . 0 5 . 3 1.1
12. 53 4 60 1 . 05 137 45
13. 0 585 0 1 . 05 137 45
14. Wash w a t e r .................................................................... 0 4 0 1 .0 0 0
1 5 . Washed s o l i d s ........................................................... 53 4 60 1 . 03 68 23

16. 0 4 0 1 . 03 68 23
17. NH3 s t r ip p e r  s te a m ............................................ 0 '3 5 5 0 NAp 0 0
18 . 0 722 0 1 . 05 130 0
19. 0 30 0 NAp 0 NI
20 . 0 11 , 813 0 NAp 0 0

21 . C o n ce n tra te d  w ash s o l u t i o n . . . . . . . 0 294 0 1 . 15 314 0
22 . 0 428 0 1 . 0 0 0
23 . 0 324 0 1 . 15 285 95
24 . 0 709 0 1 . 05 130 43
25 . Steam c o n d e n s a te .................................................. 0 11 , 813 0 1 . 0 0 0
NAp Not a p p l ic a b le .  ND Not d e te rm in e d .
'Pounds p e r m in u te .

o p t im ize d  f o r  th e  econom ic e v a lu a t io n . )  
The m a t e r ia l  b a la n c e  was based on th e  
fo l lo w in g  c o n d it io n s :

1 . The p r im a ry  s o l i d - l i q u i d  s e p a ra ­
t io n  s te p  has a le a c h e d  s o l id s  fee d  
r a t e  o f 5 , 7 5 0  lb / m in  and a le a c h  l iq u o r  
f ee d  r a t e  o f 3 , 5 9 9  g a l/m in  ( s o lu t io n  
sp  g r = 1 . 1 5 )  fo r  a 1 4 -w t-p c t  s o l id s  con­
te n t  in  th e  s l u r r y  fe e d .

2 . E n v iro n m e n ta l c o n s id e r a t io n s  r e ­
q u ir e  th a t  th e  w ash  c i r c u i t  remove 98 wt 
p e t o f th e  s o lu b le  s a l t s  from  th e  l a t e r ­
i t e  r e s id u e  so t h a t  th e  maximum t o t a l  
n it r o g e n  co n te n t  in  th e  re s id u e  i s  0 .1  
w t p e t .

The wash w a te r  from  th e  l a t e r i t e  w ash­
in g  must be e va p o ra te d  in  th e  re a g e n t r e ­
c o v e ry  s e c t io n  o f th e  p ro c e s s  and th e  
c o n c e n tra te d  s o lu t io n  r e c y c le d  b ack to  
th e  le a c h in g  s t e p .  T h is  r e q u ir e s  th a t  
th e  amount o f wash w a te r  and number o f 
w ash s ta g e s  be o p t im ize d  to  p ro v id e  th e  
r e q u ire d  amount o f w ash in g  w h i le  m in im iz ­
in g  th e  c o s t s  a s s o c ia te d  w ith  t h i s  s e c ­
t io n  o f th e  p ro c e s s . T a b le  6 shows the  
t h e o r e t i c a l  e f f i c i e n c i e s  o f 2 , 3 , 4 , and
5 wash s ta g e s  w ith  v a r io u s  wash p u lp  den­
s i t i e s  and c e n t r i f u g e  cake  ( f e e d )  d e n s i­
t i e s .  As th e  wash p u lp  d e n s i t y  i s  i n ­
c re a s e d  (m ore s o l i d s ,  l e s s  w ash w a te r )  
th e  number o f s ta g e s  re q u ir e d  to  a t t a in  
th e  same w ash in g  e f f i c i e n c y  in c r e a s e s .
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TA BLE 6 . -  T h e o r e t ic a l  c o u n te r c u r re n t  w a sh in g  e f f i c i e n c y  

( S o lu b le  s a l t s  l e f t  in  d is c a r d  s o l i d s ,  p e r c e n t )

S o l id s  in  wash S o l id s  in  w ash s ta g e  u n d e rf lo w
s ta g e  fe e d 70 65 60 55 50

2 WASH STAGES
4 .0 6 .5 1 0 . 3 15 . 9 2 4 . 3
2 . 3 3 . 8 6 . 0 9 . 3 1 4 . 3
1 . 3 2 . 1 3 . 2 5 . 0 7 . 7

. 6 1 . 0 1 . 5 2 . 4 3 . 6
3 WASH STAGES

0 .9 1 .9 3 .9 7 .9 1 5 . 4
2 5 ............................................ . 39 . 8 1 . 7 3 . 4 6 . 7

. 15 . 32 . 64 1 . 3 2 . 5

. 05 . 10 .21 . 40 . 77
4 WASH STAGES

0 . 2 0 0 . 5 7 1 . 6 4 . 1 1 0 . 4
. 06 . 1 8 . 48 1 . 2 5 3 . 2
. 02 . 05 . 13 . 33 . 8 3

1 5 ............................................ . 004 .01 . 03 . 07 . 17
5 WASH STAGES

0 . 0 4 0 . 1 7 0 . 6 2 2 . 2 7 . 2
2 5 ............................................ . 01 . 0 4 . 14 . 46 1 . 6

. 002 . 008 . 0 3 . 08 . 27
1 5 ............................................ .0 0 0 3 .001 . 0 0 4 .011 . 0 3 6

T h is  means th a t  i f  th e  w ash w a te r  i s  m in­
im iz e d , th e  number o f s ta g e s  w i l l  be 
l a r g e ,  and more c e n t r i f u g e s  w i l l  be r e ­
q u ir e d . H ow ever, i f  th e  number o f s ta g e s  
i s  m in im iz e d , th e  amount o f w ash w a te r  to 
be e v a p o ra te d  w i l l  be g r e a t e r .

B ased  on th e  m a t e r ia l  b a la n c e , th e  
b a tc h  t e s t  d a t a , and th e  c o n t in u o u s  PRU 
t e s t  d a t a , B i r d  M ach ine Co . ( h e r e a f t e r  
r e f e r r e d  to  a s th e  v e n d o r) p roposed  th e  
u se  o f tw e lv e  4 4 -  by 1 3 2 - in  c o n t in u o u s  
s o l id - b o w l c e n t r i f u g e s  h a n d lin g  300 g a l/  
m in  e a ch  to  p e r fo rm  th e  p r im a ry  s e p a ra ­
t io n  s t e p .  R e s u l t s  w ere  p r o je c t e d , based  
on th e  B u re a u 's  d a ta  and th e  v e n d o r 's  e x ­
p e r ie n c e  w it h  l a r g e r  c e n t r i f u g e s ,  as f o l ­
lo w s : cake  s o l i d s ,  65 wt p e t ;  s o l id s  r e ­
c o v e ry  in  th e  c a k e , 85 wt p e t ;  and s o l id s  
i n  th e  c e n t r a t e ,  2 .5  wt p e t .  A lth o u g h  
th e  d a ta  f o r  th e  p r im a ry  s e p a ra t io n  w ere 
o b ta in e d  w it h  a fe e d  s l u r r y  o f 10 wt p e t 
s o l i d s ,  and th e  c o m m e rc ia l- s iz e  p la n t  was 
b ased  on a fe e d  s l u r r y  o f 14 wt p e t s o l ­
id s  , r e p r e s e n t a t iv e s  f o r  th e  ven d o r w ere 
c o n f id e n t  th a t  th e y  c o u ld  a d e q u a te ly  
s c a le  th e  e x p e r im e n ta l  d a ta  to  th e  f u l l -  
s i z e  p la n t .  F u r t h e r  w ork co u ld  be done

to  p re c o n c e n t ra te  th e  - s o lid s  b e fo re  the  
s l u r r y  i s  fe d  to  th e  p r im a ry  s e p a ra t io n  
s t e p ;  t h i s  m ig h t y i e ld  b e t t e r  c e n t r i f u g e  
r e s u l t s .  The w ash c i r c u i t ,  h a n d lin g  ap­
p ro x im a te ly  1 , 200  g a l/ m in , w ould be o p e r­
a te d  a t  35 to  40 wt p e t s o l id s  w it h  fo u r  
c o u n te r c u r re n t  wash s t a g e s .  Ea ch  s ta g e
w ould  in c o r p o r a te  fo u r  44 - by 1 3 2 - in  
s o lid - b o w l c e n t r i f u g e s ,  w ith  each  c e n t r i ­
fu g e  h a n d lin g  300 g a l/ m in . The ven d o r
p ro je c te d  t h a t  th e  s o l id s  c o n te n t  o f th e  
cake  w ould  be 70 wt p e t and t h a t  a s o l id s  
re c o v e ry  o f 99 p e t w ould  be a c h ie v e d . 
The w a s h - c i r c u i t  d a ta  w ere  o b ta in e d  a t  a 
fe e d  s o l id s  c o n te n t  o f 30 wt p e t ,  w h ereas 
th e  co m m e rc ia l s c a le  p la n t  was s iz e d  f o r  
35 to  40 wt p e t s o l i d s ;  b u t a g a in  ven d o r 
p e rs o n n e l w ere  c o n f id e n t  th a t  th e y  co u ld  
p r e d ic t  th e  co m m e rc ia l r e s u l t s  based  on 
th e  d a ta .

The same w a sh in g  e f f i c i e n c y  
a t t a in e d  w ith  o n ly  two s ta g e s  

wt p e t s o l i d s , 
o f c e n t r i f u g e s  
same b ecau se  o f

e r a t in g  a t  20 
t o t a l  number 
w ould  be th e  
c re a s e d  s l u r r y  f lo w . In  a d d it io n ,  th e  
e v a p o r a t o r - s t r ip p e r  s e c t io n  w ould  have  to

co u ld  be 
by op- 

b u t th e  
re q u ire d  
th e  in -



13

be g r e a t l y  in c re a s e d  to  h a n d le  th e  la r g e r  
amount o f w ash w a t e r .  F o r  th e s e  r e a s o n s , 
u s in g  fe w e r  w ash s ta g e s  w ould  no t be 
b e n e f i c i a l .

The p re g n a n t le a c h  s o lu t io n  from  th e  
p r im a ry  s e p a r a t io n  s t e p  m ust be f i l t e r e d  
b e fo re  th e  s o lu t io n  can  be advanced  to  
th e  s o lv e n t  e x t r a c t io n  s t e p .  A f i l t r a ­
t io n  r a t e  o f  0 . 5  g a l / f t 2 *mi n ,  w h ich  was 
b ased  on l im i t e d  d a t a ,  was used  to  d e t e r ­
m ine f i l t e r  s i z e s  f o r  th e  econom ic e v a lu ­
a t io n .  I t  was d e te rm in e d  t h a t  tw e n ty -  
two 1 , 6 4 4 - f t 2 p re s s u r e  l e a f  f i l t e r s  w ould  
be re q u ire d »  F u r t h e r  e v a lu a t io n  o f  f i l ­
t r a t i o n  re q u ire m e n ts  a re  n e c e s s a ry  be­
fo r e  a f i n a l  s i z i n g  o f  f i l t e r s  can  be

d e te rm in e d . The s o l id s  a re  g iv e n  a dou­
b le  d is p la c e m e n t  w a sh , and th e  r e s u l t in g  
f i l t e r  cake  c o n ta in in g  60 p e t s o l id s  i s  
d is c a rd e d  a t  th e  m ine s i t e .  The w a te r  
fro m  t h i s  w ash i s  com bined w it h  th e  f i n a l  
w ash w a te r  from  th e  fo u r - s t a g e  c o u n te r ­
c u r r e n t  w ash c i r c u i t  and pumped to  th e  
re a g e n t  r e c o v e ry  s e c t io n .

