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OPERATION OF A MINERAL RECOVERY UNIT ON BRINE FROM THE SALTON 
SEA KNOWN GEOTHERMSL RESOURCE AREA 

By L. E. Schultze ' and D. J. Bauer2 

ABSTRACT 

The Bureau  of Mines ope ra t ed  a mine ra l  recovery  u n i t  t o  r ecove r  
metal v a l u e s  f rom p o s t - f l a s h  geothermal  b r i n e s  f rom t h e  S a l t o n  Sea known 
geothermal  r e s o u r c e  area as p a r t  of i t s  r e s e a r c h  i n t o  t h e  u s e  of p l e n t i -  
f u l  r e sources .  The b r i n e  was a v a i l a b l e  f o r  me ta l s  recovery  a f t e r  i t s  
h e a t  c o n t e n t  had been used t o  g e n e r a t e  e l e c t r i c i t y .  The b r i n e  sou rce  
w a s  t r e a t e d  w i t h  l i m e  t o  p r e c i p i t a t e  t h e  conta ined  i r o n ,  manganese, 
l e a d ,  and z i n c  b e f o r e  i n j e c t i o n  of t h e  hea t -deple ted  b r i n e  i n t o  t h e  
underground r e s e r v o i r .  Data are p resen ted  on t h e  e f f e c t s  of p rocess  
v a r i a b l e s ,  such  as r a t e  and method of l i m e  a d d i t i o n  and a i r  o x i d a t i o n  
v e r s u s  a i r  exc lus ion .  V a r i a t i o n s  i n  p r e c i p i t a t i o n  of m e t a l  v a l u e s ,  com- 
p o s i t i o n  of p r e c i p i t a t e s ,  e f f e c t i v e n e s s  of s l u r r y  t h i c k e n e r s ,  and meth- 
ods  of t r e a t i n g  t h e  p r e c i p i t a t e s  t o  r ecove r  metal v a l u e s  a r e  d i scussed .  

'Research chemist. 
J J 2Supervisory chemical engineer.  J 

Both authors are  with the  Reno Research Center, Bureau of Mines, Reno, Nev. 
-2_- -/ 
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INTRODUCTION 

The past few y e a r s  have wi tnes sed  a n  
i n c r e a s i n g  i n t e r e s t  i n  developing under- 
u t i l i z e d  energy r e sources  t o  r e l i e v e  t h e  
p r e s s u r e  on petroleum imports .  A poten- 
t i a l  energy source  under  i n v e s t i g a t i o n  
(L)3 i s  geothermal  b r i n e  from t h e  S a l t o n  
Sea known geothermal  r e source  area 
(KGKA). The h igh  temperature  of t h e s e  
b r i n e s  makes them p a r t i c u l a r l y  i n t e r e s t -  
i n g  f o r  g e n e r a t i n g  e l e c t r i c i t y  by f l a s h -  
i n g  steam from t h e  b r ine .  S ince  t h e s e  
h i g h - s a l i n i t y  b r i n e s  could r e p r e s e n t  a 
p l e n t i f u l  domest ic  r e source  of c e r t a i n  
metal v a l u e s ,  the Bureau of Mines became 
i n t e r e s t e d  i n  i n v e s t i g a t i n g  methods 
f o r  r ecove r ing  t h e  metal and/or  mine ra l  
va lues  from t h e s e  sou rces .  

The S a l t o n  Sea KGRA b r i n e s  c o n t a i n  
200,000 t o  250,000 ppm of t o t a l  d i s s o l v e d  
sa l t s  ( 6 ) .  The m a j o r i t y  of t h e  d i s s o l v e d  
s a l t s  c o n s i s t  of N a ,  K, and Ca c h l o r i d e s .  
There are s u f f i c i e n t  concen t r a t ions  of 
o t h e r  metal sa l ts  t o  warran t  considera-  
t i o n  f o r  recovery.  I f  10 m i l l i o n  l b / h r  
of b r i n e  are r e q u i r e d  t o  o p e r a t e  a 100-MW 
e lec t r ica l  g e n e r a t i o n  s t a t i o n  and t h e  
b r i n e  d e n s i t y  i s  9.47 l b / g a l ,  any d i s -  
so lved  metal v a l u e  e x i s t i n g  a t  a concen- 
t r a t i o n  of 100 mg/l  (88 ppm) would repre- 
s e n t  0.44 s h o r t  t o n  p e r  hour ( t o n / h r ) .  

While recovery of sa l ts  from b r i n e s  
i s  w e l l  known and has  been p r a c t i c e d  f o r  
many yea r s  (8), c e r t a i n  l i m i t a t i o n s  i m -  
posed by the- locat ion of t h e  S a l t o n  Sea 
KGRA b r i n e s  i n  t h e  Imper i a l  Val ley of 
C a l i f o r n i a  prec lude  t h e  u s e  of evapora- 
t i o n  ponds f o r  f r a c t i o n a l  c r y s t a l l i z a t i o n  
of sa l ts  and c o n c e n t r a t i o n  of metal va l -  
ues.  Because of t h e s e  l i m i t a t i o n s ,  t h e  
energy recovery c i r c u i t  i s  committed t o  
i n j e c t i o n  of spen t  b r i n e  i n t o  a n  under- 
ground r e s e r v o i r .  A metal recovery 
scheme w i l l  have t o  be compatible  w i t h  
t h i s  energy recovery c i r c u i t .  The Bureau 
of Mines funded c o n t r a c t  r e s e a r c h  t o  
de te rmine  t h e  most promising methods f o r  
r ecove r ing  metal va lues  from S a l t o n  Sea 

3Underlined numbers i n  p a r e n t h e s e s  re- 
fe r  t o  i t e m s  i n  t h e  l i s t  of  r e f e r e n c e s  a t  
t h e  end of t h i s  r e p o r t .  

KGRA b r i n e s  (1, 2, 9) .  The most p r a c t i -  
c a l  approach r e s u l t i n g  from t h e s e  s t u d i e s  
involved  i n c r e a s i n g  t h e  pH of t h e  b r i n e  
wi th  l i m e  t o  p r e c i p i t a t e  i r o n ,  manganese, 
z i n c ,  and l e a d  (1, 2). An eng inee r ing  
s tudy  was under taken  ( 2 )  t o  des ign  a 
demonst ra t ion  p l a n t  basTd on t h e  l i m e  
p r e c i p i t a t i o n  method. 

A minera l  recovery  u n i t  (MRU) based 
e s s e n t i a l l y  on t h e  eng inee r ing  d e s i g n  w a s  
assembled and ope ra t ed  on p o s t - f l a s h  
b r i n e  from t h e  Magmamax No. 1 w e l l  n e a r  
t h e  s o u t h e r n  end of t h e  S a l t o n  Sea i n  t h e  
Imper i a l  County of C a l i f o r n i a  ( f i g .  1). 
This  r e p o r t  d i s c u s s e s  t h e  o p e r a t i o n  of 
t h e  demonst ra t ion  p l a n t  and t h e  a n a l y s e s  
and e v a l u a t i o n s  of t h e  samples ob ta ined  
by a d d i t i o n  of l i m e .  

