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SEPARATION SCIENCE AND TECHNOLOGY, 28(1-3), pp. 579-593 (1993) 

RECOVERY O F  NONFERROUS METALS FROM METAL FINISHING INDUSTRY WASTES 

Clyde S .  Brooks 
Recycle Metals  

Glas tonbury ,  Connect icut  06033 

ABSTRACT 

F l e x i b l e  schemes have been devised  f o r  recovery of nonfer rous  
m e t a l s  (copper ,  chromium, n i c k e l  and z i n c )  from meta l  f i n i s h i n g  in-  
d u s t r y  w a s t e  a c i d s  and hydroxide s l u d g e s .  Evalua t ions  conducted 
wi th  bench scale exper imenta t ion  e s t a b l i s h e d  t e c h i i i c a l  f e a s i b i l i t y  
f o r  a d a p t a t i o n s  of s o l v e n t  e x t r a c t i o n ,  p r e c i p i t a t i o n  and i o n  ex- 
change s e p a r a t i o n  p r o c e s s e s .  It  w a s  demonstrated w i t h  i n d u s t r i a l  
was te  samples t h a t  by t a i l o r i n g  s e v e r a l  s e p a r a t i o n  s t a g e s  appropr i -  
a te  f o r  s p e c i f i c  waste composi t ions f o r  complex mixtures  of widely 
vary ing  c h a r a c t e r  t h a t  e f f i c i e n t  s e p a r a t i o n s  can  be  achieved f o r  
copper ,  chromium, n i c k e l  o r  z i n c  from contaminant metals such as 
aluminum, chromium o r  i r o n ,  

INTRODUCTION 

A p r i n c i p a l  o b j e c t i v e  of t h e  p r e s e n t  work has  been t o  develop 

t e c h n i c a l l y  f e a s i b l e  s e p a r a t i o n  regimes f o r  some of t h e  more com- 

p lex  i n d u s t r i a l  was tes  c o n t a i n i n g  non-ferrous m e t a l s ,  no tab ly  

copper  and n i c k e l  where t h e  presence  of m e t a l s  of lesser economic 

v a l u e  such as aluminum, chromium and i r o n  are contaminat ing com- 

ponents  t h a t  d i s c o u r a g e  r e c y c l i n g .  

The s e p a r a t i o n  p r o c e s s e s  s e l e c t e d  have c o n s i s t e d  p r i m a r i l y  of  

s o l v e n t  e x t r a c t i o n ,  p r e c i p i t a t i o n  and i o n  exchange. Technica l  

f e a s i b i l i t y  h a s  been e v a l u a t e d  i n  bench s c a l e  exper imenta t ion  us ing  

s imula ted  was te  mixtures  and s e v e r a l  i n d u s t r i a l  w a s t e s ,  no tab ly  

e l e c t r o c h e m i c a l  machining s l u d g e s ,  spent  c a t a l y s t s ,  p l a t i n g  w a s t e s ,  

b r a s s  i n d u s t r y  water  t rea tment  s ludge  and was te  minera l  a c i d s .  
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580 BROOKS 

The suggested separa t ion  regimes described he re  a r e  considered 

t o  be appl icable  i n  l a r g e  p a r t  t o  t h e  d i f f i c u l t  sludges created by 

pas t  p rac t i ces  i n  cleaning up w a t e r  e f f l u e n t s ,  many of which a r e  

now abandoned. 

d u s t r i a l  s i tes crea ted  i n  pas t  years  but now made obsole te  by 

more enlightened p r a c t i c e  i n  minimizing t o x i c  wastes. These accum- 

u l a t ions  may very wel l  be p o t e n t i a l  Superfund si tes.  It i s  evident 

t h a t  t h e r e  are a number of incent ives  favoring recovery of non- 

f e r rous  metals from i n d u s t r i a l  wastes such as the  oxide/hydroxide 

so l id s .  These incent ives  inc lude  waste volume minimization, de- 

t o x i f i c a t i o n ,  resource  conservation and reduction i n  exposure of 

t h e  genera tor  o r  subsequent property owner t o  l i a b i l i t y  f o r  crea- 

t i o n  of hazardous waste. 

There are many accumulations of waste s o l i d s  on in- 

METAL RECOVERY FROM COMPLEX WASTES 

Adaptations of hydrometallurgical separa t ion  processes a r e  

considered t o  by p re fe rab le  t o  pyrometallurgical separa t ion  pro- 

cesses  f o r  a numberof reasons (1). 

1 )  lower c a p i t a l  cos t s  

2 )  lower opera t ing  cos t s  

3)  p o t e n t i a l l y  high m e t a l  recovery 

4 )  p o t e n t i a l  f o r  reduced l abor  c o s t s  through automatic con t ro l  

5) reduced water and a i r  po l lu t ion  problems 

6 )  g r e a t e r  s u i t a b l i i t y  f o r  low grade and complex metal  systems 

7 )  provide advantages i n  by-product recovery and recyc l ing  

The adapta t ions  of hydrometallurgical separa t ion  processes 

from conventional app l i ca t ion  t o  metal  ex t r ac t ion  from o res  t o  

w a s t e  s y s t e m s  r equ i r e s  some reo r i en ta t ion  t o  dea l  wi th  the  s ign i f -  

i c a n t  d i f f e rences  i n  t h e  charac te r  of t hese  two kinds of systems. 