The f i n a l  w ash w a te r  fro m  th e  c o u n te r ­
c u r r e n t  w ash c i r c u i t  i s  a ls o  f i l t e r e d  and 
th e  r e s u l t in g  s o l id s  ca ke  washed w it h  
f i e s h  w a t e r .  The s o l id s  a re  d is c a rd e d  
w it h  th e  o th e r  s o l i d s ,  and th e  w ash w a te r  
i s  com bined w it h  th e  o th e r  wash w a te r  
s t r e a m s .

SEPARATION USING THICKENERS

EXPERIM ENTAL PROCEDURES

F o r  th e  t h ic k e n e r  s t u d i e s ,  s e t t l i n g  
r a t e  t e s t s  w ere  p e rfo rm e d  on le a c h  s l u r ­
r i e s  o b ta in e d  b o th  fro m  th e  PRU and from  
th e  UOP 5 -tp d  p i l o t  p la n t  i n  T u c so n , A Z . 
P r e l im in a r y  t e s t s  d e s ig n e d  to  compare 
f l o c c u l a n t s ,  c o m b in a t io n s  o f  f l o c c u la n t s ,  
and d i f f e r e n t  f lo c c u la n t  d osages w ere 
p e rfo rm e d  in  500-m L g ra d u a te d  c y l in d e r s ;  
d a ta  used  to  d e te rm in e  t h ic k e n e r  s i z e s  
f o r  c o m m e rc ia l- s iz e  a p p l ic a t io n s  w ere ob­
t a in e d  i n  t e s t s  w i t h  1-L  g ra d u a te d  c y l i n ­
d e r s .  The t e s t s  w e re  co nd u cte d  by p o u r­
in g  th e  le a c h  s l u r r y  in t o  th e  g rad u a te d
c y l in d e r  and in v e r t in g  th e  c y l in d e r  s e v ­
e r a l  t im e s  to  in s u r e  t h a t  th e  s o l id s  w ere 
w e l l  m ixed  in  th e  s l u r r y ,  th e n  ad d in g  a 
m easured  amount o f  f l o c c u la n t ,  and i n ­
v e r t in g  th e  c y l in d e r  s i x  t im e s  to  m ix  th e  
f lo c c u la n t  w it h  th e  s l u r r y .  A l l  t e s t s  
w ere  co nd u cted  a t  room te m p e ra tu re  (a p ­
p ro x im a te ly  21° C ) .  The p o s i t io n  o f th e  
i n t e r f a c e  betw een th e  s o l id s  and th e  l i q ­
u id  was re c o rd e d  a s a f u n c t io n  o f t im e  as 
th e  s l u r r y  s e t t l e d »  The s l u r r y  was a l ­
low ed  to  s ta n d  f o r  24 h , and th e  f i n a l  
s e t t l e d  h e ig h t  w as r e c o rd e d ; th e  s u p e r­
n a ta n t  l iq u o r  was th e n  d e ca n te d  o f f ,  and 
th e  s o l id s  w ere  w ash e d , d r ie d ,  and 
w e ighed  to  d e te rm in e  th e  s e t t le d  p u lp
d e n s i t y  o f th e  s o l id s  and th e  o v e r a l l  
s o l i d s  c o n te n t  o f  th e  s l u r r y .  A l l  t e s t s  
w ere  co n d u cte d  w ith o u t  u s in g  a f i n a l  d i ­
l u t i o n  ra k e  to  s im u la t e  a t h ic k e n e r  r a k e .

S e t t l i n g  r a t e  t e s t s  w ere  a ls o  co n d u c t­
ed on washed s o l id s  u s in g  th e  le a c h  m ate­
r i a l  from  th e  p i l o t  p la n t  o p e r a t io n s .  
Sam ples o f th e  s l u r r y  w ere  i n i t i a l l y  
f lo c c u la t e d  and a llo w e d  to  s e t t l e  f o r  24 
h ;  th e  s u p e rn a ta n t  l iq u o r  was th e n  de­
c a n te d  o f f  and re p la c e d  w ith  w a t e r ,  and 
th e  s o l id s  w ere  re p u lp e d  w it h  a la b o r a ­
t o r y  p r o p e l le r - t y p e  m ix e r .  An a d d it io n a l  
dosage o f f lo c c u la n t  was th e n  added and 
th e  s e t t l i n g  r a t e  d e te rm in e d . T h is  p ro ­
ce d u re  was re p e a te d  f o r  a t o t a l  o f  f i v e  
w a sh in g  s t e p s .  A c o u n t e r c u r re n t  w ash was 
n o t p e rfo rm ed  on th e se  s l u r r i e s .

PRU RESULTS AND DISCUSSION

PRU t e s t in g  showed t h a t  th e  re d u c in g  
c o n d it io n s  used  in  th e  r e d u c t io n  s te p  o f 
th e  r o a s t - le a c h  p ro c e s s  c r i t i c a l l y  a f ­
f e c t s  th e  s e t t l i n g  r a t e s  o f l a t e r i t e  
le a c h  s l u r r i e s  b u t th a t  t h i s  v a r i a b le  i s  
n o t im p o rta n t  to  c e n t r i f u g e  r e s u l t s »  
C o n s e q u e n t ly , p r e l im in a r y  s e t t l i n g  t e s t s  
w ere  p erfo rm ed  on PRU s l u r r y  sam p le s to  
d e te rm in e  th e  e f f e c t  o f re d u c in g  c o n d i­
t io n s  and p u lp  d e n s i t y  on th e  s e t t l i n g  
c h a r a c t e r i s t i c s  o f l a t e r i t e  s l u r r i e s .  
S lu r r y  sam p le s w ere  p roduced  u n d er d i f ­
f e r e n t  re d u c in g  c o n d it io n s  and th e  s e t ­
t l i n g  r a t e s  w ere  th e n  d e te rm in e d  u s in g  
two d i f f e r e n t  f l o c c u l a n t s ,  A m erican  
Cyanam id C o . ' s  S u p e r f lo e  1224,  an a n io n ic  
f l o c c u l a n t ,  and S u p e r f lo e  1128,  a non­
io n i c  f l o c c u la n t .  One o r  th e  o th e r  o f
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th e s e  f l o c c u la n t s  was p r e v io u s ly  found to  
w o rk  w e l l  w i t h  PRU s l u r r i e s .

A t a c o n s ta n t  l a t e r i t e  fe e d  r a t e  o f 
11 lb / h  in  th e  r e d u c t io n  r o a s t e r s ca rb o n  
m onoxide r e d u c ta n t  f lo w  r a t e s  o f 5=0,  
7 . 5 ,  1 2 . 0 ,  and 1 8 . 0  L /m in  w ere used  to
p ro d u ce  s l u r r i e s  w it h  d i f f e r e n t  d e g re e s  
o f  r e d u c t io n . I t  was found th a t  th e  
s t r o n g e r  th e  re d u c in g  c o n d it io n s  w e re , 
th e  more p o o r ly  th e  s l u r r y  responded  to  
f l o c c u la n t s .  The r e s u l t s  u s in g  S u p e r f lo e  
1128 ( f i g .  8)  show t h a t  th e  s e t t l i n g  r a t e  
d e c re a se d  a s th e  ca rb o n  m onoxide f lo w  
r a t e  was in c r e a s e d . On a g in g , th e  more 
h ig h ly  re d u ced  m a t e r ia l  became e a s ie r  to  
s e t t l e ,  as shown in  f ig u r e  9 . The more 
h ig h ly  re d u ced  s l u r r i e s  a ls o  changed 
w it h  r e s p e c t  to  th e  ty p e  o f  f lo c c u la n t  
r e q u ir e d  to  prom ote s e t t l i n g ;  som etim es 
a n o n io n ic  f l o c c u la n t  w orked and some­
t im e s  an a n io n ic  f lo c c u la n t  was r e q u ir e d . 
U n fo r t u n a t e ly ,  th e  l e s s  s e v e re  re d u c in g  
c o n d it io n s  r e s u l t e d  i n  lo w e r  N i and Co 
e x t r a c t i o n s ,  a s  shown fro m  th e  PRU r e ­
s u l t s  in  t a b le  7 . The e f f e c t  o f re d u c ­
in g  c o n d it io n s  was n o t q u it e  a s  s e v e re  
a t  th e  p i l o t  p la n t .  H ow ever, s e t t l i n g  
p ro b lem s d id  o c c u r  i n  th e  p i l o t  p la n t  
o p e ra t io n  i f  th e  l a t e r i t e  was o v e r r e ­
d u ce d . Once th e  p ro p e r  re d u c in g  c o n d i­
t io n s  w ere  e x p e r im e n t a l ly  e s t a b l i s h e d ,  
th e y  c o u ld  be m a in ta in e d  d u r in g  su b se ­
q uen t o p e ra t io n s  to  o b ta in  c o n s is t e n t  
s e t t l i n g  c h a r a c t e r i s t i c s .

TA B LE 7 . -  E f f e c t  o f r e d u c t io n - s t e p  
ca rb o n  m onoxide f lo w  r a t e  on N i 
and Co e x t r a c t i o n s 1

( L a t e r i t e  fe e d  r a t e :  11 lb / h )

CO r a t e ,  L /m in E x t r a c t io n ,  wt p e t
N i Co

1 8 . 0 ......................................... 8 4 . 2 80
1 8 . 0 ......................................... 8 1 . 6 80
1 2 . 0 ......................................... 8 2 . 9 80
1 2 . 0 ......................................... 8 3 . 6 80

7 . 5 ......................................... 6 5 . 2 60
7 . 5 ......................................... 7 9 . 0 70
5 . 0 ......................................... 7 9 . 0 70
5 . 0 ......................................... 6 7 . 8 60

^ ro m  s a p r o l i t i c - t y p e  l a t e r i t e .

E L A P S E D  TIME,  min

FIGURE 8. - Effect of carbon monoxide flow rate on 
settling rates. (Conditions: Saprolitic-type laterite. 
Flocculant: Superfloe 1128 at 0.53 lb/ton of solids.
Initial soiids content: 10 wt pet.)

FIGURE 9, - Effect of aging on settling rates. 
(Conditions: Saprolitic-type laterite; PRU reduced 
and leached. Reduction temperature: 650° C. Car­
bon monoxide rate: 18 L/min. Flocculant: Super-
floc 1224 at0,53 lb/ton of solids. Initial solids con­
tent: 10,0 wt pet,)

The d i f f e r e n c e s  in  s e t t l i n g  c h a r a c t e r ­
i s t i c s  a re  b e l ie v e d  to  be a t t r ib u t a b le  
to  th e  n a tu re  o f th e  i r o n  o x id e s  i n  th e  
le a c h e d  s o l i d s .  D u r in g  th e  re d u c t io n  
s t e p ,  some o f th e  i r o n  in  th e  l a t e r i t e  i s  
re d u c e d ; i t  i s  th e n  r e o x id iz e d  d u r in g  th e  
le a c h in g  s t e p .  T h is  r e o x id a t io n  can  r e ­
s u l t  in  th e  fo rm a t io n  o f iro n -o x y g e n  com­
pounds t h a t  a re  d i f f e r e n t  th an  th o se  
p re s e n t  in  th e  o r ig in a l  l a t e r i t e .  These 
iro n -o x y g e n  compounds can  d i f f e r  from
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le a c h  s l u r r y  to  le a c h  s l u r r y ,  d epend ing  
on th e  re d u c in g  c o n d it io n s  used  i n  th e  
r e d u c t io n  s t e p .