0 

Scale, miles 

Colexic 

3 

_ _  --- -. 
__c --- 

FIGURE 1. - Mineral recovery un i t  (MRU) s i te  
locat ion. 
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M I N E R A L  RECOVERY OPERATIONS 

The mine ra l  r ecove ry  u n i t  was assem- 
b l e d  a t  t h e  geothermal  w e l l  s i t e  and 
des igned  t o  t r ea t  10 ga l /min  of post-  
f l a s h  geothermal  b r i n e .  The MRU r e c e i v e d  
b r i n e  t h a t  had been f l a s h e d  t o  atmos- 
p h e r i c  p r e s s u r e  and w a s  a t  a tempera ture  
of  200" t o  210" F. Cool ing of t h e  b r i n e  
occur red  d u r i n g  t r ea tmen t  i n  t h e  MRU bu t  
was minimized by i n s u l a t i n g  t anks  and 
p ip ing .  Cool ing of t h e  b r i n e  was mini- 
mized by t h e  ambient tempera tures ,  which 
r ange  up t o  120" F. Br ine  w a s  r ece ived  
and  h e l d  i n  a s t i r r e d  s u r g e  t ank  t o  in-  
s u r e  a n  u n i n t e r r u p t e d  f low t o  t h e  I4RU 
( f i g .  2 ) .  The b r i n e  t h e n  flowed through 
a series of f o u r  s t i r r e d  90-gal r e a c t o r s  
t o  age  t h e  b r i n e  and t o  permi t  supe r sa t -  
u r a t e d  s i l i c a  t o  p r e c i p i t a t e .  The s i l i c a  
s l u r r y  was th i ckened  i n  two 5- by 5 - f t  
r a k e  t h i c k e n e r s  i n  se r ies ,  and t h e  u n d e r  
f l o w  from t h e  t h i c k e n e r  was f i l t e r e d  i n  a 
1- by 1-ft f i l t e r  p r e s s .  The over f low 
f rom t h e  s i l i c a  t h i c k e n e r  was s e n t  t o  
a n o t h e r  series of f o u r  s t i r r e d  90-gal 
r e a c t o r s  f o r  t r ea tmen t  w i t h  l i m e .  The 
r e s u l t a n t  s l u r r y  w a s  f e d  t o  a 6 -  by 5 - f t  

r a k e  t h i c k e n e r ,  which had been modi f ied  
f o r  maximum e f f i c i e n c y  i n  t h i c k e n i n g  
metal hydroxide  s l u r r i e s .  The underf low 
from t h e  hydroxide t h i c k e n e r  was f i l t e r e d  
i n  a 2- by 2- f t  f i l t e r  p r e s s .  The o v e r  
f low was t r e a t e d  w i t h  h y d r o c h l o r i c  a c i d  
i n  a s e p a r a t e  s t i r r e d  t a n k  t o  a d j u s t  t h e  
pH back t o  t h e  v a l u e  of t h e  u n t r e a t e d  
b r i n e  (pH 5.5). The a c i d i f i e d  b r i n e  w a s  
r e t u r n e d  t o  t h e  i n j e c t i o n  l i n e .  

The MRU was ope ra t ed  under  f i v e  sets  
of t e s t  c o n d i t i o n s :  p r e c i p i t a t i o n  u s i n g  
l i m e  s l u r r y  w i t h  pH c o n t r o l  ( t e s t  l ) ,  
p r e c i p i t a t i o n  u s i n g  set  l i m e  s l u r r y  addi-  
t i o n  r a t e s  ( t e s t  2 ) ,  p r e c i p i t a t i o n  u s i n g  
d r y  l i m e  ( t e s t  3), p r e c i p i t a t i o n  u s i n g  
l i m e  s l u r r y  w i t h  a i r  i n j e c t i o n  ( t e s t  4 ) ,  
and p r e c i p i t a t i o n  u s i n g  l i m e  s l u r r y  w i t h  
e x c l u s i o n  of a i r  ( t e s t  5 ) .  The r e s u l t s  
of each  tes t  and more d e t a i l e d  d e s c r i p -  
t i o n  of procedures  a re  p r e s e n t e d  i n  t h e  
R e s u l t s  s e c t i o n .  Comparisons between t h e  
tests are  made i n  t h e  Di scuss ion  and 
Conclusions s e c t i o n .  

RESULTS 

B r i n e  Composition shown i n  t a b l e  1. No o t h e r  metal v a l u e s  
hav ing  c o n c e n t r a t i o n s  more t h a n  50 mg/l  

An a n a l y s i s  of a t y p i c a l  b r i n e  Sam- were d e t e c t e d .  
p l e  e n t e r i n g  t h e  p r o c e s s i n g  sequence i s  

TABLE 1. - Concen t ra t ions  of s e l e c t e d  components 
i n  a t v D i c a l  b r i n e  s a m D l e .  m e / l  

Sodium.......... 58,000 Si l ica . . . . . . . . . .  230 

Potassium....... 12,000 Lithium......... 170 
Manganese....... 680 Barium.......... 115 

Zinc.'. .......... 270 Lead ............ 49 
Boron........... 2 50 

Calcium......... 25,000 Iron............ 190 

S t r o n t  ium. ...... 520 Magnesium.. ..... 84 
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Post-flash brine 
I 

TABLE 2. - Average metals a n a l y s i s  
o f  b r i n e .  m e / l  

Reactor 

Silica 
(diacord) Filter press 

1 

Lime slurry 

Fi l ter  press 

I 
Acidification 

I 
t 

Injection 

FIGURE 2. - F lowsheet  for hydroxide precipita- 
tion of metal values from brine. 

Samples ob ta ined  d u r i n g  o p e r a t i o n  of 
t h e  MRU were ana lyzed  f o r  Fe ,  Mn, Pb, and 
Zn because t h e s e  metals r ep resen ted  t h e  
major components of t h e  prec ip i ta te  ob- 
t a i n e d  by t r ea tmen t  of t h e  b r i n e  w i t h  
l i m e .  Analyses  were ob ta ined  e i t h e r  by 
i n d u c t i v e l y  coupled plasma (ICP) o r  
a tomic  a b s o r p t i o n  (AA). Dup l i ca t e  analy-  
ses by both  methods were i n  c l o s e  agree-  
ment; the main d i f f e r e n c e  w a s  that ICP 
had a lower d e t e c t i o n  l i m i t  f o r  t h e  
metals of i n t e r e s t .  L iquid  samples were 
submi t ted  wi thout  f u r t h e r  t rea tment .  
S o l i d  samples were weighed and d i s s o l v e d  
i n  a known volume of a c i d  be fo re  
a n a l y s i s .  

Composition of t h e  b r i n e  was found 
t o  vary w i t h  f low ra te  from t h e  produc- 
t i o n  w e l l .  The v a r i a t i o n s  were e i t h e r  
small o r  of s h o r t  du ra t ion .  An average  
v a l u e  f o r  b r i n e  a n a l y s e s  from 63 samples 
ob ta ined  ove r  a p e r i o d  of 2-1/2 months 
w a s  used  t o  c a l c u l a t e  pe rcen t  p r e c i p i t a -  
t i o n  of metals. The average  va lues  are 
shown i n  t a b l e  2. 

Manganese.................... 710 
Zinc.......................... 270 
Iron......................... 160 
Lead......................... 50 

P r e c i p i t a t i o n  Using L ime  S l u r r y  
With DH Con t ro l  ( T e s t  1) 

Br ine  from the s u r g e  tank  was me- 
t e r e d  w i t h  a Masoneilson,4 1-in. cam 
f l e x  I1 valve.  S ince  scale bui ldup  on 
t h e  v a l v e  o c c a s i o n a l l y  caused d iminished  
f low rates,  t h e  b r i n e  w a s  p e r i o d i c a l l y  
d i v e r t e d  i n t o  a 55-gal drum, and t h e  vol- 
ume c o l l e c t e d  i n  a g iven  t i m e  w a s  mea- 
sured.  Lime s l u r r i e s  were p repa red  by 
adding  l i m e  t o  a t ank  of water u n t i l  t h e  
d e s i r e d  s p e c i f i c  g r a v i t y  w a s  ob ta ined .  A 
p e r i s t a l t i c  pump was used  t o  pump t h e  
l i m e  s l u r r y  i n t o  t h e  f i r s t  p r e c i p i t a t i o n  
r e a c t o r  t ank . 