Metal f i n i sh ing  waste s o l i d s  d i f f e r  d r a s t i c a l l y  i n  such parameters 

as  

1) smaller t o t a l  volumes of s o l i d s  o r ig ina t ing  from a given 

source  

2) h igher  concentrations f o r  metals to be recovered 
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RECOVERY OF NONFERROUS METALS 58 1 

3) d r a s t i c  d i f f e r e n c e s  i n  p h y s i c a l  and chemical c h a r a c t e r  of 

s o l i d  systems 

4 )  more numerous geographic  o r i g i n s  f o r  was tes  

5) g r e a t e r  v a r i a t i o n s  i n  p h y s i c a l  and chemical composi t ion 

A r e c e n t  review h a s  been conducted of t h e  h y d r o m e t a l l u r g i c a l  

s e p a r a t i o n  processes  a p p l i c a b l e  t o  nonfer rous  m e t a l  wastes and a 

summary genera ted  Lor t h e  r e d u c t i o n  t o  p r a c t i c e  based on a system- 

a t i c  review of t h e  chemical l i t e r a t u r e  over  t h e  p a s t  ten y e a r s  ( 2 ) .  

S e p a r a t i o n  processes  a p p l i c a b l e  t o  metals i n  aqueous a c i d  o r  

a l k a l i n e  s o l u t i o n  c o n s i s t  of  a d s o r p t i o n ,  cementa t ion ,  e lec t rowin-  

n i n g ,  i o n  exchange, membrane p r o c e s s e s ,  p r e c i p i t a t i o n  and s o l v e n t  

e x t r a c t i o n .  S e p a r a t i o n  p r o c e s s e s  a p p l i c a b l e  t o  s o l i d  m e t a l  wastes 

c o n s i s t  of b i o l o g i c a l  s e p a r a t i o n s ,  f l o t a t i o n ,  magnet ic  s e p a r a t i o n s ,  

pyrometal lurgy and s o l v e n t  p a r t i t i o n .  S o l u b i l i z a t i o n  of  t h e  s o l i d  

was te  systems a v a i l a b l e  f o r  convers ion  t o  systems amenable t o  s o l -  

u b l e  meta l  s e p a r a t i o n s  can be  achieved by a v a r i e t y  of procedures  

such a s  r e a c t i o n  w i t h  a c i d s ,  a l k a l i e s ,  c h l o r i n a t i o n ,  s u l f i d i z a t i o n /  

s u l f a t i o n ,  a l l o y i n g ,  v o l a t i l i z a t i o n  and c e r t a i n  b i o l o g i c a l  reduc- 

t i o n s .  Acid s o l u b i l i z a t i o n  i s  t h e  most a p p l i c a b l e  t rea tment  process  

f o r  metal  ox ide /hydroxide  waste s ludges .  

Extens ive  work h a s  been conducted by Twidwell, Dahnke, et  a l .  

( 3 , 4 )  from bench scale t o  p i l o t  p l a n t  f o r  s e p a r a t i o n  of complex 

meta l  was tes  u s i n g  s e p a r a t i o n  processes  such as s u l f u r i c  a c i d  so l -  

u b i l i z a t i o n ,  i r o n  s e p a r a t i o n  by j a r o s i t e  p r e c i p i t a t i o n ,  copper  sep- 

a r a t i o n  by s o l r e E t  e x t r a c t i o n ,  cadmium and z i n c  s e p a r a t i o n  by 

s o l v e n t  e x t r a c t i o n ,  chromium s e p a r a t i o n  by p r e c i p i t a t i o n  a s  l e a d  

chromate and n i c k e l  by c r y s t a l l i z a t i o n  a s  a n i c k e l  s u l f a t e .  

I n  a d d i t i o n  t o  t h e s e  exper imenta l  e v a l u a t i o n s  there are a t  

l e a s t  two commercial p l a n t s  n o t a b l y  Recontck and Encycle c u r r e n t l y  

i n  o p e r a t i o n  f o r  t r e a t i n g  hazardous meta l  wastes i n  which nonfer-  

r o u s  m e t a l  r ecovery  is  conducted (5,6) u s i n g  a v a r i e t y  of hydro- 

m e t a l l u r g i c a l  s e p a r a t i o n  processes .  

The s e p a r a t i o n  processes  s e l e c t e d  f o r  t h e  p r e s e n t  work c o n s i s t  

of s o l v e n t  e x t r a c t i o n ,  selective p r e c i p i t a t i o n  and i o n  exchange 
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582 BROOKS 

based on t h e  state of development of t h e s e  s e p a r a t i o n  p r o c e s s e s  

and t h e  p o t e n t i a l  f o r  a p p l i c a t i o n  t o  a c t u a l  i n d u s t r i a l  waste 

s o l i d s  w i t h  f a v o r a b l e  economics. O r i g i n a l i t y  i s  not  claimed f o r  

t h e  i n d i v i d u a l  s e p a r a t i o n  p r o c e s s e s  but  rather the o b j e c t  i s  t o  

provide  a n  i n s i g h t  how a p p r o p r i a t e  combinations of modif ied separ -  

a t i o n  p r o c e s s e s  can achieve  promising s e p a r a t i o n s  f o r  a c t u a l  in-  

d u s t r i a l  wastes. I n  a d d i t i o n  t o  t h e s e  s e p a r a t i o n  p r o c e s s e s ,  oxida- 

t i o n  w i t h  hydrogen peroxide  i s  used t o  d e s t r o y  o r g a n i c  components 

p r e s e n t  and i n  a n  a l k a l i n e  environment t o  conver t  t r i v a l e n t  chrom- 

ium t o  t h e  hexavalen t  form t o  enhance s e p a r a t i o n  by s o l u b i l i z a t i o n .  