The e f f e c t  o f  ch a n g in g  th e  p u lp  d e n s i t y  
o f  th e  le a c h  s l u r r y  was in v e s t ig a t e d  by 
le a c h in g  l a t e r i t e  sam p le s  a t  p u lp  d e n s i­
t i e s  o f  1 0 , 1 5 , 2 0 , and 25 wt p e t s o l i d s .  
As shown in  f ig u r e  1 0 , s l u r r i e s  w it h  th e  
t h re e  lo w e r  p u lp  d e n s i t i e s  s e t t le d  m oder­
a t e ly  w e l l ,  b u t th e  sam p le  a t  25 wt p e t 
s o l i d s  s e t t l e d  v e r y  p o o r ly .  The d a ta  in  
f ig u r e  10 d e m o n stra te  t h a t  th e  p u lp  den­
s i t y  i n  th e  p r im a ry  s e p a r a t io n  s te p  and 
i n  th e  w ash  c i r c u i t  m ust be k e p t  i n  th e  
1 5 -w t-p c t  ran g e  o r  s e t t l i n g  w i l l  o c c u r  
e x t re m e ly  s lo w ly  and r e q u ir e  a v e r y  la r g e  
t h ic k e n e r  a r e a .  The e f f e c t  o f ch a n g in g  
th e  p u lp  d e n s i t y  was th e  same in  th e  
p i l o t  p la n t  o p e ra t io n s ,.

P ILO T  PLANT RESU LTS AND DISCUSSION

S e t t l i n g  r a t e  t e s t s  i n  w h ic h  d i f f e r e n t  
f lo c c u la n t s  w ere  u sed  w it h  sam p les o f 
p i l o t  p la n t  le a c h  s l u r r y  from  b oth  
l im o n i t i c -  and t r a n s i t i o n a l - t y p e  l a t e r -  
i t e s  w ere  co n d u cte d  to  d e te rm in e  th e  m ost 
e f f e c t i v e  f lo c c u la n t s  f o r  e a ch  ty p e  o f 
l a t e r i t e .  F o r  b o th  ty p e s  o f l a t e r i t e ,  a 
c o m b in a t io n  o f  f lo c c u la n t s  was found  to  
p ro d uce  th e  b e s t  r e s u l t s , ,  The most e f ­
f e c t i v e  c o m b in a tio n  f o r  th e  l im o n i t i c -  
ty p e  l a t e r i t e  was made up o f  e q u a l p a r t s  
o f  G u a r te c  401 ,  a  g u a r gum m a n u fa c tu re d

by G e n e ra l M i l l s ,  I n c . ,  and P o ly h a l l  295 ,  
a p o ly a c ry la m id e  p o lym er m a n u fa c tu re d  by 
C e la n e se  P o lym er S p e c ia l t i e s  Co . F o r  th e  
t r a n s i t i o n a l - t y p e  l a t e r i t e ,  t he  b e s t  com­
b in a t io n  was 80 p e t G u a r te c  401 and 20 
p e t S u p e r f lo e  1128 ,  a n o n io n ic  p o ly a c r y l ­
am ide e m u ls io n . H ow ever, th e  c l a r i t y  o f 
th e  s u p e rn a ta n t  l iq u o r  was p o o r . A num­
b e r o f  c o m b in a t io n s  o f f l o c c u la n t s ,  i n ­
c lu d in g  b o th  c a t io n ic  and a n io n ic  t y p e s ,  
w ere  t r i e d  b u t f a i l e d  to  im pro ve  th e  
l iq u o r  c l a r i t y .  The b e s t  c l a r i t y  r e ­
s u l t e d  from  th e  c o m b in a t io n s  u s in g  th e  
G u a r te c  401 .  The s e t t l i n g  r a t e  c u rv e s  
o b ta in e d  f o r  e a ch  l a t e r i t e  a re  shown in  
f ig u r e s  11 and 12 . The w ash s ta g e  s e t ­
t l i n g  c u rv e  f o r  th e  l im o n i t i c - t y p e  l a t ­
e r i t e  i s  a ls o  shown in  f ig u r e  1 2 . The 
s e t t l i n g  r a t e s  f o r  th e  l im o n i t i c - t y p e

1 12(D
^ 10 
li-l _
2ÛT c 
LU ^  I—
S 4

I . K E Y ' 1
Flocculant, lb/ton of solids* 

o 0.25* 0

0 IO 20 30 40 50 60 70 80 90 100 110 120 ■» 
ELAPSED TIME, min

FIGURE 11,- Settling rates for transitional-type lat­
erite, (Conditions: U0P pilotplant leach slurry, Floc- 
culant: 80 pet Guartec and 20 pet Superfloe 1128,)

0  10 20 3 0  4 0  50 60 7
ELAPSED TIM E, min

FIGURE 10,- Effect of pulp density on settling 
rates, (Conditions: Saprolitic-type laterite; labora­
tory reduced and leached, Flocculants: 50 pet Poly­
hall 295 and 50 pet Guartec; total flocculant at 0,2-i 
Ib/ton of solids,)
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FIGURE 12,- Settl ing rates for Iimonitic-type later­
ite, (Conditions: U0P pi lot plant leach slurry, Floc­
culant: 50 pet Guartec and 50 pet Polyhall 295, Ini­
tial flocculant dosage: 0,07 lb/ton of solids; wash 
stage dosage: 0,04 lb/ton,)
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l a t e r i t e  w ere  much s lo w e r  th an  th o se  
f o r  th e  t r a n s i t i o n a l - t y p e  l a t e r i t e  and 
a re  somewhat i n c o n s i s t e n t .  The t h ic k e n ­
e r  u n i t  a re a  re q u ire m e n ts  th a t  c o r r e ­
spond to  th e s e  c u rv e s  a re  shown i n  t a ­
b le  8 . (T h e se  re q u ire m e n ts  w ere  p ro v id e d  
by D o r r - O l iv e r  I n c . . a m a n u fa c tu re r  o f 
t h ic k e n e r  u n i t s . )

TABLE 8 . -  T h ic k e n e r  u n i t  a re a  r e q u ir e ­
m e n ts1 based  on UOP p i l o t  p la n t  le a c h  
s l u r r i e s

F lo c c u la n t U n it
Sam ple am ount, a r e a ,

lb / t o n  o f f t 2 / t pd
s o l id s

TRA N SIT IO N A L-TYPE L A T E R IT E
I n i t i a l  le a c h  s l u r r y . 0 4 8 . 5

. 0 6 3 . 5 6

. 11 3 . 4 2

. 1 5 3 . 3 6

. 2 5 2 . 8 6
L IM O N IT IC -TY P E  L A T E R IT E

I n i t i a l  le a c h  s l u r r y . 0 . 0 7 8 . 9 2
1s t  w a te r  w a sh ................... .0 4 6 . 3 1
2d w a te r  w a sh ....................... .0 4 3 . 1 6
1 P ro v id e d  by D o r r - O l iv e r  In c .,

COMMERCIAL APPLICATIO N

Based  on th e  s e t t l i n g  r a t e s  shown in  
f ig u r e s  11 and 1 2 , D o r r - O l iv e r  recommend­
ed th e  fo lo w in g  equ ipm ent fo r  a 5 ,0 0 0 - tp d  
p la n t :  f o r  th e  t r a n s i t i o n a l - t y p e  l a t e r ­
i t e ,  a s in g le  1 3 0 - f t - d ia m  co ve re d  t h i c k ­
e n e r  f o r  th e  p r im a ry  s e p a ra t io n  s t e p  and 
a s in g le  t h ic k e n e r  f o r  each  o f th e  wash 
s t a g e s ;  f o r  th e  l im o n i t i c - t y p e  l a t e r i t e ,  
th re e  1 3 0 - f t - d ia m  t h ic k e n e r s  f o r  th e  p r i ­
m ary s e p a ra t io n  s t e p ,  two t h ic k e n e r s  fo r  
th e  f i r s t  w ash s t a g e ,  and s in g le  t h ic k e n ­
e r s  f o r  th e  re m a in d e r o f  th e  wash s ta g e s  
(2^). Due to  th e  h ig h  ammo n ia  c o n te n t o f 
th e  s o lu t io n s ,  th e  t h ic k e n e r s  m ust be 
co ve re d  to  p re v e n t  ammonia lo s s  to  th e  
a tm o sp h e re . B e ca u se  i t  becomes in c r e a s ­
in g ly  d i f f i c u l t  to  c o v e r  t h ic k e n e r s  as 
th e  d ia m e te rs  in c r e a s e s ,  D o r r - O liv e r  r e c ­
ommended l im i t in g  t h ic k e n e r  d ia m e te rs  to 
130 f t  and u s in g  m u lt ip le  t h ic k e n e r s  
w here th e  s e t t l i n g  a re a  re q u ire m e n ts  c a l l  
f o r  l a r g e r  d ia m e te rs  (a s  i n  th e  p r im a ry  
s e p a r a t io n  s t e p  and f i r s t  wash s ta g e

f o r  th e  l im o n i t i c - t y p e  l a t e r i t e ,  fo r  
e x a m p le ) . F o r  b o th  l a t e r i t e  t y p e s ,  th e  
c o u n te rc u re n t  w ash c i r c u i t  w ould  c o n s is t  
o f  f i v e  s ta g e s  o p e ra t in g  a t  25 wt p e t 
s o l i d s  w it h  an u n d e rf lo w  o f 50 wt p e t 
s o l i d s  to  a c h ie v e  th e  r e q u ir e d  w a sh in g  
e f f i c i e n c y  o f 98 p e t .  To a v o id  s e t t l i n g  
p ro b le m s , a p o r t io n  o f  th e  t h ic k e n e r  
o v e r f lo w  w ould  be r e c y c le d  b ack  to  th e  
in co m in g  s l u r r y  to  m a in ta in  15 to  20 wt 
p e t s o l id s  w i t h in  each  t h ic k e n e r .

B ased  on p i l o t  p la n t  e x p e r ie n c e , t h i c k ­
e n e r  u n d e rf lo w s  w ould  c o n ta in  a p p r o x i­
m a te ly  50 wt p e t s o l id s  a t  b e s t .  A d d i­
t i o n a l  d e w a te r in g  o f th e  f i n a l  washed 
s o l id s  w ould  be n e c e s s a ry  b e fo re  th e  s o l ­
id s  co u ld  be d e p o s ite d  b ack  in t o  th e  m ine 
s i t e .  P o s s ib le  d e w a te r in g  a l t e r n a t i v e s  
w ould  be t a i l i n g s  pond, b e l t  f i l t e r s ,  o r 
c e n t r i f u g e s .  A t a i l i n g s  pond w ould  p ro b ­
a b ly  no t be f e a s ib le  s in c e  th e  a n n u a l 
r a i n f a l l  i n  th e  l a t e r i t e  a re a s  i s  on th e  
o rd e r  o f  100 i n / y r .  S ig n i f i c a n t  d ry in g  
w ould  o c c u r  o n ly  d u r in g  th e  summer 
m onthsc F i l t r a t i o n  on a b e l t  f i l t e r  
w ou ld  be q u it e  s lo w , so th e  u se  o f  cen ­
t r i f u g e s  f o r  t h i s  a d d it io n a l  d e w a te r in g  
was c o n s id e re d  in  th e  c o s t  e v a lu a t io n .