For t es t  1, t h e  l i m e  s l u r r y  was pre-  
pared  a t  a s p e c i f i c  g r a v i t y  of 1.03 t o  
1.05 (-15 p c t  l i m e ) .  The l i m e  s l u r r y  
a d d i t i o n  r a t e  w a s  a d j u s t e d  t o  ma in ta in  a 
pH of 8.5 i n  t h e  f o u r t h  r e a c t o r .  During 
t e s t  1, pH read ings  ranged from 6.1 t o  
10.7. Addi t ion  rates of l i m e  were v a r i e d  
from 17 t o  86 lb /1 ,000  g a l  of b r i n e  i n  
a t t empt s  t o  ma in ta in  pH 8.5. P a r t  of t h e  
d i f f i c u l t y  was caused by a c o a t i n g  of 
lime and hydroxides  on t h e  e l e c t r o d e s .  
This  gave pH readings  t h a t  were not  
r e p r e s e n t a t i v e  of t h e  a c t u a l  pH of t h e  
l i q u i d  p o r t i o n  of t h e  s l u r r y .  

P r e c i p i t a t i o n  of Disso lved  Metals 

Even though pH readings  were errat-  
i c ,  a n a l y s i s  of s l u r r y  f i l t r a t e s  showed 
good p r e c i p i t a t i o n  of d i s s o l v e d  metals 

*Reference t o  s p e c i f i c  trade names i s  
made f o r  i d e n t i f i c a t i o n  on ly  and does n o t  
imply endorsement by t h e  Bureau o f  Mines. 
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( f i g .  3). Analyses  of i r o n  and l e a d  i n  
t h e  f i l t r a t e s  were below d e t e c t i o n  limits 
of 4 mg/l f o r  i r o n  and 7.5 m g / l  f o r  
l e a d ,  cor responding  t o  p r e c i p i t a t i o n s  of 
98 p c t  and 85 p c t ,  r e s p e c t i v e l y .  Analy- 
ses of manganese and z i n c  showed t h a t  
p r e c i p i t a t i o n  i n c r e a s e d  t o  95 p c t  a f t e r  
40 h r  of ope ra t ion .  Samples t aken  a f t e r  
86  h r  of o p e r a t i o n  showed a s l i g h t  de- 
crease i n  p r e c i p i t a t i o n  of both  metals. 
L i m e  a d d i t i o n  ra te  a t  t h e  86-hr sample  
t i m e  was 21 lb /1 ,000  g a l  of b r i n e  w i t h  a 
cor responding  measured pH of 7.9. When 
l i m e  a d d i t i o n  ra te  w a s  i nc reased  t o  
raise t h e  pH t o  t h e  designed va lue  of 
8.5, p r e c i p i t a t i o n  of manganese and z i n c  
i n c r e a s e d  t o  more t h a n  95 p c t .  

Removal of P r e c i p i t a t e s  

Thickening and f i l t r a t i o n  of t h e  
hydroxide s l u r r i e s  p re sen ted  no major 
problems. Overflows from t h e  hydroxide 
t h i c k e n e r  conta ined  0.2 t o  0.3 g / 1  hy- 
d r o x i d e  s o l i d s .  The s o l i d s  con ten t  i n  
t h e  hydroxide r e a c t o r  ranged from 2.2 t o  
16.6 g / l ,  and 93 t o  98 p c t  of t h e  hy- 
d rox ides  were removed from t h e  s l u r r y  
i n  t h e  th i ckene r .  The f i l t e r  cakes from 
t h e  hydroxide f i l t e r  p r e s s  were a p p r o r  
i m a t e l y  40 p c t  s o l i d s .  Analys is  of a 
t y p i c a l  f i l t e r  cake sample i s  shown i n  
t a b l e  3 .  

TABLE 3. - Metals analysis of typical 
hvdroxide  f i l t e r  cake 

o b t a i n e d  du r ing  
t e s t  1 ,  p c t  

Silica... . . . . . . . . . . . . . . . . . . . . . . .  5.0 
Manganese....................... 4.1 
Sodium.......................... 3.9 
Calcium......................... 2.8 
Zinc............................ 2.2 
Iron............................ 1.8 
Potassium....................... .8 
Lead............................ .4 

The h i g h  s i l i ca  con ten t  i n  t h e  f i l -  
t e r  cakes  i n d i c a t e s  t h a t  t h e  s i l i c a  reac- 
t o r s  and t h i c k e n e r  were unders ized  f o r  
removal of s u p e r s a t u r a t e d  s i l i c a  a t  t h e  
o p e r a t i n g  f low rates.  Analyses of s i l i c a  
t h i c k e n e r  overf lows and underflows showed 
l i t t l e  removal of s i l i c a .  

KEY 

a Zinc 

Manganese 

0 I I I I 
20 40 60 80 100 I20 

TIME, hr 

FIGURE 3. - Meta ls  prec ip i ta t ion versus plant 
operation time: l ime slurry addi- 
t ion w i th  pH control. 

P r e c i p i t a t i o n  Using S e t  L i m e  S l u r r y  
Addi t ion  Ra te s  ( T e s t  2) 

In  o r d e r  t o  e l i m i n a t e  some of t h e  
problems encountered i n  t e s t  1, l i m e  
s l u r r y  w a s  added a t  set  a d d i t i o n  ra tes  
dur ing  t e s t  2. Four d i f f e r e n t  l i m e  addi- 
t i o n  r a t e s  were used; 2 1 ,  27,  35, and 
37 lb /1 ,000  g a l  of b r i n e .  Each a d d i t i o n  
ra te  was main ta ined  f o r  36 h r .  The t es t  
s e r i e s  s t a r t e d  w i t h  t h e  lowest  a d d i t i o n  
r a t e  and i n c r e a s e d  t o  t h e  h i g h e s t  addi- 
tion rate. The lime slurry used for 
t es t  2 had a s p e c i f i c  g r a v i t y  of 1.07 
( 2 0  p c t  l ime) .  

L i m e  Addi t ion  Rates 

Pe rcen t  p r e c i p i t a t i o n  of metals was 
c a l c u l a t e d  based on a n a l y s e s  of f i l t r a t e s  
from t h e  hydroxide f i l t e r  p r e s s  ( f i g .  4 ) .  
The dashed l i n e s  r e p r e s e n t  t h e  t i m e s  a t  
which t h e  l ime s l u r r y  a d d i t i o n  ra tes  were 
inc reased .  

L i m e  a d d i t i o n  rates dur ing  most of 
t es t  2 were maintained c l o s e  t o  t h e  de- 
s igned  va lues .  In  r e g i o n  I ,  l i m e  addi- 
t i o n  ra te  f l u c t u a t e d  w i t h  o c c a s i o n a l  
l a r g e ,  sho r t - t e rm v a r i a t i o n s .  The a v e r  
age a d d i t i o n  r a t e  i n  r e g i o n  I was approx- 
imate ly  10 p c t  less than  t h e  designed 
va lue .  The p e r i s t a l t i c  pump used t o  
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50 

0 -  

f e e d  t h e  l i m e  s l u r r y  w a s  o p e r a t i n g  n e a r  
i t s  minimum capac i ty  a t  a l i m e  a d d i t i o n  
r a t e  of 21 lb /1 ,000  g a l  of b r ine .  Addi- 
t i o n  of l i m e  s l u r r y  w a s  more uniform i n  
r eg ions  I1 and 111 w i t h  few f l u c t u a t i o n s .  
Addi t ion  rates were approximately 2 p c t  
above designed va lues .  During o p e r a t i o n  
i n  r eg ion  I V ,  small f l u c t u a t i o n s  occurred  
t h a t  were between 5 p c t  above and below 
t h e  designed va lue .  The f l u c t u a t i o n s  
were c y c l i c  i n  n a t u r e  s o  t h a t  t h e  average  
a d d i t i o n  ra te  w a s  approximately 0.5 p c t  
above t h e  des igned  va lue .  