EXPERIMENTAL PROCEDURES 

Solvent  E x t r a c t  i o n  S e p a r a t i o n s  

Solvent  e x t r a c t i o n  can b e  conducted i n  s t a g e s  w i t h  progres-  

s i v e l y  i n c r e a s i n g  pH by a d d i t i o n  of sodium hydroxide  t o  opt imize  

t h e  s e p a r a t i o n  of t h e  metals of i n t e r e s t  i n  complex a c i d  s o l u t i o n s  

of metals (7). The e x t r a c t i o n s  w e r e  conducted w i t h  t h r e e  sequen- 

t i a l  5 minute shake tests i n  a 250 m l  d e p a r a t o r y  f u n n e l  w i t h  50 t o  

100 m l  of t h e  waste s o l u t i o n s  and 50 m l  of t h e  e x t r a c t a n t  s o l u t i o n .  

E x t r a c t i o n  agent  c o n c e n t r a t i o n s  ranged from 5 t o  20 w t  Z and so l -  

v e n t s  c o n s i s t e d  of  naphtha,  t o l u e n e ,  and xylene.  E x t r a c t i o n  agents  

c o n s i s t e d  p r i n c i p a l l y  of commercial agents  such as di-2-ethylhexyl  

phosphoric  a c i d  (Albr ight  and Wilson DI2EHPA 9 5 % ) ,  2-hydroxy 

5 nonyl bensophenone oxime (Henkel HSLIX 64N) v a r i o u s  oximes 

(Henkel LIX 63, LIX622), d inonyl  naphthalene s u l f o n i c  a c i d  (King 

I n d u s t r i e s  SYNEX DN-052) and b i s  (2 ,4 ,4  t r i m e t h y l  p e n t y l )  phos- 

p h o r i c  a c i d  (American Cyanamid CYANEX 272) w i t h  e x t r a c t i o n  a g e n t s  

p r e s e n t  i n  weight  r a t i o s  of 5.0 t o  25 the amounts of  metal p r e s e n t  

i n  t h e  aqueous phase. 

The t r a n s f e r  e f f i c i e n c y  of m e t a l  from t h e  aqueous t o  the s o l -  

vent phase w a s  determined from a n a l y s i s  of t h e  e q u i l i b r i u m  metal 

c o n c e n t r a t i o n s  i n  t h e  aqueous phase fo l lowing  the shake  tests. 

Metal a n a l y s e s  were based on atomic a b s o r p t i o n  a n a l y s e s  by a com- 

m e r c i a l  a n a l y t i c a l  l a b o r a t o r y  (Phoenix Environmental L a b o r a t o r i e s ,  

Manchester, CT). 
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RECOVERY OF NONFERROUS METALS 583 

E v a l u a t i o n s  of metal recovery  from the s o l v e n t  phases  were 

conducted by a two-stage e x t r a c t i o n  of t h e  metal  loaded s o l v e n t  

phases  w i t h  20 w t  Z H S O  w i t h  a n a l y s i s  of t h e  metal recovered 

i n t o  t h e  a c i d  phases  t o  e s t a b l i s h  meta l  recovery and s o l v e n t  phase 

r e g e n e r a t i o n  e f f i c i e n c y .  Detai ls  on s e l e c t i o n  of e x t r a c t i o n  

a g e n t s  and exper imenta l  e v a l u a t i o n s  have been publ i shed  ( 7 ) .  

Metal S e p a r a t i o n  by P r e c i p i t a t i o n  

2 4  

The e v a l u a t i o n s  of meta l  s e p a r a t i o n  from a c i d  s o l u t i o n s  of 

mixed metals w e r e  conducted i n  l i m i t e d  pH range  w i t h  p r e c i p i t a t i n g  

a g e n t s  (NaOH, Na3P04, Sodium Oxala te )  added i n  excess  of no more 

t h a n  20-25 w t  % of  t h e  amount of t h e  p a r t i c u l a r  metal t o  be pre- 

c i p i t a t e d .  

Hydroxide P r e c i p i t a t i o n .  I r o n  hydroxide p r e c i p i t a t i o n s  were 

conducted w i t h  NaOH a t  a maximum pH of 4 . 5  and i n  some c a s e s  wi th  

a d d i t i o n  of  200 t o  1000 PPM of  s e l e c t e d  a n i o n i c  s u r f a c t a n t s  

( a c e t i c  a c i d  o r  e t h y l e n e  d i a m i n e t e t r a a c e t i c  a c i d )  p r i o r  t o  each pH 

adjustment  w i t h  NaOH (8). 