The c o s t  e v a lu a t io n  f o r  t h ic k e n e r s  was 
based on th e  l im o n i t i c - t y p e  l a t e r i t e  
s in c e  i t  i s  th e  w o rs t  c a se  and a com­
m e r c ia l  p la n t  w ould  have  to  be c a p a b le  
o f  h a n d lin g  a l l  ty p e s  o f l a t e r i t e .  ( I n  
th e  c e n t r i f u g a t io n  s t u d ie s ,  th e  d i f f e r e n t  
l a t e r i t e s  a l l  gave e s s e n t i a l l y  th e  same 
r e s u l t s . )  The f lo w s h e e t  and m a t e r ia l  
b a la n c e  used  in  th e  t h ic k e n e r  c o s t  e v a l ­
u a t io n  a re  shown in  f ig u r e  13 and t a ­
b le  9 , r e s p e c t i v e l y .  The m a t e r ia l  b a l ­
ance  assum es a maximum s o l id s  c o n te n t o f 
500 ppm in  th e  t h ic k e n e r  o v e r f lo w s , so 
th e  o n ly  f i l t e r s  r e q u ir e d  on o v e r f lo w  
s tre a m s  w ould be p o l is h in g  f i l t e r s ,  and 
no s o l id s  w a sh in g  w ould be p erfo rm ed  on 
th e s e  f i l t e r s .  The p re g n a n t le a c h  s o lu ­
t io n  from  th e  p r im a ry  t h ic k e n e r  o v e r f lo w  
i s  c l a r i f i e d  in  th re e  1 , 0 2 5 - f t 2 p re s s u re  
l e a f  f i l t e r s ,  and th e  sp e n t wash s o lu t io n  
from  th e  5 - s ta g e  c o u n te r c u r re n t  d é c a n ta ­
t io n  c i r c u i t  i s  c l a r i f i e d  in  a 1 , 3 1 1 - f t 2 
f i l t e r .  F u r t h e r  p i l o t  p la n t  t e s t in g  
w ould  be r e q u ir e d  to  d e te rm in e  th e  s o l id s
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FIGURE 13. -  Process flowsheet for thickener separations: Primary sol id-liquid separation, 
solids washing, and reagent recovery sections.

c o n te n t  and f i l t r a t i o n  re q u ire m e n ts  o f 
th e  t h ic k e n e r  o v e r f lo w  s t re a m s . The 
m a t e r ia l  b a la n c e  a ls o  assum es th a t  
th e  u n d e rf lo w  from  th e  f i n a l  w ash in g

t h ic k e n e r  i s  d ew atered  in  fo u r  4 4 - by 
1 3 2 - in  c e n t r i f u g e s  to  a t t a i n  70 wt p et 
s o l id s  fo r  d is p o s a l  a t  th e  m ine s i t e .
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TABLE 9 . -  M a t e r ia l  b a la n c e  f o r  t h ic k e n e r  c i r c u i t

S tre a m  number and name
S o l id s , 
lb /m in

L iq u id ,
g a l/m in

S o l­
id s  , 
p e t

Sp g r 
o f 

l i q u id

(NH4 ) 2 S04 , 
g / L

NH40H ,
g /L

1. Leach e d  s l u r r y ........................................................ 5 , 7 5 0 3 , 5 9 9 14 1 . 15 300 100
2 . P re g n a n t le a c h  s o lu t io n ............................ 2 3 , 0 0 0 1 500 1 . 15 300 100
3 . 5 , 7 4 8 599 50 1 . 15 300 100
4 . C l a r i f i e d  p re g n a n t le a c h  s o lu t io n 0 3 , 0 0 0 0 1 . 15 300 100
5 . 2 .2 50 1. 15 300 100

6 . 0 1 , 377 0 1 . 0 0 0
7 . Wash s o lu t io n ......................... .......................... 2 1 , 287 0 1 . 05 138 46
8 . 2 .2 50 1 . 05 138 46
9 . 0 1 , 287 0 1 . 05 138 46

10. Washed r e s id u e ........................................................ 5 , 7 4 6 689 50 1 . 0 4 . 2 1 . 4

11 . 5 , 7 4 6 295 70 1 . 0 4 . 2 1 . 4
12. Wash s o lu t io n  fro m  c e n t r i f u g e . . . . 0 394 0 1 . 0 4 . 2 1 . 4
13 . Combined w ash  s o lu t io n ............................... 0 1 , 681 0 1 . 05 107 36
14. NH3 s t r i p p e r  s t r e a m ........................................ 0 2834 0 NAp 0 0
1 5 . 0 60 0 NAp 0 ND

1 6 . 0 1 , 721 0 1 . 04 107 0
17. 0 1 , 1 8 2 0 1 . 0 0 0
18. E v a p o ra to r  s te a m .................................................. 0 25 , 0 1 7 0 1 . 0 0 0
19. C o n c e n tra te d  w ash  s o lu t io n ................... 0 539 0 1 . 15 297 0
20 0 599 o 1 15 297 99
21 . 0 2 5 , 0 1 7 0 1 . 0 0 0
NAp Not a p p l i c a b le .  
' P a r t s  p e r  m i l l i o n .
2Pounds p e r  m in u te .

ND Not d e te rm in e d .

REAGENT RECOVERY ( 3 ) 5

The re a g e n t  r e c o v e ry  s e c t io n s  f o r  b o th  
th e  c e n t r i f u g a t io n  and t h ic k e n in g  o p t io n s  
a re  s i m i l a r ,  d i f f e r i n g  p r im a r i l y  i n  c a ­
p a c i t y .  The f i r s t  s t e p  i n  re a g e n t  re c o v ­
e r y  i s  s t r ip p in g  f r e e  ammonia fro m  th e  
s o lu t io n .  Combined sp e n t wash s o lu t io n s  
a re  p re h e a te d  and fe d  to  packed  to w e rs . 
Steam  i s  i n je c t e d  a t  th e  bottom  o f th e se  
to w e rs  a t  th e  r a t e  o f 0 .5  lb / g a l  o f w ash 
s o lu t io n .  ( T h i s  s t r ip p in g  steam  r e q u ir e ­
m ent i s  based  on re p o r te d  v a lu e s  fo r

^ T h i s  s e c t i o n ,  t h e  n e x t  s e c t i o n  ( " E c o ­
n o m i c  E v a l u a t i o n " ) ,  a n d  t h e  a p p e n d i x e s  t o
t h i s  r e p o r t  w e r e  t a k e n  f r o m  w o r k  b y
D a n i e l  L .  E d e l s t e i n ,  g e o l o g i s t ,  A v o n d a l e  
R e s e a r c h  C e n t e r ,  B u r e a u  o f  M i n e s ,  A v o n ­
d a l e ,  MD ( n o w  p h y s i c a l  s c i e n t i s t ,  D i v i ­
s i o n  o f  N o n f e r r o u s  M e t a l s ,  B u r e a u  o f
M i n e s ,  W a s h i n g t o n ,  D C ) .

p ro d u c in g  a c o n c e n tra te d  ammonia v a p o r . )  
The to w er bottom  f r a c t i o n ,  th e  s t r ip p e d  
w ash s o lu t io n ,  i s  pumped to  a th re e - s ta g e  
m u l t i - e f f e c t  e v a p o ra to r  w here i t  i s  con­
c e n t r a te d  by w a te r  e v a p o ra t io n  to  ap p ro x­
im a t e ly  300 g /L  ammonium s u l f a t e .  Vapor 
fro m  e v a p o ra t io n  i s  used  to  p re h e a t  fe e d  
to  th e  s t r ip p in g  to w e rs . Am m onia-w ater 
v a p o r from  th e  s t r ip p in g  to w e rs  i s  re a b ­
so rb e d  in  th e  c o o le d , c o n c e n t ra te d  ammo­
nium  s u l f a t e  s o lu t io n  i n  a packed  a b so rp ­
t io n  to w e r . The r e s u l t in g  s o lu t io n  i s  
r e c y c le d  to  le a c h in g .  E x c e s s  w a te r  v a ­
p o r from  e v a p o ra t io n  n o t used  to  p re h e a t  
th e  s t r ip p in g  to w er fe e d  i s  co n d e n sed , 
com bined w it h  co n d e n sa te  from  th e  evap o­
r a t o r  and s t r ip p in g  to w er h e a t  e x c h a n g e r , 
and pumped to  a c o o l in g  to w e r . Coo led  
c o n d e n sa te  can  be r e c y c le d  to  p ro c e s s  
c i r c u i t s .
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ECONOMIC EVALUATION (3)

The c a p i t a l  c o s t  e s t im a te s  in  t h i s  r e ­
p o r t  a re  o f  th e  g e n e ra l  ty p e  c a l l e d  a 
" s tu d y  e s t im a te "  by W eaver and Bauman 
( 1 0 ) .  T h is  ty p e  o f  e s t im a t e ,  p re p a re d  
fro m  a f lo w s h e e t  and a minimum o f e q u ip ­
m ent d a ta  can  be e x p e c te d  to  be w i t h in  
30 p e t o f th e  a c t u a l  c o s t  f o r  th e  p la n t  
d e s c r ib e d .

The e s t im a te d  f i x e d  c a p i t a l  c o s t  on a 
f i r s t - q u a r t e r - 1982 b a s is  (M a r s h a l l  and 
S w i f t  equ ipm ent c o s t  in d e x  o f 7 3 9 . 0 )  
a re  shown i n  t a b le  1 0 . The f i x e d  c a p i­
t a l  c o s t s  f o r  th e  c e n t r i f u g a t io n  and 
t h ic k e n in g  o p t io n s , f o r  b o th  th e  s o l i d ­
l i q u i d  s e p a ra t io n  s e c t io n  and th e  re a g e n t 
r e c o v e ry  s e c t io n ,  a re  $ 6 5 , 2 3 0 , 0 0 0  and 
$ 6 0 , 3 1 6 , 2 0 0 ,  r e s p e c t i v e l y .

Eq u ipm ent c o s t s  used  i n  t h i s  e v a lu a ­
t io n  w ere  b ased  on in fo r m a l m anu fac­
t u r e r s  1 c o s t  q u o ta t io n s  and on a v a i l a b le  
c a p a c i t y - c o s t  d a t a . C o s ts  w ere  updated  
by u se  o f  i n f l a t i o n  in d e x e s . D e t a i le d  
equ ipm ent c o s t s  and o p e ra t in g  c o s t  d a ta  
a re  shown i n  a p p e n d ix  A f o r  th e  c e n t r i f u ­
g a t io n  o p t io n  and in  a p p e n d ix  B fo r  th e  
t h ic k e n in g  o p t io n . In  d e v e lo p in g  p la n t  
c o s t s , c o r r o s io n - r e s i s t a n t  c o n s t r u c t io n  
m a t e r ia ls  su ch  a s s t a i n l e s s  s t e e l  f o r  
c e n t r i f u g e s , ru b b e r  l in i n g s  f o r  t h ic k e n ­
e r s  , and f i b e r g l a s s  f o r  ta n k s  w ere used  
a s  a p p r o p r ia t e .