I I 
I 

I I  ZI I I m j l P  I 

- I I - 
I I I 
I I I 
I I I 
I I I 
I I 
I I ZINC I 

l I  I 1  I I 1  e 

P r e c i p i t a t i o n  of Disso lved  Metals 

I r o n  a n a l y s e s  of f i l t r a t e s  from t h e  
hydroxide f i l t e r  press were less than  t h e  
d e t e c t i o n  l i m i t  of 0.2 mg/l ,  which was 
more than  99-pct p r e c i p i t a t i o n  i n  a l l  
f o u r  reg ions .  Analyses f o r  l ead  were 
less t h a n  2 mg/l i n  r eg ions  I and I1 and 
v a r i e d  over  a wide range i n  r eg ions  111 

TIME, hr 

FIGURE 4. - Percent precipitat ion of metals at 
different l ime addit ion rates ver- 
sus plant operating time. L ime 
addit ion rates, in pounds per 
1,000 gal  of brine for each region, 
were I, 21; I I ,  27; I l l ,  35; IV, 37. 

and I V .  Most of t h e  ana lyses  nea r  t h e  
end of r eg ion  I V  showed more l e a d  i n  t h e  
f i l t r a t e  t han  w a s  p r e s e n t  i n  t h e  f e e d  
b r ine .  This  behavior  fol lowed expec ted  
p a t t e r n s  because l e a d  can be d i s s o l v e d  
from p r e c i p i t a t e d  hydroxides  under t h e  
more b a s i c  c o n d i t i o n s  i n  r eg ions  I11 
and I V .  

I n  r e g i o n  I ,  ana lyses  f o r  z i n c  
showed a r a p i d  i n c r e a s e  t o  95-pc t  p rec i -  
p i t a t i o n  a f t e r  23 h r  of o p e r a t i o n  and a 
s l i g h t  dec rease  t o  91-pc t  p r e c i p i t a t i o n  
a t  38 h r .  P r e c i p i t a t i o n  of z i n c  in- 
c r eased  t o  93 p c t  a t  t h e  end of r e g i o n  I. 
T h i s  t ype  of behavior  i s  c h a r a c t e r i s t i c  
of a system approaching s t e a d y  s t a t e  con- 
d i t i o n s  and sugges t s  t h a t  approximately 
92 t o  93 p c t  of t h e  z i n c  can  be p r e c i p i -  
t a t e d  a t  a n  a d d i t i o n  r a t e  of 21 l b  of 
l i m e  p e r  1 ,000 g a l  of b r i n e .  Zinc preci- 
p i t a t i o n  w a s  c o n s i s t e n t l y  more than  
95 p c t  d u r i n g  t h e  remainder  of t h e  t es t .  

Analyses  f o r  manganese showed t h a t  
on ly  50 t o  58 p c t  was p r e c i p i t a t e d  i n  
r e g i o n  I. Manganese l e v e l s  i n  t h e  f i l -  
t r a t e  from t h e  hydroxide f i l t e r  p r e s s  
decreased  r a p i d l y  t o  less than  0.8 mg/l 
a t  t h e  beginning of r eg ion  I1 and re- 
mained a t  t h i s  l e v e l  throughout  t h e  tes t .  
This  r e p r e s e n t s  more t h a n  99-pct p r e c i p i -  
t a t i o n  of manganese. 

pH Measurements 

Measurements of pH i n  t h e  hydroxide 
t h i c k e n e r  du r ing  t e s t  2 showed t h e  same 
type  of f l u c t u a t i o n s  observed i n  t e s t  1, 
even though l i m e  a d d i t i o n  rates were more 
cons t an t .  During o p e r a t i o n  i n  r e g i o n  I ,  
p r e c i p i t a t i o n  of manganese was incom- 
p l e t e  even though average  pH va lues  were 
8.5 t o  9.0. S i m i l a r  pH r ead ings  were 
ob ta ined  d u r i n g  r e g i o n  I1 opera t ion .  The 
pH va lues  were -10 i n  r eg ions  I11 
and I V .  These d a t a  i n d i c a t e  t h a t  pH i s  
a poor p rocess  c o n t r o l  measurement and 
would only  be u s e f u l  as a n  i n d i c a t o r  of 
e x c e s s i v e  l i m e  a d d i t i o n .  

Thickener  Performance 

Measurements of t o t a l  suspended so l -  
i d s  i n  t h e  p r e c i p i t a t i o n  r e a c t o r s  and 
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t h i c k e n e r  showed poor  t h i c k e n e r  e f f i -  
c i e n c y  i n  r e g i o n  I. The r e a c t o r s  con- 
t a i n e d  2 t o  5 g / 1  s o l i d s ,  w h i l e  t h e  over- 
f l ow from t h e  t h i c k e n e r  conta ined  1 g / 1  
s o l i d s .  Removal of s o l i d s  i n  t h e  t h i c k -  
e n e r  averaged  approximate ly  75 p c t .  Dur- 
i n g  r e g i o n  I1 o p e r a t i o n ,  t h e  s o l i d s  i n  
t h e  r e a c t o r s  i n c r e a s e d  t o  4 t o  6 g / l  s o l -  
i d s  and t h e  t h i c k e n e r  overf low concen- 
t r a t i o n  decreased  t o  0.8 g / 1  s o l i d s .  
T h i s  r e p r e s e n t s  80- t o  87-pct removal of  
s o l i d s  i n  t h e  th i ckene r .  E f f i c i e n c y  of 
t h e  t h i c k e n e r  d u r i n g  t e s t  2 w a s  s l i g h t l y  
less t h a n  was r e p o r t e d  f o r  tes t  1 when 
s o l i d s  removal was 93 t o  98 p c t  and 
t h i c k e n e r  over f low con ta ined  0.2 g / 1  s o l -  
i d s .  The only  measured parameter  t h a t  
was d i f f e r e n t  d u r i n g  t h e s e  tes ts  was t h e  
tempera ture .  More i n s u l a t i o n  was added 
t o  t h e  t h i c k e n e r  and some of t h e  s l u r r y  
l i n e s  a f t e r  t e s t  1 and r e s u l t e d  i n  tem- 
p e r a t u r e s  t h a t  were 20" t o  30" F h i g h e r  
i n  t h e  t h i c k e n e r  d u r i n g  t es t  2. 

Removal of s o l i d s  i n c r e a s e d  t o  more 
t h a n  97 p c t ' i n  r e g i o n s  111 and I V .  The 
amount of s o l i d s  i n  t h e  r e a c t o r s  was 
h i g h e r  d u r i n g  o p e r a t i o n  i n  t h e s e  r e g i o n s  
because  of t h e  p re sence  of un reac ted  
l i m e .  The h i g h e r  s o l i d s  c o n t e n t  i n  t h e  
s l u r r y  may account  f o r  t h e  more e f f i c i e n t  
o p e r a t i o n  of t h e  th i ckene r .  Overflow 
from t h e  t h i c k e n e r  conta ined  0.25 g / 1  
s o l i d s  d u r i n g  r e g i o n  I11 o p e r a t i o n  
a n d  0.75 g / l  s o l i d s  d u r i n g  r e g i o n  I V  
o p e r a t i o n .  

F i l t e r  Cake Compositions 

Compositions of f i l t e r  cakes from 
t h e  hydroxide f i l t e r  p r e s s  fo l lowed t h e  
expec ted  t r ends .  Tab le  4 p r e s e n t s  t h e  
a n a l y s i s  of a f i l t e r  cake sample t a k e n  a t  
t h e  end of each  of  t h e  f o u r  r eg ions .  In- 
complete  p r e c i p i t a t i o n  of  manganese dur-  
i n g  r e g i o n  I o p e r a t i o n  accoun t s  f o r  t h e  
lower manganese value.  S i m i l a r l y ,  t h e  
lower  va lue  f o r  l e a d  i n  t h e  sample from 
r e g i o n  I V  demonst ra tes  t h e  r e d i s s o l u t i o n  
of  l e a d  when excess  l i m e  i s  added. The 
s t e a d y  d e c r e a s e  i n  i r o n  and z i n c  a n a l y s e s  
i s  due t o  d i l u t i o n  of t h e  f i l t e r  cake by 
u n r e a c t e d  l i m e  i n  r e g i o n s  I11 and I V Y  and 
by i n c r e a s e d  manganese p r e c i p i t a t i o n  i n  
r e g i o n  11. 