Phosphate P r e c i p i t a t i o n .  S o l i d  s l u d g e s  c o n t a i n i n g  t r i v a l e n t  

metal c a t i o n s ,  i r o n ,  chromium and/or  aluminum, a long  w i t h  d i v a l e n t  

meta l  c a t i o n s ,  copper ,  n i c k e l  and/or  z i n c  and s o l u b i l i z e d  i n  

aqueous s u l f u r i c  a c i d  were s u b j e c t e d  t o  s taged  phosphate  p r e c i p i -  

t a t i o n .  Sodium phosphate  i n  a n  amount 1 0  percent  i n  excess  of t h e  

s t o i c h i o m e t r i c  amount f o r  t h e  i r o n  p r e s e n t  w a s  mixed a t  room tem-  

p e r a t u r e  w i t h  t h e  s o l u t i o n  a d j u s t e d  f o r  a pH range  of 1 t o  2 w i t h  

sodium hydroxide.  The i r o n  phosphate  p r e c i p i t a t e  w a s  s e p a r a t e d  

by f i l t r a t i o n .  Then sodium phosphate  i n  a n  amount 10 percent  i n  

excess of the s t o i c h i o m e t r i c  amount f o r  t h e  chromium p r e s e n t  w a s  

mixed a t  room tempera ture  w i t h  the s o l u t i o n  a d j u s t e d  t o  a pH range  

of 2.5 t o  3 . 5  w i t h  sodium hydroxide.  The chromium phosphate  pre- 

c i p i t a t e  w a s  s e p a r a t e d  by f i l t r a t i o n .  

Oxala te  P r e c i p i t a t i o n .  The o x a l a t e  p r e c i p i t a t i o n s  of n i c k e l  

w e r e  conducted w i t h  a d d i t i o n  of sodium o x a l a t e  i n  a pH range  of 

4 t o  5 i n  an amount 1 .5  t i m e s  the s t o i c h i o m e t r i c  requirement  f o r  
t h e  n i c k e l  p r e s e n t  ( 9 ) .  
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584 BROOKS 

Ion Exchange 

The ion exchange separa t ions  of n i cke l  were conducted with a 

che la t e  type r e s i n  (Amberlite XRC-718) following removal of i ron ,  

copper, aluminum, z inc  and t r i v a l e n t  chromium. 

Oxidation of Waste Solu t ions  

Aeration of so lu t ions  with addi t ions  of 3 w t  Z hydrogen per- 

oxide i n  a g l a s s  column wi th  a i r  d i spe r s ion  was conducted a t  t e m -  

pera tures  from 25 t o  75 O C  f o r  des t ruc t ion  of organics ,  cyanide 

and organic complexing agents and f o r  conversion of chromium (111) 

t o  t h e  hexavalent s t a t e  ( V I ) .  Aeration oxidation tests were con- 

ducted with 50-100 cm of so lu t ion  aera ted  with 100-200 cm /min. 

a i r  flow a t  one atmosphere i n  a c y l i n d r i c a l  g l a s s  column 

(5 cm x 45 cm) equipped with a f i n e  d ispers ion  f r i t  f o r  per iods  

from 2 t o  8 hours i n  a pH range of 2 t o  6 .  The ex ten t  of oxida- 

t i o n  des t ruc t ion  of t h e  organic components was es tab l i shed  by de- 

termination of t h e  t o t a l  organic carbon (TOC). 

AlkalineJOxidation Leach 

3 3 

Selected sludges containing high chromium were subjected t o  

an a l k a l i n e  leach  with sodium carbonate i n  aqueous hydrogen per-  

oxide. Sodium carbonate i n  an amount s to ich iometr ic  with t h e  

chromium present and with enough excess t o  provide a pH of a t  

l e a s t  10 i n  3 w t  % hydrogen peroxide so lu t ion  was mixed with t h e  

sludge, t h e  mixture heated t o  a l e a s t  250 ' C ,  t h e  water was evapor- 

a ted  and t h e  d r i ed  res idue  leached with f r e s h  sodium carbonate and 

3 w t  Z hydrogen peroxide so lu t ion  t o  s o l u b i l i z e  t h e  t r i v a l e n t  

chromium oxidized t o  hexavalent chromium as sodium chromate. 

Separation Procedures f o r  Nickel Wastes 

Waste Systems. The n i cke l  w a s t e s  consisted of electrochemical 

machining (ECM) f i l t e r  cake, a n i cke l  hydroxide sludge, a w a s t e  

mineral ac id ,  a spent n i cke l  hydrogenation c a t a l y s t  and a spent 

e l e c t r o l e s s  n i cke l  p l a t ing  so lu t ion .  The compositions a re  shown 

i n  Table 1. 
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RECOVERY OF NONFERROUS METALS 585 

TABLE 1 

WASTE COMPOSITIONS 

WASTE 

COMPOSITION- W T %  OTHER 

Fe Cr Cu Ni Zn (PPM) 
METALS - 

ELECTROCHEMICAL 
MACHlNl NG 
( E C M )  FILTER CAKE 

NICKEL HYDROXIDE 
SLUDGE 

WASTE MINERAL ACID 

SPENT NICKEL CATALYST 

SPENT ELECTROLESS 
NICKEL 

- - 4.4 - I .7 1.5 

0.020 0.0076 0.78 5.7 0.0028 Sn I100 
A l  360 
Ba 6 
Pb 300 

0.71 0.0023 1.6 3.0 I .4 Cd 280 
Mn 100 
Pb 79 
Sn 750 

- - - - - 25.0 

0.0027 0.00013 0.0017 0.288 0,0020 Pb 8.7 

S e p a r a t i o n  Regime. A seven s t a g e  s e p a r a t i o n  regime was used 

t o  make t h e  d e s i r e d  meta l  recovery  and make t h e  e f f l u e n t  s u i t a b l e  

t o  meet EPA emiss ion  s t a n d a r d s  (F ig .  1 . )  

In S t a g e  1 t h e  s o l i d  wastes, t h e  ECM f i l t e r  cake,  t h e  n i c k e l  

hydroxide s l u d g e  and t h e  n i c k e l  c a t a l y s t  w e r e  s o l u b i l i z e d  i n  20 

w t  Z H2S04. 