F a c t o r s  f o r  p ip in g ,  in s t r u m e n t a t io n , 
e t c . , e x c e p t  f o r  th e  fo u n d a t io n  and 
e l e c t r i c a l  f a c t o r s , w ere  a s s ig n e d  to  
e a ch  s e c t io n  u s in g  as a b a s is  th e  e f f e c t

CAPITAL COSTS f l u i d s , s o l i d s , o r a c o m b in a t io n  o f f l u ­
id s  and s o l id s  w ould  have  on p ro c e s s  
c o s t s .  ( See t a b le s  A - 4 , A - 5 , B - 4 , and
B - 5 . ) The fo u n d a t io n  f a c t o r  was i n d i v i d ­
u a l l y  e s t im a te d  f o r  each  p ie c e  o f e q u ip ­
ment , and a f a c t o r  f o r  th e  e n t i r e  s e c t io n  
was d e r iv e d  from  th e  t o t a l  e s t im a te d  
c o s t .  The e l e c t r i c a l  f a c t o r  was based  on 
m otor h o rsep o w er re q u ire m e n ts  f o r  each  
s e c t io n .  A f a c t o r  o f  10 p e t , r e f e r r e d  to  
a s  m is c e l la n e o u s , was added to  e a ch  s e c ­
t io n  to  c o v e r  m ino r equ ipm ent and con • 
s t r u c t io n  c o s t s  th a t  a re  no t shown w ith  
th e  equ ipm ent l i s t e d .

The f i e l d  i n d i r e c t  c o s t , w h ic h  c o v e rs  
f i e l d  s u p e r v i s io n ,  in s p e c t io n ,  te m p o ra ry  
c o n s t r u c t io n ,  equ ipm ent r e n t a l , and p ay­
r o l l  o ve rh e a d  was e s t im a te d  a t  10 p e t o f 
th e  d i r e c t  c o s t  o f each  s e c t io n .  E n g i­
n e e r in g , a d m in is t r a t io n , and o ve rh e ad  
w ere  e a ch  e s t im a te d  a t  5 p e t o f th e  con­
s t r u c t io n  c o s t .  A c o n t in g e n c y  a llo w a n c e  
o f 10 p e t and a c o n t r a c t o r ' s fe e  o f 5 p e t 
w ere  in c lu d e d  in  th e  s e c t io n  c o s t s .

The c o s t s  o f p la n t  f a c i l i t i e s  and p la n t  
u t i l i t i e s  ( i n  t a b le s  A - l  and B - l )  w ere  
e s t im a te d  as 10 and 12 p e t , r e s p e c t iv e ­
l y  , o f  th e  t o t a l  p ro c e s s  s e c t io n  c o s t s  
and in c lu d e  th e  same f i e l d  in d i r e c t  
c o s t s — e n g in e e r in g , a d m in is t r a t io n , o v e r ­
head , c o n t in g e n c y , and c o n t r a c t o r ' s f e e —  
a s  w ere  in c lu d e d  in  th e  s e c t io n  c o s t s . 
In c lu d e d  u n d er p la n t  f a c i l i t i e s  w ere  th e  
c o s t s  o f  l a b o r a t o r i e s , sh o p s , r o a d s , and 
f e n c e s . The c o s t s  o f w a t e r ,  p o w e r, and 
steam  d i s t r ib u t io n  sy s te m s w ere  in c lu d e d  
u n d e r p la n t  u t i l i t i e s .

TA BLE 1 0 . -  E s t im a te d  c a p i t a l  c o s t s  : 1 C e n t r i f u g a t io n  v e r s u s  t h ic k e n in g

S o l id - l iq u id  s e p a r a t io n  and 
re a g e n t  r e c o v e ry  s e c t io n s

R eag en t r e c o v e ry  s e c t io n

C e n t r i f u g a t io n T h ic k e n in g C e n t r i f u g a t io n T h ic k e n in g
F ix e d  c a p i t a l .................
W o rk ing  c a p i t a l . . . .

$ 6 5 , 2 3 0 , 0 0 0
5 , 6 0 4 , 0 0 0

$ 6 0 , 3 1 6 , 2 0 0
5 , 8 9 8 , 4 0 0

$ 1 2 , 0 1 6 , 1 0 0
1 , 6 1 6 , 3 0 0

$ 2 8 , 7 9 2 , 2 0 0
4 , 2 2 7 , 7 0 0

7 0 , 8 3 4 , 0 0 0 6 6 , 2 1 4 , 6 0 0 1 3 , 6 3 2 , 4 0 0 3 3 , 0 1 9 , 9 0 0
* F i  r s t - q u a r t e r - 1 9 8 2  b a s is  (M a r s h a l l  and S w if t  equ ipm ent c o s t  in d e x  o f  7 3 9 . 0 ) .
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W orking  c a p i t a l  i s  d e f in e d  as th e  fu n d s 
i n  a d d it io n  to  f i x e d  c a p i t a l ,  la n d  i n ­
v e s tm e n t , and s t a r t u p  c o s t s  th a t  m ust be 
p ro v id e d  to  o p e ra te  th e  p la n t .  W ork ing  
c a p i t a l  was e s t im a te d  from  th e  fo l lo w in g  
i t e m s : ( 1 )  raw  m a t e r ia l  and s u p p l ie s  i n ­
v e n to ry  ( c o s t  o f  raw  m a t e r ia l  and o p e ra t ­
in g  s u p p l ie s  f o r  30 d a y s ) ,  ( 2 )  p ro d u ct 
and in - p r o c e s s  in v e n t o r y  ( t o t a l  o p e ra t in g  
c o s t  f o r  30 d a y s ,  ( 3 )  a c c o u n ts  r e c e iv a b le  
( t o t a l  o p e ra t in g  c o s t  f o r  30 d a y s ) ,  and 
( 4 )  a v a i l a b le  c a sh  ( d i r e c t  e xp e n se s fo r  
30 d a y s ) .  S t a r t u p  and la n d  in v e s tm e n t  
c o s t s  w ere  n o t in c lu d e d  in  t h i s  e s t im a t e .

OPERATING COSTS

E s t im a te d  o p e ra t in g  c o s t s  w ere  based on 
an  a ve ra g e  o f 350 d ays o f o p e ra t io n  p e r

y e a r  o v e r th e  l i f e  o f th e  p la n t ,  T h is  
a l lo w s  15 d ays downtim e p e r y e a r  f o r  i n ­
s p e c t io n , m a in te n a n c e , and u n sch e d u le d  
in t e r r u p t io n s .  The o p e ra t in g  c o s t s  a re  
d iv id e d  in t o  d i r e c t ,  i n d i r e c t ,  and f ix e d  
c o s t s .  These  c o s t s  a re  sum m arized  in  t a ­
b le  11 fo r  b o th  th e  c e n t r i f u g a t io n  and 
t h ic k e n in g  o p t io n s . (A n n u a l o p e ra t in g  
c o s t s  a re  g iv e n  in  t a b le s  A-2 and B - 2 .)

D i r e c t  o p e ra t in g  c o s t s  in c lu d e  raw  ma­
t e r i a l s ,  u t i l i t i e s ,  d i r e c t  l a b o r ,  p la n t  
m a in te n a n c e , p a y r o l l  o v e rh e a d , and o p e r­
a t in g  s u p p l ie s .  The raw  m a t e r ia l  c o s t s  
w ere  e s t im a te d  a s d e l iv e r e d  to  th e  p la n t  
s i t e .  E l e c t r i c i t y ,  w a t e r ,  f u e l  o i l ,  and 
c o a l  a re  p u rch a se d  u t i l i t i e s .  The tem­
p e ra tu re  o f th e  w a te r  from  th e  c o o lin g  
to w e r was assumed to  be 33° C .

TABLE 11 . -  E s t im a te d  o p e ra t in g  c o s t s 1 p e r to n  o f s o l i d s :  C e n t r i f u g a t io n
v e r s u s  t h ic k e n in g

S o l id - l iq u id  s e p a ra t io n  and 
re a g e n t r e c o v e ry  s e c t io n

R eag ent r e c o v e ry  s e c t io n

C e n t r i f u g a t io n T h ic k e n in g C e n t r i f u g a t io n T h ic k e n in g
D i r e c t  c o s t :

Raw m a t e r i a l s : -

$ 1 . 3 9 $ 0 . 1 3 $ 0 . 0 0 $ 0 . 0 0
. 00 . 40 . 0 0 . 00

S te a m p la n t c h e m i c a l s . . . . .0 1 .0 3 .0 1 .0 3
4 . 1 0 8 . 0 2 2 . 4 9 7 . 6 8

D i r e c t  la b o r ......................................... .9 0 .5 6 .3 8 .51
2 . 6 7 2 . 0 2 . 43 . 99

P a y r o l l  o v e rh e a d ............................ .9 5 .6 8 .2 3 .4 1
.5 3 .4 0 .0 9 .2 0

1 0 . 55 12 . 24 3 . 6 3 9 . 8 2

1 . 43 1 . 0 3 . 32 . 60

5 . 2 8 4 . 8 8 . 99 2 . 3 5
T o t a l  o p e ra t in g  c o s t . . . 1 7 . 26 18 . 15 4 . 9 4 12 . 77

R e tu rn  on in v e s tm e n t  a f t e r
t a x e s 3 .............................................................. 10 . 11 9 . 5 0 NAp NAp

T o t a l  o p e ra t in g  c o s t  
in c lu d in g  r e t u r n  on

2 7 . 37 2 7 . 6 5 NAp NAp
NAp Not a p p l ic a b le .
1F i r s t - q u a r t e r - 1 9 8 2  b a s i s .
2 In c lu d e s  t a x e s ,  in s u r a n c e , and d e p r e c ia t io n . 
3At 1 5 -p c t  i n t e r e s t  r a t e .



21

The d i r e c t  la b o r  c o s t  was e s t im a te d  
on th e  b a s is  o f a s s ig n in g  4„2  em p loyees 
to  e a ch  p o s i t io n  t h a t  o p e ra te s  24 h / d ,
7 d / wk .  The c o s t  o f la b o r  s u p e r v is io n  
was e s t im a te d  a s  15 p e t o f th e  la b o r  
c o s t s .

P la n t  m a in te n a n ce  was s e p a r a t e ly  e s t i ­
m ated f o r  e a ch  p ie c e  o f equ ipm ent and f o r  
th e  b u i ld in g s ,  e l e c t r i c a l  s y s te m , p ip in g , 
p la n t  u t i l i t y  d i s t r i b u t io n  s y s te m s , and 
p la n t  f a c i l i t i e s .

P a y r o l l  o v e rh e a d , e s t im a te d  as 35 p e t 
o f  d i r e c t  la b o r  and m a in te n a n ce  la b o r ,  
in c lu d e s  v a c a t io n s ,  s i c k  l e a v e ,  s o c i a l  
s e c u r i t y ,  and f r i n g e  b e n e f i t s .  The c o s t  
o f  o p e ra t in g  s u p p l ie s  was e s t im a te d  a s 20 
p e t  o f th e  c o s t  o f  p la n t  m a in te n a n c e .