TABLE 4.  - Analvses of metals i n  
hydroxide  f i l t e r  

cakes ,  p c t  

1.2 
.06 

S i l i c a  Removal 

I n  a n  attempt t o  improve t h e  s i l i c a  
removal r e p o r t e d  f o r  t e s t  1, t h e  s i l i c a  
t h i c k e n e r  was modi f ied  p r i o r  t o  t h e  s ta r t  
of t es t  2. The m o d i f i c a t i o n s  a l t e r e d  t h e  
s l u r r y  f e e d  l i n e  s o  t h a t  incoming s l u r r y  
would n o t  create t u r b u l e n c e  i n  t h e  t h i c k -  
ened s l u r r y .  To monitor  s i l i c a  removal, 
a n  e x t r a  s e t  of samples w a s  t aken  from 
t h e  s i l i c a  r e a c t o r s ,  s i l i c a  t h i c k e n e r s ,  
and s i l i c a  f i l t e r  p r e s s  d u r i n g  t e s t  2. 
The samples were d i l u t e d  20 t o  1 and 
a c i d i f i e d  t o  avoid  p r e c i p i t a t i o n  b e f o r e  
a n a l y s i s .  When t h e  samples were ana- 
lyzed ,  most of them con ta ined  p r e c i p i -  
t a t e d  s i l i c a ,  even t h e  f i l t r a t e s  from t h e  
s i l i c a  f i l t e r  p r e s s  t a k e n  n e a r  t h e  end  of 
t es t  2. These o b s e r v a t i o n s  i n d i c a t e d  
t h a t  t h e  m o d i f i c a t i o n s  made on t h e  s i l -  
i ca  t h i c k e n e r s  were i n s u f f i c i e n t  t o  
accomplish s i l i c a  removal. 

P r e c i p i t a t i o n  Using 
Dry L i m e  ( T e s t  3 )  

T e s t  3 employed a d d i t i o n  of d ry  l i m e  
i n s t e a d  of  a l i m e  s l u r r y .  The l i m e  was 
added t o  t h e  f i r s t  hydroxide  r e a c t o r  t a n k  
w i t h  a n  a u g e r  screw f e d  from a hopper.  A 
v i b r a t o r  w a s  a t t a c h e d  t o  t h e  hopper t o  
minimize packing  of t h e  l i m e ,  which would 
cause  i r r e g u l a r  o r  "plug" flow. Th i s  
arrangement  w a s  on ly  p a r t i a l l y  s u c c e s s f u l  
i n  ma in ta in ing  a s t e a d y  l i m e  a d d i t i o n  
rate. 

Ana lys i s  of f i l t r a t e s  f rom t h e  hy- 
d rox ide  f i l t e r  p r e s s  showed t h a t  more 
t h a n  99 p c t  of t h e  i r o n  and manganese 
were p r e c i p i t a t e d  d u r i n g  t e s t  3.  Prec i -  
p i t a t i o n  of z i n c  ranged from 94 t o  
99 p c t ,  w i t h  a n  ave rage  v a l u e  of 96 p c t .  
I n  c o n t r a s t ,  a n a l y s e s  f o r  l e a d  v a r i e d  
ove r  a wide range  w i t h  no d e t e c t a b l e  
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Mn Zn Fe 
Four th  r e a c t o r  ..... 17 8.0 6.3 
Thickener  overf low.  18 4.5 2.7 
Thickener  underf low 12 5.4 4.7 

t r e n d .  In  many samples ,  more l e a d  w a s  
found i n  t h e  f i l t r a t e  t h a n  i n  t h e  f e e d  
b r i n e .  

Pb 
1.3 
1.2 

.8 

To de termine  whether  t h e  h igh  l e a d  
v a l u e s  were due t o  a n a l y t i c a l  e r r o r ,  sam- 
p l e s  of s l u r r y  ob ta ined  from t h e  hydrox- 
i d e  r e a c t o r s  and t h i c k e n e r  overf low and 
under f low were f i l t e r e d  and t h e  f i l t r a t e s  
ana lyzed  f o r  l ead .  These a n a l y s e s  were 
compared wi th  samples of t h e  f i l t r a t e  
f rom t h e  hydroxide f i l t e r  p r e s s .  The 
a n a l y s e s  of samples t a k e n  a t  a g iven  t i m e  
shou ld  show n e g l i g i b l e  d i f f e r e n c e s .  The 
r e s u l t s  of t h i s  v e r i f i c a t i o n  procedure 
showed t h a t  t h e  sample a n a l y s e s  were ve ry  
d i f f e r e n t  from one ano the r .  A s  a n  exam- 
p l e ,  one sample set showed 10 mg/l  Pb i n  
t h e  r e a c t o r  f i l t r a t e ,  20 mg/l i n  t h e  un- 
de r f low f i l t r a t e ,  30 mg/l i n  t h e  over f low 
f i l t r a t e ,  and 100 mg/l  i n  t h e  f i l t e r  
p r e s s  f i l t r a t e .  The behavior  sugges ted  
t h a t  un reac ted  lime was p r e s e n t  i n  t h e  
s o l i d  p o r t i o n  of t h e  s l u r r y  and r e s u l t e d  
i n  l o c a l i z e d  h i g h  pH v a l u e s  and r ed i s so -  
l u t i o n  of l ead .  

Sample 
Average brine............. 
F i l t e r e d  hydroxides:  

T e s t  l.................. 
Test 2.................. 
T e s t  3 . . . . . . . . . . . . . . . . . .  
Test  4.................. 

R e s u l t s  ob ta ined  from t h e  hydroxide 
t h i c k e n e r  du r ing  t es t  3 were s imi la r  t o  
t h o s e  ob ta ined  when a n  e q u i v a l e n t  amount 
of l i m e  s l u r r y  was used. The hydroxide  
r e a c t o r  t anks  con ta ined  6 grams of sus- 
pended s o l i d s  p e r  l i t e r  compared w i t h  
4 t o  5 g / 1  s o l i d s  u s i n g  l i m e  s l u r r y .  The 
over f low from t h e  hydroxide t h i c k e n e r  
con ta ined  0.6 t o  0.9 g / 1  s o l i d s .  Th i s  
r e p r e s e n t s  85- t o  90-pct removal of 
s o l i d s  i n  t h e  t h i c k e n e r  and i s  t h e  same 
removal ob ta ined  u s i n g  l i m e  s l u r r y .  

Mn/Fe Zn/Fe 
4.35 2.66 

2.29 1.21 
3.38 2.44 
2.38 1.97 
3.17 1.33, S i n c e  10 t o  15 p c t  of t h e  s l u r r y  

s o l i d s  were' n o t  recovered  by th i cken ing ,  
samples of s o l i d s  from t h e  r e a c t o r s ,  
t h i c k e n e r  underf low,  and t h i c k e n e r  over- 
f l o w  were ana lyzed  t o  de te rmine  whether  
t h e r e  w a s  any v a r i a t i o n  i n  composi t ion.  
A t y p i c a l  a n a l y s i s  of t h e  s o l i d s  i s  shown 
i n  t a b l e  5. The samples were prepared  by 
f i l t e r i n g  t h e  s o l i d s  from t h e  s l u r r y  sam- 
p l e ,  washing w i t h  water, and d r y i n g  a t  
100" C. The d r i e d  s o l i d s  were d i s s o l v e d  
i n  hydroch lo r i c  a c i d  and ana lyzed  by 
a tomic  a b s o r p t i o n  spectrophotometry.  
Acid- inso luble  r e s i d u e s  were d r i e d  and 
weighed. Emission spec t roscopy showed 

t h a t  t h e  major  component of t h e  i n s o l u b l e  
r e s i d u e  was s i l i c a .  The d a t a  i n  t a b l e  5 
show t h a t  t h e  composi t ion  of t h e  s o l i d s  
i n  t h e  f low streams i n  and o u t  of t h e  
t h i c k e n e r  are no t  t h e  same. The th i ck -  
e n e r  over f low stream was en r i ched  i n  
manganese by a f a c t o r  of 2.5 compared t o  
i r o n ,  and z i n c  was e n r i c h e d  by a f a c t o r  
of 1.3 compared t o  i r o n  ove r  t h e  v a l u e s  
measured i n  t h e  r e a c t o r .  S o l i d s  l o s t  i n  
t h e  t h i c k e n e r  over f low r e p r e s e n t  a l a r g e r  
pe rcen tage  l o s s  of manganese and z i n c  
from t h e  sys tem t h a n  i s  appa ren t  f rom t h e  
s o l i d s  c o n c e n t r a t i o n s  i n  t h e  f low 
streams. These r e s u l t s  demonst ra te  t h a t  
t h e  s o l i d s  f i l t e r e d  from t h e  t h i c k e n e r  
underf low w i l l  c o n t a i n  s l i g h t l y  l e s s  man- 
ganese and z i n c  compared t o  t h e  compo- 
s i t e  b r i n e .  This  i s  v e r i f i e d  by t h e  c o w  
p a r i s o n  of metal v a l u e  r a t i o s  i n  t a b l e  6. 