I n  S t a g e  2 the a c i d  s o l u t i o n s  of t h e  wastes w e r e  a d j u s t e d  w i t h  

NaOH of  Na CO t o  b r i n g  t h e  pH i n t o  a range of 2-6. 2 3  
I n  S t a g e  3 n o n s e l e c t i v e  s o l v e n t  e x t r a c t i o n  was conducted t o  

remove contaminant m e t a l s  such as i r o n ,  copper  o r  z i n c .  Binary 

mixtures  of d i e t h y l h e x y l  phosphoric  a c i d  (DI2EHPA) and L I X  a g e n t s  

(LIX 64 o r  LIX 622) c o n s i s t i n g  of 20 w t  X i n  naphtha s o l v e n t  were 

u s e d a t p H  3 t o  remove copper and i r o n .  Solvent  e x t r a c t i o n s  i n  

naphtha s o l v e n t  were used a t  a pH range of 5 t o  6 w i t h  b i n a r y  

mixtures  of DIZEHPA p l u s  LIX 64 (LIX 63)  as 20 w t  7, i n  naphtha 

s o l v e n t  i f  z i n c  a s  w e l l  as copper and i r o n  were p r e s e n t .  
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I 

* 

S 0 LU B I LIZ AT I ON I N 
20 WT v0 ~ 2 ~ 0 4  INSOLUBLES 

ADJUST TO pH 2-6 
WITH NaOH, N a 2 C 0 3  

--INERT 

c 

BROOKS 

4 + C 1 2 ,  H 2 0 2 ,  NaC103 OR 
( N H 4 ) 2 S 2 0 8  OXIDANT 

~ r 3 + +  Cr 
ORGAN I CS 

6+ 

Ni OXALATE 
PRODUCT 

1 PRECIPITATION OF N i  
WITH OXALIC ACID 

L I 

ADDITIONAL Ni 
RECOVERABLE 
FROM RESIN 

RESIDUAL METALS 
PRECIPITATED WITH 
NazS,  NaHS 

I + I 

EFFLUENT WATER MEETING 
EPA STANDARDS 

F i g u r e  1 SEPARATION STAGES 

I n  S t a g e  4 a d d i t i o n s  of 3 w t  % H 0 were used t o  o x i d i z e  the 2 2  
Cr3+ t o  Cr6+ and d e s t r o y  o r g a n i c s  p r e s e n t .  

I n  S t a g e  5 o x a l i c  a c i d  w a s  added i n  about  25% excess  of s t o i -  

c h i o m e t r i c  of the amount r e q u i r e d  t o  form t h e  i n s o l u b l e  p r e c i p i t a t e  

of t h e  o x a l a t e  w i t h  t h e  n i c k e l  p r e s e n t  i n  s o l u t i o n .  

I n  S tage  6 t h e  t r e a t e d  s o l u t i o n s  from s t a g e  5 were passed 

through a bed of c h e l a t e - t y p e  c a t i o n  exchange r e s i n  (Amberl i te  

X R C 7 1 8 ) .  

I n  S tage  7 t h e  res idua l .  meta ls  were p r e c i p i t a t e d  w i t h  NaHS 

a d d i t i o n  and f i l t e r e d  to remove t h e s e  meta ls  as t h e  s u l f i d e s .  
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RECOVERY OF NONFERROUS METALS 587 

TABLE 2 
SUMMARY OF SEPARATION RESULTS 

WASTE NICKEL WT% NICKEL WT% 
NICKEL RECOVERED RECOVERED RESIDUAL 
CONTENT SEPARATION BY OXALATE BY ION NICKEL 

WASTE ( WT %I STAGES PRECIPITATION EXCHANGE ( PPM) 

E C M  4 4 1,2, 3, 5, 6 99 0 0 88 3 5  

NICKEL HYDROXIDE 5 7 I, 2, 3,5, 6 96.9 3 .O 6 0  

MINERAL ACID 3 0 2,3, 5, 6 96 9 3 1  10 0 

NlCKEL CATALYST 25 0 I, 2, 5, 6 99 9 0 07 18 0 

ELECTROLESS NICKEL 0 29 4.6 92 5 2 2  217 0 

RESULTS AND DISCUSSION 

The r e s u l t s  of s e p a r a t i o n  schemes f o r  s e v e r a l  i n d u s t r i a l  

w a s t e s :  f i v e  n i c k e l  wastes, two p l a t i n g  was tes  and a b r a s s  indus- 

t r y  w a t e r  t r e a t m e n t  s l u d g e ,  from bench s c a l e  e v a l u a t i o n s  a r e  de- 

s c r i b e d  h e r e .  

Summary of Nicke l  S e p a r a t i o n s  R e s u l t s  

The r e s u l t s  of t h e  n i c k e l  s e p a r a t i o n s  f o r  t h e  f i v e  was tes  

u s i n g  t h e  s e p a r a t i o n  regime i n  F ig .  ‘I a r e  summarized i n  T a b l e  2.  