I n d i r e c t  c o s t s  w ere  e s t im a te d  a s 
40 p e t o f th e  d i r e c t  la b o r  and m a in te ­
n an ce  c o s t s .  The i n d i r e c t  c o s t s  In c lu d e  
th e  e xp e n se s  o f c o n t r o l  l a b o r a t o r ie s ,  
a c c o u n t in g , p la n t  p r o t e c t io n  and s a f e t y ,  
p la n t  a d m in is t r a t io n ,  m a rk e t in g , and 
company o v e rh e a d . R e s e a rc h  and o v e r a l l  
company a d m in is t r a t i v e  c o s t s  o u ts id e  th e  
p la n t  w ere  n o t in c lu d e d .

F ix e d  c o s t s  in c lu d e  th e  c o s t  o f t a x e s  
( e x c lu d in g  incom e t a x e s ) ,  in s u r a n c e , and 
d e p r e c ia t io n .  The a n n u a l c o s t  o f b o th  
t a x e s  and in s u ra n c e  w ere  e a ch  e s t im a te d  
a s  1 p e t o f th e  p la n t  c o n s t r u c t io n  c o s t s .  
D e p r e c ia t io n  was b ased  on a s t r a ig h t -  
l i n e ,  1 0 -y r  p e r io d .

D ISCUSSIO N

The c o s t s  o f th e  two m ethods o f s o l i d ­
l i q u i d  s e p a r a t io n  a re  v e r y  c lo s e  and can

be c o n s id e re d  to  be th e  same b e ca u se  o f 
th e  e s t im a t in g  te c h n iq u e s  used  f o r  some 
o f  th e  equ ipm ent s i z e s  and c o s t s = How­
e v e r ,  th e  in d i v id u a l  ite m s th a t  make up 
th e  t o t a l  c o s t s  v a r y  s i g n i f i c a n t l y .

In  th e  c e n t r i f u g a t io n  o p t io n , the  
c a p i t a l  c o s t s  f o r  th e  c e n t r i f u g e s  and 
th e  p re s s u re  l e a f  f i l t e r s  used  to  c l a r ­
i f y  th e  c e n t r a t e  r e p re s e n t  th e  g r e a t ­
e s t  c o s t s .  Makeup le a c h  re a g e n t  c o s t s  
( lo s s e s  a s s o c ia t e d  w it h  th e  c l a r i f i c a ­
t io n  f i l t e r  s o l i d s )  and la b o r  and m a in te ­
n an ce  c o s t s  a re  g r e a t e r  th a n  th o se  f o r  
t h ic k e n in g .

I n  th e  c a se  o f  t h ic k e n in g ,  th e  re a g e n t 
r e c o v e ry  s e c t io n  r e p r e s e n t s  a p p ro x im a te ly  
70 p e t  o f th e  t o t a l  o p e ra t in g  c o s t .  The 
h ig h  c o s t  o f  t h i s  s e c t io n  o f f s e t s  much o f 
th e  c a p i t a l  c o s t  ad van ta g e  o f  u s in g  
t h ic k e n e r s .  The vo lum e o f com bined wash 
s o lu t io n  f o r  th e  t h ic k e n in g  o p t io n  i s  
a p p ro x im a te ly  2 -1 /2  t im e s  t h a t  o f  th e  
c e n t r i f u g a t io n  o p t io n  and r e s u l t s  i n  much 
h ig h e r  c a p i t a l  c o s t s  f o r  th e  e v a p o ra to r  
and a s s o c ia t e d  e q u ip m e n t. The u t i l i t y  
c o s t s  a s s o c ia t e d  w it h  steam  s t r ip p in g  th e  
ammonia fro m  th e  w ash s o lu t io n  and steam  
f o r  e v a p o ra t io n  a re  a lm o st  th re e  t im e s  
g r e a t e r  th a n  th o se  f o r  th e  c e n t r i f u g a t io n  
o p t io n . The d i f f i c u l t y  i n  c o n s is t e n t ly  
f l o c c u la t in g  th e  s o l id s  (d e p e n d in g  on th e  
r e d u c in g  c o n d i t io n s ,  as d is c u s s e d  i n  th e  
"PRU R e s u l t s  and D is c u s s io n "  s e c t io n )  
c o u ld  a d v e r s e ly  a f f e c t  th e  o p e ra t io n  o f a 
t h ic k e n e r  c i r c u i t .  T h is  sh o u ld  be con­
s id e r e d  in  t e c h n ic a l  e v a lu a t io n s  o f pos­
s i b l e  s e p a r a t io n  te c h n iq u e s , even  though 
th e  eco nom ics o f  th e  two te c h n iq u e s  a re  
s i m i l a r .

SUMMARY AND CONCLUSIONS

L a b o ra to ry  s t u d ie s  w ere  co nd u cte d  to  
o b t a in  d a ta  w h ic h  w ere  used  to  d e te rm in e  
c o m m e rc ia l- s c a le  c e n t r i f u g e  and t h ic k e n e r  
re q u ire m e n ts  f o r  p e r fo rm in g  th e  s o l i d ­
l i q u i d  s e p a r a t io n  s te p s  i n  th e  B u re a u 's  
r e d u c t io n  r o a s t ,  ammonia le a c h  p ro c e s s  
f o r  t r e a t in g  l a t e r i t e s .  C o m m erc ia l ce n ­
t r i f u g e  and t h ic k e n e r  ra a n u fa c tu re rs  used  
th e  B u re a u 's  d a ta  to  make s i z i n g  and 
eq u ipm ent recom m end ations f o r  a p la n t

p ro c e s s in g  5 , 0 0 0  tpd  o f l a t e r i t e .  Based  
on th e s e  re co m m e n d a tio n s , th e  c o s t s  o f 
b o th  t h ic k e n in g  and c e n t r i f u g a t io n ,  i n ­
c lu d in g  a l l  th e  u n i t  o p e ra t io n s  a f f e c t e d ,  
w ere  d e te rm in e d  by th e  B u re a u 's  p ro c e s s  
e v a lu a t io n  g ro u p . The o v e r a l l  c o s t s  o f 
th e  two m ethods w ere fo und  to  be q u it e  
c lo s e  w it h  n e i t h e r  method o f f e r in g  a s ig ­
n i f i c a n t  c o s t  a d v a n ta g e . The t o t a l  o p e r­
a t in g  c o s t ,  in c lu d in g  d e p r e c ia t io n  on th e
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c a p i t a l  c o s t  o f e q u ip m e n t, was d e te rm in e d  
to  be $ 1 7 . 2 6  p e r to n  o f s o l id s  f o r  ce n ­
t r i f u g a t i o n  and $ 1 8 . 1 5  p e r to n  o f s o l id s  
f o r  t h ic k e n in g .  In  th e  c a se  o f c e n t r i f u ­
g a t io n , th e  i n i t i a l  c a p i t a l  c o s t  f o r  th e  
c e n t r i f u g e s  and f o r  th e  p re s s u re  l e a f  
f i l t e r s  to  c l a r i f y  th e  c e n t r a t e  r e p r e ­
se n te d  th e  g r e a t e s t  c o s t ,  w h i le  f o r  th e

t h ic k e n in g  o p t io n , th e  re a g e n t  r e c o v e ry  
s e c t io n  in v o lv in g  w a sh -w a te r  e v a p o ra t io n  
re p re s e n te d  th e  g r e a t e s t  c o s t .  F u r t h e r  
w ork on f i l t r a t i o n  r a t e s  and a l t e r n a t e  
p ro c e s s  s tre a m  ro u t in g  i s  n e c e s s a ry  be­
fo r e  e v a lu a t io n  o f th e  two m ethods can  be 
c o n s id e re d  f i n a l .
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APPENDIX A .— COST DATA: CENTRIFUGATION OPTION (2 )

N O TE.— A l l  d a ta  in  t a b le s  A - l  th ro u g h  A-5 a re  based  on 1982 c o s t s ;  equ ipm ent c o s t s  
a re  based  on a M a r s h a ll  and S w if t  equ ipm ent c o s t  in d e x  o f 7 3 9 . 0 .

TA B LE A - l .  -  E s t im a te d  c a p i t a l  c o s t ,  c e n t r i f u g a t io n  o p t io n

F ix e d  c a p i t a l  c o s t s :
S o l id - l iq u id  s e p a r a t io n .
R eag en t r e c o v e r y ......................
S te a m p la n t .........................................

S u b t o t a l ............................................

P la n t  f a c i l i t i e s  (1 0  p e t o f above s u b t o t a l )  
P la n t  u t i l i t i e s  (1 2  p e t o f above s u b t o t a l ) . ,  

S u b t o t a l ........................................................ ............................................. ..

Land  c o s t .  
S u b t o t a l .

I n t e r e s t  d u r in g  c o n s t r u c t io n  p e r io d . 
T o t a l . ......................................................................................

W orking c a p i t a l  c o s t s :
Raw m a t e r ia l  and s u p p l ie s ......................
P ro d u c t and in - p r o c e s s  in v e n t o r y .
A cco u n ts  r e c e iv a b le ........................................
A v a i la b le  c a s h ........................................................

T o t a l .................................................................................

T o t a l  c a p i t a l  c o s t .

$37 , 1 8 8 , 300
5 , 9 7 3 , 600
3 , 0 3 8 , 600

46 , 2 0 0 , 500

4 , 6 2 0 , 100
5 , 5 4 4 , 100

56 , 3 6 4 , 700

0
56 , 3 6 4 , 700

8 865 , 300
65 230 , 000

2 3 1 , 100
2 0 5 7 , 300
2 05 7 , 300
1 258 , 300
5, 604 , 000

70, 8 3 4 , 000
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TA BLE A - 2 . -  E s t im a te d  o p e ra t in g  c o s t ,  c e n t r i f u g a t io n  o p t io n

A n n u a l c o s t C o st p e r  ton  
o f  s o l id s

D i r e c t  c o s t s :
Raw m a t e r ia l s :

(NH4 ) 2 S04 a t  $ 6 0 / t o n ...................................................................................................... $ 9 5 7 , 6 0 0
1 , 0 6 4 , 0 0 0

1 5 , 2 0 0

$ 0 . 6 6
. 73
.01

T o t a l .....................................................................................................................................

U t i l i t i e s :
E l e c t r i c  power a t  $ 0 . 0 5 5 / k W * h . ......................... ........................... ...

2 , 0 3 6 , 8 0 0 1 . 4 0

2 , 6 4 2 , 6 0 0
7 1 , 3 0 0

3 , 2 3 1 , 9 0 0

1 . 8 2
. 05

2 . 2 3
P ro c e s s  w a te r  a t  $ 0 . 2 5  p e r thousand  g a l . . . . . . . . . . . . . . .
C o a l a t  $ 3 1 . 6 0 / t o n . ........................................... ...

T o t a l ....................................................................... ............................................................ 5 , 9 4 5 , 8 0 0 4 . 1 0

D i r e c t  la b o r :
L a b o r  a t  $ 8 . 5 0 / h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 , 1 3 1 , 5 0 0

1 6 9 , 7 0 0
. 78
. 12S u p e r v is io n  (1 5  p e t o f l a b o r ) .................................................................... ...