TABLE 5. - Metals comDosition of s o l i d s  
produced by a d d i t i o n  

of d r y  l i m e ,  p c t  

TABLE 6. - Metal  c o n c e n t r a t i o n  r a t i o s  
i n  b r i n e  and f i l t e r e d  

hydroxides  

With A i r  I n j e c t i o n  ( T e s t  4 )  

Test 4 was c a r r i e d  o u t  u s i n g  l i m e  
s l u r r y  and a i r  i n j e c t i o n  t o  de te rmine  t h e  
e f f e c t  of o x i d a t i o n  on recovery  of metal 
va lues .  A manifold w a s  used t o  supp ly  a 
t o t a l  of 6 f t 3 / m i n  of a i r  t o  t h e  f o u r  
hydroxide r e a c t o r  tanks .  P r e c i p i t a t i o n  
of metal v a l u e s  determined from f i l t r a t e s  
from t h e  hydroxide f i l t e r  p r e s s  w a s  
very  good. During p o r t i o n s  of t h e  tes t ,  
metal v a l u e s  i n  t h e  f i l t r a t e  were less 
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t h a n  a n a l y t i c a l  d e t e c t i o n  l i m i t s .  The 
d e t e c t i o n  l i m i t s  y i e l d e d  99-pct p r e c i p i -  
t a t i o n  of i r o n  and manganese, 97-pct 
p r e c i p i t a t i o n  of z i n c ,  and 83-pct pre- 
c i p i t a t i o n  of lead .  C o r r e l a t i o n  of pH 
r e a d i n g s  w i t h  l i m e  a d d i t i o n  ra tes  w a s  
t h e  b e s t  ob ta ined  d u r i n g  t h i s  s tudy .  
These d a t a  s u g g e s t  t h a t  p a r t  of t h e  d i f -  
f i c u l t y  i n  o b t a i n i n g  r e p r o d u c i b l e  pH 
r e a d i n g s  i s  caused by changing o x i d a t i o n  
s t a t e s  and i s  no t  e n t i r e l y  due t o  
c o a t i n g  of t h e  e l e c t r o d e s .  

The pH r e a d i n g s  i n  t h e  hydroxide 
t h i c k e n e r  were less t h a n  9.0 a f t e r  t h e  
f i r s t  14 h r  of o p e r a t i o n  and dec reased  
below 8 f o r  two s h o r t  p e r i o d s .  Each t i m e  
t h e  pH dec reased  below 8, p r e c i p i t a t i o n  
o f  metal v a l u e s  dec reased  by 5 t o  1 0  p c t  
d u r i n g  t h e  n e x t  8 h r .  When t h e  pH in- 
c r e a s e d  above 8, p r e c i p i t a t i o n  of metal  
v a l u e s  inc reased .  

E v a l u a t i o n  of samples t a k e n  from t h e  
hydroxide t h i c k e n e r  showed t h a t  a i r  in- 
j e c t i o n  d i d  no t  a f f e c t  t h e  recovery of 
metal  hydroxides.  Overflows from t h e  
t h i c k e n e r  con ta ined  0.2 t o  0.5 g / l  s o l i d s  
and i n d i c a t e d  81- t o  90-pct recovery of 
s o l i d s  i n  t h e  t h i c k e n e r .  A s  i n  ear l ie r  
t es t s ,  t h e  s o l i d s  i n  t h e  ove r f low samples 
were s l i g h t l y  e n r i c h e d  i n  manganese and 
z i n c  when compared w i t h  t h e  s o l i d s  i n  t h e  
hydroxide r e a c t o r s .  Temperatures mea- 
s u r e d  i n  t h e  t h i c k e n e r  ranged from 
110" t o  135" F ,  and recovery of s o l i d s  
d e c r e a s e d  from 89 p c t  a t  110" F t o  81 p c t  
a t  135" F. Composition of t h e  f i l t e r  
c a k e s  was s i m i l a r  t o  t h e  v a l u e s  r e p o r t e d  
i n  t a b l e  3 and r e g i o n  I1 of t a b l e  4. 

P r e c i p i t a t i o n  Using Lime S l u r r y  
With Exc lus ion  of A i r  ( T e s t  5 )  

During t es t  5 ,  t h e  e f f e c t  of exclud- 
i n g  a i r  was i n v e s t i g a t e d .  Covers were 
p l a c e d  on a l l  of t h e  t a n k s  t o  t r a p  a 
l a y e r  of steam t h a t  excluded a i r  from t h e  
system. E v a l u a t i o n  of samples t a k e n  d u r  
i n g  t h e  t es t  i n d i c a t e d  t h a t  t h e  sys t em 
was o p e r a t i n g  under  non-steady-state  con- 
d i t i o n s .  Measurements of pH showed no 
t r e n d  and cou ld  n o t  be c o r r e l a t e d  t o  l i m e  
a d d i t i o n  ra tes .  Analyses of f i l t r a t e s  
f rom t h e  hydroxide f i l t e r  p r e s s  v a r i e d  

ove r  a wide range w i t h  no t r end .  Anal- 
y s i s  of t h e  l i q u i d  p o r t i o n  of t h e  samples 
t aken  from t h e  hydroxide r e a c t o r  and 
t h i c k e n e r  underf low showed no agreement 
e i t h e r  w i t h  one a n o t h e r  o r  w i t h  samples 
of t h e  f i l t e r  p r e s s  f i l t r a t e  t a k e n  w i t h i n  
0.5 h r  of t h e  p r e v i o u s  sample. 

S i n c e  t h e  HRU neve r  o b t a i n e d  s t e a d y  
s t a t e  c o n d i t i o n s  d u r i n g  t h e  t es t ,  no 
e v a l u a t i o n s  were made on samples from t h e  
hydroxide t h i c k e n e r  o r  f i l t e r  p r e s s .  

Recovery of Ne ta l  Values  From 
Hydroxide P rec iDi t a t e s  

In  c o n j u n c t i o n  w i t h  o p e r a t i o n  of t h e  
PIRU t o  p r e c i p i t a t e  metal  v a l u e s  from t h e  
b r i n e ,  l a b o r a t o r y  experiments  were con- 
duc ted  t o  i n v e s t i g a t e  t h e  r ecove ry  of 
metals from t h e  hydroxide f i l t e r  cakes .  
A hydroxide p r e c i p i t a t e  w a s  p repa red  by 
t r e a t i n g  s e v e r a l  hundred g a l l o n s  of post-  
f l a s h  b r i n e  w i t h  l i m e  s l u r r y .  The p rec i -  
p i t a t e  was f i l t e r e d  i n  a c e n t r i f u g e  and 
analyzed ( t a b l e  7) .  Comparison of t h e  
f i l t e r  cake w i t h  t h o s e  o b t a i n e d  a t  t h e  
MRU ( s e e  t a b l e  3 )  shows t h a t  i t  c o n t a i n s  
less metals and more s a l t s .  With t h e  
e x c e p t i o n  t h a t  t h e  f i l t e r  cake p repa red  
f o r  recovery s t u d i e s  c o n t a i n s  a larger  
amount of e n t r a i n e d  b r i n e ,  i t  i s  ve ry  
s imi l a r  t o  t h o s e  produced a t  t h e  MRU. 