By u s i n g  a l l  s i x  s e p a r a t i o n s  s t a g e s  w i t h  t h e  ECM f i l t e r  cake and 

t h e  n i c k e l  hydroxide  s l u d g e  n i c k e l  r e c o v e r i e s  of 99.0 and 96.9 w t  X 
r e s p e c t i v e l y  as t h e  o x a l a t e  were o b t a i n e d .  Addi t iona l  r e c o v e r i e s  

of 0.88 and 3.0 w t  % of  t h e  n i c k e l  were recovered u s i n g  t h e  s i x t h  

i o n  exchange s e p a r a t i o n  s t a g e .  By u s i n g  s e p a r a t i o n  s t a g e s  2 th rough 

6 b u t  o m i t t i n g  t h e  o x i d a t i o n  s t a g e  4 ,  n i c k e l  r e c o v e r i e s  b e t t e r  than  

99.9 w t  Z were o b t a i n e d .  By u s i n g  f o u r  s t a g e s ,  1, 2 ,  5 ‘lnd 6 ,  and 

o m i t t i n g  t h e  s o l v e n t  e x t r a c t i o n  ( s t a g e  3) and o x i d a t i o n  ( s t a g e  4 )  

n i c k e l  r e c o v e r i e s  b e t t e r  t h a n  99.9 w t  % were obta ined .  The elec- 

t r o l e s s  n i c k e l  w a s t e  s e p a r a t i o n  W ~ S  t h e  l e a s t  s u c c e s s f u l .  Using 

o x i d a t i o n  and i o n  exchange s t a g e s  ( 4 and 6) o n l y  a n i c k e l  recovery 

of 94.7 w t  % n i c k e l  and a r e l a t i v e l y  h i g h  r e s i d u a l  n i c k e l  concen- 
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588 BROOKS 

TABLE 3 

CHROMIUM AND IRON SEPARATION BY PHOSPHATE PRECIPITATION 

- 

S O L I D  WASTE METAL 

Chromium-Nickel Fe 

cu 

cr 

Ni 

Zn 

plating waste 

Brass' Industry Fe 
Sludge 

cu 

cr 

Ni 

Zn 

FINAL METAL CONC. IN SOLUTION - PPM 
* INITIAL I RON COPPER CHROMIUM 
METAL PHOSPHATE SOLVENT PHOSPHATE 
PPM PRECIPITATION EXTRACTION PRECIPITATION 

1200. 7.3 
10.9891 

330. 

22000. 

730. 

40. 

- 2.4- 
(0 .988 )  
170. 

10.986)  
17. 

(0.9591 

(0.955) 
1.0 

w 
( 0 . 8 9  1 

10.73 1 

9200 1100 

7400 2300 
.~ . . 

1100 360 

190  67 

3 3 0 0  1 1 0 0  

(0.71 ) 

(0.69 

(0.71 ) 

- DH2 pH4 

3 3 0  
(0 .97  ) 

52 
(0 .96 ) 
47 

(0 .80  
5 1 0  
( 0 . 8 7  ) 

Note: values in parantheses are total weight fractions of metal removed 

Solubilized in 20 wt$ H2S04 

at given separation stage. 

t r a t i o n ,  217 PPM was obta ined .  The n i c k e l  r e s i d u a l s  ob ta ined  f o r  

t h e s e  systems us ing  t h e  s u l f i d a t i o n  p r e c i p i t a t i o n  can reasonably  

b e  expected t o  m e e t  EPA emiss ion  s t a n d a r d s .  A more extended d i s -  

c u s s i o n  of t h e s e  s e p a r a t i o n s  has been publ i shed  (1.0). 

P l a t i n g  Wastes 

Two p l a t i n g  wastes w e r e  examined t o  deve lop  metal recovery  op- 

t i o n s .  One w a s t e  was a mixed m e t a l  hydroxide ,  genera ted  i n  c lean-  

i n g  up was te  w a t e r s  from spent  p l a t i n g  s o l u t i o n s .  T h i s  was te  con- 

s i s t e d  p r i n c i p a l l y  of chromium (22 w t  S.) w i t h  minor amounts of 

n i c k e l  (0.7 w t  X), copper  (0.3 w t  X) and i r o n  (1.2 w t  X). A second 

was te  c o n s i s t e d  of a spent  e l e c t r o l e s s  n i c k e l  p l a t i n g  s o l u t i o n  

which contained a p p r e c i a b l e  r e s i d u a l  n i c k e l  (2790 PPM) and one 

o r  more o r g a n i c  complexing a d d i t i v e s ,  (such as a c e t i c ,  amino- 

acet ic ,  hydroxyace t ic ,  c i t r i c ,  l ac t ic ,  malic, s u c c i n i c  o r  e thy-  
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RECOVERY OF NONFERROUS METALS 589 

TARLE 4 

SOLID 
WASTE 

CHROMIUM SEPARATION BY ALKALINE/OXIDATION LEACH 

Chromium - Cr 
Nickel Plating 

cu 

Ni 

I N I T I A L  METAL WT. FRACTION 
METAL CONC. SOLUBILIZED IN 

METAL WT. FRACTION Na2Co3/H2o2 LEACH 

B r a s s  Cr 
Water Treatment 
Sludge  cu 

0.22 

0.003 

0.007 

0.09 

0 .09  

0.92 

0.02 

0.02 

0.90 

0.11 

Zn 0.05 0.22 

l e n e  d i a m i n e t e t r a a c e t i c  (EDTA) a c i d s ) ;  a reducing a g e n t ,  sodium 

hypophosphi te ,  and p o s s i b l y  a s t a b i l i z e r  t y p i c a l  of e l e c t r o l e s s  

p l a t i n g  s o l u t i o n s .  