T o t a l ................................................................................ .................................................... 1 , 3 0 1 , 2 0 0 . 90

P la n t  m a in te n a n c e :
L a b o r ............. ........................ .............................. .......................................... ................................. ... 1 , 8 7 5 , 5 0 0

7 5 0 , 2 0 0
1 , 2 5 0 , 3 0 0

1 . 2 9
. 52
. 86

S u p e r v is io n  (4 0  p e t o f m a in te n a n ce  l a b o r ) ......................................

T o t a l ..................................................................................................................................... 3 , 8 7 6 , 0 0 0 2 . 6 7

P a y r o l l  o v e rh e a d  (3 5  p e t o f above la b o r  c o s t ) ............................... 1 , 3 7 4 , 4 0 0
7 7 5 , 2 0 0

. 9 5

. 53
T o t a l  d i r e c t  c o s t ............................................................................................... 1 5 , 3 0 9 , 4 0 0

2 , 0 7 0 , 9 0 0

5 6 3 . 6 0 0
5 6 3 . 6 0 0  

6 , 5 2 3 , 0 0 0

10 . 55

1 . 4 3

. 39

. 39
4 . 5 0

I n d i r e c t  c o s t  ( 40  p e t o f d i r e c t  la b o r  and m a in t e n a n c e ) . . . .  

F ix e d  c o s t s :
T a x e s  ( 1 . 0  p e t o f t o t a l  p la n t  c o s t ) ..............................................................
In s u ra n c e  ( 1 . 0  p e t o f  t o t a l  p la n t  c o s t ) ..................................................

T o t a l  o p e ra t in g  c o s t ...................................................................................... 2 5 , 0 3 0 , 5 0 0 17 . 26

TA B LE A -3 . -  M a jo r ite m s o f e q u ip m e n t, c e n t r i f u g a t io n  o p t io n

S e c t io n  and ite m Q u a n t ity U n it  s i z e
S o l id - l iq u i d  s e p a r a t io n :

C e n t r i f u g e s ........................................................ 28 44 by 130 in
22 1 , 6 4 4  f t 2

R eag e n t r e c o v e r y :
2 1 , 5 0 4  f t 2

NH3 s t r i p p e r s .................................................. 2 7 .4  f t  d iam  by 4 0 . 0  f t
E v a p o r a t o r .................................. ........................ 1 1 3 , 5 6 3  f t 2 (e a c h  s ta g e )
H eat e x c h a n g e r ............................................... 1 702 f t 2

1 3 .0  f t  d iam  by 1 5 . 0  f t
C o o lin g  to w e r .................................................. 1 4 , 9 4 7  g a l/m in



TABLE A-4. - Equipment and related costs summary for solid-liquid separation
section, centrifugation option

Ite m C o s t
Equ ipm ent L a b o r T o t a l

C e n t r i f u g e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . $ 1 2 , 6 8 7 , 5 0 0
9 9 , 0 0 0

1 , 7 6 3 , 9 0 0
2 1 , 9 0 0
1 0 , 5 0 0
1 2 , 2 0 0

2 7 3 , 1 0 0
8 0 1 , 8 0 0
1 1 2 , 2 0 0

$ 2 0 1 , 80 0
3 1 . 7 0 0  
8 3 , 6 0 0  
10 , 3 0 0

4 , 1 0 0
5 , 2 0 0

3 7 , 8 0 0
3 8 , 0 0 0
2 6 . 7 0 0

$ 1 2 , 8 8 9 , 3 0 0  
1 3 0 , 70 0  

1 , 8 4 7 , 5 0 0  
3 2 , 2 0 0  
14 , 6 0 0  
1 7 , 4 0 0

3 1 0 . 9 0 0  
8 3 9 , 8 0 0
1 3 8 . 90 0

1 5 , 7 8 2 , 1 0 0 4 3 9 , 2 0 0 1 6 , 2 2 1 , 3 0 0

T o t a l  equ ipm ent c o s t  x f a c t o r  in d ic a t e d  f o r —

B n i 1 Hi ncrs . v 0 . OSA.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8 2 9 , 1 0 0  
8 5 2 , 9 0 0

S t r u c t u r e s , x 0 . 0 7 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 , 1 0 4 , 7 0 0
In s t r u m e n t a t io n , x 0 . 0 5 0 . 7 8 9 , 1 0 0
E l e c t r i c a l ,  x 0 . 0 2 2 ..........................................................................................................................................................
P ip in g , x 0 . 3 0 0 ........................................................... . . . . . ............................................................................................
P a in t in g ,  x 0 . 0 1 0 . . ......................... .................................... ................................. ........................... ..............................

3 4 1 , 9 0 0
4 , 7 3 4 , 6 0 0

157 . 8 0 0
M iR fp l Iflt ip n n s v 0 . 1 0 0 .  . _____________________ _________ __________________________ _ 1 , 5 7 8 , 2 0 0

1 0 , 3 8 8 , 3 0 0

T o t a l  Hi m s f . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 2 6 , 6 0 9 , 6 0 0

2 , 6 6 1 , 0 0 0
2 9 , 2 7 0 , 6 0 0

A d m in is t r a t io n  and o v e rh e a d  ( 5 . 0  pe t  of  t o t a l  c o n s t r u c t io n  c o s t ) ......................
1 . 4 6 3 . 5 0 0
1 . 4 6 3 . 5 0 0

3 2 , 1 9 7 , 6 0 0

3 , 2 1 9 , 8 0 0
3 5 , 4 1 7 , 4 0 0

1 , 7 7 0 , 9 0 0
T o t a l  s p f t l  nn r n s f . . ........................................................ .................. 3 7 , 1 8 8 , 3 0 0
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TABLE A-5. - Equipment and related costs summary for reagent recovery section,
centrifugation option

Ite m C o st
Equ ipm ent Lab o r T o t a l

P ar\cp{\ t'nvj’P ' r . ....... ............... .......................................... _ _ ................................................... ...

$ 1 0 2 , 8 0 0  
18 3 , 0 0 0  

1 3 , 2 0 0  
1 , 8 7 3 , 8 0 0  

27 , 800

$ 3 , 3 0 0
3 , 0 0 0
4 , 7 0 0
8 , 6 0 0

300

$ 1 0 6 , 1 0 0
18 6 , 0 0 0

1 7 , 9 0 0
1 , 8 8 2 , 4 0 0

2 8 , 1 0 0
1 0 , 1 0 0
8 5 , 4 0 0

3 , 8 0 0
1 7 , 200

1 3 , 9 0 0
1 0 2 , 60 0

T o t a l ............. .................................................... 2 , 2 9 6 , 1 0 0 4 0 , 9 0 0 2 , 3 3 7 , 0 0 0
C o o lin g  to w e r . ...................... .. ..................... 12 6 3 , 0 0 0

T o t a l  equ ipm ent c o s t  x f a c t o r  
FnnnHpfi' nns . x 0 - 0 6 1 - ...................

in d ic a t e d  f o r —
139 ,3 0 0

S t r u c t u r e s , x 0 . 0 7 0 . . . ................................................................... ... 1 6 0 , 7 0 0

P a in M n cr . x D - O l f ) . ............. ............................................. ........................ ....................... ............................. ........................

7 2 , 9 0 0
1 1 4 , 8 0 0

1 5 , 6 0 0
9 1 8 , 4 0 0

2 3 , 0 0 0
2 2 9 , 6 0 0

1 , 6 7 4 , 3 0 0

T o t a l  d i r e c t  c o s t . . . . . . . . . . 4 , 2 7 4 , 3 0 0

F ie ld  i n d i r e c t  c o s t  ( 1 0 . 0  pet o f t o t a l  d i r e c t 4 2 7 , 4 0 0
T o t a l  c o n s t r u c t io n  c o s t . . . . 4 , 7 0 1 , 7 0 0

2 3 5 . 1 0 0
2 3 5 . 1 0 0

E n g in e e r in g  ( 5 . 0  p e t o f  t o t a l  
A d m in is t r a t io n  and o ve rh e a d  (5

c o n s t r u c t io n  c o s t ) . . ...................... .. ........................
. 0  p e t o f t o t a l  c o n s t r u c t io n  c o s t ) . . .

5 , 1 7 1 , 9 0 0

C o n tin g e n c y  ( 1 0 . 0  p e t o f  above 5 1 7 , 2 0 0
5 , 6 8 9 , 1 0 0

C o n t r a c t o r ’ s fe e  ( 5 . 0  p e t o f above s u b t o t a l )

T o t a l  s e c t io n  c o s t ....................................................................
’ I n s t a l l e d  c o s t .

2 8 4 , 5 0 0

5 , 9 7 3 , 6 0 0
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APPENDIX B .— COST DATA: THICKENING OPTION (3 )

N O TE.— A l l  d a ta  in  t a b le s  B - l  th ro u g h  B-5  a re  based  on 1982 c o s t s ;  equ ipm ent c o s t s  
a re  based  on a M a r s h a l l  and S w if t  equ ipm ent c o s t  in d e x  o f 7 3 9 . 0 .

TA B LE B - l .  -  E s t im a te d  c a p i t a l  c o s t ,  t h ic k e n in g  o p t io n

F ix e d  c a p i t a l  c o s t s :
S o l id - l iq u id  s e p a r a t io n .................................. ................................................................................................. ..
R eag ent r e c o v e r y .......................................................................................................................................................... ..
S te a m p la n t ...............................................................................................................................................................................

S u b t o t a l ...................................................................................................... ............................................................

P la n t  f a c i l i t i e s  (1 0  p e t o f above s u b t o t a l ) ..........................................................................
P la n t  u t i l i t i e s  (1 2  p e t o f  above s u b t o t a l ) .......................................................................... ..

S u b t o t a l ................... ...................................................................... ........................................................................................

Land  c o s t .................................................................................................................................................... ..............................
S u b t o t a l ...................................................................................................................................................................................

I n t e r e s t  d u r in g  c o n s t r u c t io n  p e r io d ...................................................................................................
T o t a l ............................................................................................................................................................................................

W ork ing  c a p i t a l  c o s t s :
Raw m a t e r ia l  and s u p p l ie s .................................................................................................................................
P ro d u c t  and in - p r o c e s s  in v e n t o r y ............................................................................................................
A c c o u n ts  r e c e i v a b le ....................................................................................................................................................
A v a i la b le  c a s h ........................................................................................................................................... ........................

T o t a l ............................................................................................................................................................................................

T o t a l  c a p i t a l  c o s t ....................................................................................................................................................

$21 , 740 , 6 0 0
13 , 351 , 500

7 ,628 ,0 0 0
42

OC
M , 100

4 ,272 ,0 0 0
5 , 126 ,400

52 ,118 ,5 0 0

0
52 ,118 ,500

8 197 ,700
60 316 200

114 600
2, 162 800
2 162 800
1, 458 200
5, 00 VO 00

Oo

66 214 , 600
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TA BLE B - 2 . -  E s t im a te d  o p e ra t in g  c o s t ,  t h ic k e n in g  o p t io n

A n n u a l c o s t C o st p e r ton  
o f  s o l id s

D i r e c t  c o s t s :
Raw m a t e r i a l s :

P o l y h a l l  295 a t  $ 1 . 8 5 / l b .........................................................................................
(NH4 ) 2S04 a t  $ 6 0 / t o n ......................................................................................................
Aqueous NH3 a t  $ 2 0 0 / to n . ............................... ...