T M L E  7. - Metals a n a l y s i s  of hydroxide 
f i l t e r  cake  p repa red  f o r  

r ecove rv  s t u d i e s .  D c t  

Sodium....................,.......... 4.3 
Manganese............. .............. 3.4 
Calcium............................. 2.7 
Zinc... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.2 
Iron... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 
Potassium.... . . . . . . . . . . . . . . . . . . . . . . .  .9 
Lead................................ .3 

The p o t e n t i a l  v a l u e  of t h e  metals 
p r e c i p i t a t e d  from t h e  b r i n e  i s  shown i n  
t a b l e  8. S i n c e  t h e  major d o l l a r  v a l u e  
con ta ined  i n  t h e  p r e c i p i t a t e s  i s  repre- 
s e n t e d  by t h e  z i n c ,  t h e  l a b o r a t o r y  s t u d y  
was d i r e c t e d  toward s e l e c t i v e  l e a c h i n g  o f  
z i n c  from t h e  f i l t e r  cake.  Coleaching of 
l e a d  was a c c e p t a b l e ,  b u t  l e a c h i n g  o f  i r o n  
o r  manganese w a s  n o t  d e s i r a b l e .  The most 
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Zinc..... 

obvious method f o r  ach iev ing  t h i s  g o a l  
would be t o  use  a b a s i c  l eachan t .  Exper- 
iments  were designed f o r  l e a c h i n g  w i t h  
s o l u t i o n s  of N a O H ,  NH40H, and N H 4 C 1 .  

b r i n e ,  mg/l $/1,000 g a l  
270 0.91 

Con tac t ing  t h e  f i l t e r  cake w i t h  
s o l u t i o n s  con ta in ing  25 t o  50 p c t  NaOH 
r e s u l t e d  i n  a v i scous  s l u r r y  t h a t  was 
d i f f i c u l t  t o  f i l t e r .  With NaOH l e a c h i n g  
t h e  b e s t  e x t r a c t i o n s  were 4 4  p c t  of t h e  
z i n c ,  28 p c t  of t h e  l e a d ,  and 2 p c t  each  
of i r o n  and manganese. Leaching w i t h  
s o l u t i o n s  of NH,OH, w a s  s e l e c t i v e  f o r  
z i n c ,  but  on ly  35 t o  4 2  p c t  of t h e  z i n c  
w a s  leached.  There w a s  no d e t e c t a b l e  
l e a c h i n g  of i r o n  o r  l e a d ,  and l e a c h i n g  of 
manganese was less t h a n  1 p c t .  Releach- 
i n g  of t a i l i n g s  r e s u l t e d  i n  a s l i g h t  
i n c r e a s e  i n  z i n c  recovery.  Leaching w i t h  
N H 4 C 1  y i e l d e d  r e s u l t s  s imilar  t o  leach- 
i n g  w i t h  NH40H. Modifying t h e  l e a c h i n g  
c o n d i t i o n s  by purging w i t h  a i r  o r  by 
l e a c h i n g  a t  96" C gave no improvement. 

a t  a n e u t r a l  o r  b a s i c  pH. Leaching tes ts  
u s i n g  hydroxide f i l t e r  cake  r e s u l t e d  i n  

suppres s  manganese by u s i n g  o x i d i z i n g  
c o n d i t i o n s  were only  p a r t i a l l y  success-  
f u l .  Leaching tes ts  a t  96" C o r  w i t h  a n  
a i r  purge gave l i t t l e  improvement. 
Leaching w i t h  a c h l o r i n e  gas  purge re- 
s u l t e d  i n  e x t r a c t i o n  of 91-pct of t h e  
z i n c ,  4 0  p c t  of t h e  manganese, 46  p c t  of 
t h e  l e a d ,  and 35 p c t  of t h e  i r o n .  The 
b e s t  r e s u l t  w a s  ob ta ined  u s i n g  a n  ozone 
purge w i t h  4.5 m l  of concen t r a t ed  H C 1  and 
50 m l  of H 2 0  t o  l e a c h  50 grams of f i l t e r  
cake.  The combined l e a c h i n g  and washing 
s o l u t i o n s  con ta ined  99 p c t  of t h e  z i n c ,  
23 p c t  of t h e  manganese, 15 p c t  of t h e  
l e a d ,  and 2 p c t  of t h e  i r o n .  Experiments 
u s i n g  d i l u t e  H2S04 were on ly  s u c c e s s f u l  
i n  s e p a r a t i n g  z i n c  from l ead .  I r o n  and 
manganese leached  as w e l l ,  o r  b e t t e r ,  
t han  z inc .  

Lead.. . . . 
I ron . .  . . . 
Manganese 

A survey  of s t a b i l i t y  c o n s t a n t s  f o r  
i r o n ,  manganese, z i n c ,  and l e a d  w i t h  com- 
p l e x i n g  a g e n t s  was made. The complexing 
a g e n t s  cons ide red  w e r e  o x a l i c  a c i d ,  EDTA, 

50 .11 
160 .o 1 
710 .01 

S i n c e  z i n c  r e c o v e r i e s  were less  t h a n  
5 0  p c t  w i t h  b a s i c  l e a c h i n g  sys tems,  a n  
i n v e s t i g a t i o n  i n t o  s e l e c t i v e  l e a c h i n g  
w i t h  a c i d s  was i n i t i a t e d .  Leaching w i t h  
i n c r e a s i n g  s t r e n g t h s  of H C 1  e x t r a c t e d  
manganese most r e a d i l y .  When 2 0  p c t  of 
t h e  manganese w a s  l eached ,  z i n c  began t o  
d i s s o l v e  and t h e n  i r o n  and l e a d  as t h e  
s o l u t i o n  became more a c i d i c .  Attempts t o  

DISCUSSION AND CONCLUSIONS 

P r e c i p i t a t i o n  of metal v a l u e s  d u r i n g  were i n s u f f i c i e n t  f o r  complete p r e c i p i -  
o p e r a t i o n  of t h e  MRU agreed w i t h  t h e  t a t i o n  of manganese, and h i g h e r  l i m e  
r e s u l t s  p r e d i c t e d  by a n  eng inee r ing  a d d i t i o n s  caused r e d i s s o l u t i o n  of l ead .  
s tudy .  The use  of 27  l b  of l i m e  p e r  Adding l i m e  as a 15- t o  20-pct s l u r r y  
1,000 g a l  of b r i n e  r e s u l t e d  i n  95- t o  was p r e f e r r e d  t o  adding  d r y  l i m e  because 
99-pct p r e c i p i t a t i o n  of i r o n ,  manganese, d r y  l i m e  agglomerated on c o n t a c t  w i t h  
z i n c ,  and lead .  Lower l i m e  a d d i t i o n s  t h e  b r ine .  Only a p o r t i o n  of t h e  d r y  
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l i m e  w a s  a v a i l a b l e  f o r  p r e c i p i t a t i o n  
of metal va lues .  Loca l i zed  h igh  pH re- 
s u l t e d  i n  t h e  s l u r r i e s  and f i l t e r  cakes 
and caused r e d i s s o l u t i o n  of l ead .  Injec-  
t i o n  of a i r  had no d e t e c t a b l e  e f f e c t  
on p r e c i p i t a t i o n  of metal v a l u e s ,  whereas 
e x c l u s i o n  of a i r  r e s u l t e d  i n  non-steady- 
s t a t e  c o n d i t i o n s .  