I n  t h e  case of t h e  Lirst p l a t i n g  waste (Table  3) recovery of 

b o t h  chromium and n i c k e l  was d e s i r e d .  One s e p a r a t i o n  a l t e r n a t i v e  

examined c o n s i s t e d  of phosphate  p r e c i p i t a t i o n  of t h e  a c i d  s o l u b i l -  

i z e d  mixed hydroxide wi th  t h e  o b j e c t i v e  of p r e c i p i t a t i n g  t h e  tr i-  

v a l e n t  i r o n  and chromium l e a v i n g  t h e  n i c k e l  i n  s o l u t i o n  f o r  subse- 

quent  c o n c e n t r a t i o n  and recovery.  Twidwell and Dahnke ( 4 )  have re- 

ported c o n s i d e r a b l e  s u c c e s s  f o r  s e p a r a t i o n s  of chromium (111) and 

iron (111) f r o m d i v a l e n t  c a t i o n s  such  a s  copper ,  n i c k e l  and Tint 

i n  an a c i d  pH regime. E f f o r t s  t o  achieve  s e p a r a t i o n  of chromium 

(111) and i r o n  (111) by a d d i t i o n  of sodium phosphate  w i t h i n  t h e  pH 

range of 1 t o  3 were s u c c e s s r u l  bu t  a t  t h e  expense of unacceptab le  

l o s s e s  of copper ,  n i c k e l  and z i n c  by c o p r e c i p i t a t i o n  w i t h  the chro- 

mium and i r o n  phosphates  (Table 3 ) .  Using a two s t a g e  phosphate  

p r e c i p i t a t i o n  and employing a copper  s o l v e n t  e x t r a c t i o n  p r i o r  t o  

o r  a f t e r  t h e  i n i t i a l  i r o n  phosphate p r e c i p i t a t i o n  provided no addi-  

t i o n a l  advantage f o r  t h e  m e t a l  s e p a r a t i o n s  d e s i r e d .  
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TABLE 5 

BROOKS 

METAL CONTAMINANT REMOVAL BY SOLVENT EXTRACTION - ELECTROLESS NICKEL 

(Single stage e x t r a c t i o n  at pH 5 w i t h  LIX 63 t Di2EHPA) 

___ Metal (inltial PPM) X Metal Extracted PPM Residual Metal 

Fe (27) 3.0 26.2 

Cu ( 1 7 )  74.0 4.5 

Ni (2790) 17.0 2320.0 

Zn ( 2 0 )  95.0 1 . 1  

Cr ( 1 . 3 )  76.0 0.31 

Pb ( 8 . 7 )  67.0 2.9 

A sceond s e p a r a t i o n  approach f o r  t h e  f i r s t  p l a t i n g  waste t h a t  

proved more s u c c e s s f u l  c o n s i s t e d  of an a l k a l i n e  (NaOH) o x i d a t i o n  

(H OH ) l e a c h  01 t h e  mixed metal hydroxides  as rece ived .  2 2  
l e a c h i n g  p r o c e s s ,  which h a s  been d e s c r i b e d  above, t h e  b u l k  of t h e  

chromium could be  recovered as a s o l u t i o n  of sodium chromate, s u i t -  

a b l e  f o r  c o n c e n t r a t i o n  and recovery ,  l e a v i n g  a concent ra ted  r e s i d u e  

of t h e  i r o n  and n i c k e l  (Table  4 )  s u i t a b l e  f o r  recovery as a n i c k e l  

o r  s t a i n l e s s  steel  r e c y c l e  feed s tock .  

Using t h e  

The second w a s t e  c o n s i s t i n g  of a s p e n t  e l e c t r o l e s s  n i c k e l  w a s  

eva lua ted  f o r  n i c k e l  recovery  o r  p o s s i b l e  r e h a b i l i t a t i o n  by contam- 

i n e n t  removal. A promising t rea tment  c o n s i s t e d  of mild a i r  oxida- 

t i o n  t o  d e s t r o y  t h e  o r g a n i c  complexing a g e n t s  fol lowed by n i c k e l  

recovery  as t h e  o x a l a t e .  A m o d i f i c a t i o n  of  t h e  s e p a r a t i o n  scheme 

devised  f o r  n i c k e l  w a s t e s  was used. T h i s  s i m p l i f i e d  s e p a r a t i o n  

regime a p p r o p r i a t e  f o r  a n  e l e c t r o l e s s  p l a t i n g  s o l u t i o n ,  c o n s i s t e d  

of d e s t r u c t i o n  of t h e  bulk  of t h e  o r g a n i c s  by a e r a t i o n  o x i d a t i o n  

a t  25-75 O C  fol lowed by s e p a r a t i o n  of t h e  n i c k e l  w i t h  a promising 

h i g h  recovery of 9 9 . 7  percent  a s  t h e  i n s o l u b l e  o x a l a t e ,  w i t h  a 

p u r i t y  provid ing  p o t e n t i a l  m a r k e t a b i l i t y .  

An a l t e r n a t i v e  t o  t h e  t rea tment  (Table  5) f o r  t h e  spent  e l e c -  

t r o l e s s  n i c k e l  p l a t i n g  s o l u t i o n s  which c o n s i s t e d  of o x i d a t i o n  de- 
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RECOVERYOFNONFERROUSMETALS 59 1 

s t r u c t i o n  of t h e  o r g a n i c  components and n i c k e l  separa t ior .  as i n s o l -  

u b l e  o x a l a t e  i s  r e h a b i l i t a t i o n  by n o n - s e l e c t i v e  s o l v e n t  e x t r a c t i o n  

(11) removal of t h e  contaminant metals i r o n ,  copper ,  z i n c ,  chromium 

(111) and l e a d  u s i n g  a b i n a r y  m i x t u r e  of LIX 63 and DI2EHPA (20 w t  X )  

i n  naphtha s o l v e n t  a t  pH5. High removals of all t h e s e  contaminant 

metals except  i r o n  were obta ined  i n  a s i n g l e  s t a g e  e x t r a c t i o n .  