$ 2 1 4 , 8 0 0
3 6 1 , 3 0 0

9 0 , 3 0 0
9 8 , 0 0 0

$ 0 . 15
.25
.06
.07

C h e m ic a ls  f o r  s te a m p la n t  w a te r  t r e a tm e n t ......................................... 4 3 , 5 0 0 . 03
8 0 7 , 9 0 0 . 56

U t i l i t i e s :
E l e c t r i c  power a t  $ 0 . 0 5 5 / k W * h . .......................................................................
P ro c e s s  w a te r  a t  $ 0 . 2 5  p e r thousand  g a l ............................................

2 , 1 8 9 , 6 0 0
17 6 , 3 0 0

9 , 2 5 4 , 0 0 0

1 . 51
. 12

6 . 3 9
T o t a l ..................................................................................................................................... 1 1 , 6 1 9 , 9 0 0 8 , 0 2

D i r e c t  l a b o r :
7 0 7 , 2 0 0
10 6 , 1 0 0

. 49

.07
T o t a l ..................................................................................................................................... 8 1 3 , 3 0 0 . 56

P la n t  m a in te n a n c e :
L a b o r . ................ ........................ ............................................................... ....................................... 1 , 4 1 9 , 5 0 0 . 98
S u p e r v is io n  (4 0  p e t o f m a in te n a n ce  l a b o r ) ......................... ... 5 6 7 , 8 0 0 .39
M a t e r i a l s ...................................................................................... ................................................ 9 4 6 , 3 0 0 . 65

T o t a l ............................................................................................................ ........................ 2 , 9 3 3 , 6 0 0

9 8 0 , 2 0 0
5 8 6 , 7 0 0

2 . 0 2

. 68

. 40
P a y r o l l  o ve rh ea d  (3 5  p e t o f above la b o r  c o s t ) ...............................

T o t a l  d i r e c t  c o s t ................... ............................................................................ 17 , 7 4 1 , 6 0 0 1 2 . 24

I n d i r e c t  c o s t  ( 4 0  p e t o f d i r e c t  la b o r  and m a i n t e n a n c e ) . . . . 1 , 4 9 8 , 8 0 0 1 . 0 3

F ix e d  c o s t s :
T a x e s  ( 1 . 0  p e t o f t o t a l  p la n t  c o s t ) .............................................................. 5 2 1 , 2 0 0 . 36
In s u ra n c e  ( 1 . 0  p e t o f t o t a l  p la n t  c o s t ) ................ .............................. ... 5 2 1 , 2 0 0 . 36

4 . 1 6D e p r e c ia t io n  ( o v e r  1 0 -y r  l i f e ) ............................................................................. 6 , 0 3 1 , 6 0 0
T o t a l  o p e ra t in g  c o s t ...................................................................................... 2 6 , 3 1 4 , 4 0 0 18 . 15

TABLE B - 3 . -  M ajo r ite m s o f e q u ip m e n t, t h ic k e n in g  o p t io n

S e c t io n  and ite m Q u a n t ity U n it  s i z e
S o l id - l iq u i d  s e p a r a t io n :

9 130 f t
P r e s s u r e - le a f  f i l t e r ............................... 1 1 , 3 1 1  f t 2
C e n t r i f u g e s ........................................................... 4 44 by 132 in

R eag e n t r e c o v e r y :
3 2 , 3 7 7  f t 2

NH3 s t r i p p e r s ..................................................... 3 9 .3  f t  d iam  by 4 0 . 0  f t
1 3 , 4 2 1  f t 2 (e a c h  s ta g e )

H ea t e x c h a n g e r .................................................. 1 1 , 3 6 3  f t 2
P acked  to w e r ........................................................ 1 4 .3  f t  d iam  by 2 0 . 0  f t
C o o lin g  to w e r ..................................................... 1 1 4 , 847  g a l/m in
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TABLE B-4. - Equipment and related costs summary for solid-liquid separation
section, thickening option

Ite m C o st
Equ ipm ent L a b o r T o t a l
$ 6 , 7 3 0 , 5 0 0 $ 6 7 1 , 1 0 0 $ 7 , 4 0 1 , 6 0 0

5 0 , 8 0 0 2 0 , 0 0 0 7 0 , 8 0 0
3 2 7 , 9 0 0 1 5 , 6 0 0 3 4 3 , 5 0 0

9 , 9 0 0 4 , 0 0 0 1 3 , 9 0 0
1 , 8 1 2 , 5 0 0 2 8 , 8 0 0 1 , 8 4 1 , 3 0 0

3 , 7 0 0 3 , 7 0 0 7 , 4 0 0
6 , 6 0 0 3 , 1 0 0 9 , 7 0 0

1 2 9 , 8 0 0 2 7 , 8 0 0 1 5 7 , 60 0
9 , 0 7 1 , 7 0 0 7 7 4 , 1 0 0 9 , 8 4 5 , 8 0 0

T h ic k e n e r s ..................................
Sump s ............................................... ..
P r e s s u r e - le a f  f i l t e r s ,  
F i l t r a t e  r e c e i v e r s . . . .
C e n t r i f u g e s ...............................
C e n t r a te  r e c e i v e r s . . . .  
W ash -w ate r r e c e i v e r s . .
Pump s ..................................................

T o t a l .........................................

T o t a l  equ ipm ent c o s t  x f a c t o r  in d ic a t e d  fo r -
F o u n d a t io n s , x 0 . 0 7 8 .................................................................
B u i ld in g s ,  x 0 . 1 0 ..........................................................................
S t r u c t u r e s ,  x 0 . 0 7 0 ....................................................................
In s t r u m e n t a t io n , x 0 . 0 5 0 . .................................................
E l e c t r i c a l ,  x 0 . 0 1 1 .............................................................. ...
P ip in g ,  x 0 . 3 0 0 ................................................................................
P a in t in g ,  x 0 . 0 1 0 ..........................................................................
M is c e l la n e o u s , x 0 . 1 0 0 ...........................................................

T o t a l ............................................................................................................

T o t a l  d i r e c t  c o s t .

F i e ld  i n d i r e c t  c o s t  ( 1 0 . 0  p e t o f t o t a l  d i r e c t  c o s t )  
T o t a l  c o n s t r u c t io n  c o s t ...........................................................................

E n g in e e r in g  ( 5 . 0  p e t o f t o t a l  c o n s t r u c t io n  c o s t ) ...............................................
A d m in is t r a t io n  and o ve rh ea d  ( 5 . 0  p e t o f t o t a l  c o n s t r u c t io n  c o s t ) ,  

S u b t o t a l .  ................................................................. .............................................................................................

C o n t in g e n c y  ( 1 0 . 0  p e t  o f  above s u b t o t a l )  
S u b t o t a l ............................................... .......................................

C o n t r a c t o r ' s  fe e  ( 5 . 0  p e t o f  above s u b t o t a l ) ,  
T o t a l  s e c t io n  c o s t . ..................................................... . . . . ,

7 0 8 , 9 0 0
9 0 , 1 0 0

6 3 5 , 0 0 0
4 5 3 , 6 0 0
103 , 400

2 , 7 2 1 , 5 0 0
9 0 , 7 0 0

9 0 7 , 2 0 0
5 , 7 1 0 , 4 0 0

15 , 5 5 6 , 2 0 0

1 , 5 5 5 , 6 0 0
17 , 1 1 1 , 8 0 0

8 5 5 , 6 0 0
8 5 5 , 6 0 0

18 , 8 2 3 , 0 0 0

1 8 8 2 , 3 0 0
20 7 0 5 , 3 0 0

1 0 3 5 , 3 0 0

21,740,600
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TABLE B-5. - Equipment and related costs summary for reagent recovery section,
thickening option

C o st
Equ ipm ent L a b o r T o t a l

$ 1 8 9 ,5 0 0 $ 5 ,5 0 0 $ 1 9 5 , 0 0 0
3 3 5 ,5 0 0 5 , 9 0 0 3 4 1 , 4 0 0

4 1 , 6 0 0 8 , 8 0 0 5 0 , 4 0 0
4 , 2 2 1 , 5 0 0 1 2 , 7 0 0 4 , 2 3 4 , 2 0 0

4 4 , 4 0 0 400 4 4 , 8 0 0
1 1 , 8 0 0 4 , 7 0 0 1 6 , 5 0 0

2 2 7 , 6 0 0 4 7 , 0 0 0 2 7 4 , 6 0 0
5 , 0 7 1 , 9 0 0 8 5 ,0 0 0 5 , 1 5 6 , 9 0 0

Ite m

H eat e x c h a n g e rs . . ,  
NH3 s t r i p p e r s . . . , ,
S to ra g e  t a n k ............. ..
E v a p o r a t o r ......................
Packed  t o w e r . . . . . .
Pumps.
Surg e  t a n k .

T o t a l . . . . . . . . . .
C o o lin g  t o w e r . . . . .

* « • « *

T o t a l  equ ipm ent c o s t  x f a c t o r  in d ic a t e d  f o r —
F o u n d a t io n s , x  0 . 0 5 2 . .................................................................
S t r u c t u r e s  ,  x  0 . 0 7 0 ................... ......................................................... ......

I n s u l a t io n ,  x 0 . 0 2 2 .................................. ............... .....................
In s t r u m e n t a t io n , x 0 . 0 5 0 ................... ....................................
E l e c t r i c a l ,  x 0 . 0 1 0 . ...... .............................................................
P ip in g ,  x  0 . 4 0 0 ..................................... ..................... ..............................
P a in t in g ,  x  0 . 0 1 0 . .......................... ..................... ..............................
M is c e l la n e o u s , x 0 . 1 0 0 . . . . . . . . . . . . . . . . . . . . .

T o t a l .  .................................................................... .......................................

T o t a l  d i r e c t  c o s t .

F i e ld  i n d i r e c t  c o s t  ( 1 0 , 0  p e t o f  t o t a l  d i r e c t  c o s t )  
T o t a l  c o n s t r u c t io n  c o s t . . . . . . . . . . . . .................................. ...

E n g in e e r in g  ( 5 . 0  p e t o f  t o t a l  c o n s t r u c t io n  c o s t ) ................... ...........................
A d m in is t r a t io n  and o v e rh e a d  ( 5 . 0  p e t o f t o t a l  c o n s t r u c t io n  c o s t ) ,  

S u b t o t a l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a . . . . . . . . . . . . . . . . . . . . . . . .

C o n t in g e n c y  ( 1 0 , 0  p e t o f above s u b t o t a l ) ,  
S u b t o t a l . ...................... ....................................... ...

C o n t r a c t o r ’ s fe e  ( 5 . 0  p e t o f above s u b t o t a l ) ,

T o t a l  s e c t io n  c o s t . . # « « •

' 7 7 8 , 9 0 0

262 ,2 0 0
355 ,0 0 0
111 ,7 0 0
253 ,6 0 0

48 ,5 0 0
2 ,0 2 8 ,8 0 0

50 , 700
507 ,2 0 0

3 , 617 , 7 0 0

9 ,5 5 3 ,5 0 0

955 ,4 0 0
10 ,5 0 8 ,9 0 0

525 , 400
525 , 400

11 ,5 5 9 , 700

1 ,156 ,0 0 0
12 715 ,7 0 0

635 ,8 0 0

13 351 ,5 0 0
' I n s t a l l e d  c o s t .
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