Add i t ion  of l i m e  s l u r r y  t o  t h e  b r i n e  
was b e s t  c o n t r o l l e d  by u s i n g  f i x e d ,  pre- 
c a l c u l a t e d  a d d i t i o n  rates.  The u s e  of pH 
measurements t o  c o n t r o l  l i m e  a d d i t i o n  w a s  
u n s a t i s f a c t o r y  because of t h e  d i f f i c u l t y  
i n  o b t a i n i n g  r e l i a b l e  pH read ings .  The 
h i g h  tempera ture  and s a l i n i t y  of t h e  
b r i n e  create a n  un favorab le  environment 
f o r  most pH e l e c t r o d e s .  E l e c t r o d e s  be- 
coming coa ted  w i t h  l i m e  o r  metal hydrox- 
i d e s  f u r t h e r  complicated t h e  measure- 
ments. The pH measured d u r i n g  t h e  tes ts  
employing a i r  i n j e c t i o n  and e x c l u s i o n  of 
a i r  s u g g e s t s  t h a t  o x i d a t i o n  r a t e  of t h e  
metals may a l s o  a f f e c t  pH measurements. 
While methods of measuring pH were n o t  
s p e c i f i c a l l y  i n v e s t i g a t e d  d u r i n g  opera- 
t i o n  of t h e  MRU, t h e  d a t a  sugges t  t h a t  pH 
could  be used as a p rocess  c o n t r o l  mea- 
surement  i f  a p p r o p r i a t e  s e l f - c l e a n i n g  
e l e c t r o d e s  a re  used under  s u f f i c i e n t l y  
o x i d i z i n g  c o n d i t i o n s .  

Rake c l a s s i f i e r s  were i n e f f e c t i v e  
f o r  s i l i c a  removal p r i o r  t o  p r e c i p i t a t i o n  
of  m e t a l  va lues .  I n c r e a s i n g  t h e  s o l i d s  
c o n c e n t r a t i o n  i n  t h e  s l u r r i e s  improved 
s i l i c a  removal. Lower o p e r a t i n g  tempera- 
t u r e s  may a l s o  have been b e n e f i c i a l ,  
b u t  would n o t  be compat ib le  w i t h  t h e  
energy  r ecove ry  c i r c u i t .  P o t e n t i a l l y ,  a 
more e f f e c t i v e  method of  s i l i c a  removal 
would.employ a r e a c t o r c l a r i f i e r  i n  place 
of  t h e  r a k e  c l a s s i f i e r .  The r e s u l t a n t  
s l u d g e  b l a n k e t  t h a t  develops i n  a 
r e a c t o r c l a r i f i e r  d e c r e a s e s  s i l i c a  
c o n t e n t  t o  s a t u r a t i o n  l e v e l s  ( 4 9  mg/l) .  

Removal of metals as hydroxides  w i t h  
t h e  modi f ied  r a k e  c l a s s i f i e r  was 80 t o  
90 p c t .  Higher  s o l i d s  con ten t  in t h e  
hydroxide  r e a c t o r  r e s u l t e d  i n  d e c r e a s i n g  
s o l i d s  c o n t e n t  i n  t h e  t h i c k e n e r  overf low.  
Lower t empera tu res  i n  t h e  t h i c k e n e r  pro- 
duced s imi la r  r e s u l t s .  The e f f e c t  of 
lower  tempera ture  w i t h i n  t h e  t h i c k e n e r  

was probably  due t o  dec reased  tempera ture  
g r a d i e n t s ,  which r e s u l t e d  i n  decreased  
d i s t u r b a n c e  of t h i c k e n i n g  s l u d g e  by ther -  
m a l  c u r r e n t s .  Ana lys i s  of t h e  composi- 
t i o n  of t h e  s o l i d s  i n  t h e  t h i c k e n e r  over- 
f l ow showed t h a t  t h e  s o l i d s  were e n r i c h e d  
i n  manganese and z i n c  w i t h  r e s p e c t  t o  
i r o n .  These r e s u l t s  were v e r i f i e d  by 
a n a l y s i s  of f i l t e r  cakes  t a k e n  from t h e  
hydroxide f i l t e r  p r e s s .  T h i s  behavior  
r e p r e s e n t s  a d i l u t i o n  of t h e  recovered  
m e t a l  v a l u e s  w i t h  a lower va lue  metal. 
Improved t h i c k e n i n g  of  hydroxide  s l u r r i e s  
by b e t t e r  t h i c k e n e r  d e s i g n  and /o r  b e t t e r  
i n s u l a t i o n  t o  minimize the rma l  mixing i s  
d e s i r a b l e .  A r e a c t o r - c l a r i f i e r  might  i m -  
prove hydroxide recovery  i n  t h e  same 
manner i n  which s i l i c a  removal could  be 
imp roved . 

The major  weakness d i scove red  i n  t h e  
meta l  v a l u e  r ecove ry  sys tem w a s  t r e a t m e n t  
of hydroxide f i l t e r  cakes .  The h i g h e s t  
metal v a l u e  w a s  z inc ;  a t t e m p t s  t o  sepa- 
ra te  z i n c  from i r o n  and manganese were 
p a r t i a l l y  s u c c e s s f u l .  Leaching w i t h  
N H 4 0 H  w a s  s e l e c t i v e  f o r  z i n c ,  bu t  o n l y  
4 2  p c t  of t h e  z i n c  w a s  l eached .  Releach- 
i n g  of t r e a t e d  hydroxides  r e s u l t e d  i n  
a n  a d d i t i o n a l  recovery  of <10 p c t  and 
sugges ted  t h a t  more t h a n  one s p e c i e s  of 
z i n c  compound was p r e s e n t  i n  t h e  f i l t e r  
cakes .  S e l e c t i v e  l e a c h i n g  under  a c i d i c  
c o n d i t i o n s  was e f f e c t i v e  when t h e  leach- 
i n g  w a s  done under  s t r o n g  o x i d i z i n g  con- 
d i t i o n s .  Hydroch lo r i c  a c i d  and ozone 
l eached  99 p c t  of t h e  z i n c ,  23 p c t  of t h e  
manganese, 15 p c t  of t h e  l e a d ,  and 2 p c t  
of t h e  i r o n .  The pregnant  s o l u t i o n  con- 
t a i n e d  e q u a l  amounts of z i n c  and manga- 
nese .  Use of complexing a g e n t s  r e s u l t e d  
i n  no improvement i n  z i n c  e x t r a c t i o n .  

S i n c e  t h e  b r i n e s  r e p r e s e n t  a low- 
g rade  source  of metal v a l u e s ,  r ecove ry  
of 50 p c t  of t h e  v a l u e s  i s  no t  s a t i s f a c -  
t o r y .  R e s u l t s  of a c o n t r a c t  s tudy  ( 4 )  
c a r r i e d  o u t  a t  t h e  same t i m e  t h e  MEU 
was o p e r a t i n g  show t h a t  h i g h  recovery  of 
z i n c  and l e a d  may be ob ta ined  by t r e a t i n g  
t h e  b r i n e s  w i t h  Na2S s o l u t i o n s .  S ince  
z i n c  and l e a d  a re  p r e c i p i t a t e d  preferen-  
t i a l l y  t o  i r o n  and manganese, p r e c i p i -  
t a t i o n  of t h e  l a t t e r  two metals may be 
minimized by c o n t r o l l i n g  t h e  q u a n t i t y  of 
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s u l f i d e  a d d i t i o n .  This  would r e s u l t  i n  
p r e c i p i t a t i o n  of a h ighe r  va lue  product  
t h a n  is  p o s s i b l e  w i t h  l i m e  a d d i t i o n .  A 
p r e f e r r e d  p rocess ing  scheme would employ 
Na2S t o  p r e c i p i t a t e  z i n c  and l e a d  

fol lowed by l i m e  a d d i t i o n  t o  p r e c i p i t a t e  
i r o n  and manganese. Data ob ta ined  d u r i n g  
o p e r a t i o n  of t h e  MRU can be a p p l i e d  
t o  t h e  l i m e  p r e c i p i t a t i o n  of i r o n  and 
manganese. 
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