Some n i c k e l  (17%) i s  l o s t  i n  t h e  process  but  t h e  r e f i n e d  e l e c t r o -  

less n i c k e l  can b e  r e p l e n i s h e d  wi th  f r e s h  n i c k e l  salts  and t h e  chem- 

i c a l  a d d i t i v e s ,  p rovid ing  t h e  o r g a n i c s  have not  undergone degrada- 

t i o n .  

Brass I n d u s t r y  Water Treatment Sludge 

The most formidable  waste examined, a b r a s s  i n d u s t r y  water  

t rea tment  s l u d g e ,  c o n s i s t e d  of a complex mixture  of hydroxides  of 

i r o n ,  chromium (111), copper ,  n i c k e l  and z i n c  w i t h  a low concentra-  

t i o n  of o r g a n i c s  of i n d e t e r m i n a t e  composition. The composition of 

t h i s  hydroxide mixture  a f t e r  s o l u b i l i z a t i o n  i n  2 0  w t  Z H SO 

shown i n  Table  3 .  
2 4 is 

One s e p a r a t i o n  a l t e r n a t i v e  eva lua ted  w a s  t h e  phosphate  prec ip-  

i t a t i o n  d e s c r i b e d  above t h a t  w a s  a l s o  a p p l i e d  t o  t h e  chromium-nickel 

p l a t i n g  s l u d g e  (Table  3 ) .  E f f o r t s  t o  enhance t h e  s e p a r a t i o n  by 

s o l v e n t  e x t r a c t i o n  wi th  L I X  agents  p r i o r  o r  a f t e r  t h e  i r o n  phosphate  

p r e c i p i t a t i o n  i n  a two s t a g e  s e p a r a t i o n  regime d i d  not  improve t h e  

s e p a r a t i o n s .  It is evident  t h a t  f o r  t h i s  was te  i r o n  and chromium 

removed by phosphate  p r e c i p i t a t i o n  o c c u r s  a t  a h igh  l e v e l  bu t  w i t h  

a n  unacceptab le  c o p r e c i p i t a t i o n  of  t h e  copper and z i n c  t h a t  are a l s o  

p o t e n t i a l l y  a t t r a c t i v e  recovery  c a n d i d a t e s .  

The most s u c c e s s f u l  s e p a r a t i o n  a l t e r n a t i v e  f o r  t h i s  a c i d  s o l -  

u b i l i z e d  b r a s s  i n d u s t r y  waste was t h e  a l k a l i n e / o x i d a t i o n  l e a c h  t o  

s e p a r a t e  the chromium as sodium chromate (Table  4 ) .  Metals such as 

copper and z i n c  which a r e  i n s o l u b l e  i n  t h e  sodium carbonate-hydrogen 

peroxide  leach s o l u t i o n  can b e  s o l u b i l i z e d  i n  20 w t  Z H SO and sub- 

j e c t e d  t o  s t a g e d  s o l v e n t  e x t r a c t i o n  f o r  recovery i f  p r e s e n t  i n  amounts 

provid ing  a t t r a c t i v e  economics u s i n g  a s e p a r a t i o n  scheme such a s  

shown i n  F ig .  1. 

2 4  
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592 BROOKS 

CONCLUSIONS 

The i n c e n t i v e s  f o r  m e t a l  s e p a r a t i o n  and w a s t e  d e t o x i f i c a t i o n  

c o n s i s t  o f  1 )  c r e a t i o n  of m e t a l  c r e d i t s  t o  o f f s e t  t rea tment  c o s t ,  

2 )  was te  minimiza t ion  and r e s o u r c e  c o n s e r v a t i o n ,  and 3) avoid ing  ex- 

posure  t o  l i a b i l i t y  f o r  g e n e r a t i o n  of hazardous waste. 

The r e s u l t s  presented  h e r e  f o r  several d i v e r s e  waste systems 

have demonstrated on a bench s c a l e  t h a t  by a d a p t i n g  e s t a b l i s h e d  con- 

v e n t i o n a l  s e p a r a t i o n  technology t h a t  f e a s i b l e  recovery schemes can 

be  devised  t o  recover  nonfer rous  metals, n o t a b l y  copper  and n i c k e l  

from complex i n d u s t r i a l  was te  s ludges .  The accumulat ions of 

i n d u s t r i a l  water treatment s l u d g e s  t h a t  are t h e  i n h e r i t a n c e  from 

now o b s o l e t e  p r a c t i c e s  and t h a t  are p o t e n t i a l  c a n d i d a t e s  f o r  super- 

iund s t a t u s  a r e  t h e  wastes most a p p r o p r i a t e  f o r  c o n s i d e r a t i o n  of 

t h e s e  a d a p t a t i o n s  of h y d r o m e t a l l u r g i c a l  p r o c e s s e s  f o r  d e t o x i f i c a t i o n  

i f  no t  m e t a l  recovery.  

Acknowledgement i s  made t o  Lewi.s P u b l i s h i n g  Co f o r  permission 

t o  u s e  copyr ighted  mater ia l  from Ref .  1 0  f o r  F igure  1 and 

Tables  1 and 2.  
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